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Editorial on the Research Topic
 Autism: the movement (sensing) perspective a decade later





Introduction

In 2013, I had the honor to co-Edit with the late Anne Donnellan, the Research Topic (RT) Autism: the Movement Perspective. Anne would be proud to see the high impact of our former RT and the fast-growing impact of its renovated current version, a little over a decade later. We thank you, Professor, Mentor, Trailblazer, and Mother of our growing field, Anne Marie Donnellan, by opening our RT with self-advocate Dr. Kapp's (a) opinion piece reflecting on your vision (Kapp (a)).

Autism symptoms can indeed be characterized by proxy information derived from our movements and associated sensations. Today, with the advent of the digital revolution, we can objectively quantify and track our movements and their consequential sensations over time. We can leverage the movements' natural biorhythms and augment them with therapies that naturally help improve our sensations in a timely fashion, while dampening pain and distress. Through innovative therapeutic approaches, we can integrate the peripheral contributions of our bodies in motion, allowing for the coherence of timing and coordination of our actions and their plans. This integration enables us to observe the beneficial effects of the rhythms of our movements and their sensations on various cognitive aspects of our actions. Along different dimensions, from head to toe, and different times in development, from infancy to adulthood, we can appreciate through our new RT how movements and their sensations help us regain our motor control and afford us more agency over daily living skills.

The 2025 RT Autism: the movement (sensing) perspective a decade later, comprises 28 articles by over 100 authors. They include one Opinion Piece, one Perspective article, one Review article, three Systematic Review articles, four Hypothesis and Theory articles, and 18 original research articles. The authors come from diverse backgrounds and perspectives, but they are united in their commitment to autism. They are scientists, parents, self-advocates, and entrepreneurs helping improve research by contributing to the funding and dissemination of scientific and technological advancements. Together, we aim to accelerate the translation of our science and technology into direct applications that can benefit autistic individuals, their families, and society by identifying novel methods for assessing movement, uncovering behavioral and neurobiological correlates of movement, and discovering effective and promising treatment options.



Novel methods of assessing and detecting movement (sensing) differences in autism

Novel methods for detecting movement differences from infancy through adulthood are presented in this RT. In “Infants on the move: bibliometric analyses of observational vs. digital means of screening infant development” by Varkey et al., the authors survey the literature on important observational methods from Pediatrics that track very early motor neurodevelopment through the general movements theory. They flag differences that are identifiable much earlier than when basing assessment on social or emotional criteria, as these develop and stabilize much later. New digitized versions of such traditional observational methods are uncovered by this bibliometric study, pointing to a fast-growing literature that demonstrates the potential scalability of new technologies and the rapidly growing need for adopting clinically informed digital biometrics. In “A comparative study on fundamental movement skills among children with autism spectrum disorder and typically developing children aged 7–10” by Dong et al., we appreciate the importance of tracking motor issues as core symptoms of autism spectrum disorders, rather than as mere comorbidities secondary to social and communication differences.

In understanding how best to measure movement differences in the context of an autism diagnosis, Bermperidis et al. redefine the concept of socio-motor agency by balancing bodily motor autonomy from the bottom up with top-down motor control. This is done in the context of the type of social dance that emerges when two agents interact socially during the administration of the very test that defines autism for research purposes. The digitized version of the Autism Diagnostic Observation Schedule (version ADOS-2) is presented on the original research article “Digital screener of socio-motor agency balancing motor autonomy and motor control” Bermperidis et al.. Here, new analytical methods are offered to significantly reduce the test administration time from an hour to merely 10 min, making it less taxing on both the person receiving the diagnosis and the clinician administering and scoring the test. The work further demonstrates how the motor code can automatically differentiate males from females and through machine learning (ML) techniques, automate the process of diagnosing autism through brief socio-motor assays.

Automation in detecting motor differences using ML methods is also appreciated in the original research article “Machine learning's effectiveness in evaluating movement in one-legged standing test for predicting high autistic trait” by Ohmoto et al.. When combined with video, this popular balance test revealed specific features that enhance the automatic detection of autistic motor traits in the general population, with a focus on the shoulder and waist areas. Similarly, following the generality of movement differences across the human spectrum, the original research article entitled “Level of autistic traits in neurotypical adults predicts kinematic idiosyncrasies in their biological movements” by Lewis et al., uses kinematic analysis to reveal movement differences that influence socio-motor behaviors in general. The authors suggest that “autistic traits may intricately influence the movement expressions at the microlevel, highlighting the need for a more nuanced understanding of the potential endophenotypic characteristics associated with social movements in neurotypical individuals.”

Moving beyond whole-body movement measures, “Decreased wrist rotation imitation abilities in children with autism spectrum disorder” by Liu et al. tests an ecologically informed motor task that requires the imitation of wrist rotations using low-cost wearable inertial sensors. The study found shorter total wrist rotation time, lower rotation amplitude, and weaker rotation symmetry in autistic children, suggestive of fine motor movement differences in autism. Examining facial movements, Torres, Vero et al., present brief, fully automated and highly scalable assays to measure facial micro-motions in autistics and neurotypicals using apps in smartphones and tablets. “Hidden social and emotional competencies in autism spectrum disorders captured through the digital lens” Torres, Vero et al., opens new ways to more naturally, frequently and comfortably quantify social and emotional predispositions of autistic individuals by focusing on motor nuances that currently escape the naked eye. This original research article leverages the recent digital revolution to provide a unifying platform for studying natural biorhythmic motions recorded using simple, affordable, and ubiquitous means.

Further delving into the current issues that Technological advances address, the perspective piece entitled “Unlocking autism's complexity: the Move Initiative's path to comprehensive motor function analysis” by Good and Horn, provides a roadmap for Citizen Science in collaboration with academia and industry to accelerate the translation of the science to practical settings, while recognizing the nuances of behavioral exchanges that transpire largely beneath awareness and yet, seem to be the critical ingredient in fostering interpersonal connection. “The Move seeks to accelerate the integration of the expanding knowledge base into widespread practice. Deep, longitudinal, multi-modal profiling of individuals with autism spectrum disorder offers an opportunity to address gaps in current data and methods, enabling new avenues of inquiry and a more comprehensive understanding of this complex, heterogeneous condition.”



Behavioral and neurobiological correlates of movement (sensing) differences in autism

The articles in this RT also demonstrate the associations between movement, the brain, and other elements of cognition or daily functioning. In “Beyond words: an investigation of fine motor skills and the verbal communication spectrum in autism” by Simarro Gonzalez et al., and “The relation between specific motor skills and daily living skills in autistic children and adolescents” by Skaletski et al., fine motor skills are shown to relate to speaking abilities and daily living skills in autism. In “The relationship between executive function and the association of motor coordination difficulties and social communication deficits in autistic children” by Gu et al., the commonly found association between motor skills and social communication was found to be partially mediated by executive function, highlighting the important intersection of movement, cognition, and social communication in this population.

In examining neurobiological correlates of hand grip strength, the original research article entitled “Microstructural neural correlates of maximal grip strength in autistic children: the role of the cortico-cerebellar network and attention-deficit/hyperactivity disorder features” by Surgent et al., provides important insights on the role of the cerebellum for feedback-based control, planning and prediction, so relevant to the notion of internal models for action. Importantly, this paper extends the issues in motor control from autism to other disorders of the nervous systems that co-exist today with the autism diagnosis, owing in part to the change from DSM IV to DSM-5 criteria. Specifically, we see an increase in the prevalence of motor and sensory issues in autism with the inclusion of attention deficit hyperactivity disorder (ADHD) in the ever-broadening spectrum. This adds to the spectrum other related movement disorders that accompany ADHD (e.g., Tourette's syndrome and obsessive-compulsive disorders).

Finally, in “Motor imagery in autism: a systematic review” Gowen et al. raise awareness of the extensive psychological literature on mental chronometry and mental imagery as a possible avenue for investigating movement differences in autism. The piece highlights the importance of the methods and the need to develop and adapt new assays that could help us better understand MI in autistic individuals. Gowen et al. invite the development of full batteries for explicit and implicit MI tasks, an effort that would advance our understanding of elements of MI that may be affected in autism and the therapeutic potential of MI in these populations. Highly relevant to this proposition is the need to bridge mental imagery with physical exercise, as various new emerging therapies are based on physical movements that require their mental representations, planning, and rehearsals, mediated by the biorhythms of our multilayered, multifunctional motions.



Novel approaches to movement (sensing) intervention/treatment

This RT provides insights into current and novel therapeutic approaches based on the movement (sensing) literature, examining evidence for the impact of physical exercise interventions as well as the theoretical basis for other therapies that tap into synchronized movements and involve dyadic and group interactions.

The influence of physical exercise with therapeutic value for improving movement-based feedback, enhancing social interactions, and communication are described across three systematic reviews. “Analyzing the influence of physical exercise interventions on social skills in children with autism spectrum disorder: insights from meta-analysis” by Koh provides evidence for the importance of physical exercise in autism specifically in helping with differences in social interactions and communication, while considering both age appropriateness and duration of the intervention. “The impact of physical exercise interventions on social, behavioral, and motor skills in children with autism: a systematic review and meta-analysis of randomized controlled trials” by Wang et al., points out the benefits of physical exercise for cognitive control, mental flexibility and overall social skills, with direct application to these differences in autistic children. They highlight evidence from the literature that supports the need for personalized interventions and emphasizes the importance of considering age as a key factor in designing outcome measures. The work also emphasizes the need for larger sample sizes and long-term follow-ups to confirm the generalization, permanency, and transfer of the beneficial effects from the therapeutic context to daily life. “A network meta-analysis of the effect of physical exercise on core symptoms in patients with autism spectrum disorders” by Li et al., compares the effects of different sports programs on symptomatology of autism described at the level of social interactions. Importantly, this systematic review of the literature underscores the selectivity of different types of exercise programs for enhancing specific aspects of social interactions and communication. These reviews are complemented by findings of the beneficial effects of physical exercise which extend from individual to group sports in the research article entitled “Effects of group sports activities on physical activity and social interaction abilities of children with autism spectrum disorders” by Xing et al..

In physical exercise and other social interactions, we can appreciate the role of dyadic movements in the self-discovery of goals that improve social timing and communication. New emerging therapies that rely on the natural rhythms of bodies in motion may enhance bodily awareness through cooperative settings where the therapist guides the person without enforcing a top-down, preconceived plan. Using different time scales that may range from those mediated by rich musical exercises in Neurological Music therapy (NMT), to slow, interactive rhythms sensed together but set by the autistic person's natural pace, these therapies hold promise as they are adapted from general movement disorders to autism settings. Already enjoying great popularity in other fields, they bring new elements to the autism realm. The therapist enables spontaneous resonance of the two bodies in motion and self-discovery of mutual empathy, promoting self-confidence and better coordination and control of their integrated rhythms. This shared give-and-take of rhythmic energy between two people, across therapeutic styles, positions the new emerging therapeutic methods as promising candidates for the development of healthier social mind-body relations in general. In autism, they empower the person's autonomy and bring a new level of emotional wellbeing that current behavioral therapies in the US severely lack. Further work under controlled conditions may be necessary to fully understand the optimal use of such interventions and maximize their benefits.

Indeed, the community delivering the most prevalent intervention for autism in the US (enjoying medical insurance coverage) is asking for change, seeking to update their behaviorist approaches from the 1950s. Rooted in Skinner's animal conditioning principles, they lack scientific proof demonstrating their efficacy in human neurodevelopment. The rather archaic methods, so prevalent in autism, are finding resistance within their own accredited therapists who report an increasing sense of futility and frustration about what they do. The Board-Certified Behavioral Analysts (BCBAs) in the state of New Jersey and across the United States are themselves scrutinizing the practice of Applied Behavioral Analysis (ABA). Graduates of the therapy that is offered by default across the schools in the US who reach 21 years of age and exit the school system report symptoms of PTSD and distress. Meanwhile, the therapists themselves report that they would welcome new digital technologies to better serve their clients in a fast-changing landscape of therapies under a business model that is uniquely failing their clients but has little incentive to improve. A new generation of therapies in the US that do not receive medical insurance coverage yet are persuading families of their effectiveness and organically pulling them away from ABA. Torres, Twerski et al., present the results of surveys that the BCBAs themselves designed and deployed, revealing the dawn of a new era in autism treatments. This is presented in the original research article entitled “The time is ripe for the renaissance of autism treatments: evidence from clinical practitioners” Torres, Twerski et al..

“A handbook for Rhythmic Relating in autism: supporting social timing in play, learning and therapy” by Daniel et al., details new ways to support play, learning, and therapy with young autistic children, unconventional communicators, and autistic people who have additional learning needs. By following the form of vitality in movement created through reciprocal play, Daniel et al. provide core foundations for practitioners and parents to help build rapport and connection by sharing meaning in movement.

LaGasse et al., present a hypothesis theory piece entitled, “Rhythm and music for promoting sensorimotor organization in autism: broader implications for outcomes.” This includes first-hand experiences by a self-advocate that alerts us to the beneficial elements of this form of therapy. Richard Williams, Hurt-Thaut et al., provide evidence for pre- vs. post-NMT improvements of motor control in “Improved motor skills in autistic children after three weeks of neurologic music therapy via telehealth: a pilot study” Richard Williams, Hurt-Thaut et al.. Importantly, in this original research article, the authors successfully use telehealth as a promising new avenue to scale the research and practices related to NMT. Broadly in support of the use of auditory cueing during NMT, Richard Williams et al. also provided evidence that augmented auditory feedback decreased motor variability in autistic participants in “Auditory feedback decreases timing variability for discontinuous and continuous motor tasks in autistic adults” Richard Williams, Tremblay et al..

Further beneficial aspects of leveraging the biorhythmic activities of the nervous system are presented in a research article entitled “Evidence of mutual non-verbal synchrony in learners with severe learning disability and autism, and their support workers: a motion energy analysis study” by Glass and Yuill. Contrary to traditional views, the authors here highlight the capacity of high-support autistics and non-speakers to facilitate interpersonal motor synchrony while learning through rhythmic interactions, a theme also supported in “Bridging the gap: fostering interactive stimming between non-speaking autistic children and their parents” by Chen. In this original research article, the author tracks three non-speaking children and their mothers during interactive rhythmic therapy, which is mediated by touch, music, and the self-generated stimming motions of the children. By promoting the children's autonomy, they anchor the starting point in stimming and expand their gestural repertoire from there, significantly improving interactions with their mothers. Through sounds coupled to their bodily motions, they open the repertoire of communicative gestures, co-creating sensory experiences in multisensory environments. This paper demonstrates the therapeutic and pedagogical benefits of embracing various modes of communication, particularly when they leverage the autistic person's self-discovered movement-sensing compensatory strategies.

Music and the rhythms of one's own body shared with the rhythms of other bodies in motion promote better timing and coordination, often enhanced by touch, mediated by sounds, and a mixture of spontaneous and deliberate actions. These improvements, which lead to better social timing, are systematically achieved and amplified by another family of therapies featured by Baniel et al. in “From fixing to connecting—developing mutual empathy guided through movement as a novel path for the discovery of better outcomes in autism.” [26] In this hypothesis theory article, the authors introduce two well-known and successful therapies, the Feldenkrais Method and the Anat Baniel Method® NeuroMovement®. These approaches, already popular in stroke rehabilitation, Parkinson's disease, acquired dystonia (in musicians), and cerebral palsy, among other movement disorders, aim to enhance bodily awareness, as participants improve their sense of kinesthetic reafference. This critical, yet subtle aspect of our motor control and coordination is often neglected owing to its subliminal nature.

The above body of work fosters a full awareness of possible ways to engage the person's sensations and the differentiation of self-generated motions, in the context of interacting one-on-one with the practitioner and as a member of a group. Practiced in dyads and in groups, these various forms of therapies offer new ways to reinforce the biorhythmic visuospatial body maps and bring awareness of dormant body parts to the person's brain through fluid movement. By feeding new movement information to the brain at a conscious level, and by doing so at an adaptable, comfortable pace, the brain learns to anticipate and track the outcomes of the movements that it self-generates and plastically remaps the representations of bodies in motion. It is in this spatial information of one's own proprioception (the internally sensed bodily postures) that one can then anchor the timing of the consequences of one's own motions. These in turn, align with the timings of the motions of others moving in the space that is external to one's own moving body. In NMT, sound-informed external rhythms help the person synergize the body's abundant degrees of freedom and optimize the motions. Timely physical interaction with others during exercise also helps with the rhythmicity of the motions. And in the Feldenkrais Method and the Anat Baniel Method® NeuroMovement®, synchronicity spontaneously emerges from within while learning to bring focused attention to the movements' biorhythms. Together, these therapies adapted to autism bring a new era in the treatment of nervous system functions, both during neurodevelopment and throughout adulthood. Transferring such benefits to other learning and cognitive domains can also be appreciated across several original research articles in the RT.

As basic research results pointing out movement differences in autism try to make their way into medical practice, many obstacles emerge that impede progress despite the growing body of scientific evidence supporting the need to consider motor issues. Key points related to primary care are explained in the original research article entitled “Barriers and facilitators to primary healthcare encounters as reported by autistic adults: a qualitative study” by Stein Duker et al.. The work describes barriers and facilitators to primary care encounters as reported by autistic adults, providing nuanced accounts from autistic adults themselves and highlighting their unique perceptions of barriers and facilitators to their interactions with the healthcare systems. In the very words of the authors, “These results offer valuable insights for improving the accessibility and quality of care for autistic people, many of which are practical, low/no cost, and easy to implement. Strategies also emphasized the diversity of experiences and preferences for autistic patients, highlighting the importance of tailoring accommodations in the primary care setting.”

Altogether, the articles in this RT provide new insights into movement measurement, associated constructs, and therapeutic pathways. In the last article, we come full circle with Dr. Kapp (b), who opened our RT honoring Professor Anne Marie Donellan, and highlights “Sensory–movement underpinnings of lifelong neurodivergence: getting a grip on autism” Kapp (b). Through the lens of self-advocacy and science, Kapp (b) offers a genuine, personal account of what movements and their sensations can do for all. Indeed, our Research Topic is signaling an Autism Renaissance that includes, at its core, the movement-sensing perspective.
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Introduction: Recent changes in diagnostics criteria have contributed to the broadening of the autism spectrum disorders and left clinicians ill-equipped to treat the highly heterogeneous spectrum that now includes toddlers and children with sensory and motor issues.
Methods: To uncover the clinicians’ critical needs in the autism space, we conducted surveys designed collaboratively with the clinicians themselves. Board Certified Behavioral Analysts (BCBAs) and developmental model (DM) clinicians obtained permission from their accrediting boards and designed surveys to assess needs and preferences in their corresponding fields.
Results: 92.6% of BCBAs are open to diversified treatment combining aspects of multiple disciplines; 82.7% of DMs also favor this diversification with 21.8% valuing BCBA-input and 40.6% neurologists-input; 85.9% of BCBAs and 85.3% of DMs advocate the use of wearables to objectively track nuanced behaviors in social exchange; 76.9% of BCBAs and 57.0% DMs feel they would benefit from augmenting their knowledge about the nervous systems of Autism (neuroscience research) to enhance treatment and planning programs; 50.0% of BCBAs feel they can benefit for more training to teach parents.
Discussion: Two complementary philosophies are converging to a more collaborative, integrative approach favoring scalable digital technologies and neuroscience. Autism practitioners seem ready to embrace the Digital-Neuroscience Revolutions under a new cooperative model.
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autism, applied behavioral analysis, DIR Floortime, developmental model, neurodevelopment, wearable biosensors


1. Introduction

The autism diagnostics criteria have shifted over the years allowing a broader range of professionals to diagnose the condition, while also shifting the age of diagnosis to earlier developmental stages of infancy. From merely 11 cases recognized in 1943 by Dr. Leo Kanner’s narrowly defined, ontological category of Autism, to the recent shift from the Diagnostics Statistical Manual (American Psychiatric Association [APA], 2013), moving the DSM IV to the DSM 5, Figure 1, we have seen a dramatic change in the epidemiology of autism spectrum disorders. Part of the change, for instance, includes attention deficit hyperactivity disorder (ADHD) in the DSM-5, a condition that was not allowed in the DSM-IV criteria, to coexist with the ASD diagnosis. Likewise, the inclusion in the DSM-5 of sensory issues in the criteria for ASD, opens the condition to a broad segment of the population of children who suffer today from sensory over- or under-sensitivities e.g., linked to food and other environmentally triggered allergens (Xu et al., 2018). Adding to these shifts in DSM-based criteria for ASD, the Autism Diagnostics Observation Schedule [now in its second edition, ADOS-2 (Lord et al., 1989, 2000)] have produced new modules for toddlers (Esler et al., 2015) and adults (Hus and Lord, 2014), thus refining and extending the detection of ASD across the human lifespan, albeit with recognized statistical biases bound to inflate false positives in males (Torres et al., 2017, 2020b), while missing females (Mandy et al., 2012; Loomes et al., 2017; Lundstrom et al., 2019; D’Mello et al., 2022).


[image: Timeline of key developments in autism history from 1925 to 2021. Notable points include Grunya Sukhareva's publication on autistic symptoms in 1925, DSM-II's narrow diagnostic criteria in 1968, DSM-III reclassification in 1980, autism's inclusion in IDEA in 1990, the 1994 change to Autism Spectrum Disorders in DSM-IV, the founding of Autism Self Advocacy Network in 2006, and DSM-5's criteria expansion in 2013. The timeline ends at 2021 with an inflection point mentioned.]

FIGURE 1
Historical context of ASD evolution highlighting shifts in diagnostics criteria and social landmarks influencing the epidemiology and the diagnosis-to-behavioral-treatment pipeline. While parents complained that the system gaslights them with information they cannot verify, mandates across the US continue to favor one type of behavioral therapy over others. Between the exponential rates of prevalence and the societal pressures, autism has arguably reached an inflection point tending to a more precision-, personalized medicine-based approach aimed at stratifying the spectrum and managing disorders by repurposing technology from other more scientifically and technologically advanced fields (Hawgood et al., 2015; Torres, 2020, 2021) that address nervous systems’ support and accommodations for daily life.


Surveillance in the US, following the guidelines of the Centers for Disease Control and Prevention, and by the World Health Organization, report an exponential rise in ASD prevalence (Christensen et al., 2019), with pronounced disparities, across low-income families and underrepresented sectors of the population (Maenner et al., 2020; Zhou et al., 2023), raising concerns about ASD detection and access to treatment. While arguably the shifts in criteria and the improvements in early detection have generally led to the exponential prevalence rates, the professional workforce, and the availability (in the US) of medical insurance coverage for some autism interventions have proven insufficient to provide proper support and accommodations to the highly heterogeneous population of ASD.

The availability of insurance coverage for ASD therapies was already constrained to exclusively cover behavioral intervention in the USA, i.e., applied behavioral analysis (ABA), leaving other interventions at a disadvantage, as they are not affordable by a large majority of the population.1 With a minimum average of 60K per child/household in out-of-pocket expenses for other therapies and for additional sessions of ABA,2 most families cannot afford the diversification of therapies that they need to help toddlers, children with a broad spectrum of sensory and motor issues, and with coexisting ADHD-ASD conditions (Rommelse et al., 2010; Leitner, 2014; Polderman et al., 2014; Zablotsky et al., 2020; Zhou et al., 2023). The latter includes individuals with conditions like obsessive compulsive disorder (OCD) (van der Plas et al., 2016), a genetic predisposition to Post-Traumatic Stress Syndrome (PTSD) (Torres, 2021) and other motor-related conditions involving cerebellar dysfunction (Mosconi et al., 2015) and dystonia (Xiao et al., 2020), motor tics (Bell et al., 2019), vestibular disorders (Bermperidis et al., 2021), ataxias (Pedapati et al., 2019; Cabal-Herrera et al., 2020a,b; Torres, 2020; Zafarullah et al., 2020), excess involuntary micro-movements (Torres and Denisova, 2016; Torres et al., 2017; Caballero et al., 2018), among others. These differences in neurodevelopment are bound to interfere with activities of daily life. Furthermore, they impede social interactions and communications, and explain many causes behind repetitive motions, all part of the official, current criteria for ASD (American Psychiatric Association [APA], 2013). Adding to these co-existing conditions are rare genetic disorders and disorders of known etiology, like Down Syndrome (Rasmussen et al., 2001; Bradbury et al., 2021), SHANK3 deletion syndrome (Phelan et al., 1993; Torres et al., 2016a; Schaffler et al., 2019), Fragile X (Kaufmann et al., 2017), various forms of Cerebral Palsy (Pahlman et al., 2020, 2021; Gecz and Berry, 2021), just to name a few.

Two types of therapies available today have complementary philosophies and very different curricula for accreditation. At one end, we have the developmental model (DM)-based therapies that emphasize relationships, affect and playful exploratory learning allowing the young nervous system to self-discover purposeful behaviors, while using seemingly purposeless interactive motions. They encourage the self-emergence of rapport, turn-taking, attentional modulation, and emotional regulation between the infant and the caregiver or therapist. These aspects of social interaction are critical during early neurodevelopment of a nascent nervous system. They however, pose many challenges to developmental clinicians when trying to develop reliable and systematic consensus representing criteria for functional milestones. At the other end, classical ABA relies more on structured environments and prompts that enable the child to follow instructions and complete goal-directed actions, but inevitably sideline more ambiguous, nuanced aspects of naturalistic behaviors and social interactions that transpire largely beneath awareness and as such, escape the naked eye of the therapist guiding the social interaction with the child. Most importantly, the reward-based conditioning of discretized actions impedes the self-emergence of spontaneous autonomy -a key ingredient in socio-motor agency (Torres et al., 2013b). Although recent ABA models have focused more heavily on NET (Naturalistic Environmental Teaching) models, the emphasis on data driven goals rather than process-based interactions leads to a model driven by the outcome or resulting discrete behavior, rather than the process of spontaneous self-discovery, learning and developing without being conditioned to do so.

Earlier practices of ABA and their scarce scientific evidence from human development have raised ethical concerns (Gernsbacher, 2006; Wilkenfeld and McCarthy, 2020; Bottema-Beutel and Crowley, 2021; Leaf et al., 2022). Most importantly they have been associated with trauma (Stack and Lucyshyn, 2019; Leaf et al., 2022), a recognition that have prompted changes in modern versions of cognitive behavioral therapy geared to treat the anxiety linked with such excess control over the minor during the treatments (Ung et al., 2015). Infringement of human agency from an early age, regardless of the therapeutic intervention that does it, ought to be a major concern for all involved in deciding and consenting on behalf of the minor. However, clinical interventions in the US are guided, approved, and supervised by the accrediting bodies of the intervention itself, rather than by multidisciplinary committees with no skin in the game, as those in Institutional Review Boards that supervise research practices. Indeed, none of the trauma-inducing scenarios described by self-advocates and parents would have taken place at a research laboratory where IRB-approved protocols instruct immediately discontinuing any task that shows discomfort to the minor. A question then is why are accrediting clinical organizations not following basic IRB research stipulations compliant with the Helsinki Act? Indeed, at present in the US, clinical practices do not have to abide by the same guidelines that researchers are bound to follow.

Both therapies are important, yet complementary. Both therapies rely on subjective (manualized) evaluations of behavior. Neither currently rely on objective physiologically-based biometrics characterizing nervous systems functions [e.g., (Torres, 2018)]. Furthermore, research suggests that they ought to be administered according to the human ontological orderly maturation of the nervous system, rather than imposed a priori on a young child, without first understanding the internal states of the nascent nervous system -particularly that of a human infant whose nervous system has taken a different path altogether (Torres et al., 2016b,2023). For example, Figure 2 shows commonly found dysregulated activities from the autonomic and voluntary systems of representative individuals with ASD vs. age-matched neurotypical children. Overall, these data demonstrate easily-accessible physiological responses that have been shown to objectively differentiate between autistic and neurotypical children.
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FIGURE 2
Dysregulation of motor reafference sensory feedback and autonomic activities in ASD. (A) Reaching hand speed vs. time profiles in route to touching a target and spontaneously, without instruction, moving the hand back toward rest, over 100 repetitions. Typical profile consists of a raising acceleration phase to the single peak, followed by a deceleration phase, slowing down to the target, and briefly pausing before returning the hand back to rest. The trial-to-trial variability gives rise to consistent reafferent motor feedback, which enables the child to predict the consequences of one’s self-generated action, thus building a sense of action ownership and enabling predictive motor control. Approximately symmetric, bell-shaped speed profiles are a signature of smooth, voluntary motions (Viviani and Flash, 1995). (B) Heat maps of the peaks show the highly predictable consistency of the typical patterns, from trial to trial, contrasting with the dysregulated, highly uncertain ASD pointing patterns. (C) Spike trains representation of the micro-movements derived from the peak variability (Torres et al., 2013a; Wu et al., 2018) also shows the periodic, predictable typical case vs. the random noise in the ASD case. (D) These trial-to-trial speed peaks are gathered in a frequency histogram that shows the memoryless, random nature of the motor reafference (feedback) in ASD contrasting with the predictable voluntary motor code. This result consistently found in ASD from 3 to 60 years of age, explains the disconnect between the mental intent to move, and the physical lack of volition elegantly explained by autistic individuals through self-reports. (E) Autonomous system dysregulation in ASD can be measured with a scalogram plot contrasting the frequency landscape of the inter beat interval (IBI) timing variability for a typically developing (TD) case, unambiguously differentiating between resting state and pain state (abnormally high low frequency band signature of flight-or-fight state, characterizing stress, and high anxiety levels). Consistently, ASD children at baseline, resting state, boast the pain, stress, anxiety signature of the heart’s IBI timing variability.


Based on survey responses, clinicians from both fields expressed a need for a different type of training and support, to manage the new wave of diagnosed ASD. However, no consensus has been reached yet about their technological and scientific needs, by the respective leading organizations that confer accreditation to these health professionals operating under behavioral principles and manualized measuring techniques developed in the 1950s–1970s period. While each group may think that the other’s approach is at odds with the underlying principles of their own philosophy, many now recognize the importance of the other’s methods. Here we show this surprising outcome from surveys that these two camps of clinicians designed, supported by the New Jersey Autism Center of Excellence (tenured from 2018 to 2023 under the support of the New Jersey Governor’s Council for Autism and the New Jersey Department of Health) and under the leadership of the first author.

To avoid confirmation bias in each of the presented surveys, their designs were led by those from the corresponding fields, rather than from the authors themselves. The context in which these surveys took place, and the motivation behind them, came from state-wide polls in New Jersey, USA, focus groups on New Jersey, USA, and 118 nationwide interviews from the National Science Foundation Innovation Corps, to uncover market fit for technology developed by the first author’s lab. The NSF interviews serendipitously led from college athletics to the ASD ecosystem.3 The interviews revealed the lack of insurance coverage for ASD therapies (other than ABA), in addition to revealing their lack of curricula on the nervous systems’ development along with the prevalence of subjective metrics that insurance companies had started to suspect were insufficient to show therapy effectiveness. In turn, the latter led to the discovery of an alternative set of developmental therapies for ASD that despite lack of insurance coverage, were being sought out by parents with financial means who could afford them. In addition, there were reports by BCBA’s in private practices utilizing a range of developmental knowledge and techniques together with their behavioral methodologies and practice.

The above NSF I-Corps and NJACE focus group interviews led to a state-wide poll in New Jersey, USA, revealing that 80% New jerseyans knew an autistic individual, believed that ASD was a behavioral problem and had heard that ASD is a disorder of the brain.4 Motivated by these outcomes, we launched the two surveys by BCBAs and DM clinicians. Both therapists interact with different age groups in autism, representative of issues across the human lifespan. We report the outcomes of both surveys and discuss the possible consequences for ASD research and therapies.



2. Materials and methods

This survey study was approved by the Rutgers University Institutional Review Board, following the tenets of the Helsinki Act.


2.1. BCBA demographics

The BCBA survey was placed online through SurveyMonkey, with a link sent to BCBAs through the BACB mass email service. It was taken by 70 BCBAs from the state of New Jersey and by 102 additional participants from the rest of the continental USA, for a total of 172 BCBAs.



2.2. DM demographics

The DM survey was placed online through SurveyMonkey with a link sent via email to Profectum and ICDL certificate databases. It was taken by 170 participants, 7 from New Jersey and the rest from the continental USA and Canada. In this group, 51.8% remained anonymous and 48.82% shared their names. The survey was approved by the International Council on Development and Learning (ICDL), offering DIR Floortime® therapy. Feedback from Dr. Serena Weider, co-inventor of the model with the late Dr. Stanley Greenspan, was also obtained by the designers of the survey.

There was a rather varied composition of this group, 32.25% from OT/PT (the highest grouping since OT and PT overlapped and were combined), 25.29% Speech Language Pathologists, 18.24% education or special education, 16.47% mental health providers, and 7.65% unspecified. Of these respondents, 76 reported master’s level training, 22 reported bachelor’s degree, 16 reported PhD, 56 did not report their education level. Training level by ICDL standards was 51.8% basic level, 25.29% advanced and 23.53% expert level. The age of the population that they receive was broken down as 68.82% infants and toddlers; 87.65% pre-school students; 78.24% school age students and 16.47% work with adults. Many practitioners are working across more than one setting, so they operate across multiple zip codes across the USA and Canada. Among them, 61.8% work in clinics, 41.8% work in homes, 41.76% work in schools and 14.72% work in other, unspecified locations.



2.3. Analyze text data using topic models

We used a Latent Dirichlet Allocation (LDA) model to discover underlying topics in a collection of documents and to infer the word probabilities in topics. The answers to each question were tabulated in coma-separated-files and the data tokenized, normalized, and prepared for text analyses by eliminating punctuations, using the sample code below in Matlab R2020a (e.g., for answers to question 16 for ABA US folks). Upon generating topic word clouds unveiling themes across topics, probability graphs were also obtained. To decide on a suitable number of topics, we obtained goodness-of-fit of the LDA model fit using varying numbers of the emerging topics. Then we evaluated the goodness-of-fit of the LDA model by obtaining the measure of perplexity of a held-out set of documents (in a training-validation paradigm). The perplexity indicates how well the model describes a set of documents, with lower perplexity suggesting a better fit.




	
	data16 = readtable(“Q16 ABA US.csv,”
 “TextType,” “string”);
	head (data16)
	textData16 = data16.RESPONSES;
	documents16 = preprocessText(textData16);
	bag16 = bagOfWords(documents16)
	bag16 = removeInfrequentWords(bag16,2);
	bag16 = removeEmptyDocuments(bag16);
	numTopics = 6;
	mdl = fitlda(bag16,numTopics,
 “Verbose,”0);
	figure;
	for topicIdx = 1:numTopics
	subplot(2,3,topicIdx)
	wordcloud(mdl,topicIdx);
	title(“Topic ” + topicIdx)
	end
	print -dtiff Topics_Q16_ABA_US;
	% Probability bars
	newDocument16 = tokenizedDocument
 (documents16);
	topicMixture16 = transform
 (mdl,newDocument16);
	figure
	bar(topic Mixture16)
	xlabel (“Topic Index”)
	ylabel (“Probability”)
	title(“Q16 ABA US-Document Topic
 Probabilities”)
	print -dtiff Probability_Q16_ABA_US;










3. Results

The responses are presented first from the BCBA group, followed by those of the DM group, split into the Profectum Foundation and the International Council on Development and Learning (ICDL) fellows.


3.1. BCBAs responses

Q1 Do you consent to participate in this survey? 68/70 said Yes and 2 skipped it.

Q2 Zip code: 63 answered and 7 skipped it zip code distribution in Supplementary Appendix A.

Q3 Level of ABA Certification (64 answered and 4 skipped it): 1.56% were Registered Behavioral Technician (RBT), the lowest training category of the BCBA tier system, yet the most abundant in the school’s system of the US. These are required only a high school diploma; 28.13% were Board Certified assistant Behavioral Analyst (BCaBA) who need to hold a bachelor’s degree; 67.19% were BCBA with a master’s degree and 3.13% were BCBA-D with a PhD level.

Q4 Age of treatment population (65 answered and 5 skipped it). The age of treated population was highest at school age (90.77%); followed by pre-school age (63.08%). High school students were 29.23%, while infants/toddlers were 20%. The lowest percentage was 6.15% adults.

Q5 Funding Source (65 answered and 5 skipped it): Funding sources were primarily insurance funded (76.92%), followed by state funding (30.77%). Private pay was 18.46% and 9.23% marked other.

Q6 Treatment location (65 answered and 5 skipped it) was primarily at the client’s home (64.62%), followed by clinic’s setting (60%), private school (55.38%), public school (21.54%) and other 7.69%.

Q7 In what areas of treatment do you feel most competent? (59 answered and 11 skipped it) The area of treatment they felt were most competent broke down as follows, from highest to lowest percentage: treatment plan (69.49%); supervision (66.10%); behavior plans (59.32%); initial assessment (44.07%); parent training (38.98%); intake process (23.73%); and then all these above are declared to be enjoyed by (22.03%).

Q8 In what areas of treatment do you feel you can use more training? (59 answered and 11 skipped it) The area of treatment where they felt they could use more training was parent training (49.15%); followed by initial assessment (33.90%); intake process (28.81%); behavior plans (18.64%); treatment plan (16.95%); supervision (11.86%) and finally in all the above (6.78%).

Q9 Do you feel equipped in knowing what skill deficits to target in your ABA treatment? (59 answered and 11 skipped it) Form highest to lowest percentage, they felt equipped to target skill deficit 55.93% of the time; usually 16.95%; often 15.25%; always 8.47% and 3.39% would appreciate more training.

Q10 Do you feel your practice would benefit from research on the nervous system in Autism (neuroscience research) to enhance treatment planning and programs? (58 answered and 12 skipped it) 87.3% said yes and 12.07 said no.

Figure 3 Q11–Q13, Q11 Are you open to diversified treatment (combining aspects of multiple disciplines)? (59 answered and 11 skipped it) Here 50.85% said yes, it can enhance treatment; 47.46% said yes, so long as ABA methodology and practice remain integral; 1.69% was not sure, but none said no.


[image: The image contains three pie charts and two bar graphs comparing responses from New Jersey (NJ) and the United States (US) regarding treatment and research in autism. The first pie chart shows NJ's openness to diversified treatment: 50.85% say yes, 47.5% say yes with conditions, and 1.7% are unsure. For the US, 51.9% say yes, 40.7% conditional yes, 3.7% unsure, and 3.7% no. The bar graphs show that 87.9% in NJ and 76.9% in the US believe practice would benefit from autism research. The second pie charts reveal 88.1% in NJ and 85.9% in the US are open to wearable sensor technology for measuring social behaviors.]

FIGURE 3
Summary of key results from the BCBAs responses in New Jersey and across the USA, on openness to diversify treatments, infusion of neuroscience research to their practices and use of wearable biosensors to measure nuanced behaviors.



[image: A set of four charts labeled A to D. Chart A shows a bar graph of collaborative roles in work, with high collaboration with parents and family, SLP, and OT/PT. Chart B displays a bar graph of valued treatment team members, with parents and family, SLP, and OT/PT rated highly. Chart C is a pie chart about openness to ABA methodology: 55% are open for specific skills, 27% unsure, 12.5% not open, and 5% completely open. Chart D is a pie chart showing 85% openness to therapy models combining DIR and ABA, and 15% not open. Both charts C and D state 40 responses with none skipped.]

FIGURE 4
Summary of key results from the DM practitioners responding to Q13 (A) Form the Profectum Foundation group and (B) From the ICDL group. (C,D) Are the responses to Q16 by each of the groups, respectively.


Q12 There is some evidence on wearable sensors to measure nuanced behaviors in a social exchange. Would you be open to such technology to collect data on social behavior? (59 answered and 11 skipped it) 88.14% said yes and 11.86% said no.

To increase clarity and in the interest of space, questions Q13-Q19 are presented as topic word clouds extracted from the text using Latent Dirichlet Allocation (LDA) topic model to discover latent themes in the data and infer the word probabilities in topics. Full verbatim responses are tabulated in the Supplementary material for each of the questions Q13–19.

Q13 How would you describe differences in your treatment for young (0–5) versus older clients? (Answered: 50 Skipped: 20).

Figure 5 shows the topics with word probabilities (higher probabilities are represented by larger words in red, while low probabilities are smaller in gray) summarizing the responses in NJ and across the USA. Both groups agreed that it is easier to teach younger children (0–5) than older clients, with suggestions of more personalized approaches needed as the individual ages. They reported in both groups that younger children can master goals faster than older clients, with a focus on language skills in younger children and a focus on activities of daily living, preparing to transition and functional communication skills in older clients. Both coincide with the difficulties that challenging behaviors pose for older clients. Both groups mentioned the use of play in younger children with an integrative approach that brings to ABA some elements of the DIR® Floortime methods. In adults, the focus is more functional, and some clinicians reported focusing on nuanced behaviors that could help them socially.


[image: Word clouds compare treatment differences for young versus older clients in New Jersey (NJ) and the United States (US). Key words in NJ include "focus," "skill," "behavior," and "child." In the US, important terms are "social," "treatment," "client," and "behavior." Each group contains six topics displaying distinct word emphases.]

FIGURE 5
Differentiating younger from older clients consistently across NJ and the rest of the USA. The LDA revealed 6 topics in each of the data sets from NJ and the USA.


Q14 What additional supports do you think your client families can benefit from?

(Answered: 50 Skipped: 20).

Figure 6 shows the results of question 14 on the top panel for NJ and the USA. Both groups coincided in the need of support with parents’ training and parents’ respite, parents’ mental health and support groups. Since both groups mentioned the need for more training for the families, question 19 is included in this figure as well. Both in NJ and across the USA, the client’s parents/family are involved an average of 1–2 h per week of treatment. Across the USA, some reported 1–5 and up to 8 h. However, the consensus according to the frequency of average hours reported was 1–2 h of treatment. We note that in this case, we translated the number to text, by replacing the number 1 with the word “one,” the number 2 with the word “two,” etc., and we left the dash in between (e.g., 1–2 is “one-two”) so the frequency count was consistent. Verbatim responses in numbers are in the Supplementary material.


[image: Word clouds comparing New Jersey (NJ) and United States (US) responses to two questions. For Q14, NJ includes terms like "support," "service," and "respite," while US features "family," "care," and "training." For Q19, NJ highlights "hour," "week," and "client," whereas US emphasizes "five," "school," and "twelve."]

FIGURE 6
The need for parents’ support and the average number of hours that the client’s families/parents partake in treatment.


Q15 What aspects of the job do you find most stressful?

(Answered: 53 Skipped: 17).

The most stressful part of the job in New Jersey was by far the parents’ involvement in the therapy, managing the parents’ expectations and slow progression, combined with the lack of training to follow up with the therapy off hours. This is followed by the issues with insurance coverage, whereby the practitioner needs to juggle the treatment planning time and the supervising of the therapy. This combined with the lack of support staff to help with billing and the limited training of paraprofessionals, makes for a stressful job.

Q16 What aspects of the job do you find most rewarding?

(Answered: 54 Skipped: 16).

Both the New Jersey and the USA cohorts see palpable progress as the most rewarding aspect of their job, particularly with regards to children. This is reflected in the bottom panel of Figure 7.


[image: Word cloud analysis of job stress and rewards, split between NJ and US respondents. For stress (Q15), prominent words include "parent," "insurance," "treatment," and "paperwork." For rewards (Q16), key words are "client," "progress," "skill," and "child." Top topics vary, indicating different regional perceptions.]

FIGURE 7
The most stressful (top) and the most rewarding (bottom) aspects of the job.


Q17 What do you see as the greatest strength of ABA as it relates to autism treatment?

(Answered: 52 Skipped: 18).

The greatest strength of ABA was by far skills, followed by behaviors treatment and teaching (NJ), consistency and effective treatment across the USA. They also consider valuable the measurable procedures that lend consistency to the treatments and the systematic results that enable them to show evidence-based progress. BCBAs in both groups value the ability to break simple tasks in smaller parts to teach systematic patterns and being able to measure the outcomes of precise goals, with progress or regression being available through graphs.

Q18 In what areas do you see room for diversified treatment?

(Answered: 45 Skipped: 25).

The NJ cohort sees social and emotional behaviors of the child as the area needing more diversification. Across the US, practitioners declared speech as the area needing more diversification, followed by other services and issues with treatments. In both groups there is mentioning of need to diversify treatment to address sensory issues, stereotypies and client’s general indifference (if not distaste) for social interaction” and emotional regulation, social and emotional integration, anxiety linked to comorbidities or co-existing disorders. These are shown across topics in Figure 8.


[image: Word clouds depict the strengths and areas for diversified treatment in Applied Behavior Analysis (ABA) for autism, comparing responses from New Jersey and the United States. For strengths, prominent terms include "skill," "behavior," and "treatment"; for diversified treatment, words like "client," "social," and "research" stand out, varying slightly between NJ and US.]

FIGURE 8
The greatest strength of ABA and the areas where there is room for diversification of treatment.


Q19 On average, how many hours per week are your clients’ parents/families involved in treatment (Answered: 53 Skipped: 17).

Here in Figure 6, we see that 1–2 h per week on average was the common most frequent answer in both the NJ and the USA cohort.



3.2. BCBAs’ USA survey

Q1 Do you consent to participate in this survey? (Answered: 98 Skipped: 4).

98.98% said Yes and 1.02% said No.

Q2 Zip Code: (Answered: 96 Skipped: 6) See Figure Supplementary Appendix B.

Q3 Level of ABA Certification: (Answered: 98 Skipped: 4).

RBT (1.02%); BCaBA (96.94%); BCBA (2.04%); BCBA-D (0%).

Q4 Age of treatment population: (Answered: 97 Skipped: 5).

From higher to lower percentages, school age was the largest (82.47%); pre-school (74.23%); high school (55.67%); adults (31.96%).

Q5 Funding Source: (Answered: 95 Skipped: 7).

From higher to lower percentages, insurance funding (61.05%); state funding (46.32%); private pay (38.95%) and other (17.89%).

Q6 Treatment Location (Answered: 97 Skipped: 5).

From higher to lower, the client’s home (64.95%); clinic setting (55.67%); public school (41.24%); private school (28.87%) and other (11.34%).

Q7 In what areas of treatment do you feel most competent? (Answered: 78 Skipped: 24).

From higher to lower, treatment plan (71.79%); behavior plans (66.67%); supervision (58.97%); initial assessment (52.56%); parent training (44.87%); intake process (38.46%) and all above choices (43.62%).

Q8 In what areas of treatment do you feel you can use more training?

(Answered: 76 Skipped: 26).

From higher to lower, parent training (50%); supervision (35.53%); intake process (31.58%); initial assessment (25%); all above choices (11.84%) and treatment plan (5.26%).

Q9 Do you feel equipped in knowing what skill deficits to target in your ABA treatment? (Answered: 81 Skipped: 21).

From higher to lower, most of the time (64.29%); always (14.81%); usually (11.11%); I would appreciate more training (6.17%) and often (3.70%).

Q10 Do you feel your practice would benefit from research on the nervous system in Autism (neuroscience research) to enhance treatment planning and programs? (Answered: 78 Skipped: 24).

76.92% said Yes, 23.08% said No.

Q11 Are you open to diversified treatment (combining aspects of multiple disciplines)? (Answered: 81 Skipped: 21).

5.85% said yes, it can enhance treatment and 40.74% said yes, so long as ABA methodology and practice remain integral. 3.7% said no, ABA is sufficient and effective and 3.7% said they were not sure.

Q12 There is some evidence on wearable sensors to measure nuanced behaviors in a social exchange. Would you be open to such technology to collect data on social behavior? (Answered: 78 Skipped: 24).

85.90% said yes and 14.10% said no. See Figure 4.

Q13 How would you describe differences in your treatment for young (0–5).

Versus older clients? (Answered: 73 Skipped: 29) See Figure 5.

Q14 What additional supports do you think your client families can benefit from? (Answered: 73 Skipped: 29) See Figure 5 (top panel).

Q15 What aspects of the job do you find most stressful?

(Answered: 78 Skipped: 24) See Figure 7 (top panel).

Q16 What aspects of the job do you find most rewarding?

(Answered: 78 Skipped: 24) See Figure 7 (bottom panel).

Q17 What do you see as the greatest strength of ABA as it relates to autism treatment?

(Answered: 77 Skipped: 25) See Figure 8 (top panel).

Q18 In what areas do you see room for diversified treatment?

(Answered: 73 Skipped: 29) See Figure 7 (bottom panel).

Q19 On average, how many hours per week are your clients’ parents/families involved in treatment?

(Answered: 74 Skipped: 28) See Figure 6 (bottom panel).



3.3. Developmental model responses

Q8 In what areas of treatment do you feel most competent?

They listed relationships as the area of least strength or most difficulty to teach. Yet, supporting relationships was listed as an area of great satisfaction. Moreover, self-reporting competence in research areas ranked highest in the areas of relationships. Lastly, parental stress, linked to relationships, was listed frequently as an area of greatest stress. The percentage breakdown was as follows:

	•Knowledge of Development 43.53% felt strongest in this area.
	•Knowledge of individual differences 41.18% felt strongest in this area.
	•Knowledge of relationships 15.29% felt strongest in this area.



Q9 Identify strategies/techniques for working with children within the DIR model.

The listed areas such as identifying and targeting deficits, working/playing with the child, and parent coaching are all included as developmental tools in the DIR® program. Behavior management was a common complaint, also listed as strategies, yet this is not generally included as part of DIR philosophy and training. Their philosophy believes that through adequate use of strategies and good intervention at every developmental level, there will be little need for behavior management. This may explain their higher client groups among toddlers 68.82%, pre-school 87.65% and young children of school age (78.24%), whereas adults make up only 16.47%.

59.41% listed working with the child and strategies for play as their most comfortable skill.

22.94% listed identifying and targeting specific deficits as their most comfortable skill.

13.53% listed parent coaching as their most comfortable skill. According to DIR training, knowledge of relationships plays closely into parent training and coaching.

3.53% listed behavior management as their most comfortable skill.

Q10 Do you value interdisciplinary collaboration? Which of the following do you collaborate with in your work? Mark all that applies.

DIR practitioners report to highly value interdisciplinary collaboration. They mentioned highly interdisciplinary treatment teams. Notably, interdisciplinary value diminishes to less than 50% of respondents when asked about paraprofessionals (the Registered Behavioral Technicians, RTBs). The RBTs spend the bulk of time during school hours interacting with the autistic individuals. They do not value as high the primary care providers, psychiatry, and neurology. Interesting, they value BCBA input, with 21.76% stating that the BCBA input was valuable. The percentage breakdown is as follows:

95.88% valued parents and family as part of team approach.

87.06% valued OT/PT input.

81.76% valued SLP input.

74.71% valued the education team.

64.12% valued mental health providers.

49.91% valued primary care providers.

48.24% valued paraprofessionals.

41.18% valued psychiatry.

40.59% valued neurology.

21.76% valued BCBA.

15.29% specified other areas of valuable input (audiologists, music therapists, crania sacral practitioners and others).

Q11 Are you informed on advances in Neuroscience research?

Several research areas were listed, and respondents chose to measure as “very informed” vs. “somewhat informed.” No objectivity in these answers could be assessed as they are self-reports on self-perception by the respondents.

In the area of relationships, 44.71% listed themselves as very informed; 30% listed themselves as somewhat informed.

In the area of Neuroscience, 42.94% listed themselves as very informed (73 respondents); 35.29% listed themselves as somewhat informed.

In the areas of trauma and stress, 34.91% list themselves as very informed; 40.83% list themselves as somewhat informed.

In the area of Medical Research, 29.41% list themselves as very informed; 55.88% list themselves as somewhat informed.

In the area of Behavioral Research, 40.83% list themselves as very informed; 43.79% considered themselves somewhat informed. We note that a combined total of ∼84% considered themselves at least somewhat informed in this area, an area of knowledge that nevertheless only 21% value as part of their treatment team.

Q12 Do you feel supported by your work settings?

69.41% of respondents worked in settings which support developmental approaches. 22.94% felt somewhat supported in their work setting.

4.71% did not really feel supported.

2.94% did not feel supported in their work settings.

Q13 Are you open to a therapy model that combined approaches, e.g., DIR and ABA?

82.74% of respondents were open to a model which combines approaches.

17.26% were not open to this.

Q14 There is some evidence on wearable sensors to measure nuanced behaviors in a social exchange. Would you be open to such technology to collect data on social behavior?

85.29% were interested in sensors to measure stress and connectedness during an interaction.

14.71% were not interested in this option.

Q15 What age range do you work with? (Out of 170 participants).

32.35%, 55 respondents specified 0–3.

37.6%, 64 respondents specified 2–5.

17.05%, 29 respondents specified 3–6.

3.5%, 6 responded 5–7.

1.17%, 2 responded 6–9.

0.58%, 1 responded13–15.

1.17%, 2 responded 18–21.

Questions 16–22 are summarized in topics uncovering probability word maps in Figure 9.


[image: Seven word clouds labeled A to G, each addressing different questions related to autism and job aspects. Key terms are visually emphasized by size. Image A highlights "child" and "parent," B includes "participate" and "stress," C has "support" and "mental health," D shows "research" and "developmental," E emphasizes "child" and "work," F features "support" and "group," and G focuses on "treatment" and "autism."]

FIGURE 9
Themes revealed from questions 16–22 show 3–4 topics from the DM groups combined. Panels (A–G) cover questions 16–22.


Q16 What part of your work do you find most rewarding?

Most frequent theme was building relationships and supporting connection, making progress, and offering hope and help to families.

Q17 What part of your work do you find most stressful?

Several main themes emerged here: Families accepting the diagnosis; Financial stress; participating in therapies with different philosophies and coping with family, or autism-related difficulties.

Acceptance of the diagnosis and participation in treatment (31 responses).

Coping with family, disabilities, or family stress (34 responses).

Difficulties surrounding conflict between approaches in autism; resulting in a lack of comprehensive approach (49 responses).

Difficulties related to the limitations of practice or service ability- inability to meet the need, inability to address specific issues (43 responses).

Personal work stress- paperwork, administration issues, time limitations etc. (54 responses).

Difficulty with judgment of outsiders toward the disability (2 responses).

Q18 Name some elements that interfere with therapy.

These responses were like those causing stress. Additional components included concerns about the parents’ mental health, understanding the DIR® approach, and families struggling with rate of progress.

Q19 How could your work improve?

14 responses fell within the area of improving family support.

14 responses called for more combined approaches and interdisciplinary work, but without specifying which discipline.

17 responses called for a reduction in behaviorally based work on ABA.

47 responses called for an expansion of relationship or developmentally based work. Relationships were often specified instead of development.

39 referenced furthering research. The topics to be researched varied from increased DIR® research to greater SI research, to more neuroscience research, and several other areas mentioned.

66 responses were hard to classify and were not tagged as part of a category.

Q20 Are you open to behavioral methodology, i.e., ABA?

60% Yes, for specific skills and goals.

27% I am not sure.

10% No.

3% Yes.




4. Discussion

In this work, we set to survey two complementary approaches to ASD, boasting opposing views on how to treat the condition. We enlisted people in each field to design and launch surveys using Survey Monkey software, upon approval of their certification/accreditation boards. Two sets of questions were distributed, one for applied behavioral analysis (ABA) designed by Board Certified Behavioral Analysts (BCBAs) and the other by developmental model (DM) clinicians (trained in DIR® Floortime.) The former attracted 70 BCBAs from New Jersey and 102 from the USA, while the latter attracted 6 DM from New Jersey and 168 from the USA and Canada. The surveys were slightly different, yet both made inquiries about the possibility of diversifying treatments, infusing new Neuroscience content in their curricula and using wearable biosensors to capture nuance aspects of behaviors and relationships. They also commented on the most rewarding and the most stressful areas of their practices, and their overall desire to collaborate with each other.

Their answers to these surveys revealed that most practitioners feel that the time is ripe for collaborative work and treatment diversification. Most participants in both groups would also readily welcome new scientific and technological advances to their practices. Importantly, most find joy in seeing progress and improvements in their clients but acknowledge several stressful areas that need to be recognized by their institutions and by society in general. Most notably, was the amount of paperwork they need to complete to attain insurance coverage, with limited staff support and working under pressure of having to word the activities and codes correctly to not be fraudulent in their practices. This portion of the responses revealed a conscientious army of fellows willing to do the right thing in both groups.

Both groups feel that parents of autistic people across all ages need more respite, more support for their own mental health challenges and more training to support the therapies after the therapists finish with their home-therapy hours. Indeed, across the USA, an average of only 1–2 h per week are shared with the parents, while both interventions require complex social and emotional regulation of the child and care givers. Although the BCBAs seem to cover a broader range of ages than the DM therapists, both agree that younger clients make faster, more palpable progress than older clients, who need more personalization of the intervention. This once again confirms the importance of starting early, though reliance on a one-size-fits-all model in early childhood can be dangerous and even lead the nascent nervous system astray.

The young system progresses at an accelerated, non-linear rate, yet under observational means, no therapy can currently decouple changes that are caused by the therapy itself, from changes that are due to natural progression of early neurodevelopment. At the start of life, the system is highly plastic, yet some interventions may not properly leverage this plasticity or even fail to reveal important latent changes occurring largely beneath the therapist’s awareness, away from the naked eye’s detection. Whether the perturbation/intervention might (implicitly) cause harm or not is a different question that current subjective manualized methods are ill-equipped to address. High sampling resolution sensors compatible with the refreshing rates of the sensory and motor systems will be necessary to address the important question of decoupling gains from the therapy and gains from natural progress of a coping nervous system, evolving along different and unexpected paths.


4.1. A word on biosensors

There is a plethora of biosensors today that can help track several physiological signals and functions of the nervous systems. Among them some have received FDA approval and others are still under testing/developing phase, gathering data form the population to discover various optimal parameters and their ranges to track progression of a disorder and/or therapeutic outcomes. Some of the biosensors provide information about heart rate variability amenable to track states of the heart during the day e.g., using methods in Figure 2E revealing flight-or-fight states (Elsayed and Torres, 2023) or in other cases catatonic states (as when there are excessively high signals in the high-frequency bands). Other biosensors measure motion (Torres et al., 2013a) and can identify excessive noise and randomness in the motor code as that shown in Figures 2A–C. Others quantify prolonged latencies in sound processing even at neonatal stages (Torres et al., 2023), thus impacting sensory processing and integration whereby despite attempts of the child to control behavioral states, we can see the excess involuntary randomness.

Other sensors can capture levels of tremor (Torres and Denisova, 2016) and changes in the involuntary motor signatures across the lifespan (Torres et al., 2020a). Furthermore, using Apps in combination with smartphones and smart shoes, it is possible to predict issues with gait, balance, and vestibular problems (Torres et al., 2018; Bermperidis et al., 2021). Other video-based estimation models can also provide various (non-invasive) data acquisition scalable means to inform about eye gaze, facial micro expressions, universal muscle units of the face and help infer various emotional or attentional states of the person alone, and of the interacting dyad (in the case of therapist and child) (Bokadia et al., 2020). These biometrics are important during therapies to track for example, the amount of rapport and synchronicity of the participants, the predispositions of the child to follow instructions, or the exploratory states of the child to help the child learn more effectively, etc.

In terms of their accuracy, some sensors have been tested broadly and can make accurate predictions. For example, the Apple watch can now predict signatures of Parkinson’s disease5 and various Apps discussed within the movement disorders society can help patients track their daily routines, sleep, seizures, medication intake, mood, among others, e.g., see https://www.strive.group/. Among FDA approved sensors are pulse oximeters (Browne et al., 2021) leveraging photoplethysmography in smart phones or watches like the Apple watch. Others can be used for cardiorespiratory assessments (Pinsky et al., 2016).

Reviewing this literature is beyond the scope of this paper. However, biosensors are routinely used in other fields of research and medical practice. Unfortunately, in autism, this has not been the case, although these surveys reveal some awareness by therapists and willingness to try out some of these new emerging technologies.

Despite shared awareness about biosensors and the need for updating their curricula, the NJ and the USA BCBAs responded slightly differently to the question of diversification of treatment. While those from NJ seek diversification of treatments to enhance social and emotional behaviors, those from across the USA seek diversification toward treatments that enhance speech issues. Unbeknown to both groups are the foundational basic sensory-motor units scaffolding both social-emotional learning and the development of speech/communication, because their curricula do not offer content on these developmental aspects of the nervous system. Indeed, not even basic courses on neuroanatomy and neurophysiology teaching them about structure and function of the human nervous system’ development exist in their current curriculum. This is also the case in the DM curricula, yet they offer this knowledge through webinars and continuing education courses that are also taken by BCBAs on their own. The latter are insufficient to provide clinicians with a solid scientific and technical foundation that prepares them adequately to understand the complex evolution of the nervous system toward social, emotional, and communication abilities. In this sense, if their accrediting bodies and leaderships do not come up with actionable steps, both communities will be missing a terrific opportunity for transformative change bringing them up to speed with the new demands that the shifts in diagnosis have brought to the ecosystem of autism.



4.2. Consequences of a monolithic approach to ASD

The broadening of ASD diagnosis criteria paired with lobbying forces advocating exclusively for ABA over any other therapy resulted in a very profitable monopoly that generated what has come to be known as the Autism Industrial Complex (Broderick, 2022): A multi-billion-dollar industry that cannot possibly absorb the needs of the population. With 1/36 children of school age on the spectrum,6 under state laws that mandate insurance coverage in most cases and do so under a decentralized service provider system, the profits have been so excessive that Private Equity (PE) firms have recently come into the picture of autism and started to dismantle its ABA conglomerates across the US.

Under the PE aggressive growth tactics, families suffer because practitioners become underpaid and overworked; insurers cut reimbursement and the quality of the therapy dilutes. In a system that is already stressed (as revealed by these surveys), with understaffed centers and therapies working under intense pressure to succeed, such interference will become a failed model across the USA.

Cutting costs to increase profitable margins, PE firms will drive ABA practices further into trouble and spoil their reputation in several sectors of the population. While all fifty states in the United States have adopted insurance mandates for coverage of services for autism, the shortage in qualified providers exacerbates the problem nationwide. Most of these mandates include or require ABA services, which has boosted the market for ABA and allowed it to be seen as a default standard of care narrowly defined for what is today a wide spectrum of conditions. A recent article further explaining these issues, “As Private Equity Comes to Dominate Autism Services,” by historian John Summers (see Supplementary Appendix Notes 6, 7), explains that, as a representative example of this nationwide ABA phenomenon, the insurance mandate in Massachusetts has set no limit in terms of age and amount of money for billing. In his state, as further explained in a podcast episode (by co-author Hannah Varkey, see Supplementary Appendix Note 9), PE firms are attracted by this lucrative ABA market in instances like Blackstone acquiring the Center for Autism and Related Disorders and Rothschild obtaining New England ABA.

An area that has been critical of ABA is the military insurer TRICARE, which produced a report about fiscal year 2019 whereby the Department of Defense alone spent $1.53 Billion on ABA services to almost 16,000 individuals (averaging $23,253 cost per participant.) However, in this, the largest up to date study of ABA, with 3,794 participants, it was concluded that ABA services are not working. Adding the PE intrusion will further compound the problem and reduce resources for continuing education and proper training of the practitioners.

Without proper training, practitioners will miss early markers of developmental derailment, because many milestones in early stages of human neurodevelopment escape the naked eye of an untrained observer. Even the trained clinicians will miss nuance information embedded in the continuous streams of biorhythmic activities generated by the nervous system which is occurring at a micro-level of behavior escaping the naked eye. Such limitations can be mitigated by modern instrumentation that is commercially available today thanks to two contemporary developments: the wearable biosensors and the neuroscience revolutions.

A possible solution to diversification of treatments and access to treatments at scale might be to expand legislation to cover other forms of treatment in autism, under a more centralized format that sets up standards based on the latest scientific and technological advances of medicine and physiology. This approach would enable repurposing for autism existing solutions in other fields, while increasing surveillance by other, more technical fields of Science Technology Engineering and Math, where objective quantification of treatment outcomes already exists and a more rigorous treatment of science is in place, one that allows for openness, transparency, and reproducibility of our outcomes.



4.3. Moving forward together

How can we use the information generated by these surveys to improve services and treatments by these clinicians to autistic children and their family?

An important area to address the challenges and interests expressed by both surveys would be to educate the clinical professionals. One possible avenue would be to enhance curricula for certified professionals in both ABA and developmental practices. For ABA professionals, added areas of focus could include basic neuroanatomy and neurophysiology, general principles of neuroscience and in particular, principles of developmental neuroscience. Moreover, it is possible to leverage conventional knowledge already offered at Psychology programs by adding it to ABA curricula. These would include classes on Sensation and Perception (Wolfe et al., 2020), and training techniques assessing relationship-based practices in young infants. Other techniques translating recent findings in exploratory vs. error correction learning [e.g., (Vaskevich and Torres, 2022)] will be useful, but above all, highly multi-disciplinary curricula should include early markers of neural intactness that will later influence language development, sensory processing and motor control as basic foundational blocks of social exchange and communication (Chambers et al., 2020; Seif et al., 2021; Hines et al., 2022; Torres et al., 2023).

In addition to the above, curricular activities for developmental practitioners should also include systematizing the quantification of behavior, learning to build hierarchical structures of aspects of behavior that are conducive of instruction readiness, emotional self-regulation, and self-control of attentional windows, among other aspects of behaviors that the young infant will need to mature by the time that attends school and receives instructions.

Both groups will benefit from incorporating in their curricular activities a practicum involving the use of e.g., FDA-approved wearable sensors to collect “benchmark” data. Longitudinal studies of such data can then be used to separate therapeutic gains from natural physiological gains that neurodevelopment produce -a common confound in all current therapies.

As both fields now rely on paper-and pencil-data and on reports to quantify progress and treatment efficacy, most nuanced aspects of behaviors are lost, because they escape the naked eye of the observer. Human error and subjective opinion can confound the process as well, since paper trail of progress is dependent on individual interpretation and does not include the child’s neurophysiological and neuroanatomical progression. Wearable sensors or other biophysical markers could complement the human subjective data and provide a more complete scientific measure of the child’s developmental progression.

Lastly, policies from insurance providers and other entities (such as lawmakers) can shift the climate toward a quality-based model of intervention supporting the clients and families. For example, limiting the maximum number of clients per BCBA based on number of work hours per week; mandating that a percent of company profits go toward quality assurance and above-mentioned training of providers; and supporting families with respite, mental health, and other services. By working together from all ends of the service spectrum we can improve the quality of care and thereby support the life potential of families and individuals with autism spectrum disorders.




5. Conclusion

This work reveals that in autism, the main competing therapies are ready for change that updates their practices to cope with the new influx of diagnosed infants, toddlers, and children with sensory and motor issues. Two decades ago, clinicians and researchers in the field did the best they could with what they had, a set of techniques grounded in behavioral advances dating back to the decades spanning from the 1950s–1970s. Today, new discoveries accelerated by the decade of the brain and the brain initiatives, paired with the technological advances in communication, memory storage, battery-life, and overall miniaturization of biosensors, and by accompanying computational, algorithmic advances, make the time ripe for positive change. These folks are willing and eager to move their field forward through collaborative exchanges. Hats off to their efforts, organization, and love for the job. It is up to their leadership and accrediting bodies to enable their agency to push forward this incredibly important and necessary Autism Renaissance.
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Footnotes

1     With the exception of the state of NJ, which now covers DIR/Floortime services through Medicaid plans funded by the Federal and State governement.

2     https://www.ncsl.org/health/autism-and-insurance-coverage-state-laws

3     https://www.youtube.com/watch?v=t0QsFhFpPSE and https://www.youtube.com/watch?v=8VkMgR1pv1Q

4     https://eagletonpoll.rutgers.edu/press-release-program-topic/autism/

5     https://www.smartnews.com/p/4567666424218126592?placement~=~article-preview-social&utm_campaign~=~sn_lid%3A4567666424218126592%7Csn_channel%3Acr_en_us_top&utm_source~=~share_ios_email&share_id~=~4ZzaRr

6     https://www.cdc.gov/media/releases/2023/p0323-autism.html
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Neurodevelopmental disorders are on the rise, yet their average diagnosis is after 4.5 years old. This delay is partly due to reliance on social-communication criteria, which require longer maturation than scaffolding elements of neuromotor control. Much earlier criteria could include reflexes, monitoring of the quality of spontaneous movements from central pattern generators and maturation of intentional movements and their overall sensation. General Movement Assessment (GMA) studies these features using observational means, but the last two decades have seen a surge in digital tools that enable non-invasive, continuous tracking of infants’ spontaneous movements. Despite their importance, these tools are not yet broadly used. In this work, using CiteSpace, VOSViewer and SciMAT software, we investigate the evolution of the literature on GMA and the methods in use today, to estimate how digital techniques are being adopted. To that end, we created maps of key word co-occurrence networks, co-author networks, document co-citation analysis and strategic diagrams of 295 publications based on a search in the Web of Science, Dimensions and SCOPUS databases for: ‘general movement assessment’ OR ‘general movements assessment’. The nodes on the maps were categorized by size, cluster groups and year of publication. We found that the state-of-the-art methodology to diagnose neurodevelopmental disorders still relies heavily on observation. Several groups in classical GMA research have branched out to incorporate new techniques, but few groups have adopted digital means. We report on additional analyses of methods and biosensors usage and propose that combining traditional clinical observation criteria with digital means may allow earlier diagnoses and interventional therapies for infants.
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Introduction

As altricial mammals, humans require a long time to mature and reach social milestones (Garwicz et al., 2009). Yet, at birth, primitive structures of the human neonate’s brain, such as the brainstem, are mature enough to integrate disparate forms of sensory input, control central pattern generators, mediate reflexive behaviors and enable the neonate’s survival (Grillner and El Manira, 2020). Breathing, feeding, and excreting, along with crying, coughing, sneezing and other sensory-motor functions, offer a window into the intactness of the baby’s neurodevelopment far earlier than the social criteria currently in use (Torres et al., 2023). Indeed, observing and measuring biorhythmic activities in such early structures as infants explore the world around them can provide insight into the development of their nascent nervous systems.

The means through which this insight is gained can vary—observational clinical tests based on social–emotional criteria, recording milestones of child development, and checking the presence of reflexes have been common measures of typical development, relying heavily on human observation of external behavior. Social communication and interaction of infants are aspects of development that form in the months after the scaffolding elements of neuromotor control mature. Digital technology like biosensors and digital biomarkers (Torres et al., 2016) can be used to investigate the ontogenetic progress of the nervous system such as auditory brainstem responses to assess brainstem function and the intactness of auditory neural pathways (Torres et al., 2023). Other methods include magnetic resonance imaging and ultrasound imaging (Gerall et al., 2023) as well as electroencephalography (Soul et al., 2023). Focusing on the foundation of nervous system development, the earliest layer of subcortical brain structures (shown in Figure 1) such as the cerebellum and basal ganglia, is instrumental in discovering neurodevelopmental derailment earlier to provide timely support or intervention (Torres et al., 2023).

[image: Illustration of a developmental model featuring a baby crawling towards a three-tiered block structure. The blocks represent stages of maturation: subcortical brain structures and spinal cord, somatic sensory-motor patterns, and social-emotional criteria. An arrow indicates the order of maturation and testing for infant development.]

FIGURE 1
 Levels of maturation for infant neurodevelopment whereby basic foundational building blocks of higher social levels necessarily mature first and are thus tractable and reliably detectable much earlier than current social–emotional-communicational criteria.


As early as 8 to 10 weeks of gestation, a fetus possesses spontaneous, rhythmic, whole-body movements that are called ‘general movements’ (GMs; Prechtl, 1977; Prechtl, 1984). These movements may vary in amplitude, force, direction and speed, and their underlying neural circuitry involves central pattern generators located in the spinal cord and basal ganglia (Grillner and El Manira, 2020). The motor output can be seen without the presence of sensory input. The fetal movements may be simply observed through ultrasound recording, though this technique is not yet used to make conclusive findings in the clinical setting (Einspieler et al., 2012, 2021).

Beyond the womb, the infant still produces GMs that can provide clinicians insight into the development of their nervous systems. GMs tend to follow a timeline of different movement patterns (Einspieler and Prechtl, 2004): writhing movements (lasting from prenatal stage till 8 weeks post-term age), fidgety movements (until 20 weeks post-term age) and finally, goal-directed/ voluntary movements. Writhing movements are elliptical full body movement sequences of the neck, limbs, and trunk. They are often described as a ‘swimming’ action with alternating arm and leg motion and have gradual onset with low-to-moderate speed and amplitude. Fidgety movements are more localized and appear as dance-like patterns or circular motions of the limbs with a small amplitude and moderate fluctuations in acceleration. Voluntary movements present with anti-gravity postures and orientation in space, where the infant may start to reach for objects and lift arms and legs upward, toward midline (Figure 2).

[image: Illustration showing the progression of infant movements over time. It depicts three stages: writhing movements around 10 to 20 weeks postmenstrual, fidgety movements around 35 to 45 weeks, and voluntary movements around 65 to 80 weeks. A timeline below indicates corresponding postmenstrual and postterm ages in weeks.]

FIGURE 2
 Timeline based on the developmental course of general movements (Prechtl, 2001).


Heinz Prechtl’s general movements assessment (GMA; Prechtl, 1977, 1984; Einspieler and Prechtl, 2004) suggested that several aspects of the infant’s movements—absence of fidgety movements, chaotic GMs, poor repertoire, cramped-synchronized GMs are signs of neurodevelopmental derailment and decreased modulation of central pattern generators, CPGs. Variability is a crucial aspect to look for, in which the infant is able to move each limb and joint across various degrees of freedom (see Notes; Thelen and Smith, 1994). Furthermore, micro-analyses of film and sound in neonates (Condon and Ogston, 1966; Condon, 1970; Condon and Sander, 1974a,b) along with the use of wearables (Torres et al., 2016), have revealed very early disruption in neuromotor development, as have delayed neonatal reflexes (Teitelbaum et al., 1998, 2004).

In this literature review, we aim at providing a holistic understanding of the field of GMA, quantify its trends, forecast where it is headed and discern areas of improvement. Incorporating more quantitative and objective means of analysis, bibliometric methods were used to create networks of connections between various aspects of GMA-related publications, such as co-occurring key words, authors, and cited references.

We explore the dynamics of the methods of conducting the GMA, comparing the development of technological approaches to track general movement patterns quantitatively with clinical assessment by expert observation qualitatively. This notion of objectivity (bibliometrics) versus subjectivity (descriptive analyses) can also be seen in the field of systematic literature reviews. To better understand how these two methods can be compared and integrated to create a review, we first manually created a mind map of GMA literature in a manner like the ‘Zettelkasten method’, a common note-taking system to create an interconnected network of thoughts.


Manual analysis

While reading through the expanse of literature, 13 distinct themes were observed (see Figures 3A–C). Various aspects of GMA were observed such as functions of the assessment to predict conditions like cerebral palsy, to be used as a preliminary measure of neuromotor function for experimental studies, and to compare with other neurodevelopmental tests and clinical biomarkers or imaging techniques. In Figures 3B,C and Appendix Figure 1, referenced research papers for the topics and themes of the GMA map have also been indicated.

[image: Diagram illustrating the General Movements Assessment (GMA) with interconnected sections. Panel A shows topics related to GMA, like movement patterns and therapy efficacy. Panel B maps various research areas, and Panel C details focuses on GMA implementations and evaluations, using color-coded boxes and arrows to indicate connections.]

FIGURE 3
 (A) Diagram outlining 13 distinct major themes/ key phrases observed from the literature collected in this study, organized by noting down summarizing information from each paper and then connecting them together to a broader, interconnected web. (B) Portion of the mind map, manually created with the ‘InfoRapid KnowledgeBase Builder’ tool, where different technological and statistical advances incorporated in the field of GMA can be seen. (C) Part of the mind map, which describes how GMA is used in various studies to predict medical conditions and measure developmental trajectories of infants and children, particularly those at high risk for neurodevelopmental delays.





Materials and methods

In creating the bibliometric networks, the dataset is sourced from academic research databases. A common limitation in systematic literature reviews is the size of the database. To resolve this, three prominent databases were used: SCOPUS, Web of Science (WoS) and Dimensions. These resources differ in their number and type of documents published. For instance, compared to SCOPUS and WoS, Dimensions provides a varied dataset that includes more recent pre-prints, conference papers and dissertations (Thelwall, 2018).

To find literature related to GMA, a search with the topic field: “general movements assessment” OR “general movement assessment,” as both forms are expressed, was performed on the databases. On Web of Science, search results were limited to the ‘Article’ and ‘Meeting Abstract’ document types. SCOPUS results were filtered to ‘Article’ and ‘Conference Paper’, and Dimensions to ‘Article’ and ‘Preprint’. Meeting abstracts, conference papers and preprints were incorporated to ensure the latest research could be considered and to provide insight into the future of the field of GMA. Reviews, editorials, books, commentary notes and letters were not included in order to avoid redundancy of mentioned research projects. The following search commands were input into the three database search engines:

SCOPUS: [TITLE-ABS-KEY (“general movements assessment”) OR TITLE-ABS-KEY (“general movement assessment”)] AND [LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “cp”)].

WoS: “general movement assessment” (Topic) OR “general movements assessment”(Topic) AND Article OR Meeting Abstract (Document Types).

Dimensions: “general movements assessment” OR “general movement assessment” (Free text in title and abstract) AND Article OR Preprint (Publication Types).

From the corpus of research articles spanning from the year 2001 to 2023, bibliometric information was extracted—including publication title, author(s), abstract, journal, cited references, author and index keywords. SCOPUS, WoS Core Collection and Dimensions literature datasets were combined, and duplicates were merged, using Microsoft Excel and Zotero, a type of reference management software. Though the search results filtered most reviews, certain meta-analyses, systematic reviews, and editorial pieces were found and deleted in the following preprocessing steps (see Figure 4).

[image: Flowchart illustrating a data retrieval and analysis process for bibliographic data. It involves three sources: Scopus, Web of Science, and Dimensions, refining and screening to 295 publications. Pre-processing removed duplicates and irrelevant records. Mapping and network extraction used tools like CiteSpace for co-citation analysis, VOSviewer for co-authorship networks, and SciMAT for keyword themes. Visualization includes clustering and thematic evolution over time.]

FIGURE 4
 Flowchart of steps used to create bibliometric networks related to GMA, inspired by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 checklist.


As seen in the steps listed in Figure 4, three bibliometrics software tools were used to create networks and strategic diagrams: VOSViewer (Van Eck and Waltman, 2007, 2010), CiteSpace (Chen, 2006) and SciMAT (Cobo et al., 2012). Each software tool differs based on statistical analyses and normalization measures used in the network maps as well as the types of networks/figures they can generate. For instance, while CiteSpace and SciMAT use set-theory based statistics to cluster and connect nodes, VOSViewer uses probabilistic measures of association strength between nodes.

Pre-processing of data involved removing duplicates and articles not related to GMA. Some article abstracts were also translated from various languages such as Portuguese and Spanish to ensure the keywords could be compared accurately in the bibliometric software. Synonymous words, pluralized/ singular forms of phrases, and abbreviated/ full form versions of author names were grouped, to prevent redundancy of terms. This process was carried out with a thesaurus file created for VOSViewer (see Appendix for additional information) and with the ‘word group manual set’ option on SciMAT.


Automated software algorithm-based analysis

Over the years, 295 studies (excluding literature reviews and meta-analyses) have been published on the subject of GMA, as shown in Figure 5. In this paper, the focus on technological or sensor-based methods for GMA will also be investigated through bibliometric networks. From an overall dataset of 295 publications since 2001, 71 publications appeared to be related to this technology.

[image: Line chart showing publications involving GMA from 2001 to 2022. Blue line for GMA literature rises sharply from 2015, peaking in 2021, then declines. Orange line for tech-related literature has minor fluctuations, peaking in 2021. X-axis represents years, and y-axis shows the number of publications per year.]

FIGURE 5
 295 publications distributed over the years– sourced from WoS, Dimensions and SCOPUS; 71 articles were found to be tech-related, using digital biosensor means to quantify motion changes and their rates of change.


VOSViewer was used to create networks of co-occurring keywords present in publications and collaborations of co-authors. In VOSViewer, network visualizations of co-occurrences and co-authorship were created. Maps of co-occurring key words or phrases (co-occurrences) can show connections between prominent themes, methods and ideas extracted from titles, author keywords and abstracts of publications. For an overview of co-occurrence relationships, maps were created based on bibliographic data focused on keywords (author keywords, index keywords) and based on text data (publication title and abstract).

Each circular point or node of the co-occurrence network in two-dimensional space represents a key word present in the corpus of literature. The ties among nodes of the network have positive, numerical weight attributes. A weighted link between two co-occurring keyword nodes indicates that they have appeared together in publications, and in this case, the links have been assigned strengths by fractional counting measures, which ensures all the links connected to a node have weights fractionalized out of the total number of node-related links and add up to 1. Based on these weights, the nodes are assigned to various colored clusters as a measure of relatedness. Further, what distinguishes VOSViewer from other bibliometric software is its normalization of nodes and links with the probability-based measure of association strength. The association strength is proportional to the ratio of the numbers of observed co-occurrences to expected co-occurrences, assuming both occurrences are statistically independent (Eck and Waltman, 2009).

CiteSpace enabled the design of document co-citation analysis networks, which indicated relations between cited references. SciMAT created quadrants of Callon’s density and centrality, indicating thematic keywords with internal links and external links, respectively, to others in the literature. Elaborate and more detailed descriptions of creating bibliometric networks can be found in the Appendix, as a playlist series of tutorials.




Results


VOSViewer

In the Figures 6A,B, a co-occurrence analysis was applied with the fractional counting method to form a connected network. The minimum number of co-occurrences of a keyword was set to 6— of the 2,189 total keywords found by VOSViewer, 197 met this threshold. The keyword ‘human’ had the highest number of occurrences, with a total link strength of 192.

[image: A set of four network visualizations labeled A, B, C, and D. Each visualization, created with VOSviewer, depicts different relationships and clusters of terms related to human movement and cerebral palsy research. A and B show colored clusters and interconnecting lines, indicating various research topics and their connections. C uses a color scale from 2017 to 2021 to indicate temporal trends. D presents a density view with brighter colors highlighting more significant areas of focus. Terms like "human," "infant," and "general movements" are central in each visualization.]

FIGURE 6
 (A) VOSViewer network map of 197 co-occurrences, organized into six clusters. (B) Closer examination of the dark blue-coded cluster, with key words like ‘video recording’, ‘computer vision’, ‘deep learning’, ‘machine learning’, ‘quantitative analysis’ and ‘computer assisted diagnosis’ reveal the recent emergence of new digital methods. (C) VOSViewer map of 197 co-occurrences; overlay is color-coded by the average years of publication. (D) VOSViewer map of 197 co-occurrences, seen as a density visualization, with prominent keywords circled in red.


Six different clusters were created, highlighting distinct themes of co-occurring keywords (Figure 6A). Cluster 1 is the largest and is shown in red, and it possesses nodes that have the largest number of occurrences (‘human’, ‘infant’, ‘article’). It illuminates clinical assessments and aspects of GMs, and in a broader sense, it shows various means of testing the function and presence of non-neurotypical signs of the developing nervous system. This cluster includes different assessments like ‘albert infant motor scale’, ‘bayley scales of infant development’ ‘hammersmith infant neurological examination’, ‘gross motor function classification’ and ‘motor dysfunction assessment’, which are often used in conjunction with GMA. These assessments are linked to words related to the experience of diagnosing infant patients, aiding with early intervention (see ‘physiotherapy’, ‘intervention’) and carrying out experiments (‘cross-sectional studies’, ‘randomized controlled trial’, ‘multicenter study’, ‘feasibility studies’, ‘article’, ‘priority journal’) in the clinical setting such as at neonatal intensive care units. A common theme has been the role of the parents and caregivers in these studies, focusing on the ‘child parent relation’, ‘high risk infant’, ‘care’ and ‘parents’, which are also associated with ‘follow-up’ studies that are able to incorporate GMA and other assessments to discern the developmental trajectory of the child. It is also interesting to note that observational assessments mentioned in this cluster utilize a pen-and-paper method in collecting data, in the form of ‘surveys and questionnaires’, ‘rating scale(s)’ and clinicians’ outcome assessments. This observational approach is utilized in the Autism Diagnostic Observation Schedule (ADOS) to assess autism spectrum disorder—among the pen-and-paper-based keywords and within the red cluster, the only neurological condition mentioned appears to be ‘autism’.

The green cluster, or cluster 2, also features themes from the clinical setting, but with a spotlight on factors (or more specifically, ‘risk factors’) that can alter the infants’ GMs and neurodevelopment. Aspects like ‘gestational age’, ‘birthweight’, ‘male’, ‘Apgar score’, ‘perinatal stage’, ‘female’, ‘head circumference’ and medical issues such as ‘lung dysplasia’, ‘brain hemorrhage’ and ‘necrotizing enterocolitis’ are all factors to consider when observing motor repertoire and early markers for dysfunction. Cluster 4, in yellow, is heavily intertwined in probabilistic space with clusters 1 and 2. It also features clinical assessments like the ‘hammersmith neonatal neurological examination’ and shows how ‘extremely low birthweight’ and ‘extremely preterm’ can relate to ‘motor performance’ and ‘cognition’. More prominently, the biological structure of the nervous system is a common thread among the yellow nodes, where ‘white matter’, ‘magnetic resonance imaging’ and ‘nerve cell differentiation’ can be used to improve our perception of developmental disabilities.

Cluster 5, seen in purple, centers movement (—‘movement’ in terms of physiology, ‘early motor repertoire’, ‘motor activity’ and ‘spontaneous motility’) and specific characteristics of the GMA. ‘Posture’ and ‘body position’ are important to discern while observing GMs in infants. The term ‘writhing test’ is seen closer to the ‘early motor repertoire’ node in the cluster, and writhing movements are generally used to learn more about the earliest stages of fetal/ infant motor activity and development. This cluster allows us to infer that ‘quality’ and ‘reproducibility’ from results of GMA are important amidst the presence of ‘observer variation’ and limitations of needing ‘agreement’ among assessment inter-raters or expert clinicians to produce a reliable neurodevelopmental outcome measure.

The smallest cluster, cluster 6 (cyan-colored), appears distributed widely across the network and within other clusters, and does not seem to have a distinct theme. This cluster has certain co-occurrences concerning metrics used to assess the outcomes and accuracy of screening and diagnostic tests, such as ‘sensitivity and specificity’ and ‘predictive value’.

Perhaps the most intriguing result is the dark blue cluster (cluster 3) protruding outward, relatively isolated from the rest of the clusters.

As seen in Figure 6B, cluster 3 topics related to digital methods of screening for infant neurodevelopment and GMA, such as ‘video analysis’, ‘pose-estimation’, ‘machine learning’, ‘feature extraction’, ‘computer vision’, ‘computer assisted diagnosis’, ‘quantitative analysis’ and ‘classification’ of certain GMs like fidgety movements. These nodes lie further away from themes directly centered on clinical assessments and indicate that these technological advances are not currently seen in the healthcare setting nor in medical studies and tests. Figure 6C highlights that the cluster has a more recent average age of publication compared to the others. Yellow nodes of ‘pose-estimation’, ‘classification’ and ‘machine learning’ show they occurred primarily in documents published in 2021. GMA has primarily been utilized to detect the presence of cerebral palsy (CP), as seen by the node within this cluster, and technology has been used to produce promising results in the detection of CP. Further, CP can be more easily detected as the GMs are more specifically defined and determined, for instance, by the absence of fidgety movements—this contrasts with detection for other conditions like autism spectrum disorder. The key words of ‘general movements’ and ‘general movements assessment’ also appear in this cluster, though positioned toward the center of the network.

Overall, cluster 3 appears highly specialized but does not have many occurrences nor strong total link strengths. Figure 6D illuminates this notion, as the kernel density of the computational methods is quite low compared to the central nodes like ‘human’, ‘cerebral palsy’ and ‘infant’. It is evident that there is a distinction in themes laterally as well. On the left side of the network, the nodes revolve around healthcare, or the clinical setting and measures carried out along with GMA. The right side (featuring the purple and dark blue clusters) showcases details of the field of GMA and those related to movement. Across all clusters, there is a re-occurring theme of prediction (see ‘predict’ in cluster 5, ‘prediction’ in cluster 3, ‘predictive validity’ in cluster 1 and ‘predictive value’ in cluster 6) which highlights the aim of most studies in creating tests that can accurately predict the neurodevelopmental outcomes for the infant, and hence, the need and types of supportive interventions.

For deeper insight into the methodology used in the expanse of publications, a VOSViewer network of term co-occurrences based on text data was created, seen in Figure 7. Regardless of keywords determined by authors and publishers, this map would parse and connect phrases from titles and abstracts, which contain a summary of the methods section. Of the 4,524 terms determined by VOSViewer, only 200 were selected with a minimum number of occurrences for each node being set to 7. Similar to Figure 6B, the purple cluster (cluster 5) in Figure 7 also extends outward, with distinct nodes focusing on technology associated with algorithmic models and pose-estimation like ‘classification’, ‘input’, ‘body parsing’, ‘body part’, ‘frame’, ‘feature’, ‘training’ of ‘model(s)’ and ‘data’.

[image: Network visualization of interconnected terms related to neonatal and pediatric health using VOSviewer. Different clusters are color-coded, with key terms like "intervention," "birth," and "video" prominently highlighted. Lines indicate relationships between the terms.]

FIGURE 7
 VOSViewer co-occurrence map using textual data from titles and abstracts of GMA-related publications.


Probing into what the technology cluster may entail and methods involved in these niche papers, a text-based map was also created from the corpus of 71 publications using digital approaches to detecting and testing GMs (see Figure 8). The clusters appear to be dispersed further away from one another compared to previous maps, where the terms related to the infant and data collection process (‘parent’, ‘baby move’ app, ‘home’, ‘infants spontaneous movement’, ‘video recording’, ‘recording’) lie on the left in the orange and green clusters while terms about digital data analysis (yellow cluster – ‘body parsing’, ‘frame’, ‘estimation’; blue cluster – ‘classification’, ‘feature’, ‘histogram’; and purple cluster – ‘algorithm’, ‘sensor’) are on the right.

[image: Network diagram illustrating relationships between various terms represented as nodes with connecting lines. Nodes are color-coded into groups such as green, red, blue, and yellow, denoting different themes or clusters. Key terms include "computer," "dataset," "intervention," and "body parsing," with lines indicating their connections, suggesting a complex web of interrelated concepts.]

FIGURE 8
 VOSViewer co-occurrence network with 86 items and 7 clusters, based on keywords from the titles and abstracts of tech-related publications.


A co-authorship network from the publications was also created with VOSViewer, seen with Figures 9A,B. In Figure 9A, the network maps of co-authors display authors with a minimum of 2 document publications, having links weighted by fractional counting. Of the 262 authors in the network, the largest set of connected items was of 181—this connected set is seen in Figure 9A. It shows that the largest cluster (cluster 1, red) features neurophysiologist and pioneer of Prechtl’s GMA, Christa Einspieler (31 publications). In her cluster, developmental neuroscientists Peter Marschik and Andrea Guzzetta are also situated in the middle of the network, possessing strong external links. Clusters appear to closely connect researchers of similar field/background, universities, and location (red – Europe, pink – Turkey, orange – Australia). The largest author nodes in various clusters, like Christa Einspieler, appear to be of authors who are medical researchers and physicians that collaborate with interdisciplinary teams, like physical therapist Lars Adde, physician Nadia Badawi and occupational therapist Iona Novak, physiotherapist Alicia Spittle, pediatrician Arend Bos and physiotherapist Akmer Mutlu. There does not appear to be a lot of integration of engineers and computational scientists within the displayed connected set of authors. Authors publishing documents on specialized areas that mention GMA like magnetic resonance imaging (cluster 13 – including Nehal Parikh, Beth Kline-Fath), and transcranial magnetic stimulation to assess corticospinal connectivity and neuro-excitability (cluster 10 – Jed Elison and Chao-ying Chen) are seen as clusters extending away from the center. Figure 9B displays the co-authorship network with an overlay of the average years of publication. It appears that the authors with more central nodes, indicating their higher numbers of publications and collaborations, have average publication years of 2019–2020, while the authors at the periphery of the network have more recent publication years (2022–2023).

[image: Two network maps illustrating author connections and collaborations. Panel A shows clusters of authors in different colors, each representing a distinct group. Panel B displays a similar network, colored to indicate the year of publication from 2019 to 2023, with a gradient from blue to green to yellow. Each node is labeled with an author's name, illustrating the relationships between them via connecting lines. The maps are created using VOSviewer.]

FIGURE 9
 (A) VOSViewer network map of 181 publication co-authors, indicating 16 different clusters. (B) VOSViewer network map of 181 publication co-authors, in clusters and labeled with year of publications.


When focusing on the digital or technology-related publications, it is observed that the clusters of co-authors form sparsely populated isolated networks, seen in Figure 10A. Out of 359 authors (Figure 10A), only 48 of them form the largest connected and cohesive network. Toward the upper right portion of Figure 10A, the network containing the researcher node ‘Lars Adde’ is seen and it appears to be the largest interconnected set from this map. Figure 10B displays a version of the map with a closer view of this set of authors. With an overlay indicating average years of publication for Figures 10B,C shows recently published authors (average year ~2020) forming a more closely intertwined web toward the left of the map.

[image: Network visualizations in three panels labeled A, B, and C. Panel A shows clusters of names in different colors, representing affiliations or collaborations. Panel B displays a larger network centering on "adde, lars" with interconnected nodes. Panel C illustrates a timeline of collaborations from 2010 to 2020, using color gradations to indicate different years.]

FIGURE 10
 (A) Co-authorship network of literature related to technology-based methods of GMA, displaying 359 authors and 37 clusters. (B) Largest connected set within the co-authorship network seen in (A), showing 48 authors grouped into 6 clusters. (C) Overlay visualization with average years of publication for authors in the largest connected set within the co-authorship network seen in (A).




CiteSpace

Using CiteSpace, a document co-citation analysis was carried out from 206 articles and meeting abstracts obtained from Web of Science, creating a network of clusters labeled automatically. These clusters are seen in the table in Figure 11A, where 12 major themes are present from the corpus of cited references related to GMA. Labels created based on log-likelihood ratios indicate that the cluster ‘case report’ has the greatest number of cited papers. As seen in Figure 11B, a network map was created, displaying the clustered co-citation web of key themes. In the ‘case report’ cluster, Novak et al., 2017 is the most cited paper (96 citations) followed by Prechtl et al. (1997) (91 citations) and Ferrari et al. (2004) (84 citations).

[image: Chart showing a table and network diagram. The table lists clusters with IDs, labels, LLR scores, and average years from 1986 to 2015. The diagram visualizes clusters with labels, using colors for differentiation and connecting nodes depicting relationships among concepts like "cerebral palsy" and "developmental neurology."]

FIGURE 11
 (A) Table of cluster themes, from CiteSpace document co-citation analysis network of 206 publications. (B) CiteSpace network map of clusters labeled #0–12, in ascending order of cluster size.


Clusters ‘#3 early prediction’ and ‘#8 cerebral palsy’ appear to have the most recent average year of all clusters— 2015, suggesting that the cited papers are progressing toward discerning earlier and more accurate diagnoses of neurodevelopmental conditions, particularly CP.

Similar to the VOSViewer map networks, CiteSpace co-citation clusters also show a distinct isolated branch related to technological aspects of GMA observation.

Cluster #9, ‘enhanced interactive general movement assessment’ or ENIGMA, is a computer-based software tool developed by Berge et al. to aid in General Movement expert knowledge elicitation and modeling.



SciMAT

With SciMAT, the dynamic evolution of various themes or keywords can be mapped. Using quadrants as measures of Callon’s density and centrality, Figure 12 shows topics that have been specialized further with greater internal links (increases in density) and important across all publications with greater external connections (increases in centrality). Co-occurrence networks were created with the Equivalence index as the normalization measure. Jaccard index and Inclusion index were the evolution and overlapping measures, respectively.

[image: Five bubble charts show keyword patterns over time intervals from 2001 to 2023. Keywords like "PRETERM," "NEONATE," and "ARTICLE" appear frequently, with larger bubbles indicating more significant keywords. The charts display evolving keyword trends across research fields, with density and centrality axes highlighting trends and shifts in emphasis.]

FIGURE 12
 SciMAT strategic diagram of major themes in time periods ranging from 2001 to 2023 arranged according to Callon’s measures of density and centrality; the size of the nodes are based on the number of documents in which the keywords are present.


The evolution of the major themes in the GMA begins with the keyword themes of ‘preterm’, ‘brain’ and ‘risk-factor’ (Figure 12). Researchers published papers in 2001–2005 focusing primarily on GMA in pre-term infants and what it can tell us about their nervous systems or brains. Other risk-factors like cerebral palsy, dyskinesia, psychomotor disorders, and neurological disorders (mentioned in the risk-factor cluster network, seen in the Appendix section) and their effect on the GMA appeared to be emerging themes in the literature. In this map, there are terms that relate to qualitative analyses and clinical assessment by human observation. During 2006 to 2010, the key word ‘qualitative analysis’ appears to have strong external links with other themes (high density) while terms related to computational methods like ‘feature extraction’, seen in the bottom left quadrant, are steadily emerging. Eventually, the themes of ‘computational methods’ and ‘machine-learning’ show relative increases in Callon’s density (2011–2015, 2016–2020). In 2021–2023, the themes of ‘feature-extraction’ and ‘quantitative analysis’ are motor themes and they have become central and influential in the field of GMA literature. The keyword ‘computational methods’ shows a significant increase in centrality along the x-axis, but remains on the left lower quadrant with low density. This denotes a steady appearance of computational methods in this corpus of literature (from 1 occurrence to 16 occurrences). The theme of ‘three-dimensional space’ lies further down the scales of Callon’s density and centrality. According to Callon’s analysis, this location forecasts that 3D video analyses or GMA of infants’ movement trajectories will likely continue as a trend.




Discussion

The present work sets out to provide a literature review using new methods that enable rapid integration of a large corpus of papers on GMA. These new methods are now available in open access software that permits visualization of interconnected themes and subthemes across different research groups and their historical evolution. The outcomes of the analyses reveal patterns of relations among researchers and across themes of research. They further reveal trends within past research forecasting future tendencies as well.

Since the advent of bibliometrics methods, and to the best of our knowledge, this study is the first comprehensive analysis of work on GMA. In this sense, using these methods, we offer information about the historical evolution of the field and the emerging digital techniques that, according to the forecasting analysis, could potentially further advance it.

Manual analysis was also performed in Figures 3A–C where we see that along with being more time-consuming, it is evident that there are themes, particularly those related to technological advancements, that have been missed due to the vast expanse of literature in the field of GMA. There are however noticeable advantages to doing manual meta-analysis of the literature, despite it being time consuming. Expertise in a certain field enables research of themes that automated search may miss owing to restrictions in keywords across the literature on a particular subject. A manual search can be at times more detailed and informative of nuanced aspects of problems that keywords may not cover but that a human is fully aware of. Thus, the subjective element plays an important role that can now be complemented with the newly emerging computational bibliometric techniques.

Objective means of exploring papers and research-related information (such as author names, publication years, citations and journals) using statistical algorithms can prevent human-error and loss of relevant data when carrying out systematic reviews of the literature. The techniques featured here, and openly accessible to all, can illuminate historical patterns, forecast future trends and highlight groups of researchers playing key roles in the advancement of various aspects of the investigated themes. The automated computational connectivity analyses can, in this way, complement more traditional human-selected manual analyses that nevertheless remain very relevant to the overall understanding of basic scientific and clinical practices. To aid further utilization of these methods, we have created tutorials for researchers to use for their own literature searches and analyses (see 10.5281/zenodo.8103094), which can be part of a crucial first step in any research project or study.

Along the lines of clinical research, the results show a prevalence of signal detection theory in co-occurring keywords or themes of ‘receiver-operating characteristics’ and comparison of discrete scores made by observing clinicians (‘interrater reliability’). The prevalence of such methods is worrisome considering recent results from computational fields pointing at theoretical assumptions required by signal detection theory that are at odds with the empirical nature of infant’s developmental data (Torres et al., 2016). Indeed, new accounts of non-linearly accelerated growth and changes in movement variability longitudinally tracked in infants, point at a disconnect between a priori imposed theoretical assumptions of traditional analysis and the true empirical features of neurodevelopment. Computational trends uncovered in this literature analysis might offer new insights into the infant data digitally obtained by contemporary methods revealed in cluster 3 and emerging as recently as 2021.

VOSViewer maps shown in Figures 6A, 7 display such a recent cluster of nodes branching outward according to year of publication. This cluster represents digital means of assessing infant neurodevelopment, containing terms like ‘feature extraction’, ‘deep learning’, ‘computer vision’, ‘machine learning’ and ‘computer assisted diagnosis’. There does not appear to be more extensive connection and collaboration with these nodes to other themes. Further, this isolation of computer-aided analysis of GMA is seen through the co-authorship network where nodes of engineers and computational scientists are not well integrated with the other clusters of researching scientists and physicians. In addition, Figure 12 indicates that the theme of ‘computational methods’ in the lower left quadrant has increased slightly in density over the years (2011–2015 vs. 2021–2023), though it does not appear to have significant external links or centrality with other themes. Figure 11A also shows the CiteSpace co-citation network with an isolated theme of computational methods. In this sense, the results point at a need for interdisciplinary collaborations, e.g., between mathematicians, engineers or computational neuroscientists and clinicians, physiologists or developmental psychologists to address such a gap.

The bibliometric maps indicate that most GMA studies have been directed toward early prediction of neurological conditions and neurodevelopmental trajectories of the infant’s cognition and movement. Alongside clinical observation, the use of video analyses and biosensors to analyze movement patterns are emerging as a new, complementary way to achieve more reliable means of prediction and diagnoses, beyond what can be seen by the naked eye. These new technologies and algorithms can provide access to other types of infant spontaneous activity, such as orofacial movements during sucking patterns, as well as an efficient means of analyzing fetal activity through ultrasound imaging. The emergent methods will open a new window into neurodevelopmental disorders and help stratify them into clear-cut categories with far more precision than those indicated by clinical assessments alone—beyond a spectrum or continuum of conditions. Nuances captured by these technologies, beyond the limits of the naked eye, are bound to revolutionize the ways in which we screen, diagnose and track disorders of the nervous system.

The new, emerging computational methods aimed at complementing clinical observation of GMs will open the clinical space to continuous, dynamic analysis of stochastic video data in infant neurodevelopment. In turn, this level of precision and higher sampling frequency with commercially available means (e.g., smartphones and tablets) will push the field toward more scalable solutions to uncover new patterns across previously under sampled sectors of the population. Then, empirical validation of automated, briefer methods will begin the path of bypassing current assumptions of linearity, stationarity and normality in neurodevelopmental biorhythmic data that has been otherwise, empirically characterized as non-linear, non-stationary, non-normally distributed in modest sample sizes of neonatal cohorts (Torres et al., 2016; Chambers et al., 2020). Scaling such approaches will open new lines of inquiry in the field.

In summary, we have demonstrated the utility of several bibliometric methods in identifying and visualizing patterns that reveal historical patterns, forecast future trends, and uncover new emerging approaches, highlighting the need to collaborate and integrate multiple sources of clinical and computational data. When the field integrates human observation and digital means, the outcome will be much more than the sum of its individual parts. This change may be around the corner, according to the predictions of these analytical bibliometric techniques.
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Introduction: Motor Imagery (MI) is when an individual imagines performing an action without physically executing that action and is thought to involve similar neural processes used for execution of physical movement. As motor coordination difficulties are common in autistic individuals it is possible that these may affect MI ability. The aim of this systematic review was to assess the current knowledge around MI ability in autistic individuals.
Methods: A systematic search was conducted for articles published before September 2023, following PRISMA guidance. Search engines were PsycINFO, PubMed, Web of Science, Scopus, Wiley Online Library and PsyArXiv. Inclusion criteria included: (a) Original peer-reviewed and pre-print publications; (b) Autistic and a non-autistic group (c) Implicit or explicit imagery tasks (d) Behavioral, neurophysiological or self-rating measures, (e) Written in the English language. Exclusion criteria were (a) Articles only about MI or autism (b) Articles where the autism data is not presented separately (c) Articles on action observation, recognition or imitation only (d) Review articles. A narrative synthesis of the evidence was conducted.
Results: Sixteen studies across fourteen articles were included. Tasks were divided into implicit (unconscious) or explicit (conscious) MI. The implicit tasks used either hand (6) or body (4) rotation tasks. Explicit tasks consisted of perspective taking tasks (3), a questionnaire (1) and explicit instructions to imagine performing a movement (2). A MI strategy was apparent for the hand rotation task in autistic children, although may have been more challenging. Evidence was mixed and inconclusive for the remaining task types due to the varied range of different tasks and, measures conducted and design limitations. Further limitations included a sex bias toward males and the hand rotation task only being conducted in children.
Discussion: There is currently an incomplete understanding of MI ability in autistic individuals. The field would benefit from a battery of fully described implicit and explicit MI tasks, conducted across the same groups of autistic children and adults. Improved knowledge around MI in autistic individuals is important for understanding whether MI techniques may benefitx motor coordination in some autistic people.
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Introduction

Autism is characterized by persistent difficulties in social communication and social interaction across multiple contexts, including social reciprocity, nonverbal communicative behaviors used for social interaction, and skills in developing, maintaining, and understanding relationships (American Psychiatric Association, DSM-5 Task Force, 2013). Motor coordination difficulties, although not highlighted within this description of autism, are a common feature and are increasingly becoming the subject of investigation (Gowen and Hamilton, 2013; Torres and Donnellan, 2015; Bhat, 2021). Motor coordination difficulties experienced by autistic individuals are apparent from childhood and persist into adulthood and may include altered fine motor control and eye-hand coordination, as well as postural instability and general clumsiness (Fournier et al., 2010; Gowen and Hamilton, 2013; Sacrey et al., 2014; Lim et al., 2017; Morrison et al., 2018; Lum et al., 2020; Gowen et al., 2023). Interest has grown in understanding how motor coordination difficulties might impact upon the social aspects of autism. It has been suggested that exclusion, lack of confidence and fatigue, due to increased effort, could all reduce participation in social activities such as sports, social hobbies or play, leading to less experience in engaging socially (Leonard et al., 2014; Hannant et al., 2016; Ohara et al., 2019; Gowen et al., 2023). Another link between motor and social difficulties is simulation. Simulation theory suggests that when an individual observes another person, they will internally simulate that person’s actions using their own motor, cognitive and emotional representations, in order to understand the other person’s actions (Jeannerod, 2001; Gallese, 2003). Motor simulation is thought to underlie a number of processes such as imitation, action prediction and understanding, as well as motor imagery (Wolpert et al., 2003; Rizzolatti and Sinigaglia, 2010; Gallese and Sinigaglia, 2011; Hurst and Boe, 2022). While some previous work has highlighted altered imitation (Wild et al., 2012; Sacrey et al., 2014; Vivanti and Hamilton, 2014; Gowen et al., 2020), action understanding (Vivanti et al., 2011; Todorova et al., 2019; Federici et al., 2020) and action prediction (Gowen et al., 2022) in autistic individuals, there has been less focus on motor imagery (MI). The aim of this systematic review was to assess the current knowledge around MI ability in autistic individuals.

MI is when an individual imagines performing an action without physically executing that action and is thought to involve similar, although not identical processes to those that program and prepare for the execution of physical movement (Jeannerod, 1994; Hardwick et al., 2018; Hurst and Boe, 2022; Frank et al., 2023). Jeannerod and Frak (1999) argue there are both implicit and explicit forms of MI where actions are imagined at the unconscious or conscious level, respectively. MI can also be performed in the visual or kinesthetic modality. Visual MI involves the visualization of an action and activates visual occipital brain areas, whereas kinesthetic MI consists of imagining the sensation of the action and activates motor-related brain areas such as the superior parietal and ventral premotor cortex (Jeannerod, 2001; Sirigu and Duhamel, 2001; Stinear et al., 2006; Guillot et al., 2009). MI can play a role in practicing, learning and improving execution of actions and is often used by athletes and sports players to enhance performance (Mulder et al., 2004; Simonsmeier et al., 2020; Toth et al., 2020). MI practice, particularly when combined with action observation (Vogt et al., 2013; Eaves et al., 2016, 2022) can also be used for rehabilitation of people with Parkinson’s disease (Tamir et al., 2007; Kikuchi et al., 2014; Caligiore et al., 2017; Bek et al., 2021), as well as stroke patients (De Vries and Mulder, 2007; Sun et al., 2016; Binks et al., 2023) leading to improvements in timed motor performance, limb functioning, daily living skills and reduction of freezing of gait. Therefore, MI training could provide a route to improving motor ability in autism, providing autistic individuals are able to perform MI.

MI can be investigated using several methods including behavioral experiments involving laterality judgments (e.g., right or left hand), mental chronometry and perspective taking, as well as self-report questionnaires (McAvinue and Robertson, 2008). Starting with implicit measures, the hand rotation task (Parsons, 1987) is a method regularly used to investigate implicit MI and many variations of the paradigm have been used. The task requires participants to judge the laterality of hands (right or left) that are presented either from the front (palm) or back view and at different orientations (0–360°). This task uses an implicit measure of MI as participants are not directly instructed to use MI, but engage in this technique to solve the orientation based problem. Outcome measures include accuracy and reaction times. Typically, reaction times increase as the angle increases away from neutral, termed the angle or slope effect and is considered evidence that participants solve the task by mentally stimulating the rotation of their own hand to match the orientation of the displayed hand (Parsons, 1994). However, as it is also possible that participants use a non-MI based strategy such as mental (object) rotation of the hand images (Gardner et al., 2013), a key indicator of whether participants use MI in this task is the effect of biomechanical constraints on reaction times. Reaction times tend to be faster for stimuli where the hands are in a medial rotation rather than lateral direction, due to it being physically easier to rotate your hand in a medial rather than lateral direction (Parsons, 1994; Butson et al., 2014). The stimuli presented in these tasks can vary, with studies either using photographs of real hands or line drawings and some studies use whole bodies, termed the Own Body Transformation task (Gardner et al., 2013) or body rotation tasks.

A variation of the hand rotation task consists of the presentation of two hands or body images that are rotated at different angles and participants are asked to indicate whether the hands are the same or different. This task is based on mental object rotation paradigms where participants are presented with 2D or 3D shapes or objects in different orientations and have to judge whether they match the target shape/object (Shepard and Metzler, 1971). It requires participants to use visual imagery to mentally rotate the object and spatial working memory to hold the image representation in their mind (Shepard and Metzler, 1971; Muth et al., 2014). The use of hands or bodies instead of objects opens the possibility that participants use MI instead of object rotation to complete the task. To differentiate between these two strategies, a steeper reaction time slope across the angles for objects compared to hand (palm) or body stimuli (facing toward) has been interpreted as an object rotation versus a more embodied approach, respectively (Parsons, 1987; Zacks and Tversky, 2005; Yu and Zacks, 2010; Steggemann et al., 2011).

For explicit measures of MI, two common questionnaires are the Kinesthetic and Visual Imagery questionnaire (KVIQ-10) (Malouin et al., 2007) and the Movement Imagery Questionnaire (MIQ) (Hall and Martin, 1997; Gregg et al., 2010). These questionnaires ask participants to perform physically, then explicitly imagine the same movement (e.g., elbow flexion) and rate certain aspects about the imagined movement using Likert-type scales. For the KVIQ-10, participants are asked to rate the clarity (visual subscale) and intensity (kinesthetic subscale) of the imagined movement, while for the MIQ they are asked to rate the ease/difficulty of seeing and feeling the imagined movement. While both measure visual and kinesthetic modalities of MI, unlike the KVIQ, the MIQ is self-administered and measures more functional movements.

Mental chronometry tasks compare the durations of imagined versus executed movements with smaller differences in times suggesting greater accuracy and ability in MI (Wong et al., 2013; Williams et al., 2015). For example, participants might be asked to execute a series of timed pointing movements, then asked to imagine performing the same movements, indicating when they have finished. Better MI ability would be represented as closer durations between the executed and imagined actions. Furthermore, the similarity between real and imagined movements has been taken as evidence of the close relationship between MI and action planning (Jeannerod, 2001; Munzert et al., 2009).

Other behavioral paradigms that potentially measure MI include perspective taking experiments, which require a participant to imagine themselves in a certain orientation and/or from the viewpoint of another person and to then judge the laterality or position of other objects. This type of task can be performed using an embodied strategy of imagining oneself in the new orientation or location of the other or it can be performed using a non-embodied approach such as a rule-based strategy, line of sight computation or by mentally rotating the objects in the scene (Michelon and Zacks, 2006; Kessler and Thomson, 2010; Kessler and Wang, 2012). However, even if individuals use the embodied strategy, these tasks do not necessarily require MI as they can simply be performed by visually imagining the viewpoint from the new perspective, without imagining one’s body parts (Ward et al., 2022). Therefore, whether perspective taking tasks investigate MI varies with different studies. For example, MI is more likely in perspective taking studies that involve referencing a body part or an action (e.g., Conson et al., 2015), as opposed to just reporting the location of objects (e.g., visual perspective tasks in Pearson et al., 2016). More generally, MI of whole body movements is less commonly investigated as highlighted by a meta-analysis by Hétu et al. (2013) who analyzed whole body with upper body tasks due to the small number of tasks in the former category. However, as there are no prior systematic reviews on the topic of MI in autism, we wished to provide a comprehensive review that included less “traditional” MI tasks particularly as perspective tasks are of interest to autism researchers. As the involvement of MI in perspective taking tasks is dependent on study design and instructions, the perspective taking studies included in this review will be individually considered, based on the details of the task to decide whether they measure MI and therefore should be included in the synthesis of results.

This systematic review aims to evaluate and bring together the findings of research investigating MI abilities in autistic individuals using the MI tasks described above. As MI relies on similar motor control processes involved in executing actions, it is possible that motor coordination difficulties frequently present in autistic individuals may lead to altered MI. This review is timely as although there are a growing number of studies in this area, it remains unclear if MI is affected in autistic individuals and if it is, what aspects or in what way is MI affected. A systematic review on the topic of autism and MI is yet to exist in the current literature. A more complete understanding of MI in autism can be helpful for advancing knowledge of simulation ability and whether MI could be used in therapies to support autistic motor coordination difficulties.



Methods

Please see Supplementary Information S1, S2 for PRISMA checklist.


Search strategy

A systematic search was conducted in January 2022, following the guidance in the PRISMA statement (Page et al., 2021). The search was conducted in January 2022, then again in September 2023 (for the period 2021–2023) seeking research articles published in journals without restriction based on year of publication. The search engines used were those most relevant to psychology - PsycINFO, PubMed, Web of Science, Scopus, Wiley Online Library and the preprint server, PsyArXiv. The search terms used were autis* AND (Motor Imagery OR “action simulation” OR KVIQ OR “motor simulation” OR “hand rotation task” OR “laterality task” OR “visual imagery” OR “mental rotation”). No limits or filters other than excluding textbooks or books were used. These search terms were based on discussion amongst the authors, examination of key terms in relevant papers and initial scoping searches. As the search function was limited for PsyArXiv, each individual search term (apart from autis*) was entered and the preprints screened to check for any relevant articles. The references list of all studies selected for inclusion in the review were also hand-searched.



Inclusion and exclusion criteria

Inclusion criteria were: (a) Original peer-reviewed publications and pre-print publications; (b) Participants must include a group of individuals with Autism Spectrum Condition (or Asperger’s) and a non-autistic typically developed group; (c) Articles may include other neurodivergent groups such as Developmental Coordination Disorder. If there is no control group, the paper can be included if there is a comparison with norms OR suitable comparison between real and imagined actions (within the autistic participants group); (d) Participants are asked to engage in a task where the main process involved is either implicit or explicit MI (e.g., hand rotation, perspective taking, chronometry, MI questionnaires). This was judged based on the methods used rather than on the specified focus of the authors. For perspective taking, studies were required to involve explicit instruction for participants to imagine themselves in the position of the character and that the character displayed gestures or movement that could encourage embodiment when identifying objects or performing the task from the required perspective; (e) Measures can involve behavioral (reaction time, accuracy), neurophysiological (e.g., fMRI, EEG) or self-rating measures (e.g., KVIQ, MIQ) to rate their MI; (f) Written in the English language.

Exclusion criteria were (a) Articles only about MI or only about autism; (b) Articles about MI in other conditions and autism, but where the autism data is not presented separately from other conditions; (c) Articles on action observation, action recognition or imitation only where no MI tasks are used. Although spontaneous imagery can occur during action observation (Vogt et al., 2013), it was decided that these tasks do not generally include a specific measure of imagery; (d) Articles were a review or theoretical analysis.



Screening

Search results were exported to an excel table and duplicates were manually removed using the Microsoft Excel sort filter. Three authors of the review (EG, EP, EE) independently screened a third each of the titles and abstracts of the papers referring to the inclusion and exclusion criteria. During this process the authors highlighted any articles where there was uncertainty about inclusion/exclusion and the three authors discussed these articles to come to an agreement. For the selected papers to be read in full, the same three authors independently read the articles then discussed their findings to come to an agreement.



Data extraction and strategy for data synthesis

Two authors (EE, EG) extracted the following information into tables: sample size, sex, age, full scale IQ, stimuli and task details, outcome measures and findings. A narrative synthesis of the evidence was conducted. The papers that were included in the review were separated based on the methods they used to measure MI and their characteristics and findings presented within tables and text to enable a within-study analysis. A cross-study analysis was also conducted, comparing the results, characteristics and sources of bias across the studies to inform understanding of MI in autism.




Results


Study selection

Figure 1 details the process of article selection. From the initial search 348 papers were generated, when duplicates were removed 220 papers were chosen for abstract screening. Thirty papers were selected to be read in full and from these 19 were excluded according to the above criteria. Nine were excluded because they did not investigate MI (they focused on visual imagery or other areas relating to action perception or execution). Eight papers did not have a measure of MI (such as the hand rotation task, KVIQ or any specific instructions to engage in MI). One paper did not have an autism sample and one was a dissertation submission and was not a published research article. From the second search, five articles were selected to be read in full, with one being excluded due to the absence of a non-autistic group and two because they did investigate MI. One article was included following searching the reference lists of the chosen articles, giving a total of 14 articles (16 separate studies) included in the review.

[image: Flowchart depicting the identification, screening, and inclusion process of studies for a review. From databases, 348 records were identified and 182 were removed as duplicates. After screening 220 records, 190 were excluded. Reports assessed for eligibility were 30; 19 were excluded for reasons such as not investigating motor imagery. From other methods, 1 record was identified, assessed, and included. In total, 14 studies were included in the review.]

FIGURE 1
 PRISMA 2020 flow diagram for new systematic reviews. Results of the 2nd search in September 2023 are shown separately in italics. *Duplicate removal for 2nd search included 14 articles that were identified in the previous search.




Quality assessment

The Joanna Briggs Institute (JBI) checklist for case control studies (Moola et al., 2020) was used to evaluate the articles as it was deemed to contain the most relevant items for the types of studies reviewed. However, not all items were relevant and the meaning of some items was modified to fit the types of studies included as detailed in Supplementary material S3. All but one study was rated as acceptable to include apart from one (Xie et al., 2022, hand rotation task), but this was included due this being the first systematic review on the topic and the overall low number of articles (Supplementary material S3).



Study characteristics

Of the 16 studies included in this review, six used a hand rotation task, four used a body rotation task, three used a perspective taking task, one used the KVIQ and two used explicit instructions to imagine performing a movement. The studies and tasks used in each are outlined in Tables 1–3. The findings from the studies are discussed below and have been grouped into implicit and explicit measures of MI.



TABLE 1 Hand rotation tasks.
[image: Table comparing various studies on autistic and non-autistic groups. It includes columns for study details, participant numbers, ages, IQs, stimuli and tasks used, and findings. Each row details a specific study, summarizing response types, significant effects, and accuracy findings in tasks involving hand images or drawings.]



TABLE 2 Body rotation tasks.
[image: A summary table of four studies comparing autistic and non-autistic groups. It includes studies by Pearson et al. (2014, 2016), Conson et al. (2015), and Ring et al. (2018). Details include participant numbers, ages, IQs, stimuli, tasks, and findings. Tasks involve egocentric judgment, mental rotation, and accuracy assessments. Findings highlight differences in reaction times, accuracy, and effects of varying angles for each group. Responses varied by study and task, indicating specific patterns and outcomes. Note mentions excluded participants in one study.]



TABLE 3 Explicit motor imagery tasks.
[image: A table compares studies on autistic and non-autistic participants across various tasks. Columns include study details, participant numbers, mean age, IQ, task type, and findings. Key tasks involve perspective taking and recall, with findings of no significant differences or group-specific effects. Participants are divided into autistic and non-autistic groups for analysis.]



Implicit measures of MI


Hand rotation tasks

Details of the hand rotation studies can be seen in Table 1 two articles reported that the autistic group displayed a biomechanical effect, but there were differences in the way the two groups performed the task (Conson et al., 2016; Chen et al., 2018). Chen et al. (2018) found no group differences in accuracy and observed a significant slope effect in both autistic and non-autistic children and adolescents, although the former group had slower reaction times (RTs). They also initially observed a larger biomechanical effect in the autistic group. However, when they took into account overall RTs across all the presented angles on the biomechanical effect they found no group differences, confirming that larger RT differences between the medial and lateral orientation in the autistic group was the result of slower overall RTs. A good feature of this study was the inclusion of an object rotation task, which revealed no group differences, suggesting that slower reaction times in the hand rotation task were related to processing the hand rather than general mental rotation and motor coordination difficulties. In addition, Chen et al. also observed a similar biomechanical effect for transitive (hand with spoon) and intransitive (bare hand) stimuli, with both groups showing a larger biomechanical effect for the transitive condition. Conson et al. (2016) asked autistic and non-autistic children and adolescents to perform the hand rotation task with their arms in a posture that either matched or did not match the hand stimulus. Typical individuals show a posture effect whereby they are more accurate and show faster RTs when making hand laterality judgments that match their own posture (Shenton et al., 2004; Funk et al., 2005; Ionta and Blanke, 2009). Conson et al. (2016) hypothesized that as covert MI and overt execution become more independent during development, if motor simulation in autistic individuals is not fully effective, body posture would impact upon the ability to perform the task, influencing the biomechanical effect. As with Chen et al. (2018), RTs were slower for the autistic group and there was a significant biomechanical effect for both groups. However, this biomechanical effect was modulated by posture only in the autistic group, so that RTs were faster for postures that matched the hand stimuli, compared to postures that did not match. It is curious that the non-autistic group did not show a significant posture effect as in previous studies (Shenton et al., 2004; Funk et al., 2005; Ionta and Blanke, 2009). Consequently, another interpretation of these results is that the autistic group were behaving as expected, whereas the non-autistic group used a “shallower” form of MI. Overall, the results from these two studies suggest that autistic individuals can perform MI as evidenced by a biomechanical effect, but that this process is more effortful, inefficient or “deeper.”

In contrast to the above studies, Conson et al. (2013) did not find slower RTs or a significant biomechanical effect for RTs, or error rate, in autistic children and adolescents even though it was present in the non-autistic group. There was a significant slope effect in both groups which the authors suggested was due to the autistic group using mental object rotation to rotate the images, but unlike the non-autistic group did not use an embodied approach. Equivalent performance for both groups was found in a letter rotation task, emphasizing intact mental rotation in the autistic group. Chen et al. (2018) suggested that the discrepancy in findings could be due to the use of simpler stimuli reducing the engagement of MI (Dahm et al., 2022): Conson et al. (2013) used line drawing stimuli rather than 3D color images or photos and presented the hands in the back view only as opposed to front and back. This suggestion is supported by the lack of RT differences, suggesting that the autistic group found the task less complex and potentially used a strategy that did not involve MI.

A recent study used the hand rotation task to compare the same autistic and non-autistic children on the hand rotation task at three different age levels – 7, 8, and 9 years (Johansson et al., 2022). The autistic children had longer RTs and in contrast to the non-autistic group, who showed a biomechanical effect at each age point, they only showed a significant biomechanical effect at 7 and 9 years of age. Although this could suggest inconsistent MI, as the authors point out it could also reflect low power as there was a higher error rate for the lateral orientation in the 8 year old autistic group, so more trials would have been removed. In addition, at the start of the experiment, the authors checked whether the children were able to differentiate between a upright right and left hand and 5, 4 and 2 autistic children in the three age groups, respectively, were unable to perform this and therefore continue to the hand rotation task. Although this was a good check to perform, a limitation of this study is the low autistic participant number. The autistic groups also had slower RTs on a number rotation task at each age level, suggesting more general difficulties with mental rotation. Furthermore, the non-autistic group had higher intellectual abilities and a larger number of females. The inclusion of only the backs of hands may also have led to differences in MI between the groups as noted earlier.

As a later adjunct to their explicit imagery task (see later), Xie et al. (2022) conducted a hand rotation task on autistic and non-autistic children and adolescents. As this was a follow up study contained in the articles Supplementary materials, minimal details are given and they reported no group differences in RTs, but less accurate performance for the autistic group. As no biomechanical effect was included, it is difficult to know whether either group used MI and the sample size is small.

One study used the mental object rotation version of the task in autistic and non-autistic adolescents and young adults (Soulières et al., 2011). Participants were presented with two line drawings of a hand gesture rotated at different angles and were required to press a key to indicate whether the gestures were the same or different. In half the trials they were identical and in the other half one of the drawings was the mirror image. In order to successfully complete the task, participants must rotate one hand stimulus to compare whether it is identical to the other. The researchers were interested in understanding how the mental imagery ability of autistic individuals related to other visuospatial skills, such as those used in the Block Design subtest of the Wechsler Intelligence scales. Participants were divided into two groups according to whether they scored more highly (peak group) or not (no-peak group) than the standard scores on the Block Design subtest. Results indicated that the peak group only had higher accuracy then the non-autistic group, although it is unclear from the statistical reporting whether there were differences between the two autistic groups. A significant slope effect was found for all groups. The biomechanical effect was not examined so it is unclear whether participants were using MI to complete the task, although it could be argued that the visual comparison nature of the task, along with it being performed in the same session as other mental imagery tasks using geometrical figures and letters encouraged an object rotation approach.

In summary, repeated findings of an intact angle effect in studies examining hand rotation indicate that mental rotation of hands is intact in autistic individuals and even potentially enhanced in those with better visuospatial skills (Soulières et al., 2011). However, as not all studies measure the biomechanical effect it is unclear whether autistic participants are using a MI or a more general object rotation strategy. Those studies that have examined the biomechanical effect suggest that autistic individuals are using MI, although this seems more challenging compared to non-autistic individuals. Furthermore, autistic individuals may opt for object rotation strategies during simpler tasks where MI is less necessary or useful (Conson et al., 2013). A final important point is that all these studies have been mainly performed on children or adolescent males, with very few female or adult participants.



Body rotation tasks

Details of the body rotation studies can be seen in Table 2 and Pearson et al. (2014) explored two body rotation tasks in autistic and non-autistic adolescents and young adults. In one task, termed the egocentric task, participants were asked to view an image of a man and judge the laterality of his extended arm using a keyboard press. For the mental rotation task, they were asked to judge whether two images of the man at different angular rotations, presented at the same time, were the same or different. The authors reasoned that the egocentric task involved participants relating their own body to the image on the screen (i.e., using MI), whereas the mental rotation task involved rotating and comparing the two images without relating to the participant’s own body (see discussion section for further details around this assumption for same/different judgment tasks). Accuracy was lower and RTs higher for the autistic compared to non-autistic group in the egocentric task. Both groups showed a reduction in accuracy and longer RTs with increasing angle and this pattern in RTs was more apparent for the autistic group. For the mental rotation task, accuracy decreased with increasing angle and there were no significant group differences. However, RTs were slower for the autistic group, particularly for larger angles suggesting that they found the task more challenging. Overall, these findings suggest that the autistic group had greater difficulties for both tasks, but this was more apparent for the egocentric task where the presence of a (steeper) slope effect in the autistic group suggests more effortful MI. One confound mentioned by the authors is that as the egocentric task involves a laterality judgment and the mental rotation a same/different judgment, results could have been affected if autistic participants had a greater tendency to confuse right and left, particularly as the two groups were not matched on handedness.

Similar to the mental rotation task above, Pearson et al. (2016) used a variant of the body rotation task where children were shown a picture of a person in a particular posture (e.g., extending an arm) and had to choose which of two further pictures was a match. Although the non-autistic group were significantly younger, they were matched on verbal mental age. As found by Pearson et al. (2014), there were no significant differences in accuracy between the autistic and non-autistic children, although RTs were not reported.

Conson et al. (2015) presented autistic and non-autistic children and adolescents with a line drawing of a person facing toward or away from them, at four different angles, and asked them to judge whether the left or right hand of the person was marked. Participants were explicitly instructed to imagine themselves from the viewpoint of the figure. Non-autistic participants were more accurate and faster when judging back than front facing figures whereas the reverse was true for the autistic participants. This advantage for back facing figures is thought to be due to participants more easily imaging themselves into the position of the body presented, as opposed to either using mental object rotation strategies or needing to initially rotate oneself before superimposing one’s body on the image in front facing images (Kessler and Thomson, 2010; Conson et al., 2015; Dahm et al., 2022). Conson et al. (2015) suggest that the pattern reflects autistic individuals using a non-embodied mental object rotation strategy for both views, which is supported by a jump in RTs between 90 and 180 degree angles in the back facing view for the non-autistic group only. This jump reflects the increased difficulty in rotating oneself to superimpose on the upside-down figure. However, it is difficult to know what strategy the autistic group was using. It is possible that this pattern in the autistic group was due to better object rotation processes for front facing stimuli and altered MI for back facing stimuli, with the jump in RTs being absent because of overall longer RTs. Or it could be that they use a non-embodied strategy for both tasks, which is more efficient for front facing but less efficient for back facing.

Ring et al. (2018) used the “Manikin task” where autistic and non-autistic adults were required to report whether a man on the screen was holding a disk in his left or right hand. The man was presented the right way up or standing on his head with his front or back to the participant. There was no significant difference between the groups in terms of accuracy and RT, although there was a trend approaching significance for the autistic group to be more accurate. A drawback of this study is that as the task was performed as a control task to the main task assessing navigation, there are limited details on the stimulus and results for each orientation.

Summarizing the above studies, it is difficult to interpret whether participants were using MI due to the differences in stimuli and reported outcome measures across studies, as well as a lack of specific MI measures such as the biomechanical effect. Similar to the hand rotation studies, the majority of participants are male. Those studies with more details (Pearson et al., 2014; Conson et al., 2015) suggest that an embodied MI strategy may be more challenging and that mental, object rotation strategies may be favored by autistic participants.



Explicit measures of MI


Questionnaire studies

Details of the explicit MI studies can be seen in Table 3 and Gowen et al. (2022) used the KVIQ-20 as one of the secondary measures in their study on action prediction. They found no significant differences between autistic and non-autistic adults for either the visual or kinesthetic dimension. Values for visual and kinesthetic components in this study were higher (i.e., more vivid imagery) than previously reported normative values, but the direction of higher visual compared kinesthetic scores was consistent with previous observations (Malouin et al., 2007).



Perspective taking tasks

David et al. (2010) asked adult participants to indicate which of two objects was elevated from the viewpoint of a virtual character whose gesture, facial expression and body orientation varied on each trial. For example, the character could be pointing to one object with a neutral expression and body turned toward the object. Participants were explicitly asked to imagine themselves standing in the position of character. There were no group differences in RTs or accuracy.

Using a similar design to David et al. (2010), Conson et al. (2015) asked autistic and non-autistic children and adolescents to observe a photograph of a person sitting at a table with a bottle or glass placed to the left or right of them and indicate which side the bottle was located. They were instructed to make the judgment from either their own perspective, or the perspective of the person. The actor could be gazing toward/away or grasping/not grasping the object. Importantly, it has been previously shown that non-autistic participants imagine themselves from the viewpoint of the figure more frequently when the figure is grasping the object, reflecting embodiment processes. Focusing only on the “other” condition in the non-autistic group, the number of allocentric responses (from the viewpoint of the person in the photo), was significantly higher in the no gaze/no grasp., no gaze/yes grasp and yes gaze/yes grasp condition then the no actor condition. Similarly, RTs were faster in the no gaze/yes grasp and yes gaze/yes grasp conditions than the no actor condition. In contrast allocentric responses and RTs did not differ across conditions for the autistic group suggesting that they do not use an embodiment strategy when asked to take the perspective of the other person. These findings appear to contrast with David et al. (2010), although this earlier study did not compare responses across the different gestures, facial expressions or body orientations. It is will be important for future research to clarify whether autistic individuals are less sensitive to using these cues, rather than there being an impairment of MI per se. For example, previous work examining automatic imitation in autistic individuals suggests that while automatic imitation is intact (Cracco et al., 2019), modulation of automatic imitation by top-down cues such as facial expressions or social words is altered in autistic compared to non-autistic individuals (Bird et al., 2007; Forbes et al., 2017; Poliakoff and Gowen, in press).

Gauthier et al. (2018) used imitation to explore perspective taking in autistic children and adolescents. Participants observed a 3D avatar of a tightrope walker from the front or back and were instructed to imagine their body in the position of the avatar and lean in the direction he was leaning. If participants were to imagine themselves from the perspective of the tightrope walker, they should lean in the same direction. For example, if the tight rope walker leans to the right when front facing, the participants should also lean to the right (rather than an egocentric approach of mirroring the movement to the left). Findings revealed no significant differences between the groups, although both groups had high levels of ego centered movements in the front facing condition suggesting that this was challenging for both groups.

Results from relevant perspective tasks are limited and ambiguous, but the study by Conson et al. (2015) is suggestive of autistic children using a strategy that does not involve MI.



Spatial bimanual task

Piedimonte et al. (2018) found a significant difference between autistic and non-autistic adults and adolescents on a bimanual task that involved continuously drawing a line with their right hand in three conditions (a) on its own (unimanual condition) (b) while drawing circles with their left hand (bimanual condition) (c) while imagining drawing circles with their left hand (imagery condition). They calculated an Ovalisation Index for each participant, which was used to measure the deviation of the right-hand drawing from a vertical axis. Autistic and non-autistic participants showed a similar coupling effect (significant increase of ovalization index from the unimanual condition) in the bimanual condition. However, in the imagery condition, a significant coupling effect was only found for the non-autistic participants which remained the same when group comparisons were also performed for adults and adolescents separately. The study is interesting as it is one of the first to explicitly ask autistic participants to use MI and directly compares a motor with a MI task, suggesting that imagery is specifically affected. However, participants were not asked about how they completed the task, so it is possible that they did not understand or chose not to use MI. Another limitation is that the Ovalisation Index of the unimanual condition appears to be larger in the autistic compared to non-autistic group, which may have hidden any effects of imagery.



Recall task

Xie et al. (2022) examined the effect of MI or execution on the ability to recall a sequence of actions. Autistic and non-autistic children were given a series of instructions involving a sequence of actions on objects (e.g., push the mirror, shake the glove, touch the umbrella) then asked to either look at a pattern, imagine performing the action or perform the action. They then needed to orally recall the sequence of actions. Both groups showed better recall span (higher number of sequences recalled) following physical execution, but only the non-autistic group showed an improvement in recall for the MI condition. This is an interesting study, but as with Piedimonte et al. (2018) it is difficult to know whether the autistic children were unable to perform MI or simply did not attempt it. It would also be interesting to know whether those participants who physically performed the task before the MI condition were better able to engage in MI and whether this was more apparent for the autistic group.






Discussion

This review aimed to provide an understanding of the current state of knowledge around MI in autism. Focusing on the implicit tasks, there appears to be good evidence of a biomechanical effect in children for hand laterality tasks (Conson et al., 2016; Chen et al., 2018; Johansson et al., 2022), suggesting the presence of MI. Where a biomechanical effect was absent in the autistic group, this seems to be explained by methodological differences such as reduced stimulus richness or limitations in power (Conson et al., 2013; Johansson et al., 2022). Interestingly, all of these hand rotation studies involve children and adolescents, with none being performed with autistic adults. For the body rotation studies that use a laterality judgment, there are mixed results with evidence of differences in processing between the two groups (Pearson et al., 2014; Conson et al., 2015) or no group differences (Ring et al., 2018). Although further studies are required, there does not appear to be a difference in findings according to age. However, the challenge with these tasks is that they do not consistently report the same measures (e.g., front vs. back and angle effect), and without these tasks being able to measure a biomechanical effect it is difficult to interpret how participants are performing the task. Furthermore, when an angle effect is measured, the presence of a steeper slope in autistic individuals (Pearson et al., 2014) could be interpreted as either difficulties in MI processing or “deeper” MI (Kessler and Wang, 2012). The latter fits with the observation of an increased posture effect in the autistic group (Conson et al., 2016).

The presence of implicit MI in the hand rotation task fits with findings of comparable automatic imitation ability in autistic and non-autistic groups (Cracco et al., 2019; Poliakoff and Gowen, in press), both of which are thought to involve motor simulation. However, group differences have been observed for other behaviors that involve motor simulation such as voluntary imitation (Wild et al., 2012; Edwards, 2014; Vivanti and Hamilton, 2014; Gowen et al., 2020), action understanding (Vivanti et al., 2011; Todorova et al., 2019; Federici et al., 2020) and action prediction (Gowen et al., 2022). It may be that in comparison to implicit MI and automatic imitation, these other behaviors require dynamic and more detailed sensory motor processing involving comparison with predictions to produce an accurate percept or action. This greater demand on sensorimotor integration could result in group differences (Gowen et al., 2023).

Three tasks used the same/different judgment variant of the rotation tasks (Soulières et al., 2011; Pearson et al., 2014, 2016). However, for these type of tasks, object rotation strategies appear to be the preferred strategy in typical populations (Zacks and Tversky, 2005; Yu and Zacks, 2010; Steggemann et al., 2011), limiting the conclusions that can be drawn from these studies. In addition, the biomechanical effect tends not to be examined in these tasks, although this is possible to include. Furthermore, none of the studies directly compared the angle effect between hand (palms) or body (facing toward) and object stimuli which has been the previous method in typical groups to differentiate MI from object rotation strategies (Parsons, 1987; Yu and Zacks, 2010; Steggemann et al., 2011). It is interesting to note that autistic and non-autistic groups perform more similarly on this task, suggesting that mental object rotation is similar in both these groups. Indeed, including an object rotation task with all hand and body rotation tasks is valuable for several reasons including distinguishing whether group differences could be due to general mental rotation and motor coordination difficulties, as well as difficulties in left/right judgments. Interestingly, those studies that included both a hand and object rotation task (Conson et al., 2013; Chen et al., 2018) showed that group differences were only present in the former task highlighting that that these group differences were specific to hand processing and unlikely to be caused by the above confounding factors.

A variety of tasks examined explicit MI in autistic children, adolescents and adults. As discussed in the introduction, visual perspective taking tasks do not necessarily involve MI (Ward et al., 2022), so we focused on those tasks that made reference to body parts and were more likely to elicit MI. There are too few studies to make firm conclusions, although the findings of Conson et al. (2015) showing that the responses of the autistic group did not vary when the observed actor was grasping an object suggests that MI was not used. Surprisingly only one study has used a questionnaire measure (Gowen et al., 2022) and found no group differences in their self-rated clarity and intensity of visual and kinesthetic imagery. Of note is that it has been suggested that questionnaires such as the KVIQ could be used to provide a “snapshot” of MI ability as they involve generation of a motor image, which may be most critical for MI ability (Kraeutner et al., 2020). The two studies that compared explicit MI with physical execution (Piedimonte et al., 2018; Xie et al., 2022), both revealed that the autistic group did not engage MI. These explicit tasks would benefit from qualitative input from the participants as in previous work with non-autistic groups (Zacks and Tversky, 2005; Yu and Zacks, 2010; Gardner et al., 2013) to understand what strategies they were using and add context to the findings. There were no clear differences in MI according to age group, although the same tasks would need to be conducted across ages to clarify this. A further consideration for both the reviewed and future explicit MI studies is that a full description of the instructions is provided. For example, Van Caenegem et al. (2022) highlighted substantial underreporting of the instructed modality and perspective which can lead to challenges with replication, understanding and synthesizing of studies, which we would add is particularly important when studying heterogeneous conditions such as autism. Future studies would benefit from following the recently published Guidelines for Reporting Action Simulation Studies (Moreno-Verdú et al., 2023).

A clear conclusion from this systematic review is that the field would benefit from a battery of implicit and explicit MI tasks being conducted across the same groups of autistic children, adolescents and adults. Recent work in typical populations has highlighted that MI involves many different dimensions. For example, Kraeutner et al. (2020) asked typical participants to perform a variety of MI tasks such as questionnaires, hand laterality and chronometry and conducted a PCA analysis on the data. They observed that tasks loaded onto three main components termed “generation,” “manipulation” and “maintenance” of motor images. Conducting a similar study in autistic and non-autistic individuals would allow greater understanding of whether specific MI processes are functionally equivalently or not, and whether social ability may be related to the different tasks. Similarly, it will also be important to directly compare implicit and explicit MI ability as they are likely to involve different processes: implicit MI mostly relies on motor representations within the parietal cortex and may not require motor preparation or control related to the activation of supplementary motor area usually associated with explicit MI (Hétu et al., 2013). A further aspect that future studies would benefit from is a comparison of MI with execution of the same action, or some measure of motor ability, to assess the potential relationships between motor coordination difficulties and MI. It is possible that autistic participants with motor coordination difficulties may still be able to accurately imagine their own (less accurate or slower) movements as has been found for people with Parkinson’s Disease (for discussion of this see, Poliakoff, 2013).

A better understanding of MI in autistic individuals has implications around support for motor coordination difficulties that are common in this population but infrequently assessed or treated (Zampella et al., 2021). Research is beginning to highlight the benefit of using MI to improve motor coordination in individuals with Developmental Coordination Disorder (Scott et al., 2021), suggesting that this may also be a useful approach for autistic people. Using qualitative focus group methods, Gowen et al. (2023) recently described the range of motor coordination difficulties and their impact from the viewpoint of autistic adults. They also explored what strategies participants used and some participants described the importance of pre-planning, visualization and imagining, although others found this too challenging. Therefore, employing MI techniques may well be beneficial for some autistic people, although an individual approach is likely to be most appropriate. Indeed, MI ability in typical populations is variable (Moran et al., 2012; Cumming and Eaves, 2018) and influenced by multiple factors such as sporting and dance experience, MI practice, motor and cognitive ability and tactile discrimination (Isaac and Marks, 1994; Arvinen-Barrow et al., 2007; Pelletier et al., 2018; Krüger et al., 2020; Dhouibi et al., 2021; Mao et al., 2022). Therefore, future research examining MI ability and impact of MI training on motor coordination in autistic populations will need to take into account individual differences.



Limitations

One limitation of the literature on MI in autism is the presence of a sex bias with most of the studies mainly including males. Kessler and Wang (2012) showed that females are more likely to take an embodied approach (i.e., imagining oneself in the new orientation) to visual perspective tasks, whereas other studies suggest that males are better than females on mental rotation (Geiser et al., 2008). It will be important for future studies to include more balanced groups and examine the presence of possible sex differences. A further limitation is that the majority of studies involving the hand laterality task involve children, making it difficult to generalize the findings to the adult population. Explicit MI tasks were too varied and few to draw firm conclusions. A third limitation was the lack of studies investigating the neural processes underlying MI in autistic individuals. This would be a valuable future direction, particularly in relation to identifying possible differences in how autistic individuals might perform MI tasks. Finally, one study was included that was labeled as “exclude” according to quality assessment, but we felt it was important to present the study due to this being the first systematic review of the topic the overall small number of studies on the topic of MI in autism.



Conclusion

In summary, the presence of a biomechanical effect in autistic children performing hand rotation tasks suggests that they are able to implicitly use MI. However, further research on both hand and body rotation tasks is required in both children and adults to follow up suggestions that there may be group differences in the effort or depth of MI. Conclusions about explicit MI tasks are complicated by the small number of studies, the range of tasks conducted, with some the tasks potentially not tapping into MI. The field would benefit from research comparing a range of MI tasks in autistic and non-autistic children and adults to better understand what elements of MI may be affected and to assess the therapeutic potential of MI in these populations.
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Background

Motor coordination difficulties could contribute to social communication deficits in autistic children. However, the exploration of the mechanism implicated in these claims has been limited by the lack of potential confounders such as executive function (EF).





Methods

We investigated the role that EF plays in the relationship between motor coordination and social communication in a school-aged autistic population via a structural model in a statistically robust manner. The results of questionnaires, including the Developmental Coordination Disorder questionnaire, the Behavior Rating Inventory of Executive Function, and the Social Responsiveness Scale, were collected to measure motor coordination, social communication deficits, and EF.





Results

A total of 182 autistic children (7.61±1.31 years, 87.9% boys) were included in the final analysis. In the model with EF as a mediator, the total effect (β=-0.599, P<0.001) and the direct effect (β=-0.331, P =0.003) of motor coordination function on social communication were both significant among autistic children without intellectual disability (ID), as were indirect effects through EF (β=-0.268, P<0.001).





Conclusion

EF partially mediates the motor coordination and social communication correlation among autistic children. We suggest that motor coordination should be included in the routine evaluation of autistic surveillance and rehabilitation procedures.





Keywords: autism spectrum disorders, motor coordination, social communication deficits, executive function, mediating effect





Introduction

Autism Spectrum Disorder (ASD) is an increasingly prevalent neurodevelopmental disorder with 1 in 44 children diagnosed with ASD (1). As one of the core symptoms of autistic children, social communication deficit is challenging for autistic children in daily life and negatively impacts their prognosis (2, 3). Additionally, it was reported that 86.9% of autistic children were at risk for motor coordination difficulties (4), and correlational studies supported the positive relationship between motor coordination function and social communication in this population (5, 6). Recent evidence also suggested that motor-related interventions improved social communication in autistic children (7, 8), highlighting the potential importance of motor coordination function in understanding the etiology of autistic children.

Although a review of the literature showed a close relationship between motor coordination function and the social communication of autistic children (see Supplementary Table 1), the nature of the association remains unclear. Taverna et al. proposed a bidirectional model: autistic children who had better motor coordination function responded more positively to interventions and benefited more in terms of alleviating core symptoms, including social communication. Inversely, improvement in social communication might lead children to engage more in physical activities, thus consequently displaying significant improvement in the motor domain (9). This model was partially supported by several studies of motor-related intervention among autistic children (7). Therefore, to better understand the mechanism underlying the social communication deficit of autistic children and to support early intervention practices for educators, it is urgent to explore the relationship between motor coordination and social communication and the potential mediators.

Autistic children with motor coordination difficulties usually exhibit poor performance in gross and fine motor, coordination, postural control, standing balance, etc. (10); these essential motor skills are usually conducted in a sequence of movements that involves aspects of executive function (EF) (11). EF is a set of higher-order cognitive processes that regulate, monitor and control cognition, emotions, and behavior. Evidence also suggested that motor coordination difficulties were associated with deficits of EF (12), and the improvement of EF could benefit from motor-related interventions (13). Meanwhile, better EF could also predict superior social communication functions among autistic children (14–16), possibly because EF improved social communication by promoting higher-order processes, such as emotional and cognitive regulation (17). Additionally, EF-related intervention also supported this association (18). Thus, EF may act as a potential mediator in the relationship between motor coordination difficulties and social communication deficits.

In Supplementary Table 1, we listed the previous studies covering motor coordination, EF, and social communication in autistic children. Most studies only explored the link between motor coordination and social communication; however, the results remained inconclusive. Two studies identified no significant differences in the relationship (19, 20). A limited sample size (21–27), a wide age range among participants (5, 19, 20, 28–33), and the use of various measurement tools for assessing motor coordination and social communication (20, 34, 35) might compromise the generalizability of the current findings. In terms of EF, most studies have considered the association between motor coordination function and EF or between EF and social communication separately. Only one study on intervention research for EF exists, indicating that motor-related interventions may improve both social communication function and EF (36). Moreover, it is worth noting that the indirect effect of EF difficulties on the relationship between motor coordination difficulties and internalizing symptoms was once discussed (37), highlighting the necessity to explore the potential effect of EF on motor difficulties and social communication among autistic children. Furthermore, there was evidence that autistic children with intellectual disability (ID) were distinctly different from those with normal cognition in respect of both motor coordination and social communication (31). Thus, it is necessary to take cognitive levels into consideration when determining their potential impact on this relationship.

This research aimed to gain an understanding of the association between motor coordination difficulties, EF, and social communication deficit among autistic children aged 6-12 years and explore the potential role of EF in the motor coordination–social communication correlation. It was observed that low-functioning autistic children faced challenges in completing the performance-based measurements (38). As a result, the standardization of the tests and the reliability of the results were compromised. Additionally, informant-report measures, completed by parents who have observed the child over a substantial period, offer higher ecological validity compared to lab-based measures (39). These measures effectively capture behaviors in “real-world” settings, providing valuable insights into the challenges that autistic children face in their daily lives (17). Thus, in this research, a total of 118 autistic children were recruited, and motor coordination function, EF, and social communication were evaluated by the validated parent-reported questionnaires or observational scales. Structural equation modeling (SEM) was employed to examine the relation. We hypothesize that 1) social communication deficits could be positively predicted by motor coordination difficulties among autistic children, and 2) EF, as the mediator in this relationship, may be affected by motor coordination difficulties and further impair social communication. To the best of our knowledge, this is the first study to explore the potential role of EF in the relationship between motor coordination difficulties and social communication. Additionally, we relied on child psychologists/psychiatrists to diagnose autistic children, and autistic children with and without ID were analyzed separately.





Materials and methods




Participants and data collection procedure

The baseline data of autistic children from an ongoing study “the Guangzhou Longitudinal Study of Children with ASD” in China were used. All the samples in this study were recruited from March 10, 2019, to September 7, 2022, from the Research Center of Children and Adolescent Psychological and Behavioral Development in the Department of Public Health, Sun Yat-sen University. The children had been diagnosed with autistic children by hospitals at the beginning of the recruitment period, and the diagnosis was confirmed by a child psychiatrist on the research team using the Diagnostic and Statistical Manual of Mental Disorders, Fifth-Revision (DSM-5) criteria (40), and the Childhood Autism Rating Scale (CARS) (41), to obtain a reliable autistic sample. The additional inclusion criteria included (1) aged from 6 years 0 months to 12 years 11 months; (2) the voluntary participation of the children’s parents; (3) no other neurodevelopmental disorders; and (4) no severe sensory, perceptual disorders or physical handicaps. To ensure the independence of the observations, if a family had two or more eligible children, only the first-born child was recruited. A total of 182 autistic children were enrolled and comprised those who were able to complete all the assessments. Parent-reported questionnaires were used to obtain demographic information, motor coordination function, EF, and social function. A licensed researcher conducted a behavior evaluation of the child, which included the use of the CARS and the Wechsler Intelligence Scale for Children (Fourth version, WISC-IV, Chinese version) (42). This study was approved by the Ethics Committee of the author’s institution, and signed written informed consent was obtained before the questionnaire was completed.





Motor coordination assessment

The Developmental Coordination Disorder Questionnaire (DCDQ, Chinese version) (43) was used to measure motor coordination. The DCDQ is a 17-item parent-reported questionnaire consisting of three domains of motor coordination which were fine motor/handwriting, general coordination, and control during movement. The total score ranges from 17 to 85, with higher scores associated with better motor coordination, as well as its subscales. The Cronbach’s alpha value of the total DCDQ score in this study is 0.700. DCDQ is a reliable instrument for screening children at risk for motor coordination deficits, including autistic children (44).





Executive function assessment

The Behavior Rating Inventory of Executive Function (BRIEF, Chinese version) (45) was used to assess the EF, which is used extensively on autistic children and adolescents (17, 46). The BRIEF is an 86-item parent-reported scale that can be organized into two composite indices: the behavioral regulation index (BRI) and metacognitive index (MCI). The BRI was derived from the inhibit, shift/flexibility, and emotional control subscale, and the MCI was derived from the initiate, working memory, plan/organize, organization of materials, and monitor subscales. Then, a standardized total score was generated from both of the indices to account for the EF of children, with higher scores related to increased EF difficulties.





Social communication function assessment

The Social Responsiveness Scale (SRS, Chinese version) (47) was used to evaluate the children’s social function. The SRS is a 65-item parent-reported questionnaire consisting of five domains (i.e., social awareness, social cognition, social communication, social motivation, and autistic mannerisms), which is a widely used rating form for measuring the degree of social communication deficits in autistic children (48, 49). For each question, the parents were asked to describe their child’s behavior over the last six months. Differed from other tools, SRS provides a continuous assessment (from impaired to above average) of social communication function rather than a categorical (yes/no) one. The total possible scores range from 0 to 195, with higher scores indicating increased social impairment. The Cronbach’s alpha value of the total SRS score in this study is 0.879.





Covariates assessment

The information gathered from the children’s caregivers included their sociodemographic characteristics and children’s history. The factors examined were age, gender, if the participant is an only child in the family, handedness, caregiver of the child, maternal age, maternal education level, household income, and intervention history of ASD. These factors were considered potential covariates due to reported associations in previous studies with various aspects of development, including motor, executive and social function (5, 34, 50).





Cognition assessment

The Wechsler Intelligence Scale for Children (Fourth version, WISC-IV, Chinese version) (42) was used to identify the global intellectual functioning as full-scale IQ (FSIQ). According to the DSM-5, children with an FSIQ < 70 were classified into the ASD-ID group and others were classified into the ASD-only group.





Statistical analysis

Data analyses were conducted during March and April 2023. The statistical analyses were performed using the Statistical Program for Social Sciences (SPSS) version 25.0 and Mplus version 8 (Los Angeles, CA) software packages. Continuous variables and categorical variables are presented as either mean (SD) values or percentages, respectively.

The intercorrelations of DCDQ, EF, and SRS were explored using Pearson correlations. To test the relationships between DCDQ, EF, and SRS, the structural equation modeling technique (SEM) was employed using the maximum likelihood robust (MLR) method in Mplus. MLR is a method widely used to ensure better performance when using nonnormal data, especially in studies with a small sample size (N<400) (51). In SEM, the proposed hypothesized model is evaluated for the goodness of fit with actual observations from the sample data. We used the following fit indices to evaluate the model/data fit: Chi-square, Chi-square/df, root mean square error of approximation (RMSEA), comparative fit index (CFI), and standardized root mean squared residual (SRMR). A Chi-square/df below 3, an RMSEA below 0.08 (52), CFI estimates greater than 0.9, and an SRMR below 0.08 are indicative of reasonable model-data fit (53). A combination of the full set of indices was used to evaluate the model fit. Then, using the MLR estimation procedure, we tested the mediating effects of EF on the relationship between DCDQ and SRS in the ASD-ID group and ASD-only group, respectively. A two-tailed p-value < 0.05 indicated statistical significance.






Results




Demographic data

All of 182 autistic children (7.61±1.31 years) were included in the final analysis, as shown in Supplementary Table 2. Compared with the ASD-only group, ASD-ID group received higher scores in EF (67.07±8.94 vs. 61.98±9.35, p<0.001), social cognition (20.44±4.06 vs. 15.90±5.24, p<0.001), social communication (33.16±7.63 vs. 26.22±8.86, p<0.001), social motivation (14.82±4.17 vs. 12.04±5.11, p=0.001), and autistic mannerisms (17.09±5.45 vs. 13.19±5.88, p<0.001), and had poor performance in fine motor/handwriting (9.71±4.01 vs. 11.77±3.56, p=0.001), as shown in Table 1.


Table 1 | Demographic characteristics of the participants grouped by cognitive level. (n=182).

[image: A table comparing characteristics and scores between two groups: ASD-ID (N=45) and ASD-only (N=137). It includes demographics, maternal education, income, and intervention history. The table shows scores from the Developmental Coordination Disorder Questionnaire (DCDQ) and Social Responsiveness Scale (SRS), with T values and P values to indicate statistical significance. Significant differences, marked with an asterisk, are seen in per capita income and several DCDQ and SRS subscales.]





Correlation analyses

Given that the SRS factors and EF scores differed between the cognitive groups (Table 1), we explored the intercorrelations of the manifest variables in each group using Spearman’s correlation analysis. The means, SD, and correlations of the manifest variables are presented in Tables 2, 3. In the ASD-only group, the correlations between the DCDQ, EF, and SRS were significant. The subscales of DCDQ were all negatively correlated with EF and SRS (P all<0.05), except for the correlation of fine motor/handwriting and social awareness (p=0.074) and social motivation (p=0.141), and EF was positively correlated with all of the SRS subscales (P all<0.05). However, in the ASD-ID group, only the score of general coordination was correlated with EF (p=0.021), as was social motivation (p=0.036).


Table 2 | Intercorrelations of DCDQ, EF and SRS among ASD-ID group(N=45).

[image: Table showing correlations between variables from the DCDQ (Developmental Coordination Disorder Questionnaire) and SRS (Social Responsiveness Scale). Means and standard deviations are listed for each variable. Significant correlations are marked with asterisks, indicating significance at 0.05 and 0.01 levels. Variables include motor skills, executive function, and social responsiveness aspects like awareness, cognition, communication, motivation, and mannerisms.]


Table 3 | Intercorrelations of DCDQ, EF and SRS among ASD-only group(N=137).

[image: Correlation table displaying variables from the Developmental Coordination Disorder Questionnaire (DCDQ) and the Social Responsiveness Scale (SRS). Includes means, standard deviations, and significant correlation values, marked with asterisks for significance levels.]





Structural model




Structural model without mediators

In the first model, the direct effects of the predictor (DCDQ) on the dependent variable (SRS) were tested without a mediator using SEM. The direct standardized path coefficients were shown in Figure 1. In the ASD-only group, the direct effect indicated that DCDQ was negatively significantly associated with SRS (β=-0.54, P<0.001). The obtained indices showed that the model was acceptable: Chi-square=32.784, Chi-square/df=0.993, RMSEA=0.062, CFI=1.000, and SRMR=0.061 (Figure 1A). In the ASD-ID group, the model fit was acceptable (Chi-square=59.050, Chi-square/df=1.789, RMSEA=0.132, CFI=0.860, SRMR=0.109), while the effect of motor coordination on social communication deficit was insignificant (p>0.05) (Figure 1B). Figure 1 also depicts the unique contributions of the individual subscales (dimensions) as indicators of the global factors of DCDQ and SRS.


[image: Diagram showing two path models (A and B) linking the DCDQ to the SRS. In both models, DCDQ fields (fine motor/handwriting, general coordination, controlling during movement) link to SRS components (social awareness, social cognition, social communication, social motivation, autistic mannerisms) through different weighted pathways. Model A illustrates weaker negative direct effect (-0.054) compared to Model B (-0.570). Arrow weights differ significantly between models.]

Figure 1 | Structural equation model of the relationship between motor coordination and social communication deficit in the ASD-ID group (A) and ASD-only group (B). All factor loadings were standardized; age, and gender were covariates for each variable; *P<0.05; DCDQ, The Developmental Coordination Disorder Questionnaire; SRS, The Social responsiveness Scale.







Structural model with mediators

Given that there was no significant direct effect of motor coordination on SRS in the ASD-ID group, we only explored the mediating effect of EF in the ASD-only group. In the mediation model, EF was included as the mediator (Figure 2). A significant total effect of DCDQ on SRS emerged (β=-0.599, P<0.001). When dividing the total effect into the direct effect of DCDQ and the indirect effect of EF, the direct effect of DCDQ was significant (β=-0.331, P<0.001), as was the indirect effect of EF (β=-0.268, P<0.001). This indirect effect indicated that although DCDQ had a significant correlation with SRS, EF partially mediated a negative relationship between DCDQ and SRS. The obtained indices showed that the model fit the data well (Chi-square=60.325, Chi-square/df=1.47, RMSEA=0.059, CFI=0.967, SRMR=0.069). The direct standardized path coefficients are shown in Figure 2. Additionally, the total effects, direct effects, and indirect effects in the mediated model with a 95% confidence interval were shown in Table 4.


[image: Diagram showing relationships between different components with arrows and correlation values. DCDQ connects to EF and SRS with negative correlations of -0.53 and -0.33 respectively. DCDQ has positive correlations with Fine Motor/Handwriting, General Coordination, and Controlling During Movement, with values of 0.48, 0.71, and 0.74. SRS has positive correlations with Social Awareness, Social Cognition, Social Communication, Social Motivation, and Autistic Mannerisms, with values of 0.66, 0.80, 0.96, 0.68, and 0.85. EF has a positive correlation with SRS at 0.51. Asterisks indicate statistical significance.]

Figure 2 | Structural equation model of the relationship between EF, motor coordination, and social communication deficit in the ASD-only group. All factor loadings were standardized; age, and gender were covariates for each variable; *P<0.05; DCDQ, The Developmental Coordination Disorder Questionnaire; SRS, The Social responsiveness Scale; EF, executive function.




Table 4 | Direct, indirect and total effects for the partially mediated models of EF among ASD-only group.

[image: Table showing model pathways and statistical results. The total effect from DCDQ to SRS is -0.599 with a standard error of 0.071 and a p-value less than 0.001. The direct effect of DCDQ to SRS is -0.331 with a standard error of 0.085 and a p-value less than 0.001. The indirect effect via EF is -0.268 with a standard error of 0.054 and a p-value less than 0.001. Confidence intervals for total, direct, and indirect effects are also shown. Factor loadings were standardized; age and gender were covariates.]







Discussion

This study provides an understanding of the relationship between motor coordination difficulties, executive function, and social communication deficits among autistic children. Based on a structural equation model, we confirm that motor coordination difficulties are positively associated with the severity of social communication deficits in autistic children without ID. Most importantly, when the mediating effect of EF is considered, we reveal that EF partially mediates the relationship between motor coordination difficulties and social communication deficits. To be specific, better motor coordination function may be associated with stronger EF, and the stronger EF may buffer against the social communication of autistic children.

Our findings in both models, with and without the mediator, confirm the hypothesis that improved motor coordination function is linked to a reduced social communication deficit in autistic children. This positive relationship aligns with previous cross-sectional studies (5, 6) and suggests that autistic children with better motor function may respond positively to intervention, leading to enhanced social function. In turn, the alleviation of core deficits may prompt children to engage more in physical activities and show improvements in motor function (9). However, in contrast with the findings of Ketcheson et al. (31), our research identified no significant association between motor coordination and social communication within the ASD-ID group, which might be attributed to the limited sample size in our study. In their research involving a substantial sample of 10,234 children, Ketcheson et al. revealed a strong relationship between motor coordination difficulties and social communication deficits as measured by the Social Communication Questionnaire, regardless of the presence of ID. Thus, further investigation with a larger sample size is needed to validate the relationship within the ASD-ID population.

In this research, the mediating model reveals that EF partially mediates the relationship between motor coordination difficulties and social communication deficits. Firstly, our findings are in line with previous research on the relationship between motor coordination function and EF. Motor skills have been identified as closely linked to the development of EF (54, 55), offering opportunities for interaction with the environment and other people and learning about the world (56). This is also supported by previous research suggesting that children with motor coordination difficulties had difficulties with inhibition control, working memory, and planning (57, 58). These impairments might be related to the disturbances in visuospatial processing among children with motor coordination difficulties, leading them to pay more attention to visual information while performing the tests (59). Thus, our findings showed that autistic children exhibit a similar trend. With better motor coordination function, children tended to engage more in physical activity, which provided learning experiences necessary for proper cognitive development, such as those related to paying attention, remembering instructions, and remembering the necessity to inhibit irrelevant actions (60) and further reinforced EF. Therefore, our results supported this relationship between motor coordination function and EF.

In our mediation model, the effect of EF on social communication function can be elucidated by previous studies indicating that EF dysfunction can predict social deficits in autistic children (14–17). We speculate that EF may influence social communication function by facilitating higher-order strategies, such as emotional control, initiation, and monitoring (61). Children facing emotional control challenges, such as difficulties in emotional expressions and modulating or regulating emotional responses, are prone to social rejection and isolation. Additionally, children with difficulties in initiation might find it hard to begin tasks independently or create new conversations with peers, and this consequently limited the development of their social communication (17). The intervention of EF has further underlined its role in enhancing social communication function (18). In addition, our proposal of the mediating role of EF has been supported by evidence from the neuroimaging perspective. Studies suggested that social communication deficits were associated with altered function in the frontal and parietal networks (62, 63), which were responsible for the integration of cognitive processes and executive control (63, 64).

Our mediating model of motor, EF, and social function could be partially explained by the theory of social movement synchronization (SMS) in autistic population (65, 66), which refers to synchronous motor movements within social interaction. The motor-social relationship might be attributed to the deficit of SMS among autistic children, particularly when intentional SMS tasks were involved (65). These intentional SMS tasks generally involve additional processing demands, such as attention, working memory and movement planning, posing challenges for autistic individuals with EF difficulties (67). Additionally, our mediating model of the relationship is also supported by several types of such interventions. Research showed that motor-related interventions could achieve significant effects on the improvement of social communication in autistic children (8, 36, 68–70), as well as their EF (36, 71–73). Motor-related intervention could promote the ability of action-planning and the inhibition of undesired behaviors among autistic children and provide opportunities for them to interact with peers and instructors; thus, the increased social stimulation might prompt social communication function (7). Therefore, it can be inferred that motor-related interventions have the potential to enhance the social communication of autistic children through the improvement of EF, offering a possible rationale for our results.

The results of this study have important implications in the field of autistic diagnosis and management, as motor coordination function and early life motor delay strongly predicted the diagnosis of ASD (74). Our findings add to the literature by providing a better understanding of the relationship between motor coordination difficulties, EF, and social communication deficits of autistic children and indicate the importance of motor coordination evaluation in the rehabilitation of ASD children. In addition, the potential intervention value of EF in the rehabilitation of autistic children should be considered.

The current research has several strengths. This study used a representative sample of autistic children, including children with normal cognition and ID. ASD diagnosis was made by a child psychologist through the DSM-5 criteria, and standardized scales (i.e., DCDQ, SRS, and BRIEF) were used to assess the behavior of the children.

This study suffered from several limitations. First, the motor coordination difficulties, EF, and social communication deficits were collected from parent reports; thus, self-report bias could not be excluded. In future studies, a combination of informant-report measures and objective performance-based measurements should be considered. Schilbach L et. al proposed a stimulus-response compatibility paradigm demonstrating the significant influence of gaze-mediated social context on action control (75), which could be extended to future investigations of the motor-social relationship. Furthermore, building upon the SMS theory, Schilbach L et. al introduced an unobtrusive motion tracking system (76) that allows for the quantitative measurement of social-motor relationship among autistic children in further research. Then, the cross-sectional nature of this study limited the causal claims of the relationship. Longitudinal studies with objective performance-based measurements are needed.





Conclusion

In this research, the relationship between motor coordination function and social communication deficits of autistic children is confirmed. It indicates the importance of evaluating motor coordination in the diagnosis and management of autistic children, thus improving the prognosis of autistic children. In addition, it provides a potential mechanism explaining the association between motor coordination difficulties and social communication by having studied executive function. We conclude that executive function partially mediates the relationship between motor coordination difficulties and social communication deficits among autistic children, and both motor-related intervention and EF-related intervention should be promoted in autistic rehabilitation.
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Background: Autism Spectrum Disorder (ASD) is a neurodevelopmental condition with unique differences in social interaction, communication, and a spectrum of behavioral characteristics. In the past, motor disturbance in individuals with ASD has not been considered a significant core deficit due to the predominant focus on sociability and communication issues. However, recent studies indicate that motor deficits are indeed associated with the fundamental symptoms of ASD. As there is limited research on the motor behavior of children with ASD, particularly in China, the objective of this study is to investigate the development of fundamental movement skills (FMS) in children with ASD and compare them to typically developing children.
Method: The study recruited 108 children with ASD (87 boys, 21 girls) aged 7–10 years from two special education rehabilitation centers in Wuhan, China. For comparison, a control group of 108 typically developing children, matched by age and gender, was randomly selected from three local primary schools. FMS were assessed using the Movement Assessment Battery for Children - Second Edition (MABC-2), which evaluates manual dexterity, aiming and catching, as well as static and dynamic balance. Group differences on MABC-2 percentile scores were analyzed using descriptive statistics and Mann–Whitney U test. Effect sizes were also calculated for practical significance.
Results: Findings from the study showed that a significant majority, around 80%, of children with ASD either displayed motor challenges or were at risk of developing such delays. When comparing to their typically developing peers, children with ASD scored notably lower in areas of manual dexterity, ball skills, and both static and dynamic balance (with all these findings being statistically significant at p < 0.001). Interestingly, gender did not show a significant influence on these results (p > 0.05).
Conclusion: In addition to addressing the other skill development areas outlined in the diagnostic manual for ASD, clinicians diagnosing and treating children with ASD should also assess the presence of motor skill development. For individuals with ASD who have co-existing motor difficulties, it is essential to offer evidence-based interventions tailored to their specific needs.
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1 Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition with unique differences in social interaction, communication, and a spectrum of behavioral characteristics (American Psychiatric Association, 2013). While motor skills are not a diagnostic criterion for ASD, an increasing body of research suggests that children with ASD commonly experience significant motor development difficulties, to the extent that some researchers have discussed including motor impairments as part of the diagnostic criteria (Lane et al., 2012; Liu, 2012; Whyatt and Craig, 2012; Liu and Breslin, 2013; Miller et al., 2021; Bhat, 2022; Licari et al., 2022). Early detection and targeted intervention have been emphasized as crucial for the effective treatment of ASD (National Research Council, 2001; Corsello, 2005).

Recent research underscores the critical nature of motor impairments in children with ASD, positioning these challenges as potential early markers of the disorder. A systematic review by highlights that children with ASD face significant difficulties in fundamental movement skills (FMS), such as object control and locomotor skills, when compared to their typically developing counterparts. This finding emphasizes the importance of incorporating FMS assessments into the routine evaluations for children with ASD to identify and address these impairments early. Complementing this, Kaba et al. (2022) demonstrated that movement-based interventions could substantially enhance imitation and praxis skills among this population, advocating for the early initiation of targeted interventions to mitigate motor skill deficits.

FMS are pivotal for enabling participation in a wide array of activities, from casual play to structured sports, serving as foundational elements for the acquisition of more complex skills (Hands, 2012). Furthermore, motor skills play a crucial role in children’s exploration of the environment and participation in social interaction and communication (Wolpert et al., 2003; Bar-Haim and Bart, 2006). Recent research has shown that developmental difficulties in motor skills are fundamental symptoms of ASD and closely related to the core symptoms of ASD, such as social and communication impairments (Haywood and Getchell, 2019). The development of motor skills can regulate the relationship between cognitive and social skills, as it provides a real-life environment and opportunities for children to practice social and communication skills while refining their fine and gross motor skills (Schmidt et al., 2011; Lloyd et al., 2013).

For children with ASD, delays in fine motor development may adversely affect abilities in writing or keyboard input, leading to communication difficulties and limitations in everyday communication. Delays in gross motor development may negatively impact participation in balance and social play activities (e.g., engaging in ball games during recess). Both types of motor skill developmental difficulties can potentially affect the frequency of challenging behaviors in children, making them more prone to avoidance behaviors, such as temper tantrums (Fittipaldi-Wert and Mowling, 2009). Additionally, research has found that early development of motor skills can predict future participation in physical activities. Deficits in motor skills not only reduce opportunities for physical activity and movement in children with ASD but also increase the risk of sedentary-related diseases (Stodden et al., 2008). Untreated motor development difficulties can persist into adolescence and adulthood, leading to long-term physical, psychological, and behavioral issues (Stodden et al., 2008; Davidovitch et al., 2015). Therefore, investigating the characteristics of FMS in children with ASD is of great significance in promoting their levels of physical activity, reducing health risks, and providing early intervention and rehabilitation.

Research into the motor skill development of children with ASD has been rigorously pursued in Western contexts. Yet, the prevailing literature is often marked by constraints such as limited sample sizes, narrow age ranges, and the variability of assessment methodologies (Liu and Breslin, 2013; Pang et al., 2018a,b), casting doubts on the universality of these studies’ outcomes. Additionally, cultural variations in parenting practices may influence the development of motor skills, and these differences need to be considered in research. In response to the limited research on ASD in the Chinese context, this study aims to investigate the development of FMS in Chinese children with ASD aged 7–10 years, using standardized assessment tools. By comparing the development of FMS in children with ASD to that of their typically developing peers, this study aims to enhance our understanding of ASD and facilitate the creation of customized rehabilitation and educational interventions. Focusing on the identification of distinct developmental trajectories and challenges in motor skills among children with ASD, the objective is to inform the design of personalized therapeutic and educational programs in China.



2 Methods


2.1 Participant demographics and selection

This research was designed to compare two distinct groups: children diagnosed with ASD and their typically developing counterparts, serving as a control group. Each group comprised 108 participants, with an age mean of 7.48 years. The composition was predominantly male, with 87 boys and 21 girls. This gender distribution reflects the well-documented gender disparity in ASD diagnoses, where males are diagnosed more frequently than females (Maenner, 2020).


2.1.1 Group of children with ASD

Participants within the ASD group were sourced from two specialized institutions: Linjie Autism Rehabilitation Center and the Special Children Learning Ability Training Center, both located in Wuhan. The recruitment process was executed in six stages, initially identifying over 150 candidates with ASD for preliminary evaluation. Of these, 108 (87 males and 21 females) successfully completed the requisite assessments. The age distribution was varied, including 39 children aged 7, 30 children aged 8, 23 children aged 9, and 16 children aged 10, ensuring a broad representation across early developmental stages.

Each child in this group had a prior clinical diagnosis of ASD, which was rigorously confirmed by our research team. Additionally, all participants were classified under level 1 of the ASD severity scale as per DSM-5 criteria, indicating mild symptoms necessitating support. To further validate these diagnoses for the purposes of this study, the Autism Diagnostic Interview-Revised (ADI-R) was administered by two doctoral students (Lord et al., 1994). These students had previously undergone comprehensive training and were certified in ADI-R administration by the American Psychological Association (APA), ensuring the assessments’ credibility and reliability.

Given the challenges of assessing IQ through traditional methods in children with ASD, our study employed the C-PEP3 for a comprehensive evaluation. The C-PEP3 assessments indicated that the majority of participants scored within the typical range for cognitive functions, albeit slightly below the normative data for typically developing peers. This tool facilitated a holistic examination across various domains crucial for understanding ASD children’s capabilities. Parental feedback, collected through structured interviews, supported the C-PEP3 results, offering additional insights into everyday adaptive behaviors and cognitive functioning.

These findings underscore the importance of employing specialized assessments like the C-PEP3, designed to accurately reflect the diverse abilities of children with ASD and informing future interventions aimed at enhancing adaptive skills and cognitive functions. This methodological approach allows our findings to accurately depict ASD’s nuanced symptoms, enhancing our understanding of the disorder.



2.1.2 Group of typically developing children

The control group comprised typically developing children, selected from various educational institutions across Wuhan, including three primary schools and one kindergarten. This group was carefully assembled to mirror the ASD group in terms of age and gender distribution, facilitating a balanced and meaningful comparison between the two cohorts. Inclusion criteria for this group involved a screening process using the Social Communication Questionnaire (SCQ) with a cutoff score of 15 to exclude any undiagnosed cases of ASD, complemented by confirmations of typical development from educators and parents. Additionally, the screening process was reinforced by specific screening and entrance standards applied within the Chinese educational system, including academic curriculum tests and standard tests at enrollment, as well as a mandatory health checkup to ensure no significant illnesses that affect normal learning.

For both the ASD and typically developing children groups, exclusion criteria included any developmental disorders such as brain injury or intellectual disability. Before enrolling any participant, consent was obtained from relevant authorities, schools, and parent committees, with parents signing informed consent forms. The study received approval from the local University Institutional Review Board, adhering to stringent ethical standards. To ensure the integrity and ethical conduct of the research, all assessments were conducted with participants’ voluntary cooperation.




2.2 Instrument


2.2.1 Movement assessment battery for children-2

The assessment of FMS utilized the MABC-2 (Henderson et al., 2007). The MABC-2 is currently the most widely used standardized assessment tool for assessing motor development in children worldwide and is referred to as the “gold standard test” for evaluating children’s motor development abilities (Green et al., 2011). The MABC-2 comprehensively measures gross motor skills, fine motor skills, and balance abilities of children aged 3–16 years. The test is divided into three age ranges: 3–6 years, 7–10 years, and 11–16 years. This study utilized the measurement standards for the 7–10 year age group.

Each age range assessment consists of three components: manual dexterity, aiming and catching, and static and dynamic balance. There are a total of eight test tasks, and the raw scores of each task can be converted into standard scores. The standard total score (ranging from 1 to 19) can be calculated by summing the standard scores of the eight tasks. Based on the normative conversion table in the MABC-2 manual, the total test score can be converted into percentile scores to determine the level of motor development delay in children Henderson et al. (2007).

Based on normative percentile tables, the “traffic light” scoring system is employed to evaluate motor competence levels. Specifically, scores at or below the 5th percentile (red zone) indicate significant motor development difficulties. Scores between the 6th and 15th percentiles (amber zone) suggest a potential risk of motor development challenges, while scores above the 15th percentile (green zone) denote no detected motor difficulties.

The validity of the MABC-2 as a tool for assessing motor development in Chinese children has been substantiated by Hua et al. (2012), with an average content validity index of 0.985. This validation emphasizes the tool’s broad applicability across various regions within China, reflecting its comprehensive suitability for evaluating motor development abilities in Chinese children. Furthermore, the MABC-2 has been recognized for its reliability and validity in assessing FMS not only in typically developing children but also in children with ASD. Studies like Brown and Lalor (2009) support the MABC-2’s effectiveness in a universal context, further confirming its utility in diverse child populations.



2.2.2 Assessment of symptom severity

This study employed the third edition of the Psycho-Educational Profile Revised in Chinese (C-PEP3) to measure the developmental levels and assess the symptom severity of children with ASD. The Psycho-Educational Profile, originally developed by Schopler & Reichler in the United States, has been adapted into its third Chinese edition through collaborative efforts by educational and medical professionals from Liaoning Normal University and Beijing Medical University (Yu, 2001).

The C-PEP 3 consists of two main sections: the Pathology Profile and the Developmental Functions Profile. The Pathology Profile is comprised of 44 items spanning five domains: affect, interpersonal relations, preferences for objects, sensory modalities, and language. Scoring codes are designated as “Absent (A),” “Mild (M),” and “Severe (S)” across these categories. The Developmental Functions Profile includes 95 items covering seven areas: imitation, perception, fine motor skills, gross motor skills, eye-hand coordination, cognitive performance, and verbal cognitive skills, with scoring codes of “Pass (P),” “Emerging (E),” and “Fail (F).” Unlike previous developmental scales, the C-PEP 3 is tailored specifically for children with ASD, capable of not only measuring the degree of impairment but also highlighting the child’s strengths and weaknesses; it also provides a foundation for educators to develop individualized education plans (Wang and Li, 2018).

Assessors are required to complete a training course certified by the Autism Rehabilitation Professional Committee of the China Association of Persons with Disabilities and must possess a C-PEP 3 assessment certification to conduct evaluations. In this study, the C-PEP 3 scores of children participating in experimental interventions were provided by cooperating ASD rehabilitation institutions, which are authorized and qualified to conduct C-PEP 3 assessments. All participants’ C-PEP 3 evaluations were conducted 1 month prior to the start of the experimental interventions.




2.3 Procedure

In addressing the unique challenges of assessing motor skills in children with ASD, our study adopted a holistic approach that included a comprehensive acclimation process to familiarize participants with the research setting and minimize potential discomfort. This process was vital in ensuring the children’s comfort and cooperation during the assessment, thereby enhancing the reliability of our findings. The initial phase of the study involved a month-long acclimation period at the testing institution, where the lead examiner and research assistants conducted weekly volunteer service activities, including interactive games, storytelling sessions, and art projects, to engage both the teaching staff and the children with ASD. These activities were designed to build rapport with the participants and acclimate them to the research team’s presence, fostering a cooperative atmosphere conducive to assessment. The familiarization period consisted of four sessions, each lasting approximately 2 h, conducted weekly over a month, which was especially important for the autistic group to minimize any discomfort or unfamiliarity with the examiner and the testing environment.

Subsequently, assessments were performed in a quiet movement room, specifically arranged to minimize external distractions and enhance focus. This setting proved crucial in allowing the children to focus on the tasks without undue stress or agitation. The testing phase saw the lead examiner personally accompanying the children to the testing site, where a dedicated period was allocated for the examiner to interact with each child, especially important for the autistic group to alleviate any anxiety or discomfort associated with the examiner and the unfamiliar testing environment. In the assessment, children with ASD typically required 30–40 min to complete, compared to 20–30 min for neurotypical peers, due to a combination of factors: interest-driven distractions toward colorful assessment tools, repetitive behaviors that diverted focus from task timing, the need for additional reinforcement to maintain engagement, and lower physical fitness levels affecting task completion speed. These challenges highlight the importance of adapting assessment strategies to accommodate the unique needs of children with ASD.

To ensure the accuracy and reliability of the MABC-2 translations and scoring, formal permission was obtained to create a Chinese version of the MABC-2. The translation process was carried out independently by two authors of our study, both holding doctoral degrees in sports science and experienced in early childhood movement assessment. A comprehensive training session, including theoretical and practical training and an assessor consistency check, was conducted for the principal assessor and research team members, facilitated by experts in the MABC-2 test from the United States. Through these meticulously planned procedures and validations, we achieved an inter-rater reliability score of 0.99 for the MABC-2 tests, demonstrating the effectiveness of our methodology in accurately assessing motor skills in children with ASD.



2.4 Data analysis

After data collection, the researcher conducted data processing. The MABC-2 test scores were divided into raw scores, standard scores, and percentile scores. In this study, all test scores were analyzed using percentile scores and standard scores. All data analyses were performed using IBM SPSS Statistics 22.0. Group differences on MABC-2 percentile scores were analyzed using descriptive data and Mann Whitney U test. Results were considered significant if p values were less than 0.05 and effect sizes (ES) were determined for practical significance using Cohen’s d (Cohen, 1988).




3 Results


3.1 Descriptive statistics of percentile scores for FMS

In the present study, the MABC-2 traffic light scoring system was employed to assess and distinguish the FMS of children with ASD as compared to their typically developing counterparts. The comprehensive results are tabulated in Table 1. Within the cohort of 108 typically developing children who underwent the MABC-2 assessment, 100% scored within the green zone (percentile >15%), thereby indicating an absence of motor development impairments or associated risks. Conversely, in the ASD cohort comprising 108 children, 86 (79.62%) were categorized in the red zone, signifying substantial motor development deficits. Additionally, 4 children (3.70%) were placed in the amber zone, suggestive of potential motor development risks, while only 18 children (16.67%) scored in the green zone, showing no evident motor development issues or delays. Upon comparing the two cohorts, it was found that static and dynamic balance abilities were the areas of highest proficiency, thus termed as the ‘strongest’ performance areas in the MABC-2 subtests for both groups. Manual dexterity was identified as a moderate performing area, ranking second in proficiency. In contrast, aiming and catching abilities emerged as the areas where both groups faced the most challenges, hence classified as the ‘weakest’ performance areas.



TABLE 1 Motor impairment characteristics overall and by groups.
[image: Table comparing motor skills of children with ASD and typically developing children using MABC-2. For children with ASD, red zone scores: manual dexterity 73.2%, aiming and catching 75%, balance 62%, overall skills 79.6%. Typically developing children show lower red zone scores: manual dexterity 1.85%, aiming and catching 10.2%, balance 0.9%, overall skills 0%. Amber and green zones show progressive improvement. MABC-2 stands for Movement Assessment Battery for Children-2.]



3.2 Comparative analysis of FMS standard scores across two child cohorts

Table 2 delineates the mean and standard deviation values for the three subtests of the MABC-2, as well as the overall motor ability standard scores, for both cohorts of children. The MABC-2, designed for children aged 3–16, has a standard score range of 1–19. It was anticipated that the cohort of typically developing children of the same age would register higher standard scores.



TABLE 2 Comparative analysis of standard scores for FMS between variables overall and by groups (mean ± standard deviation).
[image: Table comparing motor skills in children with ASD and typically developing children, each with 108 participants. Categories include manual dexterity, aiming and catching, static and dynamic balance, and overall motor skills. Children with ASD scored lower in all categories. Z-scores and p-values are significant for all categories, with p < 0.001.]

Our findings indicate a ceiling effect in the typically developing cohort, with 12.96% (n = 14), 4.63% (n = 5), 10.12% (n = 11), and 4.63% (n = 5) of participants scoring close to the maximum standard score of 19 across the subtests of manual dexterity, aiming and catching, and static and dynamic balance, as well as in overall motor skills. Conversely, a floor effect was observed in the cohort of children with ASD, where 12.96% (n = 14), 9.26% (n = 10), 34.26% (n = 37), and 38.89% (n = 42) scored the minimum standard score of 1 in these respective areas. Given that these extreme scores violate the assumptions of normal distribution, parametric analyses were deemed inappropriate. Consequently, the Mann–Whitney U test was employed to assess between-group differences in FMS.

The results revealed highly significant differences (p < 0.001) in overall motor ability scores and in the standard scores across all subtests between the two cohorts. Specifically, the FMS scores for children with ASD were significantly lower than those for typically developing children of the same age. In terms of mean scores, the autistic cohort achieved approximately half the standard scores compared to their typically developing counterparts across all evaluated domains, suggesting that their FMS were markedly compromised.



3.3 Gender differences in FMS between the two groups of children

A Mann–Whitney U test was conducted to analyze gender differences in FMS between the two groups of children. As shown in Table 3, the results revealed no significant gender differences in manual dexterity, aiming and grasping, static and dynamic balance, or overall motor capability (p > 0.05).



TABLE 3 Gender differences in fundamental movement skills between children with ASD and typically developing children (M ± SD).
[image: Comparison table of motor skill scores between children with Autism Spectrum Disorder (ASD) and typically developing children. Categories: manual dexterity, aiming and catching, static and dynamic balance, overall motor skills. Scores are given for males and females, with Z and p-values indicating statistical comparisons. Typically developing children scored higher across all categories.]




4 Discussion

The aim of this study was to investigate the performance of FMS in children with ASD and the differences compared to typically developing children of the same age, in order to better understand the motor development difficulties associated with ASD. Analysis of the results from the MABC-2 Traffic Light Scoring System revealed that approximately 80% of children with ASD obtained scores in the red or amber zone, indicating significant motor development difficulties or a risk of motor development difficulties. It is important to note that not all children diagnosed with ASD exhibit motor difficulties.

The findings of this study are consistent with previous reports on the prevalence of motor development difficulties in children with ASD. Reported that out of 101 children with ASD in England who underwent MABC assessment, 79.2% exhibited clear motor development difficulties, with an additional 9.9% at risk for motor development difficulties. Liu and Breslin (2013) compared 30 children with ASD and 30 age-matched typically developing children using the MABC and found that all typically developing children did not have motor development difficulties, while 77% of children with ASD had clear motor development difficulties and 3% were at risk for motor development difficulties. Children with ASD showed delayed development in FMS compared to typically developing children. These results have significant implications for educators, therapists, and clinicians working with ASD, particularly in designing appropriate intervention programs to effectively address motor development difficulties in children with ASD.

The findings of this study align with previous research that utilized the MABC tool for assessing and comparing children with ASD and typically developing children (Hilton et al., 2007; Quintas et al., 2018; Hu et al., 2021), although there were variations in study design and measurement scope. Conducted a large-scale screening of 101 children with ASD to assess their motor abilities, focusing on an age range of 10–14 years without including other age groups. Quintas et al. (2018) tested 14 children with ASD and 14 typically developing children using the MABC-2, with a small sample size and 12 children with ASD aged over 10, leaving only 2 children below 10 years old. Hilton et al. (2007) conducted a study with a significant sample size (N = 56), recognizing that the reliance on parent-reported diagnoses necessitates a consideration of the evolving diagnostic criteria within the ASD spectrum, including the reclassification of Asperger syndrome. Apart from Liu and Breslin’s study (Liu and Breslin, 2013) that compared 30 children with ASD and 30 age-matched typically developing children, other studies had small sample sizes, such as Quintas et al. (2018) (N = 28) and Berkeley et al. (2001) (N = 15). Through extensive testing and comparative analysis, this study revealed delays in motor development among children with ASD during the 7–10 year age period, indicating that motor development delay may serve as a potential window for understanding the core features of ASD (Leary and Hill, 1996).

Furthermore, the study found no gender differences in the MABC-2 assessment for both children with ASD and typically developing children, consistent with earlier findings by Henderson et al. (2007). A recent systematic review by Rodrigues et al. (2019) on MABC-2 assessment in typically developing children indicated that approximately 75% of studies showed that boys outperformed girls in gross motor skills such as aiming and catching, while approximately 65% of studies found that girls outperformed boys in fine motor skills such as manual dexterity, with no consensus reached regarding balance skills (static and dynamic balance). However, due to the exclusion of certain age groups (3–16 years) in some studies or the utilization of different versions of the MABC, gender differences may have been underestimated or overestimated. Currently, no research on gender differences in MABC testing for children with ASD has been found. In this study, starting with the assessment of FMS in children with ASD, and conducting paired comparisons with typically developing children, no gender differences were observed. This may be attributed to the imbalanced gender ratio in the study, and future research is encouraged to include a larger number of girls when assessing motor skill development in the ASD population.

In the realm of practical application, it was observed that the majority of children diagnosed with ASD successfully completed the MABC-2 test. However, their subpar scores underscored a pronounced delay and deficiency in the development of FMS. Within the MABC-2 assessment, the average scores of children with ASD in areas such as manual dexterity, aiming and catching, and both static and dynamic balance were found to be approximately half of those of their typically developing peers. This suggests that their FMS are only at par with half the proficiency level of age-matched neurotypical children. Staples and Reid (2010) conducted a study where they compared a group of children with ASD to a control group of children with comparable motor skills. The results indicated that the motor performance of the ASD group was akin to children half their age. Collectively, whether evaluated through age-matched or motor skills-matched comparisons, children with ASD consistently demonstrated a significant lag in FMS relative to their neurotypical counterparts.

Utilizing a detailed analytical method to dissect individual performance scores on the MABC-2 offers a nuanced understanding of motor skill development in children with ASD, instrumental in uncovering the nuanced underpinnings of motor challenges unique to this population. Our analysis reveals a hierarchical proficiency across its subtests, with static and dynamic balance identified as areas of relative strength, showcasing the highest levels of performance. This contrasts with the marked difficulties in tasks requiring fine motor control and coordination, such as aiming and catching, pinpointed as the least proficient areas. These findings align with research by Whyatt and Craig (2012) and MacDonald et al. (2013), highlighting the complex interplay of motor skills in ASD. The proficiency in balance tasks versus the challenges in hand-eye coordination, timing, distance judgment, and force control in aiming and catching tasks elucidate the specific motor skill challenges faced by children with ASD. This discrepancy underscores the necessity for targeted interventions aimed at enhancing fine motor skills, particularly in activities that demand high levels of coordination and control, highlighting the importance of addressing motor development in early intervention treatments.

Recent investigations further delineate the critical role of sensory integration in mitigating balance and motor control difficulties in children with ASD, with studies such as those by Oster and Zhou (2022) and Abdel Ghafar et al. (2022) illuminating profound balance and motor skill impairments, specifically highlighting how disruptions in vestibular and proprioceptive inputs significantly contribute to these challenges. These studies advocate for the utilization of balance and vestibular assessments as integral components of early intervention strategies. Complementing these findings, Sahid et al. (2019) validate the efficacy of sensory integration therapy in ameliorating sensory and motor discrepancies, demonstrating specific improvements in tasks requiring coordination and balance. The seamless integration of inputs from the vestibular, somatosensory, and visual systems emerges as indispensable for postural stability, especially evident in activities requiring static balance. The elucidation of the intricate relationship between sensory processing disruptions and motor control difficulties in ASD accentuates the necessity for interventions aimed at bolstering sensory integration, thereby promising substantial enhancements in balance and motor proficiency, and by extension, the overall quality of life for affected individuals.

Furthermore, the study identified consistent deficits or inadequacies in certain skill operations among children with ASD, such as timed threading boards, timed placement of small mushrooms, and single-leg standing. These test tasks are inherently complex, with scores being determined based on the accuracy of the operation and age-related time constraints. The findings revealed that children with ASD performed notably worse in the timed tasks of the MABC-2 test compared to their neurotypical peers. Children with ASD might face unique challenges in these areas, leading to an inevitable trade-off: maintaining a deliberately slow pace to achieve higher accuracy. Moreover, it’s plausible that children with ASD might not fully grasp the concept of time or the principle of maximizing duration during the test, or they might be indifferent to the test’s requirements. This suggests potential difficulties faced by children with ASD when executing complex tasks. It is recommended that further research be conducted to delve into the time perception and complex task execution abilities of children with ASD.

This study’s limitations underscore the necessity for a more expansive approach in future research. Firstly, the relatively modest sample, confined to children within China, calls for the inclusion of diverse international populations in subsequent studies to enhance the outcomes’ robustness and external validity. Moreover, the omission of demographic data such as socioeconomic status and parental educational levels represents a significant gap, given their potential impact on developmental trajectories in children with ASD. Future investigations should aim to incorporate these critical demographic variables, facilitating a deeper exploration of the interplay between familial backgrounds and motor development. Additionally, it is recommended that future research adopts longitudinal study designs to include comprehensive assessments of intelligence alongside motor abilities, aiming to illuminate the complex mechanisms behind the observed developmental delays and challenges in children with ASD. Such an approach will directly address the interplay between motor skills and intellectual levels, providing a more nuanced understanding of ASD’s developmental implications.



5 Conclusion

Children with ASD manifest a significant delay in the development of FMS compared to their typically developing age-matched peers. In the MABC-2 test, whether considering scores in manual dexterity, aiming and catching, static and dynamic balance, or overall motor skills, children with ASD consistently scored markedly lower than their neurotypical counterparts, with no discernible gender differences. While motor skills are not traditionally regarded as a primary diagnostic category for ASD, our findings indicate that approximately 80% of children with ASD either experience motor developmental challenges or are at risk for such challenges.

This study further underscores that motor developmental challenges are a core characteristic of ASD. It is recommended that clinicians, when diagnosing and treating children with ASD, should not only consider the developmental domains described in traditional ASD diagnostic manuals but should also assess for the presence of motor developmental challenges. Evidence-based interventions should be implemented for children who are diagnosed with both ASD and motor developmental deficiencies. Furthermore, conducting longitudinal research during critical periods of motor skill development in children with ASD may provide a deeper understanding of their motor trajectories and developmental pace and might offer insights into contributory factors.
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Introduction: Autistic individuals demonstrate greater variability and timing error in their motor performance than neurotypical individuals, likely due at least in part to atypical cerebellar characteristics and connectivity. These motor difficulties may differentially affect discrete as opposed to continuous movements in autistic individuals. Augmented auditory feedback has the potential to aid motor timing and variability due to intact auditory-motor pathways in autism and high sensitivity in autistic individuals to auditory stimuli.
Methods: This experiment investigated whether there were differences in timing accuracy and variability in autistic adults as a function of task (discontinuous vs. continuous movements) and condition (augmented auditory feedback vs. no auditory feedback) in a synchronization-continuation paradigm. Ten autistic young adults aged 17–27 years of age completed the within-subjects study that involved drawing circles at 800 milliseconds intervals on a touch screen. In the discontinuous task, participants traced a series of discrete circles and paused at the top of each circle for at least 60 milliseconds. In the continuous task, participants traced the circles without pausing. Participants traced circles in either a non-auditory condition, or an auditory condition in which they heard a tone each time that they completed a circle drawing.
Results: Participants had significantly better timing accuracy on the continuous timing task as opposed to the discontinuous task. Timing consistency was significantly higher for tasks performed with auditory feedback.
Discussion: This research reveals that motor difficulties in autistic individuals affect discrete timing tasks more than continuous tasks, and provides evidence that augmented auditory feedback may be able to mitigate some of the timing variability present in autistic persons’ movements. These results provide support for future investigation on the use of music-based therapies involving auditory feedback to address motor dysfunction in autistic individuals.
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Introduction

Autism Spectrum Disorder (ASD, or autism) is a neurodevelopmental disorder which affects 1 in 50 children in Canada, and 1 in 36 children in the U.S. (Centers for Disease Control and Prevention, 2022; Public Health Agency of Canada, 2022). In recent years, many individuals on the autism spectrum have expressed a preference for identity first language (i.e., autistic person as opposed to person with autism), because autism affects every area of life in someone who is autistic (Taboas et al., 2023). The language used in this article will reflect this majority preference for identity-first language. Autism is characterized by social and communication difficulties and repetitive and restrictive behaviors and patterns of interest, along with sensory sensitivities (American Psychiatric Association, 2013). It is widely acknowledged that atypical motor characteristics and difficulties are also highly prevalent in autistic individuals (Fournier et al., 2010; Bhat et al., 2011; Harrison et al., 2021; Zampella et al., 2021). Increased variability of movements relative to neurotypical individuals along with difficulties in motor timing have emerged as hallmarks of motor difficulties in autism (Torres et al., 2013; Isaksson et al., 2018; Lense et al., 2021). In terms of variability, when attempting the same task (such as a simple reaching motion) multiple times, autistic individuals demonstrate variation in the accuracy of the task completion, such that improvement does not occur in a predictable way over time, as is characteristic for neurotypical individuals (Brinkner and Torres, 2018). Inconsistency in movements can negatively affect a variety of social interactions, sports, and activities of daily living (Brinkner and Torres, 2018). The timing of one’s movements is similarly critical for participation in athletic activities, coordinating movements with others, and reading and expressing body language in social interactions (Bloch et al., 2019; McNaughton and Redcay, 2020; Murat Baldwin et al., 2021). Music-based interventions have strong potential to address motor difficulties in autism like for other neurological conditions (Hardy and Lagasse, 2013; Braun Janzen and Thaut, 2018; Braun Janzen et al., 2022) but underlying mechanisms for music’s effect on movement have not yet been well studied in this population. This study aimed to investigate motor timing and variability in autistic individuals in contrasting movement tasks, and to examine whether augmented auditory feedback could improve motor performance.

It is not yet known whether autistic individuals demonstrate atypical characteristics in timing accuracy and variability differently for discrete versus continuous movements. Discrete movements involve a clear beginning and end, as when clapping hands or touching a screen when dialing a telephone number, while continuous movements do not involve coming to any full stops, as when pedaling while cycling (Huppert and Dyster, 2021). Different timing mechanisms called event and emergent timing are thought to engage depending on whether timing parameters are explicit (in discrete movements) or implicit in the movement (as in continuous movements) (Robertson et al., 1999; Zelaznik et al., 2002). Cerebellar dysfunction can particularly affect the timing and variability of discrete as opposed to continuous movements (Spencer et al., 2003). Differences in cerebellar functioning seem to underpin the difficulties with motor timing and variability in autism to a large extent (Gowen and Miall, 2005; Fatemi et al., 2012; D’Mello and Stoodley, 2015; Mosconi et al., 2015; Oldehinkel et al., 2019; Lidstone et al., 2021). If discrete movements are more difficult for autistic individuals than continuous movements, this may warrant finding strategies for making discrete movements easier or finding alternatives.

An additional aim when researching motor functioning in autism is to identify promising avenues for clinical support of motor skills in autistic children and adults, such as music-based therapies (Braun Janzen and Thaut, 2018). High-quality evidence for interventions that address motor difficulties in autism is increasing but still in the beginning stages of investigation (for reviews, see Colombo-Dougovito and Block, 2019 and Ruggeri et al., 2020). The impact of the sensory system on motor difficulties in autism must be considered when identifying possible interventions. Sensation is intricately connected with online control of movement as well as when building and using internal models, therefore, atypical sensation is associated with atypical movement characteristics in autism (Gowen and Miall, 2005; Robledo et al., 2012; Torres et al., 2013; Lin et al., 2015; Subramanian et al., 2017; Brinkner and Torres, 2018). Some autistic individuals may have 50% fewer intraepidermal nerve fibers than neurotypical children their age (Silva and Schalock, 2016), hypo-or hyper-sensitivities or sensory integration issues (Robledo et al., 2012; Coll et al., 2020), atypical visuo-motor integration (Lidstone and Mostofsky, 2021), and other sensory challenges (Patil and Kaple, 2023). Atypical sensation can be an advantage as well: many autistic individuals show increased sensitivity and brain activity to musical input such as singing and electronic tones (Kuhl et al., 2005; Lepistö et al., 2005; Jones et al., 2009; Sharda et al., 2015). In addition, there is evidence of intact auditory-motor functioning in autistic individuals during rhythmic tapping and perception tasks (Tryfon et al., 2017; Edey et al., 2019; Jamey et al., 2019). Thus, music-based therapies for motor skills in autism have been a growing focus of investigation (Srinivasan and Bhat, 2013; Braun Janzen and Thaut, 2018).

Hardy and Lagasse (2013) and more recently Bharathi et al. (2019) advocated for the use of auditory rhythmic cueing to help regulate movement in autistic individuals. Auditory cueing (like using a metronome) aids with the feedforward control of movement critical in planning and executing movement (Mertel, 2014). Feedforward control involves the interaction of prior internal representations of the motor and sensory components of a movement with sensory feedback to gauge the need for automatic adjustments to movements (Elliott et al., 2010). Voluntary movements involve both feedforward and feedback phases (Elliott et al., 2010). In the feedback phase, movements are controlled online while comparing body position to visual and proprioceptive sensory information (Wolpert et al., 2013). Several studies have found improvements in autistic individuals’ movements with the use of feedforward auditory cues, including in bilateral coordination, balance, running speed and agility, and strength in 8–10-year-old autistic children (El Shemy and El-Sayed, 2018), body coordination (Srinivasan et al., 2015), and increased interpersonal coordination while playing musical instruments to a beat (Kaur et al., 2018; Yoo and Kim, 2018).

The cerebellum is thought to play a major role in the feedforward-feedback interaction process for motor control (Mosconi et al., 2015). Cerebellar dysfunction in autism is thought to impact feedforward control and sensory feedback independently (Mosconi et al., 2015). Thus, to target goal-directed movements more holistically, music-based interventions that focus on providing feedforward information (like a metronome beat) could be complimented by the inclusion of feedback information (sounds from acoustic or digital musical instruments). A handful of studies have investigated the effectiveness of providing auditory feedback alone (i.e., without a metronome) for movement in autistic individuals. Sharda et al. (2018) found that an 8–12-week music therapy intervention using improvisational instrument play (which provides intrinsic auditory feedback) improved auditory-motor neural connectivity in autistic children. Other studies have used augmented auditory feedback to provide electronic auditory stimulation in response to autistic individuals’ movement, with mixed results (Magrini et al., 2015; Wilder et al., 2020). Most recently, Cibrian et al. (2020) tested an auditory-feedback app with 15 autistic children between the ages of 5 and 10. In a set of two studies, Cibrian et al. (2020) found that the children maintained their attention and performed more aimed movements when they were receiving melodic feedback that mirrored the trajectory of the movement (i.e., pitches going up when arms went up). Augmented auditory feedback has helped to improve movement in a variety of clinical populations as well as in neurotypical individuals, and is a promising avenue for clinically-focused research (Fujii et al., 2016; for a review see Schaffert et al., 2019).

Two studies investigated the impact of auditory feedback on timing for discrete and continuous tasks for neurotypical individuals using a task like the one in the current study. Zelaznik and Rosenbaum (2010) added auditory feedback (a “click” upon circle completion at the 12 o’clock point) to a typical synchronization-continuation task with discrete and continuous conditions. They found that the auditory feedback helped decrease mean squared jerk (i.e., improve smoothness of movement) particularly for the discrete movements. Braun Janzen et al. (2021) found that discrete feedback (a tone heard upon circle completion at the 12 o’clock point) improved the coefficient of variation (i.e., decreased timing variability) in both continuous and discontinuous tasks compared to continuous feedback (pitch going down and up as participants traced from the top to bottom of the circle and back up again). Discrete auditory feedback was found effective in promoting better motor timing in both studies (Zelaznik and Rosenbaum, 2010; Braun Janzen et al., 2021).

This study thus aimed to assess the effect of auditory feedback on timing error and consistency in discrete and continuous tasks in autistic adults. Two research questions were posed: (1) Will the task (continuous or discontinuous) have a significant effect on timing error or variability across conditions? (2) Will the condition (with or without auditory feedback) have a significant effect on timing error or variability across discontinuous and continuous movement tasks?



Methods

The study was designed by the first author in consultation with her dissertation committee, and the experimenters were two PhD students who were also neurologic music therapists with experience working with autistic individuals and those with developmental disabilities. The study was approved by the University of Toronto Research Ethics Board.


Participants

Twelve young adults between the ages of 17 and 27 years (mean = 22 years) who confirmed in writing that they had received an official autism diagnosis participated in the study. Intelligence quotient (IQ) was not measured as a part of the study. All participants possessed the written and verbal communication skills to independently communicate their interest in the study via email, schedule a date and time, navigate to the lab where the experiment took place, and communicate verbally with the experimenter during the experiment. Participants were recruited in the Greater Toronto Area, Canada using a combination of paper advertisements on the University of Toronto St. George campus, online advertisements, and the sharing of posters on social media. Each participant was provided with a detailed informed consent form with information about the study and signed their consent. To be included in the study, participants were required to have normal or corrected-to-normal vision, no hearing problems, no problems with motor skills in daily life, and to not be professional musicians or athletes (defined as having at least 10 years of experience up to the current year playing an instrument or playing a competitive sport) (Braun Janzen et al., 2014). All participants fit these criteria except for one participant with partial hearing loss in both ears and some vision loss in one eye. That participant was able to adjust the headphone volume to be adequate and could carry out the visual aspects of the experiment. The questionnaire collecting demographic data used open-ended questions (i.e., “What is your race/ethnicity?,” “What is your gender?”; see Table 1). Almost half of participants (41.7%) identified as non-binary or trans in the current study, which is commensurate with recent research by Corbett et al. (2023) who found that autistic individuals are far more likely to identify as non-binary than neurotypical peers.



TABLE 1 Demographic information.
[image: Table detailing participant demographics in a study. Total participants: twelve, with ten providing complete data. Age range: seventeen to twenty-seven years, mean age twenty-two. Twelve had additional diagnoses, nine took medications, and seven reported sensory sensitivity. Gender distribution: four male, three female, four non-binary, one trans. All were right-handed. Race/ethnicity: five White, three Mixed, one Black, one South Asian, one Han Chinese, and one not disclosed.]

Due to experimenter error, data from two participants were collected with a different auditory feedback condition, so these data were not included in the main analysis. A separate analysis of the data from these two participants is included at the end of the results section. Of the remaining 10 participants, one participant completed three of the four conditions, and data from one of four conditions from a different participant was lost due to equipment failure. Each of the other eight participants completed all four conditions.



Materials


Apparatus

Participants sat on a chair at a comfortable distance from a 25-inch tall table on which sat the touch-screen device which was inclined towards participants at approximately 10 degrees. A custom-built device running custom software (SONification Arm Training Apparatus [SONATA] by BeSB GmbH Berlin) was used to present stimuli and collect data (Schaffert et al., 2020). Software was identical to that used in Braun Janzen et al. (2021). The SONATA device consisted of a custom-made graphical user interface generated by a single-board computer (Raspberry Pi 2 B with HiFiBerry). Software output was displayed on a 32″ touchscreen device (AG Neovo TX-32P, resolution: 1920 × 1080 pixels), and the built-in sound-output was funneled to participants via noise-cancelling headphones plugged into a headphone splitter inserted into the touchscreen. Noise-cancelling headphones were not available for two participants due to equipment failure, and earbud-style headphones were used for those two participants. Latency was approximately <30ms from the moment of touching the screen to sound output.




Tasks and procedure

The experiment used a synchronization-continuation paradigm (Stevens, 1886). Although beat synchronization is sometimes more variable in autism (Kaur et al., 2018; Gabis et al., 2020; Franich et al., 2021), there is evidence that auditory synchronization in autistic individuals is not dissimilar on average to that of neurotypical individuals, particularly for self-timed movements (Tryfon et al., 2017; Vishne et al., 2023), indicating that a synchronization-continuation paradigm is appropriate for autistic adults. The experiment protocol was piloted with two neurotypical adults and one autistic adult to ensure the task was reasonable.

Each participant carried out the experimental protocol in one session. At the beginning of the session, participants signed the informed consent and intake question forms and were provided with instructions on how to perform the tasks. The experiment consisted of two blocks of twenty trials (continuous and discontinuous tasks), divided by condition (10 trials with augmented auditory feedback and 10 without augmented auditory feedback) (Braun Janzen et al., 2021). This experimental design thus yielded four task-condition combinations: Continuous circles with augmented auditory feedback, continuous circles without auditory feedback, discontinuous circles with augmented auditory feedback, and discontinuous circles without auditory feedback (Spencer et al., 2003; Zelaznik and Rosenbaum, 2010). The order of tasks was counterbalanced across participants, as was the order of conditions within each task block. Participants could practice the task before each experiment block for up to ten trials. Most did not require a full set of ten practice trials before they felt ready to commence the experiment. If needed, the experimenter demonstrated the task. Participants could adjust their headphone volume to their preferred level. They could take a break whenever they wished between trials or blocks, and sensory items such as a fidget spinner, playdough, and a squish toy were available if helpful to participants when taking a break.

Participants were instructed to trace a circle with the index finger of their dominant hand, ensuring their finger passed over the target mark (a rectangle at the 12 o’clock point in the circle) in synchrony with an isochronous metronome click at an isochronous 800 millisecond (ms) interval (General MIDI sound set, channel 10, MIDI Key 60, “High Bongo” percussion timbre). For each trial, after 10 cycles of the synchronization phase in all conditions and tasks, the metronome stopped, and participants were instructed to continue their movements at the same tempo (to the best of their ability) until the end of the trial. The continuation phase involved 20 additional drawing cycles, for a total of 30 circles per trial. The circle they traced was 10.5 cm (about 4.13 in) in diameter. Participants were told that timing was more important than spatial accuracy, so circles they drew did not have to exactly match the circle template. Participants could see their hands, and their movements generated traces on the screen creating visual feedback of their movement trajectories. Movements were observed to be executed mainly via elbow and shoulder motion. Participants had to keep their finger on the touchscreen for the duration of each trial. If a finger came off the screen prematurely, the trial automatically aborted and had to be restarted (see Figure 1).

In the auditory conditions, augmented auditory feedback (General MIDI sound set, channel 80, “Square Lead”) was triggered whenever participants crossed their finger into the target rectangle at the top of the circle during both the synchronization and continuation phases. In the non-auditory trials, auditory feedback was not provided in the continuous phase. Because the software was designed to provide auditory feedback in all conditions, the conditions without auditory feedback were created manually by the experimenters unplugging the participant’s headphones from the splitter after the 10 metronome clicks in the synchronization phase were completed. Participants were told whether or not they would receive auditory feedback, at the beginning of each set of trials.

[image: A desk setup with a large, horizontal touchscreen display showing a simple drawing. Nearby are a tablet, a remote control, and various cables. A chair is positioned next to the desk.]

FIGURE 1
 Physical setup of the task.


In the continuous circle drawing condition, participants were instructed to complete the drawing cycles in a continuous motion and aim to pass through the rectangle at the top of the circle in conjunction with the metronome clicks, continuing with this cycle after the metronome ended and until the trial ended as indicated on the screen. In the discontinuous circle drawing task, participants were instructed to briefly pause their finger motion on the rectangle target at the top of the circle once per drawing cycle, rendering the task a series of discrete circles. The software was designed such that if the participants stopped for less than 60 ms, the trial automatically ended and restarted. Note that the software did not directly provide information on the velocity of the participants’ finger motions within the target area, in which they had to spend a minimum of 60 ms. Thus, it is not possible to calculate a precise dwell time (Adam and Paas, 1996). Typically, movements in a series can be considered discrete only when movement slows to near-zero velocity, indicating the beginning or end of a movement (Hogan and Sternad, 2007). Participants spent upwards of 156 ms in the (small) target area, and were observed to pause their movements in between iterations of the circle. For these reasons, the study is interpreting the movements in the discontinuous circle drawing task as a series of discrete movements, as in Braun Janzen et al. (2021). Figure 2 provides a visual representation of the tasks and paradigm.

[image: Diagram illustrating experimental conditions involving continuous and discontinuous tasks. Each task has two conditions: auditory feedback and non-auditory. The continuous task features a moving circle, while the discontinuous task highlights a "STOP" sign. Below, the Synchronization-Continuation Paradigm is detailed, indicating ten cycles for synchronization with metronome and auditory feedback, and twenty cycles for continuation with auditory feedback only.]

FIGURE 2
 Overview of experiment paradigm and conditions. Created with BioRender.com.


After completing the experiment, participants filled out and signed a brief exit survey which included an opportunity to consent to participate in future studies and were invited to choose one $15 CAD gift card to thank them for participating. The procedure took approximately one hour to be completed.



Data analysis

The continuation phase of each trial was measured in terms of twenty inter-response intervals (IRI) between each entry of the target area, measured in milliseconds (ms). The mean, standard deviation, standard error of the mean, and coefficient of variation for the IRIs were calculated for each trial, and then averaged across the best trials within each task and condition. Mean IRI was considered a measurement of timing accuracy. Means closer to 800 ms (the tempo of the metronome during the synchronization phase) indicated better timing accuracy. Coefficient of variation (CV) was the measure of timing variability. CV equals the IRI standard deviation divided by the IRI mean, converted to a percentage. If the standard deviation was large compared to the mean, this yielded a higher CV, indicating more variability in the IRI over repetitions of the circle drawing within a trial. Conversely, a smaller CV indicated lower variability of movement timing.

The best eight trials (determined by the lowest eight values for coefficient of variation [CV]) within each condition for each participant were included in the analysis (Braun Janzen et al., 2021). Only data from the continuation phase was used in the analysis as the synchronization phase was used for pacing only.

Two-way repeated-measures ANOVAs were performed on the mean IRI and mean CV to compare timing accuracy and variability between tasks (continuous vs. discontinuous) and conditions (with auditory feedback vs. without auditory feedback). The assumption of normality was satisfied for most categories in both ANOVAs. Departures from normality were tested and found via a Shapiro–Wilk test in one of each of the four categories in mean IRI data (p = 0.00005) and in the CV data (p = 0.02), respectively. Observation of Q-Q plots indicated that these departures from normality were due to some outliers in the data. Because the outliers were due to the natural variation in motor characteristics between autistic participants, they were left in the data. ANOVAs are typically robust to violations of the assumption of normality when the assumption of sphericity is met, as was automatically the case for this data since each factor had only two levels (Blanca et al., 2023).



Additional analysis

Two participants were mistakenly given experimental tasks using a software setting that provided continuous auditory feedback as they traced around the circle rather than the standard simple tone provided only at the top of the circle. Data from the two participants in the current study who received the continuous auditory feedback were excluded from the main analysis, but the mean IRI and CV data was analyzed descriptively.



Exit survey

The exit survey contained two questions: The first was How easy or hard did you find this experiment? with a five-point Likert scale of Easy, Somewhat Easy, Neither Easy nor Hard, Somewhat Hard, and Hard. The second was: Do you have anything you’d like to tell us about your experience? Participants were also asked if they consented to be contacted for future studies.




Results

There was a statistically significant main effect of task on the mean IRI, F(1,7) = 10.79, p = 0.013, η2 = 0.380. The mean IRI for the continuous task was 839 ms (SD = 97) while the mean IRI for the discontinuous task was 1607 ms (SD = 641). The main effect indicates that participants took a significantly longer time during the discontinuous task across conditions. No other statistically significant main or interaction effects were found in the mean IRI analysis (p > 0.3). See Figure 3.

[image: Box plots comparing continuous and discontinuous tasks in terms of IRI (Inter-Response Interval) measured in milliseconds. The continuous task, shown in blue, has lower IRI values compared to the discontinuous task, shown in yellow, which shows higher variability and median IRI values. Outliers are present in both data sets.]

FIGURE 3
 Effect of task on mean inter-response interval (IRI).


There was a statistically significant main effect of condition (with auditory feedback vs. without) on the CV, F(1,7) = 6.149, p = 0.04, η2 = 0.045. The mean CV for the condition with auditory feedback was 5.9 percent (SD = 1.9) while the mean CV for the conditions with no auditory feedback was 6.4 percent (SD = 2.2). This result indicates that participants had lower timing variability when hearing auditory feedback at the completion of each circle versus when receiving no auditory feedback, when averaged across tasks. No other significant main or interaction effects were found in the CV analysis (p > 0.9). See Figure 4.

[image: Box plot comparing CV percentage for "Auditory" and "No Auditory" conditions. The "Auditory" condition, shown in blue, has a wider range with more outliers than the "No Auditory" condition, shown in yellow. The median for both conditions is near the same CV percentage.]

FIGURE 4
 Effect of auditory condition on mean coefficient of variation (CV).



Strategies in the discontinuous task

Because the mean IRI was significantly larger for the discontinuous task compared to the continuous task, an additional analysis was conducted to ascertain what strategy participants were using to complete the discontinuous task. Mean dwell time for each participant (defined as the number of milliseconds spent in the rectangle target area at the top of the circle) was calculated and compared to the mean IRI. These values were calculated for the discontinuous trials in the continuation phase only. Participants diverged in the strategies used to complete the discontinuous circle task. A few spent relatively little time (100-300ms) in the target area compared to the minimum of 60 ms, and had IRI values closer to 800 ms than other participants. Others took the strategy of spending half of the time in the target rectangle, and the other half moving around the circle. This yielded an IRI of around 1600 ms. The other participants had no discernable strategy – they simply took longer to complete each circle and spent 300–700 ms in the target rectangle on average. Because the mean IRI for the discontinuous task was 1606.96 ms (SD = 641.43 ms), this could falsely indicate that most participants utilized the strategy of spending half of their time in the target rectangle, so it is important to clarify that a wide range of strategies were utilized. Though it is possible that some individuals employed different spatial trajectories along with timing strategies, differences in spatial strategies were not measured. See Table 2.



TABLE 2 Discontinuous trial times and strategies.
[image: Table showing data from discontinuous trials with and without auditory feedback. It lists strategies such as aiming for 800 ms IRI, taking more time, half target, and hybrid strategy. Columns display mean IRI in milliseconds, time in target, percentage of time in target, and participant ID. Data vary across strategies and feedback conditions.]



Additional analysis with continuous auditory feedback

Though the current study did not aim to investigate whether perceptual-motor matching aided timing (Braun Janzen et al., 2021), a preliminary investigation was done using continuous auditory feedback with two participants. Boxplots indicate that the CV was lower (i.e., lower variability) in conditions with continuous auditory feedback, for both continuous and discontinuous tasks. Interestingly, average IRI appeared to be more consistent (a narrower spread) across participants in the auditory task. These findings, although with a very small sample, suggest that continuous auditory feedback merits further investigation in autistic participants as an aid to motor timing. See Figures 5, 6.

[image: Box plot comparing CV percentage between auditory and no auditory conditions in continuous and discontinuous tasks. Continuous tasks show lower CV percentages. No auditory condition has higher variability in discontinuous tasks.]

FIGURE 5
 Differences in mean CV across tasks and conditions with continuous auditory feedback.


[image: Boxplot comparing the inter-response interval (IRI) in milliseconds for continuous and discontinuous tasks under auditory and no auditory conditions. The continuous task shows higher variability in the no auditory condition (yellow) compared to the auditory condition (blue). For the discontinuous task, both conditions show similar variability, with slightly lower values compared to the continuous task.]

FIGURE 6
 Differences in mean IRI across tasks and conditions with continuous auditory feedback.




Exit survey results

Most participants reported that the experiment was easy or somewhat easy (Figure 7). Responses to the question “Do you have anything you’d like to tell us about your experience?” were varied. Five participants left no comment. One participant reported: “I think the background noise from the practice rooms might have had an impact on my internal metronome-ing!” The experimental room was in a music building with practice rooms above, and the sound of pianists practicing could sometimes be heard in the room. It is possible that despite noise-cancelling headphones, the sound of the piano distracted some participants, though only one participant out of ten reported being distracted. Other participants reflected on the process of doing the experiment, stating: “I noticed when I did not have audio, my circles were circles. When I did, I’d pick the opposite point, go up and down. I do not know why”; “I had to pay attention to my technique even within the same trial. I adjusted my rhythm even within the same trial”; “Was interesting but a bit nervewracking [sic]. It was a bit vague from the instructions but I was able to get the hang of it quickly.” One participant simply wrote, “It was fun.” In general, most participants seemed to enjoy being part of the experiment, were curious about the general topic (motor skills in autism) and many requested (with affirmative response from the researcher) that a copy of the published results be shared with them.

[image: Bar chart showing the number of participants rating a task's difficulty: 1 rated as Easy, 5 as Somewhat Easy, 3 as Neither Easy nor Hard, 2 as Somewhat Hard, and 2 as Hard.]

FIGURE 7
 Participant perceptions regarding difficulty of the experiment.





Discussion


Task results

Participants in this study struggled more with their timing accuracy in the discontinuous circle-drawing than in the continuous circle-drawing task. The pattern of increased difficulty in the discontinuous task is similar to the results seen in Spencer et al.’s (2003) research with individuals with cerebellar lesions, who performed significantly more poorly on a discontinuous task than a continuous task. The current study’s results thus do not contradict research indicating the presence of cerebellar dysfunction in autism (Fatemi et al., 2012).



Implications of task results

The finding that the discontinuous circle task was more challenging for the participants in this study also echoes findings of Fabbri-Destro et al. (2009), who found that autistic individuals (in their case, children) struggled to chain multiple discrete actions together. Having difficulty chaining actions has real-world implications for movement tasks required of autistic individuals. For example, some autistic persons use augmentative and alternative communication (AAC) approaches to aid with interaction (Aydin and Diken, 2020). AAC strategies can include Picture Exchange Communication Systems in which the individual hands picture-cards representing needs or wants to a person who can assist them, and Speech Generating Devices in which the individual uses a touch-screen device pre-programmed with various words to communicate needs, which are then translated into electronic auditory speech by the device (Aydin and Diken, 2020). Other autistic individuals have found means of expression using keyboards or computers and independently typed their words. Importantly, both Speech Generating Devices and typing (when done with one finger) require a chain of discontinuous movements. Because continuous movements may be much simpler for autistic individuals, perhaps communication devices involving continuous motions rather than discontinuous motions could be developed for use by non-speaking autistic individuals. These devices could work with the strengths of autistic individuals’ motor systems (continuous motions) rather than trying to fit their communication using devices designed for the neurotypical motor system.



Condition results

Autistic participants performed with greater overall consistency (lower coefficient of variation) when they received discrete auditory feedback at the completion of each circle. This result was observed in both continuous and discontinuous conditions. Autistic adults rely more on auditory feedback for speech production as they experience more significant disruptions in speech than neurotypical adults when the sound of their speech in headphones is slightly delayed (Lin et al., 2015). Previous studies by Cibrian et al. (2020), Magrini et al. (2015), and Wilder et al. (2020) reported that software providing augmented auditory feedback is engaging and may improve some aspects of movement. The current study adds to this literature and explicitly demonstrates that auditory feedback can improve autistic individuals’ performance on motor timing.

Research on the use of auditory feedback is important in the clinical world because neurologic music therapy interventions such as Therapeutic Instrumental Music Performance (TIMP)® utilize both feedforward auditory stimulation (a metronome) and task-intrinsic auditory feedback (the sound of an instrument playing). However, reviews and preliminary studies on the use of music for movement in autism (aside from Cibrian et al., 2020) have largely focused on the potential of rhythmic auditory cueing alone as the main driver for change without examining the potential of auditory feedback (Hardy and Lagasse, 2013; El Shemy and El-Sayed, 2018). The current study supports the use and further research of auditory feedback to address motor timing in autistic individuals, and provides justification for future clinical studies of TIMP to address motor skills in autistic individuals. A pilot study conducted by the first author (under review) found that the motor skills of autistic children improved after a three-week, nine-session Neurologic Music Therapy (NMT)® intervention largely employing TIMP to address motor skills. More studies should continue to investigate the effects of intrinsic and augmented auditory feedback both independently and when used with rhythmic auditory cueing on motor functioning in autistic individuals.

Because timing consistency seems to be one of the functions of the cerebellum (Spencer et al., 2003), it is interesting that auditory feedback improved the coefficient of variation in the current study, given that autistic individuals are generally thought to experience cerebellar dysfunction (Fatemi et al., 2012). Future studies could examine by what mechanism auditory feedback allows for improvements in motor timing consistency.



Limitations

The main limitation of the current study is its small sample. It would additionally have been interesting to compare results with autistic adults to a control group of neurotypical participants, particularly regarding the performance on the continuous vs. discontinuous tasks. While like patients with cerebellar lesions, autistic adults struggled more with the discontinuous tasks than the continuous tasks, it is unknown whether their performance on continuous tasks is statistically different than that of neurotypical adults. A comparison group of patients with cerebellar lesions would provide additional information and insight regarding any similarities in performance between neurotypical and autistic adults and patients with cerebellar dysfunction.

Though the auditory feedback provided a statistically significant reduction in coefficient of variation, the effect size was small. More research is needed to measure whether the effects of auditory feedback can improve motor variability on motor tasks of everyday life that may be of interest to individuals in the autism community.




Conclusion

Autistic adults struggled more with discrete timing tasks than continuous timing tasks. Autistic adults can leverage augmented auditory feedback without the presence of a concurrent rhythmic auditory cue to decrease their movement variability at a precise level for continuous and discontinuous timing tasks. This paper provides support for the potential of music-based motor rehabilitation techniques involving augmented auditory feedback to decrease motor variability in autistic persons. More research is needed to ascertain the clinical potential of auditory feedback to improve various motor parameters to an extent that is meaningful for the everyday life experiences and needs of autistic individuals.
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Introduction

While meaningless gross motor imitation (GMI) is a common challenge for children diagnosed with autism spectrum disorder (ASD), this topic has not attracted much attention and few appropriate test paradigms have been developed.





Methods

The current study proposed a wrist rotation imitation (WRI) task (a meaningless GMI assignment), and established a WRI ability evaluation system using low-cost wearable inertial sensors, which acquired the simultaneous data of acceleration and angular acceleration during the WRI task. Three metrics (i.e., total rotation time, rotation amplitude, and symmetry) were extracted from those data of acceleration and angular acceleration, and then were adopted to construct classifiers based on five machine learning (ML) algorithms, including k-nearest neighbors, linear discriminant analysis, naive Bayes, support vector machines, and random forests. To illustrate our technique, this study recruited 49 ASD children (aged 3.5-6.5 years) and 59 age-matched typically developing (TD) children.





Results

Findings showed that compared with TD children, those with ASD may exhibit shorter total rotation time, lower rotation amplitude, and weaker symmetry. This implies that children with ASD might exhibit decreased WRI abilities. The classifier with the naive Bayes algorithm outperformed than other four algorithms, and achieved a maximal classification accuracy of 88% and a maximal AUC value of 0.91. Two metrics (i.e., rotation amplitude and symmetry) had high correlations with the gross and fine motor skills [evaluated by Gesell Developmental Schedules-Third Edition and Psychoeducational Profile-3 (PEP-3)]. While, the three metrics had no significant correlation with the visual-motor imitation abilities (evaluated by the subdomain of PEP-3) and the ASD symptom severity [evaluated by the Childhood Autism Rating Scale (CARS)] .





Discussion

The strengths of this study are associated with the low-cost measurement system, correlation between the WRI metrics and clinical measures, decreased WRI abilities in ASD, and high classification accuracy.





Keywords: autism spectrum disorder, meaningless gross motor imitation, wrist rotation imitation, inertial sensor, machine learning, classifier




1 Introduction

Autism spectrum disorder (ASD) is a life-long neurodevelopmental disorder characterized by deficits in social-communicative functioning and the presence of repetitive and restricted behaviors, interests, and activities (1), affecting approximately 1 in 36 children in the United States (2). Although motor impairment is not currently included in the diagnostic criteria for ASD, an increasing amount of research supports that there are pervasive gross motor impairments in individuals with ASD (3–5). For instance, recent prevalence studies based on the U.S. Simons Powering Autism Research (SPARK) database (total n=10,234-11,814; ages 5-15 years) have verified that a majority of children (86.9%) with ASD exhibit clinically significant gross motor impairments (6).

Systematic reviews and meta-analyses (3, 7, 8) have demonstrated that the association between gross motor abilities and social deficits in ASD is robust across social skills, study methods, and participant features, though the extent to which this association arises from direct causal influences between both domains or shared underlying genetic or neurological causes still remains unknown. Additionally, gross motor deficits in ASD could contribute to the development of social impairments over time by altering the ways in which individuals with ASD perceive and interact with others (3). This implies that gross motor impairments in children with ASD may compound existing vulnerabilities in the social domain (3).

Gross motor abilities involve several domains, including locomotion, balance and posture, object control, reaching, motor control and coordination, strength and agility, imitation, and broad composite (3, 9). Gross motor imitation (GMI) represents the capacity of an individual to replicate an observed motor. It involves the ability to transform perceptual information into a gross motor copy of it, and thus is regarded as one of the most important domains of gross motor abilities (9, 10). In particular, recent studies have shown that GMI is an extraordinary ability that is fundamentally linked to the development of language, social skills, and intelligence (11, 12). It should be noted that GMI can be subdivided into meaningful and meaningless GMI, which might exhibit two different neural mechanisms (13). Unfortunately, children with ASD may experience difficulties in GMI from a very early age (14, 15). Additionally, meaningless GMI cannot rely on prior knowledge of the motors themselves and might be correlated with visual attention to movements, and thereby appears to be appropriate for use in identifying ASD (3, 13, 16). For instance, studies have shown that individuals with ASD and healthy controls differ in meaningless GMI abilities (3, 13, 16).

While meaningless GMI is a common challenge for children with ASD, this topic has not attracted much attention (3). Thus far, only a few tasks have been proposed, such as imitation of full-body postures and imitation of sinusoidal arm movements (see 3 for a review). It is important to develop some new test paradigms of meaningless GMI to reveal the imitation impairments in individuals with ASD. Remarkably, the wrist rotation imitation (WRI) has been extensively used to evaluate the functional deficits and efficacy of rehabilitation in individuals with brain injuries (17–19). Additionally, due to its ease of implementation, the WRI has also been widely used in clinical neurological functioning testing for children. The current study aimed to test whether the WRI task can be adopted as a potential tool for the screening and diagnosis of ASD. Furthermore, it attempted to explore the factors to impact the imitation performances in the WRI task.

As a recent advancement in GMI assessment technology, research has attempted to use instruments to achieve objective evaluation (20). For instance, an infrared-based motion tracking system was adopted to record and analyze the kinematics during the imitation of sinusoidal arm movements (20). Results (20) demonstrated that: (i) individuals with ASD exhibited atypical kinematics; and (ii) they did not minimize jerk to the same extent as the healthy controls did, and instead moved with greater acceleration and velocity. However, due to the complexity of human motion, this infrared-based motion tracking system often results in low accuracy of (joint) position estimation. Furthermore, this motion tracking system is relatively expensive and needs a relatively large room to operate. Hence, it is necessary to consider less expensive measurement technologies, such as the use of low-cost inertial measurement units (21).

Taken together, this study adopted a WRI task and suggested the use of low-cost wearable inertial sensors, which integrated a three-axis accelerometer and a three-axis gyroscope together, to acquire the simultaneous data of acceleration and angular acceleration during the WRI task through the Internet of Thing technique (21). The main targets of this study included that: (i) deriving a few metrics to evaluate the WRI abilities from these acceleration and angular acceleration signals; (ii) testing whether there is a significant difference between both groups (i.e., children with ASD and healthy controls) in these metrics; (iii) examining whether these metrics could predict the gross motor abilities and the symptom severity of ASD; and (iv) exploring whether these metrics (taken as features) could be adopted to construct classifiers for the ASD identification using machine learning (ML) algorithms. To illustrate our technique, we recruited 49 children with ASD and 59 age-matched typically developing (TD) children, and extracted three metrics (i.e., total rotation time, rotation amplitude, symmetry) to evaluate the WRI abilities. This study aimed to test whether the suggested three metrics may be applied to distinguish the difference between both groups (i.e., ASD and TD groups) at the group difference level, as well as the individual difference level. This study also discussed the correlation between the three metrics and gross and fine motor abilities [evaluated by Gesell Developmental Schedules-Third Edition (22–25) and Psychoeducational Profile-3 (26–28)], as well as the correlation between the three metrics and the ASD symptom severity [evaluated by the Childhood Autism Rating Scale (CARS) (29–31)].




2 Method

The Ethics Committee of the Sanmenxia Center Hospital gave its approval (No. 2022066) to all study protocols and research techniques, ensuring that they adhered to the World Medical Association’s Declaration of Helsinki regarding the use of humans in testing. All participating children’s parents gave their informed consent, and each participant gave their oral consent before the experiment began.



2.1 Participants

This study was conducted in the Sanmenxia Center Hospital between March to August in 2023. We initially recruited 58 children (aged 3.5-6.5 years) from clinical cases, who were first diagnosed with ASD using the Childhood Autism Rating Scale (CARS) (29–31) and DSM-5 (1). We also recruited 111 TD children (aged 3.5-6.5 years) from a local kindergarten, and asked their teachers to classify their intelligence levels into five levels: “excellent”, “above average”, “average”, “below average”, and “very poor”. The teachers reported that all participating children had “average” intelligence level. They further reported that all participating children had no physical or mental disorders. It should be noted that all participating children with and without ASD were native Chinese speakers and right-handed.

Exclusion criteria were as follows: (a) abnormal hearing and vision functioning; (b) children with significant wrist motor impairment (checked by neurosurgery experts); (c) preterm birth; (d) girls; (d) IQ<70, measured by the Third Editon of Wechsler Intelligence Scale for Children (WISC-III); (e) the presence of pathological conditions including ADHD, epilepsy, and Tourette syndrome; and (f) incomplete clinical data associated with evaluation processing. Based on inclusion and exclusion criteria, a total of 49 ASD children (aged 4.97 ± 0.81 years) and 59 age-matched TD children (aged 5.11 ± 0.85 years) were invited to participate the current study. Each participating child received an age-appropriate toy after completing the study.




2.2 Experimental procedure

This study adopted a WRI task and suggested the use of a motor evaluation system, which acquired the simultaneous data of acceleration and angular acceleration during the WRI task through the Internet of Thing technique (21). Specially, as shown in Figure 1, the motor evaluation system consists of two low-cost wearable inertial sensors (with embedded Bluetooth wireless communication units), a Bluetooth gateway, and a laptop, and can be adopted to capture the simultaneous data of acceleration and angular acceleration during the WRI task. Before the experiment, the experimenter helped the participants wear the two inertial sensors on both wrists and ensured that their hand movements were not restricted by the presence of the watch strap. The WRI task was completed in a quiet room, and participants were asked to sit down facing the experimenter. Figure 1 also showed a scene that a subject was successfully imitating the wrist rotation of the experimenter.


[image: An experiment setup with a child and an adult sitting across a table. The child, labeled as "Subject," wears six-axis inertial sensors and faces the adult, labeled "Experimenter." A laptop and Bluetooth gateway are positioned on the table between them. Another person is in the background on the left.]

Figure 1 | A scene showing that a subject was imitating the wrist rotation of an experimenter, where the subject wore two wearable six-axis inertial sensors on both writs to capture the three-axis accelerometer and three-axis gyroscope signals which were simultaneously sent to the laptop through the Bluetooth gateway.



Figure 2 summarized the experimental flow chart. As shown in Figure 2, the task consisted of a total of three blocks. Each block had a 20-second imitation duration, and there was a 10-second resting period between two blocks. During each block, the participants were instructed to replicate the experimenter’s hand movement, which involved rotating his hands back and forth about twice a second. Meanwhile, six channels of real-time data, including three-axis acceleration and three-axis angular acceleration signals, were captured at a sampling rate of 50 Hz by each inertial sensor during the WRI task. Through the Bluetooth gateway, six channels of data were simultaneously delivered to the laptop (as illustrated in Figure 1). The entire experiment lasted approximately 100 seconds. Figure 3 illustrated the three-axis acceleration and three-axis angular acceleration signals of two samples, who were randomly chosen from both groups (i.e., ASD and TD groups), respectively. There are visible differences in the acceleration and angular acceleration signals between both samples.


[image: Diagram illustrating a sequence with alternating durations of 10 and 20 seconds labeled at the top. Below, an image shows a man and a child sitting across a table, engaged in a wrist rotation imitation activity. A laptop is positioned between them.]

Figure 2 | Experimental flow chart, including three blocks. Each block included a 20-second imitation duration with an interval of 10 seconds between two blocks for resting.




[image: Twelve line graphs labeled A to L show acceleration and angular acceleration data over time. Graphs A, B, and C display acc(x), acc(y), and acc(z) with values between zero and ten. Graphs D, E, and F show ang_acc(x), ang_acc(y), and ang_acc(z) with values ranging from negative one thousand to one thousand. Graphs G to I repeat acc(x), acc(y), and acc(z), while graphs J to L repeat ang_acc(x), ang_acc(y), and ang_acc(z). The x-axis represents time in seconds from zero to forty.]

Figure 3 | Curves plotting acceleration and angular acceleration signals of two samples (i.e., a TD subject and an ASD subject) during the WRI task. (A–C) three-axis (i.e., x, y, and z axis) acceleration signals of the TD sample; (D–F) three-axis (i.e., x, y, and z axis) angular acceleration signals of the TD sample; (G–I) three-axis (i.e., x, y, and z axis) acceleration signals of the ASD sample; and (J–L) three-axis (i.e., x, y, and z axis) acceleration signals of the TD sample.



Before a formal experiment, participants were instructed to do some practice for the understanding of the whole experimental procedure. A calibration procedure would generally be conducted for each inertial sensor, which would be statistically placed on a horizontal table for 1 minute. In particular, the three-axis accelerometers and three-axis gyroscopes would be calibrated using the least squares algorithms (32) and Allan variance (33), respectively.

ASD participants were further required to attend three clinical (behavioral) evaluations utilizing the Gesell Developmental Schedules (Third Edition) (22–25), Childhood Autism Rating Scale (29–31), and Psychoeducational Profile (Third Edition) (26–28), respectively. A senior expert (with professional experience more than 10 years) carried out the clinical (behavioral) measures for all participants with ASD. The senior expert had training in administration of all tools used in this study.




2.3 Metrics extracted to evaluate WRI abilities

The raw six-channel data (including three-axis acceleration and three-axis angular acceleration signals) were interpolated with the piecewise cubic Hermite interpolating polynomial method and filtered with a second-order low-pass Butterworth filter (with 10 Hz cut-off), respectively. These data were further filtered using the Kalman filtering. For the data (time-series) after the aforementioned preprocessing, three metrics (i.e., total rotation time, rotation amplitude, and symmetry) were extracted to evaluate WRI abilities.

	(1) Total rotation time: Total rotation time (TRT) refers to the duration time that a participant sustains to rotate his/her wrist during each block. The maximum value of TRT in the three blocks would be chosen as the TRT of an individual. The longer the total rotation time, the stronger the ability to sustain the imitation of wrist rotation.

	(2) Rotation amplitude: Rotation amplitude (RoA) refers to averaged rotation angle over two adjacent peaks during each block, and can be calculated as follows:


[image: Formula for RoA: RoA equals one divided by N minus one times the sum from i equals zero to N minus one of the integral from P sub i to P sub i plus one of the absolute value of omega of t dt.]	
N is the total number of sampling points; Pi is the value of the i-th peak point; and [image: Mathematical notation showing omega of t in parentheses.]  is the angular velocity of the y-axis. The maximum value of RoA in the three blocks would be chosen as the RoA of an individual. The greater the value of RoA, the stronger the ability to track the wrist rotation of the experimenter.




	(3) Symmetry: Symmetry refers to the difference of rotation motion between the right and left wrists during each block, and can be calculated as follows:


[image: Symmetry is calculated as one minus 0.7 times the absolute difference between RoA1 and RoA2, divided by the maximum of RoA1 and RoA2, minus 0.3 times the absolute difference between RoF1 and RoF2, divided by the maximum of RoF1 and RoF2, all squared.]	
[image: Mathematical expression displaying "RoA" with a subscript "i".]  and [image: The text "RoAᵣ" in italicized font, with a subscript "r".]  are the rotation amplitude of the left and right wrists, respectively; [image: Text displaying "RoF₁" in an italic font style.]  and [image: The text "RoF_r" is shown, with the subscript "r" following "RoF".]  are the rotation frequency of the left and right wrists, respectively; and max(k, h) refers to the maximum value between the values k and h. The maximum value of symmetry in the three blocks would be chosen as the symmetry of an individual. The greater the value of symmetry, the better the consistency of rotation motion between the right and left wrists.







2.4 Clinical measures

All ASD participants were required to attend the following clinical evaluations, which were associated with developmental level and symptom severity of ASD.



2.4.1 Gesell developmental schedules-third edition

The Chinese version of GDS-3 (22–25) is a popular and psychometrically valid scale in China, which provides a developmental profile for children aged from 16 days to 6 years old in five domains (i.e., gross motor, fine motor, adaptability, language, and personal social behavior). Gross motor (GM) domain involves an individual’s postural reaction, e.g., head stability, sitting, standing, crawling, and walking; while fine motor (FM) domain reflects an individual’s ability to grasp, manipulate objects, and coordinate hands and eyes. Adaptability (AD) domain reflects an individual’s ability to: (i) percept the organization and relationship of objects (e.g., toys); and (ii) decompose the whole of an object into its components, and recompose these components into a whole in a meaningful way. Language (LA) domain involves receptive and expressive language skills; while personal-social behavior (PSB) domain reflects an individual’s abilities in interpersonal communication and self-care.

GDS-3 offers a number of Gesell developmental standards for each domain, which involve 24 developmental milestones in 4 weeks, 8 weeks, 12 weeks, 16 weeks, 20 weeks, 24 weeks, 28 weeks, 32 weeks, 40 weeks, 44 weeks, 48 weeks, 52 weeks, 56 weeks, 15 months, 18 months, 21 months, 24 months, 30 months, 36 months, 42 months, 48 months, 54 months, 60 months, and 72 months, respectively. Furthermore, each developmental milestone contains a few items. The target of the evaluator is to check the items in each milestone one by one to see if the subjects can pass or fail. After that, the developmental age (DA) can be computed by:

[image: Formula for DA, which equals the sum of W subscript i times N subscript i, divided by the sum of N subscript i.]	

where [image: Capital letter "N" with a subscript lowercase "i."]  is the number of items in the milestone [image: Italicized letter "W" subscripted with the letter "i".]  that the subjects can pass.

Finally, developmental quotient (DQ) score can be determined by:

[image: The formula shown is "DQ equals 100 times DA divided by CA."]	

where CA is the chronological age.

In this way, GDS-3 offers a DQ score to evaluate the child’s development level for each domain, and thus retrieves five DQs (i.e., Gesell-GM-DQ, Gesell-FM-DQ, Gesell-Ad-DQ, Gesell-La-DQ, Gesell-PSB-DQ) for each individual. An individual can be classified according the following rule: a subscale DQ less than 76 points indicates a developmental delay; a quotient between 76 and 85 points is slightly below the threshold for developmental delay; and a quotient greater than or equal to 86 points indicates normal development. The reliability of GDS-3 in the Chinese population ranged from 0.90 to 0.97 for all domains (34).




2.4.2 Childhood autism rating scale

This study adopted the original version (i.e., the first edition) of the CARS scale, which was a 15-iem scale and conducted by highly trained raters (29, 31). It evaluates behavior in 14 domains that are typically affected by severe autism-related issues as well as one general category of impressions of autism, with the goal of differentiating autistic children from those with other developmental disorders. The assessment was based on data gathered through a variety of techniques, including direct observation, parent interviews, and analysis of previously collected clinical data. Scores for each item range from 1 to 4, with 1 denoting behavior appropriate for the age level and 4 denoting extreme deviation from the expected behavior for the age level. According to the total CARS score (i.e., the sum of the scores for all items), each child may be labeled as “not autistic” (score below 30), “mild or moderately autistic” (scoring between 30 and 36), or “severely autistic” (score above 36). The reliability and validity of CARS scale in the Chinese population were 0.73 and 0.97, respectively (30).




2.4.3 Psychoeducational profile-3

The PEP-3 (26) is a norm-referenced scale measuring development and maladaptive behavior in children with ASD between the developmental ages of 6 months to 7 years (26). The PEP-3 includes two major components: the Performance Test and the Caregiver Report. This study only considered six subsets in the Performance Test, including Cognitive Verbal/Preverbal (PEP3-CVP), Expressive Language (PEP3-EL), Receptive Language (PEP3-RL), Fine Motor (PEP3-FM), Gross Motor (PEP3-GM), and Visual-Motor Imitation (PEP3-VMI) skills. It should be noted that these six subsets are adopted to measure the developmental level of children. Previous studies have shown that the Chinese version of the PEP-3 has good psychometric properties and Cronbach’s alpha coefficients for all subscales were above 0.80 (27, 28).





2.5 Statistical analysis

Statistical analyses in this study mainly involved three aspects. Firstly, after confirming that our data failed to pass the normality test and variance homogeneity test, we performed a series of non-parametric two-way analysis of variance (ANOVA) for the suggested three metrics, where two factors were age and population-type. In addition, for post-hoc pairwise comparisons, we utilized the ART-C algorithm (35) with the Bonferroni correction applied to p-values to control the false discovery rate.

Secondly, we adopted the software toolbox, Weka 3.8.6 (36), to build ASD classifiers by five wildly-used ML algorithms, including k-nearest neighbors (KNN), linear discriminant analysis (LDA), naive Bayes (NB), support vector machines (SVM), and random forests (RF). The input variables included in the classifiers were the three rotation metrics (i.e., total rotation time, rotation amplitude, and symmetry), and the output variable was the group coding (0 and 1 were corresponding to TD and ASD children, respectively). To construct ML-based classifiers, we randomly divided the collecting data into training and testing datasets in a ratio of 90% to 10%, and determined the optimal parameters of each learning model by repeating 10 cross validation and grid search methods. The predictive performances of each classifier were evaluated using the receiver operating characteristic curve (ROC) analysis, which used three important indices, i.e., sensitivity, specificity and accuracy (37). Sensitivity and specificity further formed an integral index, i.e., area under the curve (AUC), which can be applied to evaluate model prediction performance (38, 39).

Thirdly and finally, for ASD participants, this study sought to explore the correlation between the suggested three metrics and clinical (behavioral) measures (including GDS-3, PEP-3, and the CARS scores) by Spearman’s correlation analysis without the control of false discovery rate.

All statistical analysis above was conducted with R language (version 4.3.1) (35, 40–42) and the significance level α was set at 0.05.





3 Results



3.1 Demographic information

This study involved 108 children, including 34 children (with 15 ASD children) aged 3.5-4.5 years, and 35 children (with 15 ASD children) aged 4.5-5.5 years, and 39 children (with 19 ASD children) aged 5.5-6.5 years old. Table 1 summarizes detailed demographic features. The chi-square test results showed that the both groups (i.e., ASD and TD groups) were numerically matched in the three age groups (χ2 = 0.29, p=0.87).


Table 1 | Demographic information.

[image: Table showing age groups divided into three ranges: 3.5-4.5 years, 4.5-5.5 years, and 5.5-6.5 years. It compares numbers of ASD and TD individuals, with totals for each category, and provides chi-squared and p-values at the bottom.]




3.2 WRI features

For each of the suggested three metrics, we conducted a two-factor non-parametric ANOVA to test the main effects and their interaction. Figure 4 summarized our results and showed that: (i) the main effect of population-type was significant for total rotation time, rotation amplitude, and symmetry (F: 70.87, 14.72, 15.49; p’s<1×10-3, η2: 0.41, 0.13, 0.13); and (ii) the main effect of age was significant for rotation amplitude, only (F=4.34, p=0.02, η2 = 0.04), but there was no significant main effect of age for total rotation time and symmetry (F: 0.80, 1.89; p’s>0.05; η2: 0.02, 0.04). In addition, there was no significant interaction between population-type and age for all the three metrics (F: 0.96, 0.66, 2.23; p’s>0.05; η2: 0.02, 0.01, 0.04).


[image: Four bar graphs labeled A to D compare metrics between different groups. Graph A shows higher total rotation time for TD than ASD with statistical significance (***). Graph B presents higher symmetry in TD compared to ASD, also with significance (***). Graph C displays greater rotation amplitude in TD versus ASD, again significant (***). Graph D compares rotation amplitude across age groups (3.5-4.5 years, 4.5-5.5 years, and 5.5-6.5 years), showing an increase with significance (*).]

Figure 4 | Post-hoc pairwise comparisons of the three metrics: (A) total rotation time; (B) symmetry; and (C) rotation amplitude. (D) illustrating age difference in rotation amplitude. *: p<0.05, ***: p<1×10-3.



We carried out post hoc tests and found that: (i) Children with ASD had shorter total rotation time than TD children (t=-8.42, p<1×10-3, Cohen’s d=-1.63), as shown in Figure 4A; (ii) Children with ASD had weaker symmetry than TD children (t=-3.84, p<1×10-3, Cohen’s d=-0.74), as shown in Figure 4B; (iii) Children with ASD had lower rotation amplitude than TD children (t=-3.94, p<1×10-3, Cohen’s d=-0.76), as shown in Figure 4C; and (iv) ASD children aged 3.5-4.5 years had lower rotation amplitude than those aged 5.5-6.5 years (t=-2.91, p=0.01, Cohen’s d=-0.69, adjusted), but there was no significant difference of rotation amplitude in other pairwise comparisons, as shown in Figure 4D.




3.3 Classification

We constructed five classifiers using KNN, LDA, NB, SVM, and RF, and compared their performances using the ROC analysis. Table 2 summarized our results, and showed that the NB classifier achieved the best performance with an accuracy of 88% and AUC value of 0.91. In addition, the performance ranking of the five classifiers may roughly be as follows: NB>SVM>RF>KNN>LDA.


Table 2 | Quantitative evaluation results of prediction performance.

[image: Table comparing classifiers on specificity, sensitivity, accuracy, and AUC. KNN: 0.90, 0.80, 85%, 0.89. LDA: 0.90, 0.78, 84%, 0.90. NB: 0.91, 0.83, 88%, 0.91. SVM: 0.89, 0.81, 85%, 0.90. RF: 0.85, 0.84, 85%, 0.89.]




3.4 Correlation analysis

To examine the association between the three metrics and clinical (behavioral) measures using GDS-3, CARS, and PEP-3, we carried out a series of Spearman’s correlation tests for ASD participants. Table 3 summarized our results and showed that: (1) Total rotation time positively correlated with PEP3-CVP, PEP3-EL, PEP3-RL, and PEP3-FM (r’s: 0.33~0.47, p’s<0.05); (2) Rotation amplitude positively correlated with PEP3-GM, Gesell-Ad-DQ, Gesell-GM-DQ, Gesell-FM-DQ, Gesell-La-DQ, and Gesell-PSB-DQ (r’s: 0.33~0.48, p’s<0.05); and (3) Symmetry negatively correlated with PEP3-CVP, PEP3-RL, PEP3-GM-DQ, Gesell-GM-DQ, and Gesell-FM-DQ (r’s: -0.35~-0.29, p’s<0.05); (4) PEP3-FM-DQ correlated with total rotation time (r=0.33, p<0.05); (5) PEP3-GM-DQ correlated with rotation amplitude and symmetry (p’s<0.05); (6) Gesell-FM-DQ correlated with rotation amplitude and symmetry (p’s<0.05); (7) Gesell-GM-DQ correlated with rotation amplitude and symmetry (p’s<0.05); (8) PEP3-VMI had no significant correlation with total rotation time, rotation amplitude, and symmetry (p’s>0.05); and (9) CARS score had no significant correlation with total rotation time, rotation amplitude, and symmetry (p’s>0.05).


Table 3 | Spearman’s correlation analysis results.

[image: A table displays correlations between variables and three measures: total rotation time, rotation amplitude, and symmetry. Significant correlations are bolded and marked with asterisks. For total rotation time, PEP3-CVP shows 0.36*, PEP3-EL 0.47*, PEP3-RL 0.39*, and PEP3-FM 0.33*. For rotation amplitude, notable values include Gesell-Ad-DQ at 0.45**, Gesell-GM-DQ at 0.40**, and Gesell-La-DQ at 0.48**. For symmetry, PEP3-CVP shows -0.35*, PEP3-RL -0.36*, and Gesell-GM-DQ -0.33*. CARS score metrics show minimal correlation.]





4 Discussion

Although children with ASD usually experience difficulties in meaningless GMI, few test paradigms have been devised. This study proposed a WRI task and established a WRI ability evaluation system using low-cost wearable inertial sensors. By this framework, three metrics (i.e., total rotation time, rotation amplitude, and symmetry) were extracted during the WRI task, which could be applied to reveal imitation impairments in children with ASD. In particular, our findings showed that children with ASD may exhibit decreased WRI abilities (evaluated by the three metrics). Furthermore, those decreases have been successfully applied to build ML-based classifiers in the current study. As far as we know, this is the first time to report such the concept and results, which illustrates a novel strategy for screening and diagnosis of ASD.

There are two distinctive kinds of GMI regarding the representational content of the observed actions (13). The first is the imitation of meaningless actions, for which an individual bypasses long-term memory and instead transforms visuospatial characteristics directly into motor representations (16, 43). This kind of imitation may activate brain regions belonging to the dorsal stream (16, 44). The second is the imitation of meaningful actions, for which an individual has a long-term memory template and thus can recognize the meaning or goal underlying the actions (43). This kind of imitation involves indirect semantic processing, which may activate brain areas belonging to the ventral stream (44). It is evident that WRI is essentially a meaningless GMI, does not rely on long-term memory, and may activate brain regions belonging to the dorsal stream (16, 44). Therefore, as verified in this study, WRI may be adopted as a potential assisted tool for ASD diagnosis.

Our findings (see Figure 4) showed that compared to TD children, those with ASD exhibited shorter total rotation time, lower rotation amplitude, and weaker rotation symmetry. Those decreases might be partially interpreted by the fact that children with ASD exhibit functional impairments in motor memory (45), motor planning (46), motor coordination (7, 47–50), and visual attention in imitation (16). In particular, a recent study showed that visual attention to movement area in children with ASD was positively related to imitation performance in meaningless gestures (16). This implies that children with ASD experience difficulties in directing and sustaining their visual attention to the movement area to perform the meaningless movements accurately (16). Our results also support this notion. Furthermore, visual attention in imitation and meaningless GMI might share the neural circuits associated with the dorsal stream (16, 44). Such the hypothesis might bring some new insights into the understanding of the meaningless GMI in individuals with ASD.

The Spearman’s correlation analysis results (see Table 3) revealed the association between WRI abilities and developmental levels (evaluated by GDS-3 and PEP-3 scales). In particular, the reliability and feasibility of our technique might be supported by the fact that two metrics (i.e., rotation amplitude and symmetry) had high correlations with the gross motor abilities (measured by the subdomain of GDS-3 and PEP-3 scales) and fine motor abilities (measured by the subdomain of GDS-3 scale). Language development has long been associated with motor development, particularly manual gesture (e.g., 51, 52). Our findings supported this notion, and found that (i) there is a significant correlation between total rotation time and expressive and receptive language skills (evaluated by the subdomain of PEP-3) and; and (ii) there is a significant correlation between symmetry and receptive language skills (evaluated by the subdomain of PEP-3). However, this study also found that the three metrics had no significant correlation with the visual-motor imitation (measured by the subdomain of PEP-3). This might be interpreted that our WRI task is fairly simple and cannot cover all visual-motor imitation skills that should be acquired for children with ASD. In addition, this study also showed that there is no significant correlation between the three metrics and the symptom severity (measured by the CARS score). This implies that these metrics cannot be applied to predict the symptom severity of ASD. Thus, it will deserve to suggest more complex GMI tasks or/and extract more powerful motor metrics for the prediction of ASD symptom severity.

Since children with ASD may usually exhibit impaired motor functioning, many researchers attempted to establish ML-based classifiers utilizing various kinematic features for screening and even diagnosis of ASD (4, 53–60). For instance, Zhao et al. (58) constructed five ML prediction models, in which kinematic features were extracted from a hand movement task. They showed that a maximum classification accuracy of 88.37% was reached with the k-nearest neighbor (58). Similarly, Zhao et al. (60) extracted kinematic features from head movement, and achieved a maximum classification accuracy of 92.11%. Remarkably, kinematic features from other motor tasks (e.g., head movement, touch-sensitive tablet interaction, reach-to-drop task, and imitation of hand movements) have also been investigated in the identifying of ASD (53, 54, 56). Some studies also aimed to reveal the stereotyped behaviors of ASD by kinematic features (54, 61). Our study suggested using the WRI task and extracting the three metrics, and verified that: (i) individuals with ASD exhibited WRI impairments; and (ii) classifier with the naive Bayes algorithm achieved a maximal classification accuracy of 88% and a maximal AUC value of 0.91. Remarkably, our method can be completed within two minutes, and may be more convenient and faster than existing techniques.

Strengths of the current study include: (i) the usage of a rapid rotation motion evaluation framework using low-cost wearable inertial sensors, (ii) the suggestion of three metrics correlated with developmental levels (evaluated by GDS-3 and PEP-3 scales), and (iii) the construction of a classifier with a classification accuracy of 88% and an AUC value of 0.91. However, there are also some limitations. First, in order to control the influence of sex, we exclusively invited boys to participate in our study. Even though some studies showed that sex composition did not significantly predict effect size (see 3 for a review), it is still necessary to test whether the inclusion of girls in the sample would have an impact on the current study’s findings. Second, we only invited children with IQ>70 to attend the current study because ASD children with IQ<70 may be difficult to imitate other’s motor behaviors, though our WRI task is very simple. It deserves to recruit the participants with IQ<70 and test the influence of IQ on the results. Third, we excluded TD participants with extremely low IQ levels only based on teachers’ reports, rather than conducting formal IQ tests on them. This limitation makes us unable to analyze whether IQ levels may have an impact on our findings. Fourth, participants from preschoolers were chosen in this study. This selection of participants prevents us from knowing whether our findings can also be applied to younger children with ASD. Therefore, it would be significant to extend the current technique to infants or toddlers (before 24 months) for early screening of ASD. Fifth and finally, we used the Gesell, PEP-3, and CARS scales to measure developmental abilities, and ASD symptoms, respectively. In future studies, it will be recommended to use ADOS-2 (62) or ADI-R (63) for describing the core symptoms of ASD, and use the Griffiths (64) or Mullen Scales of Early Learning (MSEL) (65) for evaluating developmental abilities.




5 Conclusion

We established a WRI ability evaluation system with low-cost wearable inertial sensors. Our findings showed that children with ASD may exhibit decreased WRI abilities. Those decreases have been successfully applied to construct classifiers using various ML algorithms. In particular, the classifier with the naive Bayes algorithm achieved a maximal classification accuracy of 88% and a maximal AUC value of 0.91. The high correlation of our method with gross motor and fine motor abilities (evaluated by the subdomains of GDS-3 and PEP-3) was observed. In addition, we also found that the suggested WRI task cannot cover all meaningless GMI domains and cannot predict the ASD symptom severity (measured by the CARS score). Given the strengths of the current study in terms of the low-cost and rapid measurement system, high consistency with clinical measures, and high classification accuracy, our WRI evaluation framework using low-cost wearable inertial sensors appears to hold promise as a rapid ASD screening approach from the data that currently exist.
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Level of autistic traits in neurotypical adults predicts kinematic idiosyncrasies in their biological movements
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Introduction: Over the last decade of research, a notable connection between autism spectrum disorder (ASD) and unique motor system characteristics has been identified, which may influence social communication through distinct movement patterns. In this study, we investigated the potential for features of the broader autism phenotype to account for kinematic idiosyncrasies in social movements expressed by neurotypical individuals.
Methods: Fifty-eight participants provided recordings of point-light displays expressing three basic emotions and completed the Autism Spectrum Quotient (AQ). We extracted kinematic metrics from the biological movements using computer vision and applied linear mixed-effects modeling to analyze the relationship between these kinematic metrics and AQ scores.
Results: Our results revealed that individual differences in the total AQ scores, and the sub-scale scores, significantly predicted variations in kinematic metrics representing order, volume, and magnitude.
Discussion: The results of this study suggest that autistic traits may intricately influence the movement expressions at the microlevel, highlighting the need for a more nuanced understanding of the potential endophenotypic characteristics associated with social movements in neurotypical individuals.
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1 Introduction

From early in development human social communication is centered around movements (Meltzoff and Marshall, 2018). Seminal research has demonstrated that a caregiver who abruptly stops moving during a social exchange with his or her infant can evoke anxiety in the infant (Tronick et al., 1978; Adamson and Frick, 2003). And several theoretical conceptions have posited that the coordinated exchange of movements with others is a nexus for the emergence of human social understanding (Meltzoff and Gopnik, 1993; Barresi and Moore, 1996; Moore, 1996; Gopnik and Meltzoff, 1994; Mundy, 2016). At the neurocellular level, perceptual-motor neurons serve as effectors of movement information. They have come to be known as mirror neurons. Their discovery in both nonhuman and human primates has expanded our understanding of the cortex as a resonance system, activated by the movements of others (Di Pellegrino et al., 1992; Gallese et al., 1996; Iacoboni et al., 1999). During the decades that have followed the discovery of mirror neurons, a large body of literature has emerged on the role of mirror neurons in social processes, including imitation, empathy, and even sociopathy, as well as the development of social functioning in autism spectrum disorder (ASD) (Iacoboni, 2009). Despite skepticism in the extent to which mirror neurons play a role in human social understanding, and in ASD (e.g., Hickok, 2009; Hamilton, 2013; Heyes and Catmur, 2022), mirror neuron research has shed light on the fact that movement is a fundamental source of information for social neurocognitive systems (Cook, 2016).

Movement differences permeate across the autism spectrum. Although descriptions of idiosyncratic movements in autistic children date back to the writings of Kanner, 1971 and Asperger (1944), interest in understanding the links between movement and ASD has burgeoned in the recent decade. A significant proportion of adults and children diagnosed with ASD present with differences in gross motor movements (Bhat, 2020; Bhat, 2021; Wang et al., 2022; Bhat et al., 2023), gait (Hallett et al., 1993; Esposito et al., 2011; Nobile et al., 2011; Weiss et al., 2013), the planning, control, and execution of goal-directed movements (Hughes, 1996; Glazebrook et al., 2006, 2009; Stoit et al., 2013), and fine motor movements (Beversdorf et al., 2001; Fuentes et al., 2009; Fournier et al., 2010; Johnson et al., 2013; Alaniz et al., 2015). Movement differences have also been associated with social, emotional, and behavioral disturbances (Freitag et al., 2007; Hilton et al., 2007; Sipes et al., 2011; Papadopoulos et al., 2012; Wang et al., 2022). Moreover, given that both action and perceptual feedback are integral for the accurate production of movements, it is likely that the motoric differences in individuals with ASD also alter their interpretation of social movements. The mechanism for such an impairment is posited to occur via a mismatch between the perception of movements and the observer’s internal representation of those movements (Aransih and Edison, 2019). For example, Gowen has proposed that many of the observed deficits in imitation in autism can be attributed to autistic children and adults failing to attend to relevant kinematic information that provides cues regarding intentionality and goals (Gowen, 2012). Because movement is nested in social behavior, and social impairment is a cardinal feature of autism, children with autism may not have learned the same nuanced social strategies that neurotypicals use such as attending to the subtle movement cues of others during social interaction (Gowen, 2012; Dawson and Toth, 2015; Chevalier et al., 2016).

Motoric differences can also alter the production of the dynamic, moment-to-moment behavior that is integral to social communication (e.g., Brewer et al., 2016; Cook, 2016; Aransih and Edison, 2019; Bokadia et al., 2020). However, investigation of such behavior topography requires analysis at what has been described the microlevel of social interactions (e.g., Whyatt, 2017). At this level, movement pattern nuances are not easily detected via direct observation nor standardized assessments tools. Rather, they require sensors that can track the movement dynamics over time. This idea is exemplified in the work of Bokadia et al. (2020), which has revealed how movements at the microlevel of analysis unfold during the semi-structured social tasks that are used in the Autism Diagnostic Observation Schedule (ADOS, Lord et al., 2012). By applying wearable sensors on examiner-examinee dyads, with the ADOS as a social platform, the authors have revealed fluctuations in the strength and coherence of the dyads that would not have been captured by the standard ADOS algorithmic scoring. In addition, their analysis uncovered an interesting mirroring effect that contributed to a bias in the way examiners lead their interactions with neurotypical examinees versus how they lead interactions with autistic examinees. Finally, they demonstrated that a microlevel analysis of movement was more sensitive at detecting male versus female differences in social interaction patterns than observational scoring. Thus, a microlevel analysis of movement can unveil yet to be discovered phenotypes of autism.

Along these lines, studies have also begun using movement tracking methods to quantify a variety of kinematic differences in individuals with ASD (e.g., Crippa et al., 2015; Foster et al., 2020; Vabalas et al., 2020; Cavallo et al., 2021). Rinehart and colleagues, for example, examined the kinematics of movements in a group of children diagnosed with ASD (DSM-V criteria level 1), a group of children who were at the time diagnosed with Asperger’s Syndrome (now classified under the broader category of autism spectrum disorder in the latest diagnostic criteria), and a group of neurotypical children (Rinehart et al., 2006). They used a target aiming task involving three difficulty levels. Movements were tracked as the children moved a stylus on a tablet either toward left or right circular targets. For all levels, several metrics from the horizontal and vertical components of the movements were extracted which included metrics of movement preparation time, total movement time, and the shape of the movement trajectory indexed by an asymmetry ratio.

The ASD group and the Asperger’s Syndrome group showed more pronounced deficits in movement preparation than movement execution regardless of the difficulty level of the task. In addition, the ASD group showed movement preparation deficits at all task levels, while the Asperger’s Syndrome group paradoxically showed movement preparation deficits with the simple but not the difficult tasks. Interestingly, the motor planning deficits in the ASD group appeared to resemble Parkinsonian like movement abnormalities. And the analyses of the total movement time indicated that the ASD group lacked any modulation for task expectancy, regardless of the task being predictable or not. Finally, the asymmetry ratio indicated poorer movement planning in the ASD group relative to the Asperger’s Syndrome group as seen by more time spent in the deceleration phase for expected movements than the acceleration phase.

In addition to movement planning differences, Cook et al. (2013) has demonstrated that individuals with ASD also produce more varied, jerky movements with greater acceleration and velocity fluctuations as compared to age-matched neurotypical individuals when performing repeated horizontal sinusoidal arm movements. The magnitude of these measures was also correlated with ASD severity. Other kinematic investigations have reported that the efficiency of movements is hampered in individuals with ASD. Fears and colleagues, for example, examined variability and the number of under- or over-shooting of a target while performing whole-body, goal-directed movements in children with ASD and neurotypical children (Fears et al., 2023). The task was to bring a virtual ball displayed on a large screen to a designated virtual target area appearing on the right or left side of the starting position by moving the entire body. Fears et al. (2023) reported that the time taken for completing the task was longer in the children with ASD, and they used more divergent and non-optimal paths compared to the neurotypical control group.

Additionally, the authors reported that children with ASD made similar numbers of over- and under-shoots while their neurotypical peers made more over-shoots when the target area was near and more under-shoots while the target area was far. The authors speculate that these findings are due to the lack of accurate estimation of the limits of stability, or an inability to alter the required motor strategies for achieving postural stability in children with ASD. Similar studies report that youth with ASD (7–18 years) show different whole-body movements compared to their neurotypical peers while playing active video games (Ardalan et al., 2019), particularly higher variability and entropy in their movement kinematics. Moreover, Trujillo and colleagues have demonstrated diagnostic group differences in gesture kinematics by utilizing a Microsoft Kinect to record movements while participants performed instrumental daily actions such as cutting paper with scissors (Trujillo et al., 2021). Compared to neurotypical adults, the hand movements of autistic adults showed a slower peak velocity (maximum velocity of either hand) or were characterized by a longer duration of holding a static position prior to restarting the movement (hold time). These pauses in movement are interpreted to reflect greater segmentation in the movements of autistic individuals. The authors also observed greater variability in the movement profiles for the autistic group compared to the NT group, consistent with other reports (e.g., Gowen and Hamilton, 2013).

Expanding the potential for motor behaviors as biomarkers, Wu and colleagues have made strides in characterizing neurodevelopmental levels through movement analysis in individuals with ASD. By examining hand trajectories and speed profiles during a pointing task among participants with ASD, neurotypical individuals, children, and parents of those with ASD, they introduced an R-parameter—devised via a machine learning algorithm—to quantify motor noise. This metric not only elucidates movement disturbances in ASD but also reflects the neurodevelopmental trajectory, differentiating between stages of maturity and varying ASD severity. The R-parameter, indicative of nuanced motor control, aligns jerkier movements and slower speeds with increased ASD severity, thus reinforcing movement analysis as a nuanced lens through which the severity and developmental aspects of ASD may be understood (Wu et al., 2018).

Continuing from their machine learning innovations, Wu et al. observed that the movement transitions within the ASD group did not align with the expected maturation patterns post seven years of age, highlighting a potential biomarker for developmental delays. The R-parameter’s ability to identify ASD severity also showed a significant correlation with established psychiatric assessment scores, strengthening its validity as a diagnostic tool. Furthermore, the detection of movement disturbances in the parents of ASD participants implies a filial component, suggesting that such kinematic differences may serve as subtle indicators of the broader autism phenotype. This data-driven methodology underscores the value of movement analysis in differentiating neurodevelopmental trajectories and reinforces the concept of utilizing movement kinematics not only in identifying ASD but also in potentially screening neurodevelopmental variances within family lines.

Recent advancements in understanding movement kinematic differences in ASD underscore a compelling avenue of inquiry: the potential association between such kinematic differences and levels of autistic traits within the neurotypical population. Notably, autistic traits, which can reflect a spectrum of social, communicative, and behavioral features, can manifest in varying degrees of intensity. These traits, even in their milder, sub-clinical form, have been conceptualized as nuanced expressions of features often associated with autism (Folstein and Rutter, 1977). This spectrum, reflective of the broader autism phenotype (BAP), suggests that autistic traits are not necessarily confined to those with a clinical diagnosis of ASD but can extend into the neurotypical population, presenting as attenuated, autistic-like qualities. The exploration of these traits in relation to their kinematic expressions presents a unique opportunity to broaden our understanding of how movement can be influenced by autistic traits.

To our knowledge, there is only one study that has examined links between the BAP and movement patterns in neurotypical individuals. Granner-Shuman and colleagues recorded the hand movements of neurotypical college students during a motor coordination task with a research assistant (Granner-Shuman et al., 2021). The authors defined interactional synchrony as the degree to which the form of the hand and fingers was symmetrical between the participant and research assistant. Measures for the motor planning task included the start time of movement and the time and magnitude of the maximum speed. Autistic traits were measured using the Autism Spectrum Quotient (AQ, Baron-Cohen et al., 2001) with a particular focus on the communication subscale. Results revealed significant negative correlations between communication skills and interactional synchrony, and between communication skills and movement start time. Mediation models additionally revealed that relationships between AQ Communication and interactional synchrony were mediated by motor functioning. The authors suggest that those with higher levels of autistic traits tend to form motor plans and execute the subsequent movements faster, which they argue is linked to a reduced ability to synchronize with others.

Additional studies highlight the role of AQ subscales might play in the nuanced variations in biological motion perception and the neural underpinnings of social cognition. These domains are linked to observable behavioral distinctions and neural activity. For example, an elevation in autistic-like traits within the realm of communication has been correlated with a diminished capacity for the local processing of biological motion (Wang et al., 2022), potentially reflecting a hindered ability to leverage prior social experiences in anticipating the movements of others, as posited by Puglia and Morris (2017). Such insights underscore the role of distinct autistic traits, especially those pertaining to social skills and communication, in understanding social interaction dynamics. Furthermore, the subscales addressing attention switching and imagination have also been identified as significant contributors to neural differences during the perception of biological motion (see Puglia and Morris, 2017; Hudson et al., 2023).

In the current landscape of biological motion research in autism, a significant focus has been placed on the perceptual dimensions. However, our investigation places an emphasis on how autistic traits might manifest in the microlevel structure of biological movements. By integrating AQ subscales into our analytical framework, we seek to not only broaden our understanding but also pave the way for new hypotheses and insights into the interplay between the different types of autistic traits and nuanced micromovement expressions. The AQ is divided into subscales tapping into 5 trait constructs associated with autism: communication, social skills, attention to detail, attention switching, and imagination. Higher scores on each subscale reflect elevated levels of autistic traits for that construct. We posit that each of these traits may or may not play a role in idiosyncrasies in micro-movement patterns during social expressions. For example, questions regarding communication and social skills assess an individual’s proficiency and comfort in social settings. Elevated scores in these subscales could influence the nuances of social movement kinematics, as they reflect the individual’s ability to interpret social cues and respond with appropriate expressivity. The attention to detail subscale captures the degree to which individuals notice and prioritize subtle and specific aspects of their environment, such as intricate patterns, faint sounds, and minute details often missed by others. This heightened perceptual sensitivity could also influence the intricacy of social movement production. Individuals with elevated scores on this subscale could exhibit unique motor patterns influenced by a more nuanced perception of the world.

Attention switching taps into an individual’s flexibility in transitioning between activities and conversations, even deviating from pre-established plans. This cognitive flexibility is likely relevant to the context of social movement production in that individuals who show elevated scores in attention switching may manifest differential movement dynamics in real-time, which is crucial given the fluid nature of social exchanges. Finally, the imagination subscale focuses on one’s ability to effortlessly imagine and understand others’ experiences, whether during pretend games or while reading stories. This ability to mentally simulate and empathize with diverse social experiences possibly plays a role in shaping the production of social body movements. Individuals with elevated scores on the imagination subscale may have unique internal models of movements (Wolpert et al., 1995). Consequently, variations in this subscale could lead to a more nuanced understanding of the links between imagination and the articulation of internal states through movement. Thus, by including AQ subscales we can examine which specific BAP features that comprise the AQ (if any) play a more dominant role in modulating movement idiosyncrasies.

In this paper, we unveil our initial findings from a comprehensive study examining mappings between the BAP and whole-body kinematics during emotional expressions. These insights are part of an ambitious ongoing project aimed at harnessing visual intelligence in human movement analysis as a potential digital phenotyping approach for autism. Our research is driven by the understanding that movement, as a direct reflection of neurological processes, provides a distinctive lens through which we can explore the nuanced variations in movement expressiveness that span the endophenotypic spectrum. Building on existing research that delineates movement discrepancies in individuals with ASD and their implications for social communication, we hypothesized a linear relationship between heightened levels of broader autism phenotype (BAP) traits in neurotypical individuals and the manifestation of idiosyncratic kinematic features. However, given the exploratory nature of our study, and the scarcity of prior research directly investigating these specific relationships, we did not posit the explicit directionality of the linear relationships between BAP traits and kinematic features. Our aim was to illuminate potential patterns and associations that may lay the groundwork for future focused and hypothesis-driven inquiries.



2 Materials and methods


2.1 Biological movements repository

A repository of point-light display recordings was furnished by volunteer study participants (N = 58). The participants were college students within the age range of 18 to 33 years. We specifically targeted college students to obtain a sample with minimal age-related variability in movement patterns, which could potentially confound the investigation of specific kinematic features of interest. The sample age range is considered to represent a period of optimal kinematic efficiency in bodily movements among neurotypical individuals (Hines Woollacott and Shumway-Cook, 1990; Honda et al., 2022; Muschter et al., 2023). The participants were recruited via course announcements, campus online listservs, and community flyers. Each participant received an electronic gift card of small monetary value for their participation. All aspects of this study have been approved by the Human Subjects Institutional Review Board of Indiana University. Participant characteristics are summarized in Table 1.



TABLE 1 Sample characteristics.
[image: Table displaying characteristics of 58 participants. Age statistics: mean 22.0, median 21.0, SD 3.3, range 18.0 to 33.0. Sex distribution: 47 females (81%), 11 males (19%). Autism Spectrum Quotient (AQ) overall and subcategories: Communication (mean 3.26), Social skills (mean 3.91), Attention to detail (mean 5.38), Attention Switch (mean 5.36), Imagination (mean 2.59), with respective ranges.]

The point-light displays (PLDs) in our repository are a configuration of moving points that depict human biological motion (Johansson, 1973). We chose to use PLDs in our study because we wanted to isolate movement from other pictorial cues that are present in standard video to simplify the movement analysis. The biological movements in the repository depicted different emotional expressions. Emotional expressions were selected because they contain a variety of movement kinematics to convey valence and intensity. Many emotional states are communicated through the whole body, including both vertical and horizontal movement, though arm movements and elbow flexion may be particularly informative (De Meijer, 1989; Sawada et al., 2003; Dael et al., 2013; Poyo Solanas et al., 2020). Only a subset of the emotion PLDs from the repository were included in our analyses. They were angry, happy, and fearful. In addition, a social functioning profile, linked to each participant, was compiled from a list of self-report instruments that are in line with the NIH Research Domain Criteria (RDoC) of social processes. In this paper, we focus on the BAP exclusively, which was assessed via the Autism Spectrum Quotient (AQ; Baron-Cohen et al., 2001); a self-administered 50-item questionnaire. The scores obtained on the AQ reflect the level of one’s autistic traits. Scores on the AQ can range from 0 to 50, where higher scores reflect more autistic traits, and 0–10 for the 5 subscales (described in the Introduction).



2.2 Generating point-light displays

PLDs were created using a motion capture setup consisting of a Microsoft Kinect camera and the Kinect-based biological motion capture (KBC) toolbox (Shi et al., 2018). The KBC toolbox captures depth information and body frame data at a sampling rate of 30 Hz thus recreating the participants’ biological movements in three-dimensional space. All PLDs produced with KBC included 25 points which mark crucial points such as head, shoulders, elbows, hands, spine, hips, knees, and feet. Recording each PLD involved having the participant stand in front of the Kinect camera mounted on a tripod and adjusted to about 1.4 meters. Once the Kinect captured the participant, a tracking point-light figure was displayed in the preview window of the KBC GUI. At that point, we made sure the participant’s entire body was centered within the frame by adjusting the Kinect camera’s angle and/or location to approximate an aspect ratio of 1:1 for each PLD recording. Once centered within frame, the participants were then explained that they were going to perform several discrete whole-body movements. They were instructed to try to remain in their position while acting out the movements to remain centered within the camera frame. Then an experimenter read aloud a brief prompt such as, “After returning from a weekend getaway, you find that your roommate has trashed your apartment and completely ignored your agreements, which makes you very angry.” After the prompt, the experimenter said the word “action” which signaled to the participants to perform the movements. The prompts were adapted from Scherer and Ellgring (2007). They were intended to prime the participants before producing each movement. A distinct prompt was read for each emotional movement type. No additional guidance was provided to the participants to allow for variability in their movements (e.g., Ma et al., 2006). The recording order for each PLD was randomized across subjects.



2.3 KBC data preprocessing

The KBC toolbox generates output in text file format. The files store spatial information for all the 25 points of the participant body represented by multiple rows containing a vector of x-y coordinates, with the x and y values denoting the spatial positions in the 2D plane. We note here that these coordinates are Cartesian coordinates for the pixel location of each tracked point, reflecting the locations of the tracked fiducial points in a two-dimensional space. The KBC tool facilitates the recording of these coordinates for subsequent analysis and interpretation in the context of biological motion research. Each subsequent row in the text file represents the next frame in the PLD recording.

Preprocessing of these output files was employed to attenuate several artifacts in the data. The first issue we encountered was several instances of recording overlap which resulted in duplicated data within a single text file. This issue was mitigated with visual inspection of the PLD to determine where the duplication occurred and then removal of any redundant data in the text file. Secondly, there were scenarios where the subject moved too close to the Kinect sensor during recording. This resulted in overflow-induced anomalies that manifested as large negative coordinate values. Instances of overflow-induced anomalies, although rare, were identified via visual inspection and the coordinate data from missing fiducial points within frames displaying overflow were removed. We also observed incomplete and/or missing PLD points in the text files resulting from the KBC failing to capture specific points during recording sessions. In all cases, we applied a region-of-interest (ROI) method to reduce uncertainty in the location of body regions by including multiple tracked points within each ROI. Where only one point was missing from the ROI, the center of mass (CoM) of the ROI was calculated with the remaining points. Where more than one point within the ROI was missing, the ROI was marked as missing and removed from subsequent analysis. Finally, spurious signals, often arising from the initial and final movements captured by the camera, introduced noise to the dataset. To effectively mitigate these artifacts, a trapezoidal windowing function-based filtering technique was implemented. This procedure involved multiplying the extracted kinematic time-series by a trapezoidal signal to attenuate changes in the first (and last) 10% of data in every observation.



2.4 Defining regions of interest in the PLDs

As shown in Figure 1, a total of 4 regions of interest (ROIs) were defined based on the fiducial points labeled in the KBC toolbox: lower extremities (LE), right and left hand (RH and LH), and the head. As described in the results, our linear mixed-effects models included nested observations across these ROIs, with the ‘LE’ ROI used as the reference level in the model output. The ‘LE’ encompasses points corresponding to the legs and hips, and thus the CoM of this region reflects large scale motion of the subject in space. The ‘LE’ region shows markedly lower magnitude of displacement compared to, for example, the hand regions. Thus, we refer our smaller ROI kinematics to this larger, more stable ROI, to ground the results in the most global measure of movement. Prior movement studies have focused on similar ROIs, such as gait (Gong et al., 2020), balance (Kohen-Raz et al., 1992; Memari et al., 2014; Bojanek et al., 2020), upper limb movements (Mari et al., 2003; Wedyan and Al-Jumaily, 2016; Gamez Corral et al., 2020), and head movements (Vabalas et al., 2020). Differences in the postural control and upper limb movements have differentiated between ASD and neurotypical individuals (Lim et al., 2017; Fears et al., 2023).

[image: Diagram depicting a spatial arrangement of points within colored ovals on a black background. The top features labeled sections: "Head" in orange with a small oval, "LH" (left hemisphere) and "RH" (right hemisphere) in yellow with small ovals. Below is "LE" (lower extremity) labeled in blue with a larger oval. Each oval contains multiple white cross symbols.]

FIGURE 1
 Visualization of the 4 regions of interest (ROIs) defined based on the fiducial points labeled in the KBC toolbox: lower extremities (LE), right and left hand (RH and LH), and the head.




2.5 Digitized kinematics

Three digital kinematic features were extracted from the acceleration quantified in the PLDs: (1) entropy, (2) area under the curve (AUC), and (3) maximum acceleration (MAX). These measures were computed through the following sequence, illustrated in Figure 2:

	1. KBC coordinates were first normalized by dividing them by the distance between “Hip” edge points in the first 3 frames, to adjust for size of body in the frame of the camera.
	2. Within each frame, the coordinates of the included points were used to calculate the CoM for each of seven ROIs.
	3. Velocity (magnitude of CoM change between frames) and then acceleration (change in velocity) were quantified from discrete sets of 7 frames.
	4. Mean Abs (Acceleration) across the 7 frames is stored for use in quantifying MAX and AUC.
	5. a. (not in figure) acceleration values for the initial and final 10% of frames are multiplied by a triangle ramp to keep them close to 0 to account for instability in initial estimate of fiducial points by KBC.
	6. All acceleration values are stored for quantifying entropy.
	7. Digitized kinematics (per ROI, per emotional movement).
	8. a. entropy = sample entropy for all accelerations {tolerance = 0.2 * SD, embedding dimension = 3}
	9. b. AUC = integral of the windowed acceleration time-series.
	10. c. MAX = largest windowed acceleration.

[image: Flowchart depicting the calculation of mean acceleration per window and entropy from frames. It includes diagrams of frames with centers of mass, a window of seven frames, tables of velocity and acceleration, and a graph showing acceleration over windows. The process leads to storing acceleration data per frame to compute entropy.]

FIGURE 2
 Flow diagram for extraction of kinematic features from each point light display (PLD).


The Center of Mass (CoM) was computed as a weighted average of the spatial coordinates of all tracked points in each region of interest (ROI). In our analysis, all points were assigned equal weight, with each point given a mass value of 1. The calculation involved summing the products of the individual point coordinates (x, y) and their corresponding mass values, and then dividing them by the total mass. The formula for the CoM calculation is as follows:

[image: Formula for the center of mass in the x-direction: CoMx equals the sum from i equals one to n of x sub i times mass sub i, divided by the sum from i equals one to n of mass sub i.]

[image: Formula for the center of mass in the y-direction: CoM_y equals the sum from i equals one to n of (y_i times mass_i) divided by the sum from i equals one to n of mass_i.]

where [image: Italic lowercase letter "n" on a white background.]is the number of points in the ROI, [image: Mathematical notation representing the variable \( x \) with a subscript \( i \).], [image: Mathematical notation showing the variable \( y \) with subscript \( i \).]are the coordinates of the [image: Lowercase italic letter "i".]-th point, and all points are considered to have equal weight.

Acceleration, as the derivative of velocity, captures alterations in motion speed. It highlights sudden changes in movement, shedding light on the nuanced dynamics of emotional expression. Entropy quantifies the regularity or irregularity of acceleration magnitudes across the emotion expression. It provides insights into the complexity and unpredictability of motion patterns. A low entropy value indicates that the acceleration pattern exhibits a high degree of regularity and consistency. A high entropy value suggests that the accelerations are highly variable and unpredictable within the expression, signifying a more complex and irregular motion pattern. The AUC and MAX aspects of acceleration capture oblique information on the distribution of motion energy across the expression.

By quantifying these kinematic features from the displacement vectors, we gain a multidimensional understanding of how emotions manifest through body movement. This approach transcends the boundaries of visual perception, deepening our comprehension of the human emotional experience encoded in motion. These kinematic features, when considered collectively, provide a quantitative foundation for comprehensive analysis and comparison across various emotional states.




3 Results

To explore whether BAP features can predict the expression of idiosyncratic micro-movements, we first investigated the simple linear dependence of each digitized kinematic on each BAP feature separately for each ROI and TASK. Multiple significant correlations were observed for each of the three digitized kinematics. Several of the effects were observed across ROIs. These significant associations are for measures that are ultimately nested within subject both across the ROIs and the TASKs. Therefore, these linear regressions are not appropriate for describing the nuanced relationship of BAP to movement across the body. Nevertheless, the number and strength of these relationships suggested that a nuanced model could capture the overall pattern of BAP features to movement parameters.

To fully describe the results, linear mixed-effects models (LMEM) were employed that could account for the nested observations and repeated measures of movement. We fitted a series of LMEM (estimated using REML and nloptwarp optimizer) to examine the relationship between different digitized kinematics derived from the PLDs and different BAP features (i.e., autistic traits). We operationally defined BAP features from the scores obtained from the AQ (including subscale scores). Thus, 6 different BAP features and 3 target kinematic measures were examined. Table 2 lists the BAP features and target kinematic measures.



TABLE 2 List of the predictive Broad Autism Phenotype (BAP) features and the targets of the models.
[image: Table comparing BAP features as predictors with kinematic measures as targets. Predictors include AQ total, Communication, Social skills, Attention to detail, Attention switch, and Imagination. Targets include Entropy, Area under curve (AUC), and Maximum acceleration (MAX). Each feature was applied to each target, resulting in twenty-one models.]

Each LMEM had only one BAP predictor to maintain simplicity of the model and since the BAP features are collinear. Moreover, each BAP feature was used in three different LMEM—predicting different target kinematic measures (entropy, AUC, and MAX). The result was a total of 18 models. Included in the models were interactions terms between the BAP feature and the 3 emotion tasks, and the BAP feature and the 4 ROIs. In addition, the models included an age term, aiming to account for any residual age-related variations within our sample, and a sex term to control the influence of sex on our findings. The model structure was random intercepts for each participant and random slopes for emotion task within each participant. The use of 3 emotion PLDs containing 4 ROIs generated 12 observations per participant, resulting in 696 discrete observations. However, the sample contained observations with missing values due to recording equipment errors; therefore, the sample was further reduced to 676 observations. The function for each LMEM can be describe as follows:


[image: Equation representing a model: \( DK_{ijk} = b_0 + b_1BAP_{ijk} + b_2Sex_{ij} + b_3Age_{ij} + b_4BAP_{ijk} \times Task_{ijk} + b_5BAP_{ijk} \times ROI_{ijk} + u_{0j} + u_{1j} \times Task_{ijk} + e_{ij} \).]


Where:

	• DKij: Digitized kinematic measure k for observation i from participant j
	• BAPijk: BAP feature k for observation i from participant j
	• Sex
ij.
: Sex term for observation i from participant j
	• Age
ij
: Age term for observation i from participant j
	• Taskij - > {fear, anger, happy}: Emotion expression task k for observation i from participant j
	• ROIij - > {lower extremities, head, left hand, right hand}: Region of interests in the PLD for observation i from participant j
	• b0, b1, …, b3: Fixed effects coefficients
	• u0j: Random intercept for Task with participant j
	• u1j: Random slope for participant j
	• eij: Residual for observation i from participant j

We used R (R Core Team, 2023) and lme4 (Bates et al., 2014) to perform the LMEM analyses. Since we were only interested in exploring the predictability of kinematics from features of the BAP, we focus here only on the results in which a BAP features and interactions with BAP features significantly predicted a kinematic measure at a p-level less than 0.05. In addition, we performed a Holm-Bonferroni correction (Holm, 1979) for all p-values using the p.adjust function in R. This correction method adjusts the significance thresholds for all the multiple comparisons. A visual inspection of residual plots revealed deviations from homoscedasticity and normality for the AUC and MAX measures. These measures were therefore log-transformed prior to model fitting. However, there were no obvious deviations from homoscedasticity or normality for the entropy measures. Likelihood ratio tests comparing each of the 18 models indicated significantly better fitting models compared to a null model without any BAP feature as a predictor. However, BAP feature interactions with ROI also significantly improve the model fit. Therefore, the subsequent sections focus on the results of the beta coefficients, with a specific consideration of the fixed effects of each BAP feature and its interactions with Task and ROI to potentially predict digitized kinematics derived from human biological motion stimuli.


3.1 Autism Spectrum Quotient (AQ) and kinematic features

With respect to the relationship between Autism Spectrum Quotient (AQ) total scores and kinematic features, Holm-Bonferroni adjusted p values revealed that the relationship between AQ scores and Entropy was not significant at the reference level (β = 0.01, p = > 0.9). Conversely, at the reference level, for AUC and MAX, the negative coefficients (β = −0.05 for both, p = 0.021 for AUC and p = 0.005 for MAX) indicate that as autistic traits increase, the overall volume and peak of acceleration in their movements decreases. Negative coefficients, relative to the reference level, for AQ interactions with three ROIs in the context of Entropy (Head: β = −0.01, LH: β = −0.02, RH: β = −0.03; all p < 0.001) showed that higher AQ scores were associated with decreased ordered movements, particularly in these body regions. In contrast, positive coefficients for AUC and MAX (ranging from β = 0.02 to 0.10; all p < 0.001) highlight that autistic traits correlate with increased movement in these same regions. Across all models, interaction effects of AQ score with Task were not significant. There were also no significant effects based on sex and age. Results are presented in Table 3.



TABLE 3 Mixed effects model results for total score of the Autism Spectrum Quotient (AQ) as the feature.
[image: Table showing statistical data on entropy, AUC, and MAX for various features. Features include AQ, sex, age, and AQ interactions with regions of interest like head, left hand, and emotions. Each feature lists Beta values, confidence intervals, and p-values for three metrics. Parameters are analyzed under different conditions, with specific footnotes explaining confidence intervals and adjustments made to p-values.]



3.2 Communication and kinematic features

Similarly, there were significant relationships between the Communication subscale scores, and various kinematic features represented by Entropy, AUC, and MAX metrics at the reference levels: (ROI = Lower Extremity) and (TASK = Fear). Notably, a positive beta coefficient (0.07) with a significant p-value (0.005) in the context of Entropy suggests that the more neurodivergent the participant’s communication style was, greater randomness or variability manifested in their movements. Conversely, negative beta coefficients for AUC (−0.18) and MAX (−0.20), significant at p = 0.014 and p < 0.001, respectively, indicate that elevated scores on the communication subscale correlate with lower peak values and less area under the curve in movements, potentially reflecting more restrained motion. Further analysis reveals significant interactions between communication scores and specific ROIs. For instance, elevated communication scores predicted a decrease in Entropy, relative to reference level, in all three ROIs (Head: β = −0.06, LH: β = −0.11, RH: β = −0.12, all p < 0.001). The positive beta values for AUC and MAX across these ROIs, relative to the reference, indicate that the volume and intensity of movements in these ROIs tend to increase with elevated communication subscale scores. No significant interaction effects of communication skills with Task were observed. There were also no significant effects based on sex and age. Results are presented in Table 4.



TABLE 4 Mixed effects model results for the communication subscale of the Autism Spectrum Quotient (AQ) as the feature.
[image: A table comparing features against three metrics: Entropy, AUC, and MAX. It includes Beta, 95% confidence intervals, and adjusted p-values for factors like Communication, Sex, Age, and interactions like Communication with ROI, head, LH, RH, task, anger, and happy. The footnote clarifies acronyms and reference levels.]



3.3 Social skills and kinematic features

At reference level, positive beta coefficient (β = 0.06, p = 0.003) for the relationship between social skills and entropy indicates that individuals with higher scores in the social skills domain of the AQ tend to have greater complexity in their emotional movement patterns. Conversely, significant negative coefficients for both AUC (β = −0.23, p < 0.001) and MAX (β = −0.22, p < 0.001) reflect that elevated social skills scores are associated with decreased overall volume and peak movement values, respectively. Examination of interactions between social skills and specific ROIs revealed consistent patterns. Negative coefficients, relative to reference level, for entropy across all ROIs (Head: β = −0.05, LH: β = −0.09, RH: β = −0.10; all p < 0.001) suggest that higher social skills subscale score correlate with less randomness or more structured movements in these regions. Positive coefficients for AUC and MAX in these ROIs indicate that individuals with elevated autistic features in the social skills domain, reflective of a more neurodivergent social style, may engage in more pronounced movements. For all models, there were no significant sex differences or age effects. Furthermore, the interaction effects of social skills with specific tasks (anger and happiness) were not statistically significant. Results are presented in Table 5.



TABLE 5 Mixed effects model results for the social skills subscale of the Autism Spectrum Quotient (AQ) as the feature.
[image: Table displaying statistical analysis for features like social skills, sex, age, and their interactions across three metrics: Entropy, AUC, and MAX. It includes Beta, 95% confidence intervals, and adjusted p-values for each metric. Notable interactions include social skills with various regions of interest, showing significant adjusted p-values. Annotations explain metric definitions and reference levels.]



3.4 Attention to detail and kinematic features

The positive coefficient for entropy (β = 0.06, p = 0.018) at the reference level suggests that higher subscale scores in attention to detail are associated with increased complexity or randomness in movement patterns. Scores on the attention to detail subscale were not associated with AUC at reference. The significant negative coefficients for MAX (β = −0.20, p < 0.001) indicate that elevated attention to detail sores correspond with lower overall peak values. This could reflect a more controlled or restrained motor output among individuals who focus intensively on details. Negative coefficients for entropy in these specific ROIs (Head: β = −0.05, LH: β = −0.09, RH: β = −0.10; all p < 0.001) reveal that higher attention to detail is linked with less variability in these specific areas. The positive coefficients for AUC and MAX (ranging from β = 0.09 to 0.37; all p < 0.001) further suggest that individuals with high attention to detail may engage in more pronounced movements. For all models, no significant sex differences or age effects were found. Interaction effects between attention to detail scores and Task was not significant. Results are presented in Table 6.



TABLE 6 Mixed effects model results for the attention to detail subscale of the Autism Spectrum Quotient (AQ) as the feature.
[image: Statistical table showing the relationship between various characteristics and the metrics Entropy, AUC, and MAX. It lists beta values, 95% confidence intervals, and adjusted p-values for characteristics like attention to detail, sex, and age. Interactions with regions of interest include attention to detail with the head, left hand, right hand, task, anger, and happiness. Notes specify CI as confidence interval and define terms like AUC and ROI.]



3.5 Attention switching and kinematic features

Although scores on this subscale did not predict entropy at the reference level, significant negative coefficients for AUC (β = −0.23, p < 0.001) and MAX (β = −0.20, p < 0.001) were observed at the reference levels showing that higher attention-switching subscale scores were associated with a reduction in acceleration volume and peak values in movements. Similarly, the interactions between attention switching scores and specific ROIs revealed negative coefficients for Entropy across these ROIs (Head: β = −0.05, LH: β = −0.09, RH: β = −0.10; all p < 0.001). In contrast, there were positive coefficients for AUC and MAX in these ROIs (ranging from β = 0.09 to 0.38; all p < 0.001), indicating attention-switching scores may drive more pronounced movements in upper ROIs. No significant sex differences or age effects emerged from the analysis. Additionally, the interaction effects of attention switching with Task did not reach statistical significance. Results are presented in Table 7.



TABLE 7 Mixed effects model results for models with the attention switching subscale of the Autism Spectrum Quotient (AQ) as the feature.
[image: Table displaying statistical data on various characteristics impacting Entropy, AUC, and MAX. It includes columns for Beta, ninety-five percent confidence interval (CI), and p-values with adjustments for each characteristic. Characteristics include attention switch, sex, age, and others related to regions of interest (ROI) and tasks. Annotations clarify that CI stands for confidence interval, AUC denotes area under curve, and MAX indicates maximum acceleration.]



3.6 Imagination and kinematic features

Finally, a notable positive coefficient for Entropy (β = 0.10, p = 0.003) at the reference level suggests that individuals with higher scores in the imagination subscale of the AQ exhibited more disorganized movement patterns (more entropy). Conversely, the substantial negative coefficients for AUC (β = −0.48, p < 0.001) and MAX (β = −0.44, p < 0.001) indicate a pronounced decrease in the overall volume and peak values of movement for individuals with elevated Imagination subscale scores. This suggests that while movements are more disorganized and varied, they are characterized by lower intensity and smaller overall motion extents. The interactions between imaginative capabilities and specific regions of interest (ROI) indicate significant negative coefficients for Entropy across these ROIs (Head: β = −0.09, LH: β = −0.15, RH: β = −0.17; all p < 0.001). In contrast, there were positive coefficients for AUC and MAX (ranging from β = 0.16 to 0.69; all p < 0.001). The modeling did not reveal significant effects based on sex and age, nor interactions between imagination scores and Tasks. Results are presented in Table 8.



TABLE 8 Mixed effects model results for the imagination subscale of the Autism Spectrum Quotient (AQ) as the feature.
[image: A table presents statistical data comparing different features across three measures: Entropy, AUC, and MAX. Each measure includes Beta, 95% CI, and adjusted p-values. Features include Imagination, Sex (Female, Male), Age, and various interactions with ROIs, Tasks, Anger, and Happiness. Significant results are indicated with bold p-values less than 0.001. The table notes CI as Confidence interval, AUC as Area under curve, MAX as Maximum acceleration, ROI as Region of interest, and specifies reference levels.]




4 Discussion

In this study, we explored the nuanced interplay between autistic traits and their influence on kinematic features across neurotypical individuals. The essence of our research lay in capturing the natural, spontaneous micro-movements that individuals exhibited when asked to represent emotions, rather than the accuracy or theatrical quality of the emotional portrayal. The subtleties in the kinematics were the primary variables of interest, which did not require trained performative skills. Leveraging mixed effects modeling, our analysis unveiled significant associations between an individual’s score on the Autism Spectrum Quotient (AQ) and the order, volume, and magnitude of their emotional movement patterns. These findings expand our understanding of the intricate relationship between autistic traits and their kinematic characteristics, underscoring the broader autism phenotype’s heterogeneity across multiple levels of analysis. Notably, our results demonstrate that the various BAP constructs, tapped into by the AQ subscales, including communication, social skills, attention to detail, attention switching, and imagination, can influence the movement kinematics of emotional behaviors. Furthermore, the implications of this research extend to improving the capture and feature extraction of the movement signatures that accompany autistic traits, with the potential to refine strategies for autism phenotyping and filial screening.

Our investigation revealed several notable trends that shed light on the complex dynamics between autistic traits and movement patterns. Firstly, a consistent pattern across most autistic traits revealed that as the scores increased, movements in the lower extremities became less structured, exhibiting higher entropy. In contrast, the upper ROIs, specifically the head and hands, demonstrated more structured and predictable movements, indicating lower entropy with higher cores. Secondly, a converse relationship was observed for the AUC (indicating the volume of movement) and MAX (the peak magnitude of movement). Elevated autistic trait scores were associated with a reduction in both the volume and magnitude of movement in the lower extremities. However, in the upper ROIs, these scores tended to correlate with an increase in the volume and magnitude of movement, suggesting a more expansive range of movements in these areas for individuals with higher levels of autistic-like traits.

Thirdly, the consistency of these patterns regardless of the emotional expression being conveyed suggests that the kinematic characteristics associated with autistic traits were stable across the emotion types. This stability implies that the motor signatures identified are features of the individuals’ movement repertoire, rather than being contextually driven by the nature of the emotional task. Fourth, the variables of sex and age did not significantly contribute to the variance in our data, indicating that the kinematic patterns we observed can be attributed more confidently to the broader autism phenotype (BAP) features rather than to these demographic factors. Lastly, not all AQ subscales showed significant effects on kinematic differences. Specifically, the attention to detail and attention switching showed no effects in the LE (lower extremities) ROI regarding AUC and entropy, respectively, possibly suggesting that these autistic features have greater influence on upper body kinematics. The patterns observed in our study suggest that the kinematic idiosyncrasies associated with certain autistic traits could reflect remnants of movement-related characteristics of the broader autism phenotype (BAP), akin to traditional descriptions of social and behavioral traits initially encapsulated in the conceptualization of the BAP.

The heightened entropy, and attenuated amount and magnitude, in lower extremity movements with increasing AQ scores could reflect a greater variance in motor control or a difference in sensory-motor integration, as typically seen in autism (Fournier et al., 2010; Hannant et al., 2016; Parma and De Marchena, 2016; Amoruso et al., 2018). A significant body of literature has established that individuals with ASD often exhibit notable differences in stability and gait patterns compared to neurotypical peers (Fournier et al., 2010; Calhoun et al., 2011; Memari et al., 2014; Fears et al., 2023). These variations are characterized by increased postural sway and distinct gait patterns (Kindregan et al., 2015; Gong et al., 2020; Lum et al., 2021), pointing to a fundamental divergence in motor control and proprioceptive integration (Palmer et al., 2015; Arthur et al., 2019). Gouleme et al. (2017), for example, compared postural sway for children with ASD versus neurotypical children while they were exploring emotional faces in a lab setting. The authors reported that those with ASD showed more postural sway while exploring faces with negative emotions, particularly fear. Work by Naito et al. used accelerometer data to demonstrate that children with ASD display more movements during periods of the day when one’s body should be more still such as at night (Naito et al., 2019). The authors also showed that more movement during periods of stillness correlated with increased social impairment. Our study’s findings, which highlight increased entropy and lower AUC and MAX in the lower extremities, dovetail with these documented motor differences.

Interestingly, these associations in consideration with certain subscales could cast a light on different facets of the observed movement idiosyncrasies. For example, given that social communication involves behavior, it is not all that surprising to see the communication and social skills subscales contribute to movement idiosyncrasies. However, the observation that individuals scoring higher in the attention to detail subscale manifest a more variable and complex pattern of movements in the lower extremities (higher entropy) could possibly indicate a tendency to over-emphasize movement production during communicative behavior. Of course, this remains to be tested. Similarly, the elevated attention switching subscale scores associated with less predictable movement in the lower extremities, could possibly reflect an increased variability in moment-to-moment changes when producing social movements. Finally, elevated scores in the Imagination subscale were also associated with increased entropy in lower extremity movements. Such a link points to a possibility of diverging internal models (Wolpert et al., 1995) of emotional movements that could manifest through idiosyncrasies in movement kinematics.

Conversely, the greater regularity or structure of upper body movements might reflect subtle restricted and/or repetitive movement patterns often observed in individuals with higher autistic-like traits (Smith et al., 2009) contributing to predictability in their actions and consequently lower entropy in these regions (see Figure 3). Interestingly, these patterns of results resemble findings by Vabalas et al. in which motion tracking of simple pointing and aiming movements of the hand in individuals with and without ASD revealed slower, more restricted, and accurate movements in ASD compared to typically developing individuals (Vabalas et al., 2019). The notion of more restricted kinematics in the autism spectrum is also consistent with recent work by Zhao and colleagues (e.g., Zhao et al., 2021, 2022) in which entropy and amplitude was measured during arm oscillations in children with ASD and typically developing controls. Children with ASD showed lower entropy values, indicating more restricted movements. One interpretation of Zhao et al.’s finding is that children with ASD may deviate less from the preferred movement, resulting in less complexity over time (Zhao et al., 2021). This reduction in the complexity of body movement also extends to face-to-face interactions with an experimenter (Zhao et al., 2022). Although more research is needed, it is possible that such movement characteristics may extend to neurotypical individuals with elevated autistic-like traits. An intriguing observation from our findings was that individuals with elevated Communication subscale scores tended to exhibit upper body movements with increased structure and predictability (lower entropy). This relationship may suggest that in social interactions, where nonverbal cues are pivotal, those with elevated autistic traits may rely more on deliberate movements to convey their intent.

[image: Two line graphs compare acceleration in percent hip width per second squared. The left graph, representing the actor with the lowest AQ score, shows varying acceleration peaks around window numbers 10, 25, and 35. The right graph, for the actor with the highest AQ score, shows a single peak at window number 2, with lower values following.]

FIGURE 3
 Mean absolute value of acceleration in each 7-frame window across the expression of anger by subjects with low (left) and high (right) AQ scores. Acceleration profiles are based on the center of mass of all fiducial points. Note the periodic nature of the low-AQ exemplar (left), which corresponds to a lower entropy level due to the repeated patterning of movement and the pulsatile and abrupt nature of the high-AQ exemplar’s (right) movement which demonstrates lower AUC for a similar level of Max acceleration.


The augmented volume and magnitude of upper body movements observed in our study also aligns with this notion of repetitive movement patterns often noted in autism research (Mahone et al., 2004). This increase could also indicate underlying motor planning and control nuances, mirroring challenges identified in previous kinematic studies. Building on the insights from Granner-Shuman et al. which correlate higher levels of autistic traits with a reduced ability to synchronize movements and faster initiation of motor plans (Granner-Shuman et al., 2021), we might interpret the increased volume (AUC) and magnitude (MAX) of upper body movements in our study as related phenomena. The elevated movement volume and intensity could reflect a divergent motor strategy among neurotypical individuals with higher levels of autistic-like traits, to achieve clearer communication through more pronounced physical gestures. The enhanced magnitude could also be a kinematic reflection of the faster movement execution observed by Granner-Shuman et al. (2021).

Our digital kinematics represent a subset of the available metrics that can be quantified from human movements. We selected these metrics based on their salience in the visual perception of movement and their suitability to analysis from the PLD data structure. Multiple dimensions of movement are captured across even these three metrics, and they are not strictly independent. For instance, the duration of the movement influences both the entropy (by permitting greater repetition of movement patterns) and AUC. Volume of movement as captured by AUC is also influenced by the MAX acceleration during the expression. Due to this covariation of movement features, we elected to explore each digital kinematic in its own model. Future extensions of this research must tackle the challenge of interpreting nuanced social movements without imposing this type of discretization. Human perception of movement is sensitive to each of these (and many more) dimensions of motion, and thus future work will integrate multiple kinematic dimensions in a multivariate analysis. At this early phase of exploratory analysis, these more complex models would have limited the interpretability of these results. A goal moving forward is to build visualization and interpretation tools to assist the autism research community in making use of these more nuanced results.

This study adds several additional insights. First, the results demonstrate that autistic traits are associated with distinctive, non-interactive movement patterns. That is, these traits can influence motor behavior independent of social engagement or interaction. In addition, consistent with previous research, the results show that the expression of these emotions is characterized not only by distinctive arm movements but also by head movements, in line with the idea that upper body regions play integral roles in the kinesthetic expression of emotions (De Meijer, 1989; Wallbott, 1998; Sawada et al., 2003). Finally, emotional expressions are vital communicative signals that transmit essential information about threats, social hierarchy, and individual states (Shariff and Tracy, 2011). Our study revealed that the kinematic properties of movements associated with expressing anger, fear, and happiness can be modulated by autistic traits, underscoring the impact of autistic traits on how emotions are physically manifested and highlight the need for further research into a wider array of emotional expressions and scenarios to uncover potential variations in how these traits interact.

One noteworthy limitation of this study, however, is that the sample acquired was predominantly female. Existing research highlights significant differences between males and females in the heritability and manifestation of autism (see Hull et al., 2017; Ferri et al., 2018 for reviews). Despite autism diagnoses being more common in males (Baron-Cohen et al., 2011; Ferri et al., 2018), there are studies that indicate that females with ASD often display more pronounced social impairments (Kirkovski et al., 2013; Evans et al., 2019). Given these facts, we controlled for possible sex differences in the linear mixed-effects models and found that across all models, the relationship between autistic-like traits and kinematic measures did not vary as a function of male versus female. Nonetheless, given the 80:20 female: male ratio in our study, future work should examine whether these effects replicate in samples with more male participants.

In conclusion, this study marks the beginning of a research trajectory into the kinematic markers of the broader autism phenotype (BAP). Our initial findings offer a proof of concept for the application of digitized kinematics, captured by cameras, and analyzed via computer vision, as a powerful method for identifying movement-based endophenotypic features of autism. Notably, our results present an initial understanding of how autistic traits are associated with specific motor patterns—increased movement and structure in the upper body and heightened entropy in lower extremities—as they relate to expression of emotions. This work illuminates the potential for deploying computer vision tools for two reasons: first, the data reduction possible for storing PLDs or their coordinate-based representations on the 2D plane of the camera are considerable, and second, reduction of human movement video to PLDs conceals personal identifiers while preserving relationship to the state of the individual nervous system. Future extension of this research will leverage these advantages to build a representative dataset of a broad sample of the human population to further refine models of the broader phenotype and its relation to movement. While mixed effects regression models afford a degree of interpretability that supports mechanistic investigations, as in this current work, subsequent phases will utilize machine learning methods to fully harness the nested nature of social movements. Digital kinematics, validated in their association with BAP through our work, stand as promising candidates for training these sophisticated models, with potential to significantly advance the phenotypic characterization of autism.
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Background: Many autistic children experience motor skill deficits which can impact other areas of functioning, and research on therapeutic interventions for motor skills in autism is in a preliminary stage. Music-based therapies have been used extensively to address motor skills in non-autistic populations. Though a handful of studies exist on the effects of music-based therapies for movement in autistic children, none have investigated the possibility of administering sessions via telehealth. This mixed-methods pilot study investigated whether nine Neurologic Music Therapy (NMT)® sessions via telehealth would improve motor and attention skills in autistic children.
Methods: Five autistic children between five and 10 years of age participated in the study, with support from their caregivers. Motor skills were assessed using the Bruininks-Oseretsky Test of Motor Proficiency second edition, short form (BOT-2 SF), and a selective attention and sustained attention task were taken from the Test of Everyday Attention for Children, Second Edition (TEA-Ch2). Caregivers and the two neurologic music therapists involved in the study provided qualitative input about the perceived effectiveness of telehealth NMT for the children involved. Their responses were analyzed using qualitative content analysis. Caregivers also filled out a Sensory Profile 2 assessment prior to the onset of sessions so that each child’s sensory profile could be compared to their motor and attention results.
Results: Statistically significant improvements in motor skills were observed between pre-test assessment and a two-week follow-up assessment. Results from attention test scores were not significant. Caregivers and neurologic music therapists generally perceived sessions positively and noted the importance of having caregivers actively involved. When compared with individual progress on the BOT-2 SF assessment, sensory profile results revealed that children with fewer sensory sensitivities tended to improve the most on motor skills. The improvements in motor skills and positive caregiver and therapist views of telehealth indicate that NMT motor interventions administered via telehealth are a promising avenue of therapeutic support for movement skill development in autistic children.
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1 Introduction

Autism spectrum disorders (ASD, or autism) comprise a range of conditions involving difficulties with social communication and interaction as well as restricted or repetitive patterns of behaviors and interest (American Psychiatric Association, 2013). The prevalence of autism diagnoses has been increasing globally. The United States (U.S.) Centers for Disease Control and Prevention (CDC) reported that in the year 2000, around 1 in 150 children in the U.S. were diagnosed with the condition while with the most recent data from 2020, 1 in 36 eight-year-old children in the U.S. were diagnosed with autism (Centers for Disease Control and Prevention, 2023). In addition to the main diagnostic markers, autistic individuals often experience sensory hypo- and hyper-sensitivities, struggles with attention, and difficulties with motor skills (Fournier et al., 2010; Liu, 2013; LaGasse et al., 2019). Music-based interventions have increasingly been used to support neurodevelopmental skills in autistic individuals, including movement skills (Braun Janzen and Thaut, 2018). In recent years, clinicians and researchers have been exploring how to implement therapeutic interventions for autistic individuals via online video platforms as well as in-person (Solomon and Soares, 2020).

Though movement difficulties are not an official part of the primary autism diagnostic criteria, researchers have increasingly recognized what Kanner and Lesser (1958) observed, that autistic persons also display difficulties with motor functioning (Fournier et al., 2010; Bhat et al., 2011; Colombo-Dougovito and Block, 2019). In fact, technology that measures movement on a precise level can detect an autism diagnosis with extremely high reliability using movement differences alone (Torres et al., 2013; Milano et al., 2023). It is estimated that up to 90% of autistic children may experience motor difficulties such that they can receive a co-occurring diagnosis of developmental coordination disorder (Miller et al., 2021). Difficulties can be observed in gait and balance, arm motor functions such as reaching and grasping, speech motor functions, movement planning, and coordination (Fournier et al., 2010). Many of these motor difficulties in autism involve fundamental movement skills that are essential to child development and socialization: balance, locomotion, and object manipulation (Gandotra et al., 2020). Indeed, motor functioning is not just important to address for its own sake; poor motor skills are also associated with decreased outcomes in social, language, and cognitive areas like attention, memory, and executive functioning (Wilson et al., 2018; Zampella et al., 2021). High-quality intervention studies involving motor outcomes for autistic individuals are few though increasing [for reviews, see Colombo-Dougovito and Block (2019), Gandotra et al. (2020), Ruggeri et al. (2020), Frazão et al. (2023), and Ji et al. (2023)]. There is ample room for expansion of this research topic, particularly toward identifying replicable and generalizable interventions addressing motor skills for individuals on the spectrum.

The potential for music to be used as a motor intervention for autistic individuals is high (Hardy and LaGasse, 2013). There is substantial evidence for positive effects of standardized music-based interventions on motor impairments in conditions other than autism including cerebral vascular accident (stroke), Parkinson’s disease, traumatic brain injury, cerebral palsy, and more [reviewed in Braun Janzen et al. (2022)]. Music-based interventions are often successful in treating motor aspects of neurological conditions because the auditory system has extensive connections with motor areas in the brain such as premotor areas, basal ganglia, and the cerebellum (Grahn and Brett, 2007; Chen et al., 2008). Isochronous (and thus predictable) auditory cues entrain neurons of the auditory cortex, and prime motor areas to become ready to move [discussed in Braun Janzen et al. (2022)]. Engaging in active therapeutic music making has also been associated with improvements in neural connectivity and associated functional motor recovery across clinical populations (Sharda et al., 2018; Braun Janzen et al., 2022). Music-based therapies have been used to address many issues in autism such as social skill challenges, language and communication issues, and emotional/coping skills [see Braun Janzen and Thaut (2018), for a review]. This may be because autistic individuals often respond well to music, potentially due to increased sensitivity to musical parameters like pitch and a greater response in the inferior frontal gyrus (speech area) to sung versus spoken language (Kuhl et al., 2005; Lepistö et al., 2005; Sharda et al., 2015). Recent studies indicate that auditory-motor pathways appear to be functioning typically in individuals on the autism spectrum even though they often struggle with movement and sensorimotor integration (Tryfon et al., 2017; Edey et al., 2019; Jamey et al., 2019). Because autism is a highly heterogeneous condition, not every autistic person may respond well to musical stimuli (Ferrari and Harris, 1981; Ingersoll et al., 2003).

The research on music interventions used specifically for movement in autistic individuals is increasing. Srinivasan and Bhat (2013) reviewed a handful of studies investigating the effects of music-based interventions for motor difficulties in autistic persons, with many reports of positive results. More recently, Sharda et al. (2018) found that an 8–12-week music therapy intervention improved auditory motor connectivity in autistic children ages 6–12 years old. Srinivasan et al. (2015) found that autistic children engaged in a rhythmic-movement-imitation intervention (along with those in a robotics-movement group) improved on the body coordination composite of a motor assessment compared to a control group. Shemy and El-Sayed (2018) found significant improvements in bilateral coordination, balance, running speed and agility, and strength in 8–10-year-old children on the autism spectrum who received a three-month, three times-per-week Rhythmic Auditory Stimulation (RAS®) intervention compared to a control group who received physiotherapy. Imankhah et al. (2018) found that autistic boys who received 15 twice-weekly sessions involving music- and rhythm-based play and movement activities improved significantly more on motor coordination than those who did not receive treatment. Finally, a study by Shukla et al. (2022) sought to use traditional Indian Tabla drumming to promote upper-extremity motor skills needed for tooth-brushing. They reported basing their protocol on the recommendations of Thaut (1984) who promoted the use of carefully structured clinical music improvisation to address clinical goals with autistic children. Significant improvements were found in motor and social skills after the intervention in Shukla et al. (2022) study. These studies have promising results regarding the effects of music on movement in autistic individuals.

In addition to motor challenges, individuals on the autism spectrum are known to experience hypo- and hyper-sensitivities to sensory stimuli (American Psychiatric Association, 2013). Sensation (particularly in the visual and proprioceptive realms) is critical for motor functioning, and thus difficulties in sensory processing such as poor sensory integration or sensory sensitivities can influence motor difficulties in autistic individuals (Baranek, 2002, Liu, 2013; Muthusamy et al., 2021; Purpura Cerroni et al., 2022). Sensory sensitivities can thus affect autistic persons’ ability to engage in therapeutic or other activities. Thus, when developing interventions to address motor skills in autistic individuals, sensory sensitivities must be considered. Related to sensory issues is attention. Autistic individuals sometimes experience difficulty utilizing selective attention to focus on one aspect of incoming sensory information and inhibit others (LaGasse et al., 2019).

Research on interventions for sensory difficulties in autism is increasing [for reviews, see Case-Smith et al. (2015) and Weitlauf et al. (2017)]. Berger (2002) wrote a book on music therapy for sensory integration in autistic children, which provides a helpful conceptual overview on the topic based on her experience as a clinician along with anecdotal evidence. The book claimed that music engagement helps to anchor and organize autistic children’ sensory systems so that they can engage intentionally in their environments. Mertel (2014) outlined a protocol in which the NMT technique Auditory Perception Training (APT)® can be used to facilitate sensory integration for populations including autistic individuals. In APT, individuals engage in interventions structured by an isochronous auditory beat along with multiple sensory inputs. By engaging in such interventions, sensory integration occurs, creating positive downstream effects on other areas of functioning such as cognition, executive functions, and execution of more complex movement skills. High-quality evidence for benefits of music-based interventions to address sensory difficulties in autism remains scarce. In their feasibility study, Lagasse et al. (2019) found that a music therapy attention intervention seemed to improve sensory gating in autistic children, though results were not statistically significant. The current study did not directly target sensory functioning aside from sensory-focused warm-ups at the beginning of sessions, as needed. The sensory profile of each child was considered when implementing motor interventions and interpreting results.

Online health services or telehealth was utilized in therapy with autistic persons prior to the 2019 Coronavirus Disease (COVID-19) pandemic, but its use increased dramatically since the pandemic began (Ellison et al., 2021). Telehealth has been used extensively with autistic individuals especially since the pandemic for diagnosis and therapeutic interventions [for reviews, see Stavropoulos et al. (2022) and Kane and DeBar (2023)]. Benefits of telehealth included: lower costs due to decreased travel time for therapists/clients (Lindgren et al., 2016; Kalvin et al., 2021; Su et al., 2021), increased parental engagement in therapy resulting in more transfer of skills to everyday life (Su et al., 2021), access for rural or remote clients (Ameis et al., 2020; Solomon and Soares, 2020; Simacek et al., 2021), and better engagement with the therapist online due to lower anxiety being in the comfort of their own homes (Kalvin et al., 2021). Disadvantages of telehealth therapy with autistic clients included: increased distractedness on computers or in the home environment (Kalvin et al., 2021), frustrations due to technical difficulties (Solomon and Soares, 2020; Su et al., 2021), and greater difficulty providing resources to parents (Solomon and Soares, 2020; Kalvin et al., 2021).

Prior to the pandemic, studies concerning the efficacy of online music therapy for autistic clients were limited to a single case study about an autistic teen by Baker and Krout (2009). The teen had previously engaged in in-person music therapy, later switching to music therapy via telehealth. Baker and Krout (2009) reported that telehealth music therapy was more effective in promoting self-expression and emotional engagement in therapy than in-person therapy. Williams et al. (2024) reported that a music intervention for language goals implemented via telehealth yielded higher engagement in autistic children than a non-music telehealth intervention for language goals. Liu et al. (2023) reported that parents perceived their autistic children broadly improved in social and play skills after a 10 weeks of hour-long Music Enhanced Reciprocal Imitation Training sessions. In previous work by Richard Williams et al. (2022), qualitative survey data from music therapists working with autistic children over telehealth indicated that telehealth music therapy was possible and music therapists continued to address clinical goal areas for autistic clients, given sufficient technological resources and caregiver support. Attention skills were reported as another important mediating factor associated with the ability to engage in telehealth (Richard Williams et al., 2022). Given the importance of attention for sensory regulation and engagement in telehealth, it was important to assess attention skills as part of the current study.

Research on motor interventions implemented over telehealth for autistic people is limited to one study with preliminary results by Cleffi et al. (2022). In their report, Cleffi et al. (2022) described an ongoing randomized control trial that they translated from in-person to telehealth. They worked with autistic children and their caregivers over Zoom (Zoom Video Communications Inc., 2016), providing deliveries of materials to each family, and guiding them through various games and play-based interventions that addressed motor skills. Cleffi et al. (2022) described that movement interventions implemented with family assistance appeared successful over telehealth, and pre- and post-testing using the Bruininks-Oseretsky Test of Motor Proficiency, 2nd Edition (BOT-2) (Bruininks and Bruininks, 2005) and Test of Gross Motor Development (TGMD) will reveal whether there is a difference in results between telehealth motor groups and a parallel in-person motor intervention group. There are currently no published studies examining the effects of music-based interventions on movement in autistic children over telehealth.

The current study piloted the implementation of Neurologic Music Therapy (NMT)® interventions (rhythmic auditory stimulation [RAS®], patterned sensory enhancement [PSE®], and therapeutic instrumental music performance [TIMP®]) via telehealth in collaboration with caregivers to address motor functioning in autistic children. NMT is an evidence-based set of music-based interventions grounded in research of music perception and cognition (Thaut and Hoemberg, 2014). The three techniques used in the current study, RAS, PSE, and TIMP are motor techniques that have been researched extensively in other clinical populations (Braun Janzen et al., 2022), but very little with autistic persons (Shemy and El-Sayed, 2018), and never directly researched in an intervention study over telehealth (Cole et al., 2021). Music-based therapists practicing NMT lost significantly fewer clinical hours than music-based therapists practicing other models of music therapy, indicating that NMT interventions may be particularly transferable to telehealth (Richard Williams et al., 2024).

The current pilot study was designed to investigate: (1) Do NMT motor techniques (RAS, TIMP, PSE) applied via telehealth improve (a) motor skills and (b) attention in autistic children? (2) What did caregivers and parents perceive as the positive and challenging aspects of the sessions? (3) Did the degree of sensory challenges affect children’s ability to participate in and benefit from telehealth NMT?



2 Materials and methods


2.1 Participants

Five autistic children aged five to 10 years old (four male, one female) and their caregivers were recruited from a large organization serving a diverse population in the Greater Toronto Area. All parents signed a consent form on behalf of their children prior to participating in the study, and each child also signed an assent form which explained the study in a simplified manner. See Table 1 for demographic information. The study also involved four neurologic music therapists: one as the assessor, two who ran sessions (from hereon “therapists”), and one other who helped with qualitative content analysis and acted as a second assessor for one participant to assess inter-assessor reliability. Neurologic music therapists are certified music therapists who have taken additional training in NMT theory and techniques from the Academy of Neurologic Music Therapy®. The therapists who carried out the assessment sessions and intervention sessions had experience working with autistic clients.



TABLE 1 Participant demographics.
[image: Table displaying participant characteristics by gender and race/nationality. Gender: Male, 4 (80%); Female, 1 (20%). Race/Nationality: Sri Lankan–Canadian, Indian–Canadian, Caucasian (Armenian), Asian/Indian, Asian American, each 1 participant (20%). Age range 5–10 years.]



2.2 Methodology

This pilot study employed a mixed-methods approach. Mixed-methods research is employed when neither qualitative nor quantitative data alone are sufficient to adequately address a problem, and when more insight can be gained from a combination of both qualitative and quantitative approaches (Creswell, 2015). Telehealth music therapy is a fairly new approach, so gathering qualitative in addition to quantitative data in the current study helped to provide rich information about whether telehealth music therapy was an effective and feasible method for addressing motor skills in autistic children with the support of their caregivers. Quantitative data (including descriptive data) helped to provide a more objective measure of whether telehealth music therapy was effective in addressing specific goal areas.

The current study’s design utilized a version of an explanatory sequence method within an intervention mixed methods design (Creswell, 2015). In an explanatory sequence model, quantitative data are collected and analyzed before and after a clinical intervention is applied, and qualitative data are collected and analyzed at the end of the study to help explain or interpret the quantitative data. Because all interview forms and assessment instruments had to be submitted during the research ethics approval phase, qualitative interview forms were created at the outset of the study, and quantitative and qualitative data were integrated during the final, interpretive stage of data analysis. This study received ethics approval from the University of Toronto Research Ethics Board.


2.2.1 Philosophical approach

The first author’s philosophical approach for the current study is pragmatic. A pragmatic study identifies a specific, practical problem, and often uses mixed methods to better understand and address the problem from multiple viewpoints (Creswell and Poth, 2018). The current study identified the problem as: Can NMT motor interventions be implemented effectively online with autistic children who are supported during sessions by their caregivers?




2.3 Intervention sessions and materials


2.3.1 Materials and overall structure

Each family was loaned a bin of instruments and assessment materials for the duration of the training and assessment period. Sessions included one pre-intervention assessment, nine 45-min music therapy sessions spread over three weeks (three sessions per week), a post-assessment, and a follow-up assessment session that took place two weeks after the post-assessment session (12 sessions in total, including assessment and intervention sessions). The instrument/assessment kit was picked up after the final assessment, sanitized, and then used for subsequent participants. All intervention and assessment sessions were led by therapists over Zoom (Zoom Video Communications Inc., 2016). Caregivers participated in all sessions with their child and helped to facilitate some aspects of interventions led by the therapist.



2.3.2 The intervention

Intervention sessions were largely comprised of NMT interventions tailored to address motor skills assessed on the BOT-2 SF such as fine motor precision and integration, manual dexterity, bilateral coordination, balance, ambulation, upper-limb coordination, and strength. Three NMT motor interventions were used: TIMP, which involves engaging the participant in playing musical instruments to practice certain movements, for example tapping a castanet to practice finger dexterity; PSE, which involves a therapist providing accompaniment that supports and drives movement, for example using rhythmic music with an ascending and descending melody to support pressing arms up and controlling a downward motion during push-ups; and RAS, which is the use of a metronome to assist with repetitive rhythmic movements such as gait. Participants who presented with signs of sensory-seeking behaviors that made it difficult for them to engage in the motor interventions right away received a brief sensory input intervention. The therapist would direct the participant’s caregiver to deliver squeezes or pats to the child’s body (feet, calves, quads, hips, head, back/chest, shoulders, arms, and hands/fingers), spending 1–2 min for each body part. A rhythmic song with directive lyrics and metronome helped to guide the sensory exercise. All intervention sessions were video-recorded with written permission of participants. See Supplementary Table S1 for the description of intervention protocols.




2.4 Assessment


2.4.1 Timeline of assessments

Prior to the motor and attention assessments, caregivers filled out an intake form collecting demographic data and information on musical preferences. Assessment tools included in the pre-test, post-test, and two-week follow-up included the short form of the BOT-2 (BOT-2 SF), and a selective attention and sustained attention task taken from the Test of Everyday Attention for Children, Second Edition (TEA-Ch2) (Bruininks and Bruininks, 2005; Manly et al., 2016). Assessment tools included in pre-test only were the SP2 (Dunn, 2014) and an intake form collecting demographic data and information on musical preferences. A qualitative questionnaire regarding the caregiver experience, and a qualitative questionnaire regarding neurologic music therapist experience were administered after the final assessment session (two-week follow-up). Finally, after each session, therapists would fill out a checklist to report on the amount of time the child spent fully engaged during each session and report any parent questions or any deviations from protocol. A copy of this checklist can be found in Supplementary Material S2. Informal conversations between the researcher, assessor, and therapists regarding the feasibility of aspects of the study were recorded and comprise additional qualitative data.



2.4.2 Implementation of assessments

BOT-2 SF and TEA-Ch2 assessments were implemented on video by a trained assessor over according to directions from the publisher Pearson on virtual assessment implementation. Testing objects were loaned to families along with the instrument kit, and caregivers helped to set up materials for assessments according to directions from assessors. Assessment elements that could be scored live utilized live scoring by the assessor, and other portions involving paper were scored once the box of musical instruments and assessment resources were returned after the study was complete. Assessment sessions were not recorded except for P5’s assessment sessions, which were additionally scored by a second assessor to evaluate consistency of assessment.



2.4.3 Instruments

The BOT-2 (Bruininks and Bruininks, 2005) it is one of the most reliable assessments used to assess progress in motor skills in motor-intervention studies for autistic children (Dietz et al., 2007; Wilson et al., 2018; Downs et al., 2020; Ruggeri et al., 2020). It has been used to measure motor outcomes for autistic children via telehealth (Cleffi et al., 2022). The longer BOT-2 assesses motor functioning in four sub-areas: fine motor control, manual coordination, body coordination (balance, posture), and strength/agility. The short form provides a measure of general motor functioning amalgamated across the four sub-areas from the larger form. Sample tasks on the short form include tracing different shapes, sorting pennies, bouncing a ball between two hands, standing balance exercises, and sit-ups. Each task is scored, and total points calculated as a single number, which is then scaled according to the child’s age and sex. Though the BOT-2 SF test is reported to have a high degree of reliability (Downs et al., 2020), we had a second assessor independently score assessment videos recorded for one of the participants to double-check the reliability of the primary assessor’s work. The two assessments for the participant were within one scaled point of one another and had identical slopes between the three time-points.

The TEA-Ch2 (Manly et al., 2016) is a collection of tasks designed to assess different types of attention: selective, sustained, divided, and alternating. Other NMT intervention studies have used the TEA-Ch2 to assess progress in attention in autistic children as a result of NMT attention interventions (LaGasse et al., 2019; Sa, 2020). The current study was not implementing attention interventions, but because engaging in the motor interventions required attention, and participants were required to sustain their attention during each 45-min session (although most took breaks), we wanted to measure if there were secondary effects on selective and sustained attention. Thus, subtests from the TEA-Ch2 measuring selective and sustained attention were included in the study: the Hector Line Cancelation Test (selective attention, paper test involving crossing off specific lines) and Sustained Attention to Response Task (SART, computer test). The selective attention (line crossing) task was included in paper booklets given to families in the instrument kit dropped off at their homes. The SART task involved watching a series of shapes appear on a computer screen and tapping a key in response to each shape except one specific shape.

The Sensory Profile 2 (SP2) is questionnaire given to parents regarding their child’s level of sensory responsiveness (Dunn, 2014) and is one of the most tools for assessing and discussing sensory sensitivity for autistic individuals (He et al., 2023). The SP2 includes various booklets for appropriate for various age categories, and is grounded in neuroscientific understanding of how children respond to sensory stimuli in their environment (Dunn, 2014). The SP2 aims to identify the child’s neurological sensory threshold and pattern of behavioral self-regulation in seven areas of sensory processing: general, auditory, visual, somatosensory (touch), vestibular (movement/balance), proprioceptive (body position), oral sensory, and overall sensory processing. Thus, the questionnaire helps to place the child in one of the four quadrants of the Dunn (2014) SP2 diagram for each sensory area. The SP2 questionnaire booklet appropriate for each participant’s age was included in the box of instruments. Parents were instructed to fill it out before intervention sessions began and kept it in the box of instruments to be returned and scored by the lead researcher once sessions were complete.

Questionnaires were given to the therapists and each participant’s caregiver after the final (follow-up) assessment session. For each participant with whom they worked, therapists were asked: (1) What was the most positive aspect of facilitating sessions/assessments? (2) What was the most challenging aspect of facilitating sessions/assessments? (3) Is there anything that could be helpful for other neurologic music therapists facilitating sessions/assessments via Zoom? (4) Is there anything else you would like to say about your experience as therapists in this study?

Each caregiver was asked: (1) What was the most beneficial aspect of the study for your child and for you? (2) What was the most challenging aspect of this study for you and your child? How would you rate your experience of online Zoom sessions, from a scale of 0 (not beneficial) to 10 (extremely beneficial). (3) Is there anything else you would like to say about your experience with the study? (4) If it was possible, would you be interested in registering your child for online or in-person NMT sessions?




2.5 Data analysis


2.5.1 Motor and attention outcomes

Due to difficulties the clients had performing the sustained attention assessment, attention data collected from the SART was determined not meaningful and was not analyzed. The assessor reported that the SART was extremely difficult to administer over telehealth.

Aggregate data from the BOT-2 test and selective attention (line-crossing) tasks were analyzed using one-way repeated-measures ANOVAs in the data analysis software R (R Core Team, 2022). Tests of normality and homogeneity of variance were performed on the motor and selective attention data sets. Mauchly’s test of Sphericity was calculated as part of the analysis, and if needed, Greenhouse-Geisser corrections were automatically applied to any factors violating this assumption.

In the motor data, there were no extreme outliers, and the Shapiro–Wilk test indicated that the data was normally distributed (all p-values were > 0.05). In the selective attention data, there was one extreme outlier in the first time point, and the data in the first time-point violated the Shapiro–Wilk test of normality (p = 0.04).



2.5.2 Qualitative analysis

A qualitative content analysis (QCA) was performed on the answers to questions in the assessments to search for and identify common themes. QCA assesses data in domains that are not yet well-understood, particularly in healthcare (Hsieh and Shannon, 2005; Elo and Kyngäs, 2008). Two individuals performed the QCA: the first author and another PhD candidate who was not one of the therapists or main assessors. Both individuals read the responses to questions, and independently identified and categorized responses according to common themes in an electronic codebook. Software was not used in the qualitative analysis. When interpreting and categorizing participants’ contributions, both individuals strived to maintain awareness of biases and opinions which could influence this process by writing down thoughts in the margins of the codebook as they pertained to the emerging themes (Creswell, 2015). After independently coding responses, the first author compared both codebooks and compiled themes into a single document. The two individuals discussed the themes and finalized which categories seemed to be the most salient. The two therapists whose data were assessed are colleagues of the two individuals assessing the data. No relationships between either of the individuals performing the QCA and the caregivers existed beyond contact made by the author and the caregivers during the recruiting process. Member checking was employed with therapists, but not participants’ caregivers.



2.5.3 Sensory profile comparison

Motor results, qualitative responses, and data from the SP2 (Dunn, 2014) were compared alongside one another to illuminate possible trends or connections between sensory sensitivities on the SP2 and ability to engage in the telehealth intervention sessions.





3 Results


3.1 Motor outcomes

A one-way repeated-measures ANOVA was conducted on the scaled scores of the BOT-2 SF assessment results to ascertain the effects of the intervention on participants’ motor performance over time (pre, post, and two-week follow-up). The ANOVA was performed using R (R Core Team, 2022). There was a statistically significant difference between average scores for at least two time points p = 0.03. A Tukey Post Hoc test could not identify at α = 0.05 significance level the exact location the difference, which trended to be between the pre-test and two-week follow-up test (p = 0.23). Visual inspection of a graph of the BOT-2 SF scaled scores corroborate that the scores increased between the pre- and follow-up test. See Table 2 and Figure 1.



TABLE 2 Means, standard deviations, and one-way analyses of variance in BOT-2 SF and selective attention (line crossing) scores.
[image: Table showing measures of BOT-2 SF and Line crossing across Pre-test, Post-test, and Follow-Up stages with means (M) and standard deviations (SD). For BOT-2 SF, scores are 31.6, 33.6, and 37.4 for each stage. For Line crossing, scores are 5.2, 5.0, and 5.1. The F value and effect size (η²_G) for BOT-2 SF are 5.612* and 0.107, and for Line crossing, they are 0.085 and 0.001. The asterisk indicates significance at p<0.05.]

[image: Line graph showing scores of five participants (P1 to P5) across three time points: pre-test, post-test, and two-week follow-up. P2 scores increased from 41 to 53. P4 scores rose from 33 to 40. P3 improved slightly from 30 to 34. P1 scores went from 26 to 31. P5 scores decreased from 28 to 26, then increased to 29.]

FIGURE 1
 Individual scaled BOT-2 scores across the three assessment time-points.




3.2 Attention outcomes

The TEA-Ch2 Line Crossing Task was completed by most participants independently. Two participants struggled with the task on certain trials, and caregivers either helped them or simply allowed them to perform the task incorrectly (e.g., connecting lines rather than crossing them out). The one-way repeated measures ANOVA was not statistically significant (p = 0.92). See Table 2.



3.3 Qualitative outcomes

The QCA found three major themes across both the caregiver and therapist responses: (1) Caregiver involvement was necessary and beneficial, (2) clients benefited from sessions, and (3) engagement was sometimes limited due to distractions. The three major themes along with constituent categories are represented in Supplementary Table S3. Quotes from caregivers are marked with a “C” while quotes from the therapists are marked with a “T.” In general, caregivers as well as therapists held a positive view of the music therapy sessions. Caregivers often remarked that their child engaged well over Zoom for music therapy in a way that they did not for other (non-music-based) therapies. Therapists also perceived participant skill improvements during music therapy sessions. The limits of virtual sessions were acknowledged, since distractions and sensory needs made it difficult for participants to engage at times. Caregivers articulated benefits of being involved in sessions themselves, and therapists similarly articulated that sessions would not be possible without caregiver support and involvement. Please refer to Supplementary Table S3 for a delineation of therapist and caregiver responses.



3.4 Sensory outcomes and comparison

Results from each client’s SP2 (Dunn, 2014) assessment given prior to the intervention period was compared alongside individual quantitative results. See Table 3. Patterns emerged, although with the small sample generalization is not possible. Those with the three highest percent-change in motor scores also had each four or fewer areas of sensory sensitivity and were reported to have consistent engagement. The two children with the most sensory sensitivities showed the lowest percent-change improvements in their BOT-2 scores.



TABLE 3 Comparison of participant sensory factors, age, and engagement.
[image: Table showing data for five participants (P1 to P5) regarding age, percent change in BOT-2 SF score, parent rating of sessions, and number of sensory areas outside normal range. Ages range from five to ten. Percent changes range from 3.6 to 29.3. Parent ratings are on a scale from 0 to 10. Sensory areas range from 0/19 to 7/19 outside normal range. Parent rating for sessions is missing for P2.]

Participants with greater sensory struggles, particularly if they were younger, perhaps would have benefited from more direct intervention to address sensory issues alone prior to engaging in intensive sessions addressing motor skills.




4 Discussion


4.1 Motor improvements

The participants showed statistically significant increases in motor skill performance measured by the BOT-2 SF test. Visual inspection of data revealed that motor assessment scores on the final (follow-up) assessment were higher than those on the initial test. This result implies that motor skills continued to improve in the two weeks after the final intervention. One possible explanation for this pattern of results is that that offline gains may have occurred between the assessment that occurred soon after the last session and the two-week follow up, allowing for motor skills to solidify and be observed on the final follow-up assessment. The term “offline gains” refers to improvements in motor skill that happen following an interval of time in which motor skills previously practiced are consolidated, but not actively practiced (Lugassy et al., 2018). Motor consolidation occurs when sleep and rest occur after intentional motor practice, as first observed by Brashers-Krug et al. (1996). The present study intentionally spaced sessions at least 48 hours apart to allow for motor consolidation between training sessions. Future studies could explore the effects of music-motor interventions on functional connectivity in autistic individuals, along with behavioral motor assessment measures. Previous studies have set a promising precedent for such research: Sharda et al. (2018) found that engaging in 8–12 sessions of music therapy targeting social interaction increased functional connectivity between auditory and motor areas in autistic children, relative to those in a control group. Their study also saw a decrease in over-connectivity between auditory and visual-association areas. There is theoretical support for improvement based on music-based interventions targeting motor skills also. D’Mello and Stoodley (2015) reported that autistic individuals show overconnectivity between the cerebellum and motor cortices, which is associated with underconnectivity in cerebro-cerebellar pathways for language and social interaction. Braun Janzen and Thaut (2018) further theorized that music-based motor engagement could help to improve cerebro-cerebellar connectivity, given that music and rhythm activates the cerebellum along with motor areas. Future research can investigate the relationship between scores on a motor assessment and neural correlates such as functional connectivity between cerebellar and cortical brain regions.

Another possible explanation for the increased scores after the two-week follow-up period is that parents may have begun to practice motor skills with their children even after the therapy period was complete. Though no parents directly shared that they were practicing the motor skills after sessions were complete, some parents did report gaining new skills to support their child, so this possibility cannot be ruled out.

Although the current study contains many of the limiting factors described in Srinivasan and Bhat (2013) such as a small sample size and no control group which limit generalizability, the NMT interventions used in this study (TIMP, PSE, and RAS) are specific and replicable. Results indicate that follow-up research can be conducted using these consistent NMT intervention protocols to investigate replications of the current outcomes.

The promising motor results echo those of Srinivasan et al. (2015), Imankhah et al.’s (2018), Shemy and El-Sayed (2018), and Shukla et al. (2022), who all found that music-based interventions improved movement skills in autistic participants. In particular, Imankhah et al. (2018) used exercises which resemble the techniques used in the current study such as TIMP and RAS. The current study adds to previous data by providing evidence that it may be possible to address motor skills in autistic children via telehealth, and supports the development of larger studies to investigate the benefits of NMT motor interventions for children on the autism spectrum.



4.2 Inconclusive attention data

Due to many participants being unable to complete the SART assessment independently, attention outcomes for the sustained attention were inconclusive. Analyses for the selective attention assessment were not statistically significant. These results imply that, first, the SART attention task was either too advanced for the children taking the tests, too difficult to administer via telehealth, or both. Second, the lack of even a trend toward improvement in the selective attention task indicates that selective attention did not improve over the course of the study, which perhaps should not be surprising given that the interventions in the study were not targeting attention skills. Though studies by Pasiali et al. (2014), Lagasse et al. (2019), and Sa (2020) found that NMT improved attention skills (measured by the TEA-Ch2) in autistic adolescents, the subjects in that study received attention-specific interventions and were older, so better able to carry out the assessments. It is not possible to make any firm conclusions related to attention in the current study.



4.3 Positive qualitative responses

Caregivers and therapists expressed an overall positive view of the telehealth sessions, despite the presence of occasional challenges. This result is in keeping with prior research indicating that the opportunity to access services online is seen positively (Cole et al., 2021; White et al., 2021). None of the families in the study had previously accessed music therapy, and several of the families found sessions beneficial enough that they requested information about how to find NMT services for their child after the study was complete. None of the caregivers specifically mentioned (nor were they directly asked) whether the number of sessions (nine, over 3 weeks) felt feasible for them, but noteably each of the five participants and their caregivers attended each one of their assessment and training sessions, with only one participant ending a session early one time. This 100% study participation rate indicates that implementing NMT motor interventions over telehealth is not only likely effective for motor development, but feasible for families. Anecdotal comments from some parents (outside the qualitative questionnaires) indicated that they perceived their children to be benefitting tremendously from the sessions and were learning new ways to support their children because of the sessions.



4.4 Sensory implications

Like results found in White et al. (2021) and Richard Williams et al. (2022), participants with fewer sensory sensitivities tended to engage more consistently over telehealth and made more progress in motor skills than their peers with greater sensory sensitivities. This result resonates with recent research that found autistic children with sensory sensitivities tend to struggle with attention (Dellapiazza et al., 2018), and that challenging behaviors in autistic children (including inattention) can be explained to a high degree by the presence of sensory sensitivities (Dellapiazza et al., 2020). Thus, participants with more sensory issues may have struggled to maintain attention and behave in ways conducive to engagement over telehealth during sessions more than others who had fewer sensory difficulties.

Therapists indicated on the fidelity checklists (Supplementary Material S2) that all participants spent the goal minimum of 75% of session time doing NMT motor interventions. Therapists sometimes provided a proprioceptive-input intervention at the beginning of sessions, but this intervention may not have been sufficient in terms of length and the fact that only one sensory area (proprioception) was addressed. It is possible that children with higher sensory needs could benefit from full sessions directly addressing these sensory needs as a prerequisite to working on movement skills directly. Future studies should investigate the impact of degree and type of sensory sensitivities and age on ability to engage in telehealth music therapy. Research should also investigate the efficacy and feasibility for NMT interventions for sensory needs in autistic children.



4.5 Limitations

The small sample and lack of control group limit the generalizability of these outcomes but the study results provide a promising and replicable context for future investigations. In terms of the motor assessment results, the pattern of improvement from pre-test to follow-up test only occurred clearly for two participants, whereas the others there was more of a plateau after the post-test. Along these lines, it is possible that one participant (participant two) may have been driving the change. Replicating this study with a much larger sample would help to identify if these results are meaningful and generalizable. The impact of sensory challenges on motor skills must be interpreted with caution as it was underpowered for formal analysis. In addition, because the presence of other autism symptoms was not directly measured, it is possible that participants with greater sensory challenges also had more intense autism symptoms in general which impacted their ability to benefit from the intervention. There are several other limitations that should be considered to improve upon this pilot study in the future. The fact that therapists sometimes began sessions with a brief sensory intervention may have introduced a confound, as it is not possible to know if gains in the sessions could be due to the motor interventions or also in part to the sensory interventions. In terms of assessment, because the same assessor was present at all three time points, it is possible that assessor bias was introduced that influenced the interpretation of motor scores as improving over time. The addition of a second assessor for one of the participants, who was blinded to the time of assessment and found a similar pattern of results, helps to mitigate the possibility of bias only partially. Finally, the attention tasks were largely too difficult for children to do, and difficult to implement via Zoom.




5 Conclusion

This small pilot study found improvements in motor skills in autistic children following nine sessions of motor-based interventions delivered by neurologic music therapists. Caregivers and therapists felt that the children improved during NMT sessions, and caregivers felt that they learned new strategies for helping their children during sessions. Observations of sensory sensitivities combined with individual session progress indicated that participants with fewer sensory sensitivities, or who were older, tended to engage the most consistently over telehealth and improve the most in motor skills. The results from this pilot study support the initiation of future research with larger samples and a control group in ascertaining how NMT motor interventions can benefit autistic children both in-person and via telehealth.



Data availability statement

The datasets presented in this article are not readily available because of the small sample. Requests to access the datasets should be directed to nicole.richardwilliams@belmont.edu.



Ethics statement

The studies involving humans were approved by University of Toronto Research Ethics Board. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

NR: Conceptualization, Formal analysis, Investigation, Methodology, Project administration, Resources, Visualization, Writing – original draft, Writing – review & editing. CH-T: Supervision, Writing – review & editing. JB: Supervision, Writing – review & editing. LT: Supervision, Writing – review & editing. MP: Data curation, Writing – review & editing. JT: Data curation, Project administration, Writing – review & editing. MTa: Data curation, Writing – review & editing. JK: Formal analysis, Writing – review & editing. MTh: Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the publication of this article. Belmont University funded the open access fee for publication of this article.



Acknowledgments

NR wishes to thank each of the participants and their caregivers for engaging in the study, and N. B. Williams for all-around support and proof-reading.



Conflict of interest

NR has occasionally aided with educational endeavors and received small honoraria from The Academy of Neurologic Music Therapy.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2024.1355942/full#supplementary-material



References
	 Ameis, S. H., Lai, M.-C., Mulsant, B. H., and Szatmari, P. (2020). Coping, fostering resilience, and driving care innovation for autistic people and their families during the COVID-19 pandemic and beyond. Molecular Autism. 11:61. doi: 10.1186/s13229-020-00365-y

	 American Psychiatric Association (2013). Diagnostic and statistical manual of mental disorders. 5th Edn. Washington, DC: Author.

	 Baker, F., and Krout, R. (2009). Songwriting via skype: an online music therapy intervention to enhance social skills in an adolescent diagnosed with Asperger’s syndrome. Brit. J. Music Therap. 23, 3–14. doi: 10.1177/135945750902300202

	 Baranek, G. T. (2002). Efficacy of sensory and motor interventions for children with autism. J. Autism Dev. Disord. 32, 397–422. doi: 10.1023/a:1020541906063

	 Berger, D. S. (2002). Music therapy, sensory integration, and the autistic child. London: Jessica Kingsley.

	 Bhat, A. N., Landa, R. J., and Galloway, J. C. (2011). Current perspectives on motor functioning in infants, children, and adults with autism spectrum disorders. Phys. Ther. 91, 1116–1129. doi: 10.2522/ptj.20100294 
	 Brashers-Krug, T., Shadmehr, R., and Bizzi, E. (1996). Consolidation in human motor memory. Nature 382, 252–255. doi: 10.1038/382252a0

	 Braun Janzen, T., Koshimori, Y., Richard, N. M., and Thaut, M. H. (2022). Rhythm and music-based interventions in motor rehabilitation: current evidence and future perspectives. Front. Hum. Neurosci. 15:789467. doi: 10.3389/fnhum.2021.789467

	 Braun Janzen, T., and Thaut, M. H. (2018). Rethinking the role of music in the neurodevelopment of autism spectrum disorder. Music Sci. 1, 205920431876963–205920431876918. doi: 10.1177/2059204318769639

	 Bruininks, R. H., and Bruininks, B. D. (2005). Bruininks-Oseretsky test of motor proficiency, second edition (BOT-2). [Database record]. APA PsycTests.

	 Case-Smith, J., Weaver, L. L., and Fristad, M. A. (2015). A systematic review of sensory processing interventions for children with autism spectrum disorders. Autism 19, 133–148. doi: 10.1177/1362361313517762

	 Centers for Disease Control and Prevention
. (2023). Data and Statistics on Autism Spectrum Disorder. Centers for Disease Control and Prevention. Available at: https://www.cdc.gov/ncbddd/autism/data.html

	 Chen, J. L., Penhune, V. B., and Zatorre, R. J. (2008). Listening to musical rhythms recruits motor regions of the brain. Cereb. Cortex 18, 2844–2854. doi: 10.1093/cercor/bhn042

	 Cleffi, C., Su, W. C., Srinivasan, S., and Bhat, A. (2022). Using telehealth to conduct family-centered, movement intervention research in children with autism spectrum disorder during the COVID-19 pandemic. Pediatr. Phys. Ther. 34, 246–251. doi: 10.1097/PEP.0000000000000872 
	 Cole, L. P., Henechowicz, T. L., Kang, K., Pranjić, M., Richard, N. M., Tian, G. L. J., et al. (2021). Neurologic music therapy via telehealth: a survey of clinician experiences, trends, and recommendations curing the COVID-19 pandemic. Front. Neurosci. 15:648489. doi: 10.3389/fnins.2021.648489 
	 Colombo-Dougovito, A. M., and Block, M. E. (2019). Fundamental motor skill interventions for children and adolescents on the autism spectrum: a literature review. Rev. J. Aut. Dev. Disord. 6, 159–171. doi: 10.1007/s40489-019-00161-2

	 Creswell, J. (2015). Research design: Qualitative, quantitative and mixed methods approaches. Los Angeles: Pearson Education Inc.

	 Creswell, J. W., and Poth, C. N. (2018). Qualitative inquiry and research design: Choosing among five approaches. 4th Edn. Los Angeles: SAGE.

	 D’Mello, A. M., and Stoodley, C. J. (2015). Cerebro-cerebellar circuits in autism spectrum disorder. Front. Neurosci. 9:408. doi: 10.3389/fnins.2015.0040

	 Dellapiazza, F., Michelon, C., Oreve, M. J., Robel, L., Schoenberger, M., Chatel, C., et al. (2020). The impact of atypical sensory processing on adaptive functioning and maladaptive behaviors in autism spectrum disorder during childhood: results from the ELENA cohort. J. Autism Dev. Disord. 50, 2142–2152. doi: 10.1007/s10803-019-03970-w 
	 Dellapiazza, F., Vernhet, C., Blanc, N., Miot, S., Schmidt, R., and Baghdadli, A. (2018). Links between sensory processing, adaptive behaviours, and attention in children with autism spectrum disorder: a systematic review. Psychiatry Res. 270, 78–88. doi: 10.1016/j.psychres.2018.09.023 
	 Dietz, J. C., Kartin, D., and Kopp, K. (2007). Review of the Bruininks-Oseretsky test of motor proficiency, second edition (BOT2). Phys. Occup. Ther. Pediatr. 27, 87–102. doi: 10.1080/J006v27n04_06 
	 Downs, S. J., Boddy, L. M., McGrane, B., Rudd, J. R., Melville, C. A., and Foweather, L. (2020). Motor competence assessments for children with intellectual disabilities and/or autism: a systematic review. BMJ Open Sport Exer. Med. 6:e000902. doi: 10.1136/bmjsem-2020-000902 
	 Dunn, W. (2014). Sensory profile 2 manual. San Antonio, TX: Pearson.

	 Edey, R., Brewer, R., Bird, G., and Press, C. (2019). Brief report: typical auditory-motor and enhanced visual-motor temporal synchronization in adults with autism spectrum disorder. J. Autism Dev. Disord. 49, 788–793. doi: 10.1007/s10803-018-3725-4 
	 Ellison, K. S., Guidry, J., Picou, P., Adenuga, P., and Davis, T. E. (2021). Telehealth and autism prior to and in the age of COVID-19: a systematic and critical review of the last decade. Clin. Child. Fam. Psychol. Rev. 24, 599–630. doi: 10.1007/s10567-021-00358-0 
	 Elo, S., and Kyngäs, H. (2008). The qualitative content analysis process. J. Adv. Nurs. 62, 107–115. doi: 10.1111/j.1365-2648.2007.04569.x

	 Ferrari, M., and Harris, S. L. (1981). The limits and motivating potential of sensory stimuli as reinforcers for autistic children. J. Appl. Behav. Anal. 14, 339–343. doi: 10.1901/jaba.1981.14-339 
	 Fournier, K. A., Hass, C. J., Naik, S. K., Lodha, N., and Cauraugh, J. H. (2010). Motor coordination in autism spectrum disorders: a synthesis and meta-analysis. J. Autism Dev. Disord. 40, 1227–1240. doi: 10.1007/s10803-010-0981-3

	 Frazão, A., Santos, S., and Lebre, P. (2023). Psychomotor intervention practices for children with autism spectrum disorder: a scoping review. Rev. J. Aut. Dev. Disord. 10, 319–336. doi: 10.1007/s40489-021-00295-2

	 Gandotra, A., Kotyuk, E., Szekely, A., Kasos, K., Csirmaz, L., and Cserjesi, R. (2020). Fundamental movement skills in children with autism spectrum disorder: a systematic review. Res. Autism Spectr. Disord. 78:101632. doi: 10.1016/j.rasd.2020.101632

	 Grahn, J. A., and Brett, M. (2007). Rhythm and beat perception in motor areas of the brain. J. Cogn. Neurosci. 19, 893–906. doi: 10.1162/jocn.2007.19.5.893

	 Hardy, M. W., and LaGasse, A. B. (2013). Rhythm, movement, and autism: using rhythmic rehabilitation research as a model for autism. Front. Integr. Neurosci. 7:19. doi: 10.3389/fnint.2013.00019 
	 He, J. L., Williams, Z. J., Harris, A., Powell, H., Schaaf, R., Tavassoli, T., et al. (2023). A working taxonomy for describing the sensory differences of autism. Mol. Autism. 14:15. doi: 10.1186/s13229-022-00534-1 
	 Hsieh, H.-F., and Shannon, S. E. (2005). Three approaches to qualitative content analysis. Qual. Health Res. 15, 1277–1288. doi: 10.1177/1049732305276687

	 Imankhah, F., Hossein Khanzadeh, A. A., and Hasirchaman, A. (2018). The effectiveness of combined music therapy and physical activity on motor coordination in children with autism. Iran. Rehabil. J. 16, 405–412. doi: 10.32598/irj.16.4.405

	 Ingersoll, B., Schreibman, L., and Tran, Q. H. (2003). Effect of sensory feedback on immediate object imitation in children with autism. J. Autism Dev. Disord. 33, 673–683. doi: 10.1023/b:jadd.0000006003.26667.f8 
	 Jamey, K., Foster, N. E. V., Sharda, M., Tuerk, C., Nadig, A., and Hyde, K. L. (2019). Evidence for intact melodic and rhythmic perception in children with autism spectrum disorder. Res. Autism Spectr. Disord. 64, 1–12. doi: 10.1016/j.rasd.2018.11.013

	 Ji, Y.-Q., Tian, H., Zheng, Z.-Y., Ye, Z.-Y., and Ye, Q. (2023). Effectiveness of exercise intervention on improving fundamental motor skills in children with autism spectrum disorder: a systematic review and meta-analysis. Front. Psych. 14:1132074. doi: 10.3389/fpsyt.2023.1132074 
	 Kalvin, C. B., Jordan, R. P., Rowley, S. N., Weis, A., Wood, K. S., Wood, J. J., et al. (2021). Conducting CBT for anxiety in children with autism spectrum disorder during COVID-19 pandemic. J. Autism Dev. Disord. 51, 4239–4247. doi: 10.1007/s10803-020-04845-1 
	 Kane, C. L., and DeBar, R. M. (2023). A descriptive review of telehealth for individuals with autism spectrum disorder. Behav. Modif. 47, 504–546. doi: 10.1177/01454455221121085 
	 Kanner, L., and Lesser, L. I. (1958). Early infantile autism. Pediatr. Clin. N. Am. 5, 711–730. doi: 10.1016/S0031-3955(16)30693-9

	 Kuhl, P. K., Coffey-Corina, S., Padden, D., and Dawson, G. (2005). Links between social and linguistic processing of speech in preschool children with autism: behavioral and electrophysiological measures. Dev. Sci. 8, F1–F12. doi: 10.1111/j.1467-7687.2004.00384.x 
	 LaGasse, A. B., Manning, R. C. B., Crasta, J. E., Gavin, W. J., and Davies, P. L. (2019). Assessing the impact of music therapy on sensory gating and attention in children with autism: a pilot and feasibility study. J. Music Ther. 56, 287–314. doi: 10.1093/jmt/thz008 
	 Lepistö, T., Kujala, T., Vanhala, R., Alku, P., Huotilainen, M., and Näätänen, R. (2005). The discrimination of and orienting to speech and non-speech sounds in children with autism. Brain Res. 1066, 147–157. doi: 10.1016/j.brainres.2005.10.052 
	 Lindgren, S., Wacker, D., Suess, A., Schieltz, K., Pelzel, K., Kopelman, T., et al. (2016). Telehealth and autism: treating challenging behavior at lower cost. Pediatrics 137, S167–S175. doi: 10.1542/peds.2015-2851O 
	 Liu, T. (2013). Sensory processing and motor skill performance in elementary school children with autism spectrum disorder. Percept. Mot. Skills 116, 197–209. doi: 10.2466/10.25.PMS.116.1.197-209

	 Liu, T., Martinez-Torres, K., Mazzone, J., Camarata, S., and Lense, M. (2023). Brief report: telehealth music-enhanced reciprocal imitation training in autism: a single-subject feasibility study of a virtual parent coaching intervention. J. Autism Dev. Disord. Advance online publication. doi: 10.1007/s10803-023-06053-z 
	 Lugassy, D., Herszage, J., Pilo, R., Brosh, T., and Censor, N. (2018). Consolidation of complex motor skill learning: evidence for a delayed offline process. Sleep 41:zsy123. doi: 10.1093/sleep/zsy123 
	 Manly, T., Anderson, V., Crawford, J., George, M., and Robertson, I. H. (2016). Test of everyday attention for children. 2nd Edn. [Database record]. Pearson.

	 Mertel, K. (2014). “Auditory perception training (APT)®” in Handbook of neurologic music therapy. eds. M. H. Thaut and V. Hoemberg (Oxford: Oxford University Press), 227–256.

	 Milano, N., Simeoli, R., Rega, A., and Marocco, D. (2023). A deep learning latent variable model to identify children with autism through motor abnormalities. Front. Psychol. 14:1194760. doi: 10.3389/fpsyg.2023.1194760 
	 Miller, H. L., Sherrod, G. M., Mauk, J. E., Fears, N. E., Hynan, L. S., and Tamplain, P. M. (2021). Shared features or co-occurrence? Evaluating symptoms of developmental coordination disorder in children and adolescents with autism spectrum disorder. J. Autism Dev. Disord. 51, 3443–3455. doi: 10.1007/s10803-020-04766-z 
	 Muthusamy, R., Padmanabhan, R., Ninan, B., and Ganesan, S. (2021). Impact of sensory processing dysfunction on fine motor skills in autism spectrum disorders. Physiother. Quart. 29, 44–48. doi: 10.5114/pq.2020.100277

	 Pasiali, V., LaGasse, A. B., and Penn, S. L. (2014). The effect of musical attention control training (MACT) on attention skills of adolescents with neurodevelopmental delays: a pilot study. J. Music Ther. 51, 333–354. doi: 10.1093/jmt/thu030 
	 Purpura Cerroni, F., Carotenuto, M., Nacinovich, R., and Tagliabue, L. (2022). Behavioural differences in sensorimotor profiles: a comparison of preschool-aged children with sensory processing disorder and autism spectrum disorders. Children 9:408. doi: 10.3390/children9030408 
	 R Core Team (2022). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available at: https://www.R-project.org

	 Richard Williams, N., Hurt-Thaut, C., and Thaut, M. H. (2024). Factors influencing music therapists’ retention of clinical hours with autistic clients over telehealth during the COVID-19 pandemic. J. Music Ther. thad029. doi: 10.1093/jmt/thad029

	 Richard Williams, N. M., Hurt-Thaut, C., and Thaut, M. H. (2022). Novel screening tool and considerations for music therapists serving autistic individuals via telehealth: qualitative results from a survey of clinicians’ experiences. J. Music. Ther. 59, 368–393. doi: 10.1093/jmt/thac009 
	 Ruggeri, A., Dancel, A., Johnson, R., and Sargent, B. (2020). The effect of motor and physical activity intervention on motor outcomes of children with autism spectrum disorder: a systematic review. Autism 24, 544–568. doi: 10.1177/1362361319885215 
	 Sa, V. (2020). The effect of music attention control training (MACT) for pre-adolescents with autism spectrum disorder (Order No. 27834225). ProQuest Dissertations and Theses Global. (2395527424).

	 Sharda, M., Midha, R., Malik, S., Mukerji, S., and Singh, N. C. (2015). Fronto-temporal connectivity is preserved during sung but not spoken word listening, across the autism spectrum. Autism Res. 8, 174–186. doi: 10.1002/aur.1437 
	 Sharda, M., Tuerk, C., Chowdhury, R., Jamey, K., Foster, N., Custo-Blanch, M., et al. (2018). Music improves social communication and auditory-motor connectivity in children with autism. Transl. Psychiatry 8:231. doi: 10.1038/s41398-018-0287-3 
	 Shemy, S. A. E., and El-Sayed, M. S. (2018). The impact of auditory rhythmic cueing on gross motor skills in children with autism. J. Phys. Ther. Sci. 30, 1063–1068. doi: 10.1589/jpts.30.1063 
	 Shukla, B., Panda, A., Budakoti, V., Mehta, J., and Kevadiya, M. (2022). Effect of an Indian percussion music instrument on the oral health, motor skills and social skills of children with autism. Int. J. Ind. Psychol. 10, 1470–1481. doi: 10.25215/1001.151

	 Simacek, J., Elmquist, M., Dimian, A. F., and Reichle, J. (2021). Communication interventions for young children with or at risk for autism spectrum disorder. Curr. Dev. Disord. Rep. 8, 15–23. doi: 10.1007/s40474-020-00214-w

	 Solomon, D., and Soares, N. (2020). “Telehealth approaches to care coordination in autism spectrum disorder” in Interprofessional care coordination for pediatric autism Spectrum disorder. eds. M. McClain, J. Shahidullah, and K. Mezher (Cham: Springer).

	 Srinivasan, S. M., and Bhat, A. N. (2013). A review of “music and movement” therapies for children with autism: embodied interventions for multisystem development. Front. Integr. Neurosci. 7:22. doi: 10.3389/fnint.2013.00022

	 Srinivasan, S. M., Kaur, M., Park, I. K., Gifford, T., Marsh, K. L., and Bhat, A. (2015). The effects of rhythm and robotic interventions on the imitation/praxis, interpersonal synchrony, and motor performance of children with autism spectrum disorder (ASD). Autism Res. Treat. 2015, 1–18. doi: 10.1155/2015/736516 
	 Stavropoulos, K. K.-M., Bolourian, Y., and Blacher, J. (2022). A scoping review of telehealth diagnosis of autism spectrum disorder. PLoS One 17:e0263062. doi: 10.1371/journal.pone.0263062 
	 Su, W. C., Srinivasan, S., Cleffi, C., and Bhat, A. (2021). Short report on research trends during the COVID-19 pandemic and use of telehealth interventions and remote brain research in children with autism spectrum disorder. Autism 25, 1816–1822. doi: 10.1177/13623613211004795 
	 Thaut, M. H. (1984). A music therapy treatment model for autistic children. Music. Ther. Perspect. 1, 7–13. doi: 10.1093/mtp/1.4.7

	 Thaut, M. H., and Hoemberg, V. (2014). Handbook of neurologic music therapy. Oxford: Oxford University Press.

	 Torres, E. B., Brincker, M., Isenhower, R. W., Yanovich, P., Stigler, K. A., Nurnberger, J. I., et al. (2013). Autism: the micro-movement perspective. Front. Integr. Neurosci. 7:32. doi: 10.3389/fnint.2013.00032 
	 Tryfon, A., Foster, N. E., Ouimet, T., Doyle-Thomas, K., Anagnostou, E., Sharda, M., et al. (2017). Auditory-motor synchronization in children with autism spectrum disorder. Res. Autism Spectr. Disord. 35, 51–61. doi: 10.1016/j.rasd.2016.12.004

	 Weitlauf, A. S., Sathe, N., McPheeters, M. L., and Warren, Z. E. (2017). Interventions targeting sensory challenges in autism spectrum disorder: a systematic review. Pediatrics 139:1. doi: 10.1542/peds.2017-0347 
	 White, S. W., Stoppelbein, L., Scott, H., and Spain, D. (2021). It took a pandemic: perspectives on impact, stress, and telehealth from caregivers of people with autism. Res. Dev. Disabil. 113:103938. doi: 10.1016/j.ridd.2021.103938 
	 Williams, T. I., Loucas, T., Sin, J., Jeremic, M., Meyer, S., and Boseley, S. (2024). Using music to assist language learning in autistic children with minimal verbal language: The MAP feasibility RCT. Autism. 3:13623613241233804. doi: 10.1177/13623613241233804

	 Wilson, R. B., McCracken, J. T., Rinehart, N., and Jeste, S. S. (2018). What’s missing in autism spectrum disorder assessments? J. Neurodev. Disord. 10:33. doi: 10.1186/s11689-018-9257-6 
	 Zampella, C. J., Wang, L. A. L., Haley, M., Hutchinson, A. G., and de Marchena, A. (2021). Motor skill differences in autism spectrum disorder: a clinically focused review. Curr. Psychiatry Rep. 23:64. doi: 10.1007/s11920-021-01280-6 
	 Zoom Video Communications Inc (2016). Security guide : Zoom Video Communications Inc.



Copyright
 © 2024 Richard Williams, Hurt-Thaut, Brian, Tremblay, Pranjić, Teich, Tan, Kowaleski and Thaut. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
SYSTEMATIC REVIEW
published: 09 May 2024
doi: 10.3389/fneur.2024.1360434








[image: image2]

A network meta-analysis of the effect of physical exercise on core symptoms in patients with autism spectrum disorders

Lili Li1†, Shuqi Jia2†, Peng Wang2, Shufan Li2, Xing Wang2 and Xiaoyi Zhu3*


1Sports Department, Shanghai University of Engineering Science, Shanghai, China

2School of Physical Education, Shanghai University of Sport, Shanghai, China

3Guangxi Health Science College, Nanning, Guangxi Zhuang Autonomous Region, China

Edited by
 Elizabeth B. Torres, Rutgers, The State University of New Jersey, United States

Reviewed by
 Lin Wang, Wuhan University of Technology, China
 Maria Vitale, Dipartimento di Medicina Molecolare e Biotecnologie Mediche, Italy
 Olga Scudiero, University of Naples Federico II, Italy

*Correspondence
 Xiaoyi Zhu, 19162341703@163.com 

†These authors have contributed equally to this work and share first authorship

Received 23 December 2023
 Accepted 22 April 2024
 Published 09 May 2024

Citation
 Li L, Jia S, Wang P, Li S, Wang X and Zhu X (2024) A network meta-analysis of the effect of physical exercise on core symptoms in patients with autism spectrum disorders. Front. Neurol. 15:1360434. doi: 10.3389/fneur.2024.1360434
 





Objective: To compare the effects of various sports exercise programs on the core symptoms of patients with autism spectrum disorder (ASD).
Methods: We searched the China National Knowledge Infrastructure, VIP databases, Wanfang databases, Cochrane Library, PubMed, EMBASE, and Web of Science databases from their inception to February 2023 for randomized controlled trial that investigated the effect of sports exercise on the core symptoms of ASD. The overall risk of bias in the included literature was summarized using the revised Cochrane Randomized Trial Risk of Bias Tool (ROB2), and network meta-analysis was used to compare the intervention effects.
Results: A total of 30 studies involving 1,375 participants were included. The results showed that sports exercise programs, including 8–12 weeks of ball sports (SMD = −5.35, 95%CI: −7.57, −3.23), horse riding (SMD = −3.71, 95%CI: −6.18, −1.13), 8–12 weeks of comprehensive sports exercise (SMD = −2.17, 95%CI: −3.99, −0.44), and more than 12 weeks of comprehensive sports exercise (SMD = −3.75, 95%CI: −6.33, −1.24), significantly improved social interaction disorders. Furthermore, 8–12 weeks of ball sports (SMD = −4.36, 95%CI: 2.04, 6.73) and more than 12 weeks of comprehensive sports exercise (SMD = 3.65, 95%CI: 1.40, 6.08) significantly improved repetitive behaviors and restricted interests.
Conclusion: Sports exercise can improve the core symptoms of ASD patients, and different symptoms show a selective response to different exercise elements.
Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier CRD42023455806.
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 physical activity; autism spectrum disorder; motor intervention; core symptoms; network meta-analysis


1 Introduction

Autistic spectrum disorder (ASD) is an early onset neurodevelopmental disorder (1), with social communication and interaction disorders, and the repetition of the stereotyped interest behavior as the core symptoms. These abnormal manifestations seriously affect children’s survival, development, and the participation in daily activities at home, on campus and in the community (2), which brings a heavy burden to patients and families. In recent years, the global incidence of ASD has been on the rise, and the overall prevalence rate in developed countries is about 1.5%. According to the statistics of the Centers for Disease Control and Prevention in 2021, the prevalence rate of ASD in children aged from 0 to 8 years old is 2.47% (3). According to China’s clinical diagnostic criteria, the prevalence rate of ASD in China also reaches 39.23 in every 10,000 people (4).

A sedentary lifestyle not only affects children’s physical health, but also may isolate and deprive children of their social adaptive functions and skills (5). Exercise intervention can improve the overall symptoms of autistic patients by 37% (6), especially in behavioral and academic aspects. Studies have found that jogging, roller skating, hydrotherapy exercises and sports games can reduce the frequency of stereotypical behaviors (7). What’s more, physical exercise can have a positive impact on the cognition, behavior, emotion and communication of children with ASD in a relatively short time (8, 9).

Physical exercise can improve the survival status of patients with autism spectrum disorders, and regular physical exercise is an effective way to improve social interaction disorders and repetitive behavior symptoms in patients with ASD, which has been publicly established. However, in practice, we increasingly feel that exercise is composed of five elements: exercise form, cycle, frequency, intensity and duration. Which factor has a greater impact on the outcome index? Can the comprehensive effects of these five factors be comprehensively considered? The solution of these problems is of great significance to find the best exercise plan. In this study, the Bayesian mesh meta model was used to combine the results of direct comparison and indirect comparison to conduct pin-to-pair comparison and quantitative ranking of various intervention measures. Moreover, from the perspective of movement element combination, the intervention effects of various exercise programs on the core symptoms of patients with autism spectrum disorder were compared, and the optimal exercise program was finally formed to provide low-cost, practical and accurate exercise intervention evidence for the rehabilitation of patients with autism spectrum disorders.



2 Research methods

This systematic review was prospectively registered with the National Institute for Health Research website PROSPERO. Details of the protocol can be accessed at: https://www.crd.york.ac.uk/prospero/, identifier CRD42023455806.


2.1 Literature sources

We collated and made statistics of the included literature according to the requirements of the International Guidelines for Writing Systematic Reviews. What’s more, the study followed the PRISMA statement (Preferred Reporting Items for Systematic Reviews and Meta-analysis) and the requirements of the Cochrane workbook (10).

All relevant literature from PubMed, Web of Science (WOS), EBSCOhost, Cochrane Library, China National Knowledge Infrastructure (CNKI), Wanfang databases, and VIP databases up to February 2023 has been thoroughly searched and reviewed. By combining subject words with free words, the key words “Movement/Physical exercise/Physical activity/exercise/sport/Training, Exercise/Physical Exercises/training/ motion/activity/physical therapy/sport,” “autistic disorder/Autism Spectrum Disorders/Autistic Spectrum Disorders/Disorder, Autistic/Spectrum/Early Infantile Autism/ Disorders, Asperger/Syndrome, Asperger,” “randomized controlled trial/ randomized/controlled/trial/randomized controlled trial/random/random allocation/RCT/RCTs” were searched in PubMed, Web of Science, EBSCOhost and Cochrane Library. The Chinese search terms were consistent with the English search terms and were retrieved from the Chinese databases CNKI, Wanfang and VIP; At the same time, the included literature and related review references were traced to ensure the comprehensiveness of the literature retrieval.



2.2 Inclusion and exclusion criteria of the literature

Inclusion criteria: (1) Study type: randomized controlled trial (RCTS); (2) Research objects: Those who have been diagnosed with ASD or those with autism spectrum disorder who met the Diagnostic and Statistical Manual of Mental Disorders-IV or-V criteria for ASD diagnosis (The Fourth Edition of Diagnostic and Statistical Manual of Mental Disorders, DSM-IV or-V); (3) Intervention measures: the control group received routine rehabilitation treatment or had no intervention, and the experimental group added physical exercise on the basis of the control group; (4) Outcome indicators: The outcome indicators or partial outcome indicators were social interaction disorders or the repetition of the stereotyped behaviors.

Exclusion criteria: (1) Review, animal experiments, republished literature, etc.; (2) The literature with unclear description of experimental data, incomplete data, poor quality evaluation or the literature whose original data cannot be gotten or transformed after we contact the author; (3) The subject has other physical diseases; (4) Literature with unclear diagnostic criteria or intervention programs.



2.3 Literature screening and data extraction

The literature retrieved was imported into Endnote X9 software for de-duplication, and the titles and abstracts were read for preliminary screening. Two independent researchers would extract data according to the pre-designed table. If there was any disagreement, the third researcher would be invited to discuss and vote together.

Data extraction contents: (1) Basic literature information (first author, publication year); (2) Relevant information of subjects (including number of cases, age, intervention measures, outcome indicators, etc.); (3) Design types and quality evaluation information of literature; (4) Changes and standard deviations of outcome indicators.



2.4 Quality evaluation

The included literature was assessed by the investigator for risk of bias according to “Cochrane Handbook for the Systematic Evaluation of Interventions, version 6.3, 20–22” (11). Items assessed included (1) bias arising from the randomization process, (2) bias arising from deviations from the intended intervention, (3) bias arising from missing outcome data, (4) bias in outcome measures, and (5) bias in selective reporting of outcomes. The quality of the studies included in each domain was assessed using three options: “high risk,” “low risk” and “some risk.” If all domains were ‘low risk’, the outcome was ‘low risk’ and graded A. If some domains were ‘some risk’ and there was no ‘high risk’, then the outcome was ‘some risk’ and graded B. If one of the domains was ‘high risk’ and there was no ‘high risk’, then the outcome was ‘some risk’ and graded B. If one of the domains is ‘high risk’, then the score is ‘high risk’ If one of the domains is ‘high risk’, then the score is ‘high risk’ and the rating is C. The risk of bias for each sub-dimension was summarized using the Revised Cochrane risk-of-bias tool for randomized trials (ROB2) to obtain the overall risk of bias for the included literature.



2.5 Certainty of the evidence

The CINeMA web application (which adapts GRADE domains to network meta-analysis) was used to evaluate confidence in findings from the primary network meta-analyses due to: risk of bias within comparisons, publication bias, indirectness, imprecision, heterogeneity and incoherence (12). A detailed description of the assessment process is provided in Appendix 6 on the eAddenda.



2.6 Statistical methods

All outcome indicators in this study were continuous variables. Standardized mean difference (SMD) was adopted as the effect size, in which the absence of 0 in the 95% confidence interval (CI) indicated that the difference was significant.

In traditional meta-analysis, effect size combination, subgroup analysis, heterogeneity test and sensitivity analysis were performed for included studies. The heterogeneity among included studies was analyzed by I2 and p-value test. If I2 < 50% and p > 0.1, the studies were considered homogenous and could be analyzed by fixed-effect model. If I2 ≥ 50% and p < 0.1, the source of heterogeneity should be further determined. After the obvious clinical heterogeneity was excluded, random effects model was used for analysis.

In mesh meta-analysis, R4.2.1 and JAGS 4.3.0 were used for model calculation and verification, and Stata17.0 was used to draw network evidence plots, and publication bias was identified by drawing comparation-correction funnel plots. Among the relationships between intervention measures, the dots represented the intervention methods of physical exercise, the area of dots represented the sample size, and the lines between dots indicated direct comparison between the two exercises. The thicker the lines were, the more studies were conducted. If there was no line between the two intervention measures, it indicated that there was no direct comparison and indirect comparative analysis would be conducted. The consistency model and inconsistent model deviance information criterion (DIC) were used for comparison. If the difference between the two models was less than or equal to 5, it indicated that the consistency premise was basically met. Then the consistency model was used for calculation. Bayes Markov chain-Monte Carlo model was used to compare the intervention effects of different exercise schemes. Four chains were initially set for simulation, in which iteration step size was 1, iteration number was 50,000 times, and the first 20,000 times were used for annealing to eliminate the influence of initial value. The heterogeneity was quantified using I2 statistics. The potential scale reduced factor (PSRF) was used to evaluate the iterative effect of inter-chain and intra-chain variances. If PSRF was close to or equal to 1, the model convergence was good and the results were stable. Otherwise, the extended operation was continued. What’s more, surface under the cumulative ranking (SUCRA) was used to reflect the cumulative ranking of interventions, where 0 ≤ SUCRA≤100%, and the higher the value, the better the effect.




3 Results


3.1 Literature search results

A total of 6,678 literature was retrieved from China National Knowledge Network (n = 493), Wanfang (n = 331), VIP (n = 213), PubMed (n = 806), Embase (n = 284), Cochrane (n = 1,457) and Web of Science (n = 3,094), 12 literature was manually retrieved. After reading the title and abstract, there were still 731 papers after the initial screening. After reading the full text and re-screening, 98 papers were found to be consistent. After excluding the papers with inconsistent theme, inconsistent object and unclear data, 30 papers were finally included (Figure 1). Two separate independent reviewers (PW and FL) screened the literature during the inclusion process and the Cohen’s kappa value for both researchers was 0.84, which is good agreement.

[image: Flowchart illustrating a literature selection process in four stages: Identification, Screening, Eligibility, and Included. Initially, 6678 articles were identified from multiple databases, with an additional 12 from supplementary sources. After deduplication, 5825 articles remained. Screening narrowed these to 731 articles, and further rescreening left 98 articles. Finally, 68 articles met eligibility criteria, with 34 included in qualitative research and 30 in quantitative research; 4 were excluded for data issues.]

FIGURE 1
 Flow chart of literature selection and inclusion.




3.2 Basic features of the literature included

Among the 30 literature included (The inclusion of this paper found 14 articles from China, 4 from Iran, 2 from the United Kingdom, 4 from the US, 2 from Germany, 1 from Korea, 2 from Italy, and 1 from Switzerland.), there were 2 multi-arm studies (i.e., multiple interventions), among which one was a four-arm study, one was a three-arm study, and the rest were all two-arm studies. Since intervention measures in the multi-arm study included non-physical exercise methods, a total of 30 studies were included after excluding non-physical exercise intervention methods. The subjects of the study were people with autism spectrum disorders, and the interventions included 6 types of dance sports, ball sports, equestrian sports, martial arts, water sports and comprehensive physical exercise, while the control group did not exercise regularly (Table 1).



TABLE 1 Basic features of literature included in the study.
[image: A detailed table from a systematic review presents data on various studies related to intervention types for specific conditions. Columns include the literature source, country, sample size, average age for both experimental and control groups, intervention type, control group activities, treatment duration, frequency, intervention time, and outcome index. Abbreviations at the bottom clarify terms such as therapeutic riding and various scales used in outcomes. The table compares interventions like cognitive therapy, physical training, and daily activities across different age groups and countries.]



3.3 Quality evaluation of the literature included

The 30 included papers were all randomized controlled trials and the results showed that: 19 studies specified the process of randomization and were at low risk of bias; 27 studies described the intended intervention and were at low risk of bias; 30 studies had no bias due to missing outcome data; 26 studies had no bias in the measurement of outcome; and 27 studies had no bias in the choice of outcome reporting. The final quality rating of the included literature was A for 11 documents, B for 19 documents and C for 0 documents (Figure 2). Two independent reviewers (SJ and XW) each assessed the quality of the literature during the literature quality assessment process, and the Cohen’s kappa value for both researchers was 0.81, indicating good agreement.

[image: Risk of bias assessment table for various studies, showing five criteria: randomization process (D1), deviations from intended interventions (D2), missing outcome data (D3), measurement of the outcome (D4), and selection of the reported result (D5). Each study is marked with green (+), yellow (!), or red (), indicating low risk, some concerns, or high risk, respectively. The key is listed on the right.]

FIGURE 2
 Assessment of methodological quality included in the study.




3.4 The combined effect size of physical exercise to improve core symptoms

The combined effect size of the 27 studies included with social interaction disorders was SMD = −0.43, 95%CI: −0.62, −0.24, suggesting that physical exercise had a significant improvement effect. Heterogeneity test results showed that there was moderate heterogeneity in studies on the effects of physical exercise on social interaction disorders in patients with autism spectrum disorder (I2 = 59%, p < 0.001; Table 2).



TABLE 2 Combined effect size and adjustment effect results.
[image: Table listing various moderator variables, their \(I^2\), \(n\) (ES), SMD with 95% CI, and p-values. Variables include social interaction disorder, exercise types, dance sports, and more. Interventions and age categories are analyzed, with correlations and statistical significance noted. Lower p-values indicate significant effects.]

The combined effect size of the repetition of the stereotyped behavior included in 22 studies was SMD = −0.53, 95%CI: −0.76, −0.29, suggesting that physical exercise had a significant improvement effect. Heterogeneity results showed that there was moderate heterogeneity in studies on the effect of physical exercise on the repetition of the stereotyped behavior in patients with autism spectrum disorders (I2 = 61%, p < 0.001; Table 2).



3.5 Moderating effects of different subgroups on outcome indicators

Subgroup analysis showed that in terms of exercise types, ball games and comprehensive physical exercise had significant improvement effect on social interaction disorders and the repetition of the stereotyped behavior (p < 0.05). What’s more, equestrian sports only had significant improvement effect on social interaction disorders (p < 0.05). Finally, dancing, martial arts and water sports had no improvement effect on social interaction disorders and the repetition of the stereotyped behavior (p > 0.05). In terms of the intervention time: exercise in 45 min and less, 45 ~ 60 min and more than 60 min could improve social interaction disorders and the repetition of the stereotyped behavior significantly (p < 0.05). In terms of intervention cycle: the physical exercise of 8 weeks or less had no improvement effect on social interaction disorder (p > 0.05) and the physical exercise of 8 weeks had significant improvement effect on social interaction disorder as well as the repetition of the stereotyped behavior (p < 0.05). In terms of the frequency of intervention: physical exercise of 3 times/week or less had the significant effect on the improvement of social interaction disorder and the repetition of the stereotyped behavior (p < 0.05) and physical exercise of more than 3 times a week had a significant effect on the improvement of social interaction disorder as well as the repetition of the stereotyped behavior (p < 0.05). In terms of patient age, the improvement effect was significant in patients aged 12 years and below (p < 0.05), while the improvement effect was not significant in patients aged over 12 years (p > 0.05; Table 2).



3.6 The evidence network of movement element combination

In this paper, the combination of exercise elements was discussed, and the subgroup analysis found that there existed significant differences in exercise type, intervention period and frequency. The heterogeneity of intervention time was low and no difference existed. Since intervention frequency was not reported in some studies, so based on traditional meta-analysis, mesh meta-analysis was conducted on exercise type and intervention period (Figure 3). A total of 27 studies (1,219 cases) were included in the evidence network. The overall consistency test showed that the overall difference between the consistent model and the inconsistent model of the social interaction disorder (DIC = 47.12/ DIC = 47.28) and the repetition of the stereotyped behavior (DIC = 40.09/ DIC = 40.12) was less than 1, indicating there existed a good overall consistency, so the consistency model was used for analysis. A total of 15 studies (787 cases) related to social interaction disorders were included, involving five exercise regimen (Figure 3) in which PSRF converged to 1, and the overall heterogeneity was low (I2 = 0%). A total of 12 studies (432 cases) related to the repetition of the stereotyped behavior were included, involving three exercise regimens (Figure 3) in which PSRF converged to 1, and the overall heterogeneity was low (I2 = 0%).

[image: Diagram A shows "Social interaction disorder" with five connections labeled A to E, originating from a central point. Diagram B displays "Repetition of the stereotyped behavior" with similar connections labeled A to E, also from a central point. Both diagrams use blue dots and black lines.]

FIGURE 3
 (A, B) The evidence network diagram of physical exercise intervention in core symptoms of patients with autism spectrum disorders. “0” Represented the control group (routine interventions, daily activities, educational intervention and no intervention). A: ball games for 8–12 weeks; D: comprehensive physical exercise for 8–12 weeks; E: comprehensive physical exercise for 12 weeks, O: control group (no exercise intervention).




3.7 Optimization of physical exercise to improve core symptoms

As to the outcome indicators of social interaction disorder, 8–12 weeks of ball sports, 8–12 weeks of equestrian sports, and more than 8 weeks of comprehensive physical exercise could significantly improve the social interaction disorder of patients with autism spectrum disorder (p < 0.05), but the effect of comprehensive physical exercise intervention after 8 weeks was not significant. According to the SUCRA value, the effects of different interventions on the improvement of social interaction disorders were ranked. Table 3 showed that the intervention effects of the five exercise methods were ranked from high to low as follows: ball games for 8–12 weeks > comprehensive physical exercise for more than 12 weeks > equestrian sports for 8–12 weeks > comprehensive physical exercise for 8–12 weeks > comprehensive physical exercise for 8 weeks and less than 8 weeks. Indirect comparison of different exercise programs showed that ball games in 8–12 weeks had significant differences with comprehensive physical exercise for 8 weeks or less as well as comprehensive physical exercise for 8–12 weeks, but had no significant differences with equestrian sports for 8 to 12 weeks and comprehensive physical exercise for more than 12 weeks. What’s more, there existed significant difference between equestrian sports for 8–12 weeks and comprehensive physical training for more than 12 weeks, but there was no significant difference between equestrian sports and other forms of exercise. There was no significant difference between comprehensive physical exercise for 8 weeks or less and more than 8 weeks, and there was no significant difference between comprehensive physical exercise for 8–12 weeks and more than 12 weeks.



TABLE 3 Intervention effect and SUCRA value of social interaction disorder.
[image: A data table comparing results of social interaction disorders and stereotyped behavior across different groups labeled A, B, C, D, E, and O. The table includes pair comparison results with statistical significance marked by an asterisk. Numeric values represent various metrics with confidence intervals. Socialization and Behavior SUCRA values are listed on the right.]

As for the outcome index of the repetition of the stereotyped behavior, ball games for 8–12 weeks and comprehensive physical exercise for more than 12 weeks could significantly improve the repetition of the stereotyped behavior in patients with autism spectrum disorder (p < 0.05), while comprehensive physical exercise for 8–12 weeks had no significant effect. According to SUCRA value, the effects of different interventions on improving the repetition of the stereotyped behavior were ranked. Table 3 showed that the intervention effects of the three types of exercise were ranked from high to low as: ball games for 8–12 weeks > comprehensive physical exercise for more than 12 weeks > comprehensive physical exercise for 8–12 weeks. Indirect comparison of different exercise regimens found that there was no significant difference in indirect comparison between exercise regimens and the control group (Table 3; Figure 4).

[image: Bar charts comparing behaviors. Chart A shows "Social interaction disorder" with categories A, B, C, D, E, O. Chart B shows "Repetition of the stereotyped behavior" with categories A, D, E, O. Each chart contains multiple bars with varying heights representing different data values.]

FIGURE 4
 (A, B) Probability ranking diagram on intervention effect of each outcome index. “O” represented the control group (routine intervention, daily activities, educational intervention and no intervention). A ball: games for 8–12 weeks; B: equestrain exercise for 8–12 weeks; C: comprehensive physical activities for 8–12 weeks; O: control group (no exercise intervention).




3.8 Sensitivity analysis

To investigate whether the heterogeneity between studies was caused by individual studies, this review performed sensitivity analyses on the core symptom outcome indicators and analysed the combined effect by screening out individual studies one at a time. The sensitivity analysis of the included study outcome indicators is reported in Appendix 10 of the eAddenda. The combined effect size of social interaction disorders included in all studies was SMD = −0.43, 95% CI (−0.62, −0.24), p < 0.001, I2 = 59%, and the range of combined effect SMDs after screening out individual studies was (−0.48 to −0.40), and the range of I2 was (56.86–64.14%), all with p < 0.001. Repeated stereotypic behavior included in all studies had a combined effect size SMD = −0.53, 95% CI (−0.76, −0.29), p < 0.001, I2 = 61%, the range of the combined effect SMD after sifting out the individual studies was (−0.60 to −0.46) and the range of I2 was (44.37–66.30%), all with P less than 0.001, with Liu, R2021 this study causing larger I2 changes. The results of the two analyses showed that the relatively low sensitivity of the data in this study did not fundamentally change the results of the meta-analysis, suggesting that the results of the study’s outcome metrics are somewhat stable and reliable.



3.9 Publication bias

The inverted funnel analysis was conducted using the repetition of the stereotyped behavior in patients with autism spectrum disorders as outcome indicators. As shown in Figure 5, the funnel plot presented asymmetry, and some black dots were still at the lower part of the funnel plot, suggesting that the repetition of the stereotyped behavior as outcome indicators in this study might have certain small sample effect and publication bias, and the results should be treated with caution. The outcome index of social interaction disorder basically maintained symmetry, and there was no obvious deviation.

[image: Funnel plot showing the standard error of effect size versus effect size centered at the comparison-specific pooled effect. Data points are color-coded for comparisons A vs O (blue), D vs O (red), and E vs O (black). A vertical red line marks the zero effect, with a sloped line indicating bias. Dashed lines form the funnel shape.]

FIGURE 5
 The inverted funnel diagram of exercise improving the repetition of the stereotyped behavior in patients with autism spectrum disorder.




3.10 Certainty of the network meta-analysis evidence

The overall certainty of the evidence available for each comparison in the primary network meta-analyses, assessed using the CINeMA framework, is reported in Appendix 10 on the eAddenda. The findings demonstrate that the direct comparisons concerning the social interaction disorder and repetitive stereotyped behaviors outcome indicators had a predominantly moderate quality of evidence. In contrast, the evidence quality for indirect comparisons was lower because of the lack of loop closure and the high inconsistency levels observed.




4 Discussion

This study showed that physical exercise had positive effects on social interaction disorders and the repetition of the stereotyped behavior in patients with autism spectrum disorder, which was consistent with previous results (43, 44). ASD patients participated in sports activities as a group, learned social etiquette (27), induced and strengthened social communication, improved eye processing ability and attention (45, 46), and finally improved cognitive neural function (47, 48), which had a positive impact on brain function activation (36, 49), and improved social barriers. In addition, physical exercise was similar to the stereotyped behavior of ASD patients. The target activities of individuals replaced the non-target stereotyped activities, enhancing their internal needs, and patients would no longer need to experience pleasure from stereotyped behaviors (22).

The frequency and cycle of physical exercise were important factors that could affect the effect of intervention. We found that physical exercise for more than three times a week was an effective tool to reduce the number of stereotypical behavior episodes in children with ASD (50). With the extension of intervention period, the overall intervention effect of physical exercise might be better. There was evidence that physical exercise for 5 times a week could reduce functional magnetic resonance imaging (fMRI) brain activation in the prefrontal cortex, which might lead to more mature brain function (51). Long-term participation in physical activity could lead to changes in the expression of genes related to the synthesis and release of neurotransmitters (44), and induce the adaptation of brain structure and synaptic plasticity (52), thus affecting the enhancement of neural function and improve cognitive and behavioral abilities. The intervention effects of different exercise forms were different from previous studies. Martial arts, swimming and dancing could not produce significant effects on patients with ASD (43, 53). In addition, we found that the age of physical exercise intervention was an important factor affecting the effect size, and the effect of intervention was more significant in patients under 12 years of age. Early diagnosis and intervention could reduce complications and related disabilities in patients with ASD (54), which could better improve the educational performance and cognitive development of children with ASD (3), and help them better adapt to daily life (55) by changing functional prediction and timely referral to specialists who assess and treat early symptoms.

By combining the results of direct comparison and indirect comparison, the pair-to-pair comparison and quantitative ranking of various interventions showed that the exercise programs that could significantly improve social interaction disorders were ball games for 8 to 12 weeks, comprehensive physical exercise for more than 12 weeks, equestrian sports for 8–12 weeks and comprehensive physical exercise for 8–12 weeks. The exercise programs that could significantly improve the repetition of the stereotyped behavior were ball games for 8–12 weeks and comprehensive physical exercise for more than 12 weeks. Equestrian exercise and comprehensive physical exercise for 8–12 weeks can only improve the social interaction disorders of ASD patients, suggesting that the exercise program had a selective effect on outcome indicators.

This study found that the intervention effects of different forms of exercise differed from previous studies. Firstly, martial arts, swimming and dance interventions did not produce improvement in patients with ASD, and this discrepancy may be related to the low intervention frequency of the exercise programmes included in the study. The intervention frequency of dance exercise, swimming exercise and martial arts exercise in the studies included in this paper was less than 3 times/week, and physical activity less than 3 times/week did not have an ameliorative effect on symptoms of ASD, which is consistent with the results shown in the subgroup analysis. Second, the same exercise programme may have selective effects on different outcome indicators, and the improvement effects of combined physical activity did not occur simultaneously, with equine exercise only improving social interaction deficits in ASD patients. Physical activity has transient and chronic beneficial effects on repetitive stereotypic behaviors in people with ASD, but these effects are usually facilitated by a single exercise modality, and combinations of exercise modalities allow more possibilities for intervention mechanisms, but studies have found that the effects of combinations of multiple exercise modalities may take longer to activate and change, which may be a possible reason for the cyclical selection of combined physical activity when intervening in repetitive stereotypic behaviors. The presence of an important active ingredient in human-horse interaction maintains a relaxing environment that can influence positive changes in irritability, hyperactivity, and social and communicative behaviors in this population (18), which may have a calming effect on children with autism, which in turn improves their social interactions (29); however, the lack of training in equestrian sports may have influenced the effect of improving repetitive stereotypic behaviors in the patient’s behavior. However, The intervention effect of ball sports on social interaction disorders and repetitive and rigid behaviors occurs simultaneously. In the form of collective classroom, ball sports can induce and strengthen social communication, improve cognitive nerves (53), exert a positive impact on brain function activation (44), and promote the enhancement of brain plasticity by watching peer exercises and imitating exercises to learn social etiquette. Thus improving the social ability of children with ASD. In addition, through the learning of basic motor skills, ball sports can produce a pleasant state similar to stereotypical behaviors (56), and at the same time increase the gray matter volume of the right cerebellar area 8 of preschool children with ASD (57), improve their sensory and perceptual abilities and behavioral control, so that the repetitive stereotypical behaviors of children with ASD can be controlled. Similar findings were found in karate training (20).

To sum up, early intervention was crucial for patients with autism spectrum disorders. Evidence showed that 8–12 weeks of ball exercise for 5 times a week had the best performance in improving core symptoms. Subgroup analysis suggested that long-term intervention was more effective.

Limitations and implications of this study: (1) Exercise intensity was an important factor in intervention programs. Due to the particularity of patients with autism spectrum disorders, it was difficult to use instruments to measure exercise intensity, which might result in the heterogeneity; (2) Most outcome indicators included in this study were judged by scales, which were easily affected by subjective factors. Therefore, more objective evaluation tools should be introduced in the future. (3) The incompleteness of the feedback loop in the network analyses of the comparisons of various exercise interventions could have impeded the outcomes of both direct and indirect comparisons.
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Microstructural neural correlates of maximal grip strength in autistic children: the role of the cortico-cerebellar network and attention-deficit/hyperactivity disorder features
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Introduction: Maximal grip strength, a measure of how much force a person’s hand can generate when squeezing an object, may be an effective method for understanding potential neurobiological differences during motor tasks. Grip strength in autistic individuals may be of particular interest due to its unique developmental trajectory. While autism-specific differences in grip-brain relationships have been found in adult populations, it is possible that such differences in grip-brain relationships may be present at earlier ages when grip strength is behaviorally similar in autistic and non-autistic groups. Further, such neural differences may lead to the later emergence of diagnostic-group grip differences in adolescence. The present study sought to examine this possibility, while also examining if grip strength could elucidate the neuro-motor sources of phenotypic heterogeneity commonly observed within autism.
Methods: Using high resolution, multi-shell diffusion, and quantitative R1 relaxometry imaging, this study examined how variations in key sensorimotor-related white matter pathways of the proprioception input, lateral grasping, cortico-cerebellar, and corticospinal networks were associated with individual variations in grip strength in 68 autistic children and 70 non-autistic (neurotypical) children (6–11 years-old).
Results: In both groups, results indicated that stronger grip strength was associated with higher proprioceptive input, lateral grasping, and corticospinal (but not cortico-cerebellar modification) fractional anisotropy and R1, indirect measures concordant with stronger microstructural coherence and increased myelination. Diagnostic group differences in these grip-brain relationships were not observed, but the autistic group exhibited more variability particularly in the cortico-cerebellar modification indices. An examination into the variability within the autistic group revealed that attention-deficit/hyperactivity disorder (ADHD) features moderated the relationships between grip strength and both fractional anisotropy and R1 relaxometry in the premotor-primary motor tract of the lateral grasping network and the cortico-cerebellar network tracts. Specifically, in autistic children with elevated ADHD features (60% of the autistic group) stronger grip strength was related to higher fractional anisotropy and R1 of the cerebellar modification network (stronger microstructural coherence and more myelin), whereas the opposite relationship was observed in autistic children with reduced ADHD features.
Discussion: Together, this work suggests that while the foundational elements of grip strength are similar across school-aged autistic and non-autistic children, neural mechanisms of grip strength within autistic children may additionally depend on the presence of ADHD features. Specifically, stronger, more coherent connections of the cerebellar modification network, which is thought to play a role in refining and optimizing motor commands, may lead to stronger grip in children with more ADHD features, weaker grip in children with fewer ADHD features, and no difference in grip in non-autistic children. While future research is needed to understand if these findings extend to other motor tasks beyond grip strength, these results have implications for understanding the biological basis of neuromotor control in autistic children and emphasize the importance of assessing co-occurring conditions when evaluating brain-behavior relationships in autism.
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1 Introduction

As many as 88% of autistic children experience motor challenges (Bhat, 2020) that can meaningfully impact participation in activities of daily life (Jasmin et al., 2009; Travers et al., 2017) and overall quality of life (Hedgecock et al., 2018). Although considerable heterogeneity exists among the motor profiles of autistic individuals (Surgent et al., 2021), group-level differences in motor behavior are well documented in areas including fine motor (Libertus et al., 2014; Anzulewicz et al., 2016), gross motor (Bhat et al., 2011; Ament et al., 2015; Sumner et al., 2016), balance (Ardalan et al., 2019; Surgent et al., 2021), coordination (Fournier et al., 2010), hand and arm movements for pointing (Torres et al., 2013; Wu et al., 2018), and hand grip (Kern et al., 2013; Travers et al., 2015, 2017). Diagnostic-based differences in hand grip may be particularly informative as recent work suggests that maximal grip strength is representative of how refined brain networks interact with intricate skeletomuscular systems to execute motor behaviors (Carson, 2018). While autistic and non-autistic populations have relatively similar grip strength during childhood, group differences emerge during adolescence and are sustained into adulthood (Abu-Dahab et al., 2013; Alaniz et al., 2015; Travers et al., 2017), thus following a developmental pattern that aligns with observations in other motor domains such as postural control (Minshew et al., 2004). However, it is unclear if the neural mechanisms driving generally decreased grip strength in adolescent and adult autistic populations are present from early childhood or arise concurrently with observable differences in behavior. This information is critical, as it may influence our understanding of foundational brain–body communication in autistic populations and has implications for how we interpret, assess, and implement motor interventions in autistic youth. Therefore, the purpose of this study was to characterize the neural correlates of maximal grip strength in autistic children.

Despite the consistency of motor differences identified in autistic populations, there is a lack of consensus regarding the neurobiological mechanisms by which such differences arise. In adults, diagnosis-dependent differences in the structural and functional neural correlates of grip behavior (Travers et al., 2015; Unruh et al., 2019) as well as broader motor behaviors (Thompson et al., 2017; Lin et al., 2019; Wang et al., 2019; Lepping et al., 2022; McKinney et al., 2022) have previously been identified in the frontal, visual, insular, motor, and cerebellar cortices as well as in the corticospinal tract. However, the results reported across these studies are somewhat inconsistent, leading to the generation of several theories of neuromotor control in the autistic population. Many of these theories center upon differences in sensory processing (Gowen and Hamilton, 2013; Torres et al., 2013; Baum et al., 2015) or cortico-cerebellar communication (Mostofsky et al., 2009; Mosconi et al., 2015). With substantial motor and neural heterogeneity across autistic individuals, it is possible that both theories of motor control are supported by different subsets of the autistic population (such as those with specific co-occurring conditions or cognitive profiles) or may scale with individual differences in specific behavioral, developmental, or contextual features (Insel et al., 2010). Yet, it remains unclear how key sensory and cerebellar networks contribute to fundamental motor behaviors such as the production of grip force or how these theories of neuromotor control apply to pediatric autistic populations, given the developmental nature of autism. One potential reason for this gap in the literature is that there are several challenges with acquiring high-resolution brain images that allow for a more precise examination of brainstem and cerebellar regions, key structures associated with motor behaviors. However, our group has recently optimized diffusion MRI acquisition and processing techniques aimed to mitigate these challenges, thereby allowing us to examine white matter pathways, including brainstem and cerebellar pathways, in children (Guerrero-Gonzalez et al., 2022). Use of these tools to examine white matter microstructure may ultimately lead to more clarity regarding the unique roles that sensory and cortico-cerebellar networks play in not only the production of motor behaviors in autistic children but also the neurobiological basis of broader autism features.

Theoretical models of motor control and empirical evidence from human and non-human primates indicate that sensory and cerebellar networks additionally interact with the lateral grasping network and the corticospinal tract to regulate grip (Doya, 2000; Keisker et al., 2009, 2010; Grafton, 2010; Manto et al., 2012; Schulz et al., 2012; King et al., 2014; Koppelmans et al., 2015; Alahmadi et al., 2017; Borra et al., 2017; Desmurget et al., 2018; Haar and Donchin, 2020; Marneweck and Grafton, 2020). Applying this knowledge to a pediatric sample, our group recently mapped these key white matter tracts in children with no known neurodevelopmental or psychiatric diagnoses (referred to hereafter as “non-autistic”) and identified relationships between grip strength and microstructural coherence of the cortical proprioception input network, lateral grasping network, and corticospinal output pathway but not the cerebellar modification network (Surgent et al., 2023). These findings suggested a potential mechanism of fundamental motor behavior in non-autistic children that is associated with myelination of proprioception and motor-output networks but not cerebellar modification networks. Yet, it remains unclear if these networks similarly contribute to grip strength in autistic children.

Therefore, the first aim of this study was to characterize the microstructural properties of sensorimotor networks as they relate to maximal grip strength in autistic compared to non-autistic children. Based on findings in non-autistic children (Surgent et al., 2023), microstructural properties were examined through free-water eliminated fractional anisotropy (FWE-FA) and quantitative R1 relaxometry, indirect measures concordant with stronger microstructural coherence and increased myelination, respectively. Based on previous reports of relationships between grip behavior and elements of sensorimotor network structure and function in autistic adults (Thompson et al., 2017; Lin et al., 2019; Unruh et al., 2019; Wang et al., 2019; Lepping et al., 2022; McKinney et al., 2022) and previously reported diagnostic group differences in brain-behavior relationships across broader motor domains (Mahajan et al., 2016; Surgent et al., 2021; McKinney et al., 2022), we hypothesized that autistic children would show a distinct pattern of grip-brain relationships compared to non-autistic children, even at this age range when grip strength is behaviorally similar across groups. Specifically, given the various theories of differences in sensory processing (Gowen and Hamilton, 2013; Baum et al., 2015) and cortico-cerebellar communication (Mostofsky et al., 2009; Mosconi et al., 2015) in autistic individuals, we hypothesized that autistic children would differ from non-autistic children in their associations between grip strength and the microstructural properties of the proprioception and/or cerebellar modification networks, as these networks, respectively, underlie sensory input and modification of motor commands.

Given the heterogeneity in autistic motor profiles and the diversity in theories of neuromotor control in autism, a second, exploratory, aim sought to identify additional features that may influence relationships between grip strength and sensorimotor network structure in autistic children. We conducted analyses that tested for the potential of unique grip-microstructure relationships based on factors previously found to be associated with motor behavior in autistic populations including autism features (MacDonald et al., 2013), attention-deficit/hyperactivity disorder (ADHD) features (Mattard-Labrecque et al., 2013; Mahajan et al., 2016), sensory features (Surgent et al., 2021), and variation in IQ (Travers et al., 2018; Surgent et al., 2021). In addition to being associated with motor behavior in autistic youth and being commonly associated with behavioral profiles of autistic individuals, each of these factors has also been associated with brain variation in autistic populations (Mahajan et al., 2016; Bedford et al., 2020; Surgent et al., 2021, 2022; McKinney et al., 2022). Together, this suggests that individual differences in autism features, ADHD features, sensory features, and IQ may not only exist concurrently with individual differences in motor behavior but also may have unique neural signatures that influence the brain mechanisms of motor control in autistic youth. Therefore, we hypothesized that within the autistic group, grip strength-white matter relationships would be moderated by one or more of these factors. Through examination of these potential moderating effects, we aimed to disentangle some of the heterogeneity in brain-behavior relationships within autistic youth with the ultimate goal of identifying how subsets of the autistic population may align with or diverge from the established theories of neuromotor control in autism.



2 Methods


2.1 Participants

Participants included 68 autistic children and 70 non-autistic children, between the ages of 6.0 and 11.0 years old. All participants were required to communicate verbally and have an IQ score greater than 60 using the Wechsler Abbreviated Scale of Intelligence, 2nd Edition (WASI-2) (Wechsler and Hsiao-pin, 2011) or the Kaufman Brief Intelligence Test-Second Edition (KBIT-2) (Kaufman and Kaufman, 2004). None of the participants had a previous diagnosis of tuberous sclerosis, Down syndrome, fragile X, hypoxia-ischemia, notable and uncorrected hearing or vision loss, or a history of severe head injury. The institutional review board at the University of Wisconsin-Madison approved all procedures. In each case, the child participant provided assent and a parent or guardian provided informed consent.

To confirm previous community diagnoses of autism spectrum disorder (ASD), participants in the autistic group were comprehensively evaluated for ASD by meeting cutoffs on either (1) the Autism Diagnostic Observation Schedule, 2nd edition (ADOS-2; cutoff = 8) (Lord et al., 2012) or the Autism Diagnostic Interview-Revised (ADI-R) (Lord et al., 1994). Six participants narrowly missed cutoff on the ADOS-2, however they were included in the autistic group after a record review with a licensed clinical psychologist. All six met cutoff on both the Social Responsiveness Scale, second edition (SRS-2; cutoff = 60) (Constantino and Gruber, 2012) and the Social Communication Questionnaire (SCQ; cutoff = 15) (Rutter et al., 2003).

Non-autistic participants were required to score less than 8 on the SCQ (Rutter et al., 2003). Participants were excluded from the non-autistic group if they had a previous diagnosis of any neurodevelopmental disorder including ADHD, bipolar disorder, major depressive disorder, or if they had a first-degree relative with ASD. Specific demographic information about the participant sample can be found in Table 1.



TABLE 1 Demographic information for participant sample.
[image: A table comparing characteristics between non-autistic (n=70) and autistic (n=68) groups. It includes variables like age, sex, average head motion, hand preference, grip strength, IQ, and various questionnaire scores, along with t-values and p-values. Significant differences are noted in IQ, social responsiveness, communication, sensory experiences, repetitive behavior scores, and ADHD status, with most significant at p < 0.001.]



2.2 Grip strength assessment

Maximal grip strength was measured using a Jamar hand dynamometer (Heaton et al., 1991). Each participant stood with their arm at their side (bent at a 90-degree angle) and squeezed the dynamometer with one hand as hard as possible without moving the rest of their body. Grip strength, measured in kilograms, was recorded from both hands across 10 trials (5 trials per hand). The average of the maximum grip strength from the right- and left-hand trials was used in the analysis.



2.3 Additional behavior assessments

Parent reported measures were collected to assess ADHD features (National Initiative for Children’s Healthcare Quality Vanderbilt Assessment Scales [NICHQ-VAS]) (American Academy of Pediatrics and National Institute for Children’s Health Quality, 2002), sensory features (Sensory Experience Questionnaire [SEQ-3]) (Baranek et al., 2006), and autism features (SRS-2, SCQ, and Repetitive Behavior Scale-Revised [RBS-R]) (Bodfish et al., 2000) in all participants. On all assessments, higher scores are associated with more prominent features. Further information about these assessments can be found in Supplementary material.



2.4 MRI data acquisition and processing

Two types of structural magnetic resonance imaging (MRI) data (diffusion and T1-weighted) were acquired on a 3 T GE Discovery MR750 scanner (Waukesha, WI) using a 32-channel phased array head coil (Nova Medical, Wilmington, MA). Our collection protocols for these data represent state-of-the art MRI acquisitions that aim to limit distortions and produce biologically plausible representations of the pediatric brain in vivo. Specifically, diffusion-weighted images (DWIs) were obtained using a multi-shell spin-echo echo-planar imaging (EPI) pulse sequence (9 directions at b = 350 s/mm2, 18 directions at b = 800 s/mm2, and 36 directions at b = 2000 s/mm2, and 6 non-diffusion-weighted [b = 0 s/mm2] volumes; Repetition Time (TR)/Time to Echo (TE) = 9000/74.4 ms; Field of View (FOV) = 230 mm × 230 mm, in-plane resolution 2.4 mm × 2.4 mm, interpolated to 1.8 mm × 1.8 mm; 76 overlapping slices 3.6 mm thick with slice centers spaced every 1.8 mm). An additional six, non-diffusion-weighted volumes with the reverse phase-encoded direction were collected for use in correcting susceptibility-induced artifacts (Andersson et al., 2003). 3D T1-weighted (T1w) images were obtained using an MPnRAGE sequence with 1mm3 isotropic resolution. The MPnRAGE pulse sequence combines magnetization preparation using inversion recovery with a rapid 3D radial k-space readout (Kecskemeti et al., 2016, 2018). It also employs a retrospective head-motion correction, allowing for highly repeatable tissue-specific segmentation and quantitative T1 (qT1) mapping (Kecskemeti et al., 2018, 2021; Kecskemeti and Alexander, 2020a,b) even with large amounts of head motion.

DWIs were preprocessed to reduce noise (Veraart et al., 2016a,b), Gibbs ringing (Kellner et al., 2016), and artifacts caused by motion, eddy current (Andersson et al., 2016, 2017; Andersson and Sotiropoulos, 2016) and EPI distortions (Andersson et al., 2003) and subsequently processed in accordance to the TiDi-Fused workflow (Guerrero-Gonzalez et al., 2022), to enhance the apparent spatial resolution. Briefly, as part of the TiDi-Fused workflow, transformations used to map the DWI b = 0 volume to the MPnRAGE T1-weighted images were computed using a rigid-body boundary-based registration (BBR) (Greve and Fischl, 2009) routine in the FreeSurfer image analysis suite (Dale et al., 1999). The entire DWI series was then transformed using ANTs (Avants et al., 2011) with cubic B-spline interpolation up-sampled to the T1w resolution (1 mm isotropic). The rotational component of the rigid body transformation was then applied to the DWI encoding directions. The enhanced apparent resolution provided by this workflow allows for more accurate delineation of white matter pathways (Guerrero-Gonzalez et al., 2022). Additionally, the average relative voxel displacement between volumes acquired during the DWI scan was estimated using eddy_qc and utilized to quantify participant head motion (Andersson and Sotiropoulos, 2016).

Free water elimination (FWE) diffusion tensor imaging (DTI) was used to estimate diffusion tensors. The FWE approach has been shown to produce more complete, anatomically plausible tract representations in regions with suspected CSF partial volume artifacts (Hoy et al., 2015) and therefore was used to generate more accurate tensor-based estimates in cortical and subcortical tracts of interest. FWE fractional anisotropy (FWE-FA) maps were generated from the FWE tensor maps (Fick et al., 2019). Quantitative T1 maps of the brain were obtained from MPnRAGE images from which R1 estimates (R1 = 1/qT1) were calculated at each voxel (Kecskemeti and Alexander, 2020a). All structural maps passed a visual inspection for processing artifacts prior to statistical analyses.



2.5 White matter tract definition


2.5.1 White matter tractography

As described in (Surgent et al., 2023), whole brain tractograms were constructed MRtrix3 white matter tracking algorithms (Tournier et al., 2019). Anatomically constrained tractography (Smith et al., 2012) was performed based on multi-shell multi-tissue constrained-spherical deconvolution (msmt-CSD) (Jeurissen et al., 2014; Dhollander et al., 2016) and probabilistic tracking (iFOD2) (step size: 0.5 mm; maximum length: 250 mm; minimum length: 10 mm; 20,000,000 streamlines) (Tournier et al., 2010). Tracts were seeded from a whole brain white matter mask and tracking was terminated if a streamline exited the mask. Following spherical-deconvolution informed filtering of the tractograms (SIFT2) (Smith et al., 2015), connectomes representing white matter pathways spanning gray matter regions of interest were constructed using parcellations derived from FreeSurfer automatic segmentation (Fischl et al., 2008; Destrieux et al., 2010; Iglesias et al., 2018). See Supplementary Table S1 for details about tract inclusion and exclusion criteria for defining intrahemispheric white matter pathways. See Figure 1 for representations of the tracts spanning each network of interest. Tracts were visually inspected to verify integrity and biological validity. All participants included in the sample had biologically plausible tract reconstructions. The weighted median of each tract bundle was then calculated and used in analyses.

[image: MRI brain scans showing neural pathways with color-coded tracts. Panels labeled A to D highlight various connections: VPL to S1, SMG to PMC, M1 to PN, and CST. Each panel displays different views and connectivity details, with annotations indicating specific regions such as VPL, S1, SMG, PMC, M1, and others. The tracts are vividly colored for differentiation.]

FIGURE 1
 Sensorimotor networks of interest. Tract representations of pathways included in the (A) proprioception input network, (B) lateral grasping network, (C) cerebellar modification network, and (D) corticospinal tract. ML, medial lemniscus; VPL, ventral posterolateral nucleus of the thalamus; S1, primary somatosensory cortex; SMG, supramarginal gyrus; PMC, premotor cortex; M1, motor cortex; PN, pontine nuclei; MCP, middle cerebellar peduncle; SCPCT, superior cerebellar peduncle, cerebello-thalamic tract; VL, ventrolateral nucleus of the thalamus; CST, corticospinal tract.




2.5.2 Brainstem white matter atlas

To increase biological accuracy and avoid common challenges with white matter fiber tracking in relatively small and highly intricate brainstem tracts (Tang et al., 2018), brainstem-based white matter tracts (medial lemniscus [ML], middle cerebellar peduncle [MCP], superior cerebellar peduncle tracts to the thalamus [SCPCT]) were defined using a probabilistic brainstem connectome atlas (Tang et al., 2018). As in previous work (Surgent et al., 2022, 2023), affine and diffeomorphic transformations (Avants et al., 2011) were used to map tracts to a T1w study-specific template that was aligned with the MNI152 T1w image. Bundles were warped to the native subject space, with linear interpolation, using the transforms generated during population template estimation. Summary diffusion measures of the ML, MCP, and SCPCT tracts were calculated using the weighted median based on probabilistic tractography visitation counts (normalized to values between 0 and 1 at each voxel). All bundles were quality assessed by outlier analysis of the summary measures.




2.6 Statistical analysis

To determine the extent to which relationships between grip and microstructure were similar or different in autistic compared to non-autistic children, global general linear models were constructed predicting FWE-FA or R1 from maximal grip strength, diagnostic group (autistic vs. non-autistic), tract (10 tracts total [three proprioception input network, two lateral grasping network, four cerebellar modification network, one corticospinal output pathway]), and their two- and three-way interactions, while accounting for age and sex and including a random effect for participant. Post-hoc, tract-specific analyses were conducted to examine grip strength-by-group interaction effects as well as grip strength-by-tract interaction effects. All post-hoc analyses were corrected for multiple comparisons using false discovery rate (FDR corrected, p < 0.05) (Benjamini and Hochberg, 1995). All FWE-FA models additionally controlled for average head motion during the DWI scan.

To assess sensorimotor tract model fit, we sought to determine if within-group brain-behavior heterogeneity was consistent across the autistic and non-autistic samples. Results of within-tract post-hoc analyses in the autistic group were compared to parallel analyses in a non-autistic group (previously described in Surgent et al., 2023) using Fisher’s F-tests. This provided information regarding statistically significant differences in the variance explained by models predicting structural properties of each sensorimotor tract from grip strength and relevant covariates in autistic compared to non-autistic groups.

To determine if higher variances in the brain-behavior relationships within the autistic group were driven by additional factors that may influence the relationship between grip strength and sensorimotor white matter, exploratory analyses were conducted using moderated global mixed-effects linear regression modeling. Moderators of interest included continuous measures of autism features, sensory features, ADHD features, and IQ. Significant three-way interaction effects were subsequently examined with post-hoc analyses to determine the extent to which these factors moderated grip-white matter relationships on a tract-by-tract basis. While analyses examined ADHD features continuously as a total score, additional demographic information about the autistic participants with elevated or reduced ADHD features (based on meeting cutoff criteria on the inattention or hyperactivity domain of the NICHQ-VAS) can be found in Supplementary Table S2.




3 Results


3.1 Comparison of sensorimotor-grip relationships in autistic and non-autistic children

Tracts for comparison can be seen in Figure 1. Global modeling revealed no significant main effect of diagnostic group (autistic vs. non-autistic) or interaction effects between grip strength and diagnostic group predicting FWE-FA (Table 2). A significant three-way interaction effect of grip strength-by-diagnostic group-by-tract was found to predict R1 (Table 2), however within-tract post-hoc analyses did not reveal any significant grip strength-by-diagnostic group interaction effects after FDR correction (Supplementary Table S3). Post-hoc analyses of sensorimotor-grip relationships across all participants at the individual tract level revealed significant positive relationships between grip strength and cortical proprioception input network tract FWE-FA and R1 (Figure 2A), lateral grasping network FWE-FA and R1 (Figure 2B), cerebellar modification network SCPCT FWE-FA and VL-M1 R1 (Figure 2C), and corticospinal tract FWE-FA and R1 (Figure 2D; Table 3).



TABLE 2 Results of linear mixed effect models predicting sensorimotor network microstructure from grip strength in autistic vs. non-autistic children.
[image: A table displays statistical data for FWE-FA and R1 metrics with predictors, sum of squares, mean square, F values, and p-values. Significant predictors include grip strength, diagnostic group, sensorimotor tract, age, sex, and various interactions. Key values indicate significant findings, with p-values less than 0.001 for many predictors.]

[image: Diagram illustrating neural pathways and networks related to grip strength, labeled A to D. Each brain diagram shows highlighted regions and connections such as the ventrolateral thalamus and cerebellum. Graphs below depict correlations between grip strength and various neural measurements, with data points for autistic and non-autistic groups.]

FIGURE 2
 Statistically significant relationships between grip strength and sensorimotor tract structure in autistic and non-autistic children. Schematic tract representations with tracts that demonstrated significant grip strength-white matter structural relationships displayed in red. Scatter plots show significant correlations between maximum grip strength and structural measures of the (A) cortical proprioception input network tracts, (B) lateral grasping network tracts, (C) cerebellar modification network tracts, and (D) corticospinal tract. All relationships control for age and sex. FWE-FA relationships additionally control for head motion during the DWI scan. All tests are corrected for multiple comparisons using FDR p < 0.05. Network schematics created with BioRender.com.




TABLE 3 Results of within-tracts post hoc analyses predicting structural properties from maximal grip strength across autistic and non-autistic children.
[image: A table presents statistical data for FWE-FA and R1 across different neural networks: Proprioception input network, Lateral grasping network, Cerebellar modification network, and Corticospinal output. Each includes columns for tract of interest, \(b\), SE, 95% confidence interval (lower and upper), \(t\), and \(p\) (FDR-adjusted). Sample values: For VPL Thal-S1 in FWE-FA, \(b = 0.005\), \(SE = 0.001\), Confidence Interval [0.0030, 0.0068], \(t = 5.13\), \(p < 0.001\). For R1, similar data is listed with adjusted values. Analyses control for age, sex, and additional factors during DWI scan.]

While at the group level, grip strength did not significantly differ in autistic compared to non-autistic children (Table 1), additional analyses were conducted to test if the heterogeneity in grip strength predictions of sensorimotor white matter within the autistic group was similar to the heterogeneity in grip strength predictions of sensorimotor white matter within the non-autistic group. Results of these model comparisons revealed that, generally, grip strength was a stronger predictor of sensorimotor tract structural properties within non-autistic children as indexed by higher beta values and smaller residual standard error (Supplementary Figure S1). Statistical comparisons of variance showed that this was especially the case for FWE-FA and R1 in cerebellar modification network tracts and the PMC-M1 tract of the lateral grasping network, all of which showed statistically higher variance within the autistic group (Supplementary Table S4).



3.2 Dimensional analysis of moderating factors for the relationship between grip strength and sensorimotor white matter

Exploratory analyses were conducted to determine if specific behavioral factors may influence the relationship between grip strength and sensorimotor tract structure. Global general linear models assessed the moderating power of four behavioral factors (ADHD features, autism features, sensory features, IQ) on the relationships between grip strength and sensorimotor tract structural properties within the autistic group. Results indicated that individual differences in ADHD features significantly moderated the relationship between grip strength and tract structural features as indexed by significant grip strength-by-ADHD feature-by-tract interaction effects predicting both FWE-FA and R1 (Table 4). Post-hoc analyses revealed that ADHD features specifically moderated sensorimotor-grip relationships in the cerebellar modification network and PMC-M1 tracts (Table 5). The moderating effect of ADHD features on the grip strength-sensorimotor network relationships in autistic children is depicted in Figure 3. No other factors tested were found to be significant moderators (Supplementary Tables S5–S8). Follow-up analyses found no significant differences in grip strength in autistic children with elevated ADHD features compared to those with reduced ADHD features (Supplementary Table S2). Further follow-up analyses tested if these observed grip strength-by-ADHD feature relationships with white matter were driven by medication status. No significant relationships were found between grip strength, medication status, nor sensorimotor white matter structure (Supplementary Table S9).



TABLE 4 Results of linear mixed effect models predicting sensorimotor network microstructure from ADHD features and maximum grip strength in autistic children.
[image: A statistical table shows metrics of interest FWE-FA and R1 with predictors, sum of squares, mean square, F values, and p values. FWE-FA results indicate significant effects for Sensorimotor tract and Head motion. R1 demonstrates significance primarily for Sensorimotor tract. Both metrics include interactions among Grip strength, ADHD features, and Tract. F and p values vary across predictors.]



TABLE 5 Results of within-tracts post hoc analyses predicting structural properties from maximal grip strength-by-ADHD features in autistic children.
[image: Statistical table displaying analysis results of two metrics, FWE-FA and R1, across various neural networks and tracts of interest. Each row presents b values, standard error, 95% confidence intervals, t-values, and adjusted p-values for networks: proprioception input, lateral grasping, cerebellar modification, and corticospinal output. The table includes annotations, noting all analyses controlled for age, sex, and additional factors like head motion during the DWI scan.]

[image: Diagram illustrating brain networks and graphs related to grip strength and ADHD features. The top section shows brain structures like S1, SMG, PMC, M1, thalamus, cerebellum, and pontine nuclei with pathways. The bottom section displays graphs labeled A and B, examining relationships between grip strength and ADHD features, with elevated or reduced indicators.]

FIGURE 3
 Relationships between grip strength and sensorimotor tract structure in autistic children moderated by ADHD features. Schematic tract representations with tracts displayed in red representing those that with significant grip strength-white matter structural relationships that were moderated by ADHD features. Scatter plots show relationships between maximum grip strength and structural measures of the (A) lateral grasping network and (B) cerebellar modification network tracts. Relationships are shown in autistic children with elevated ADHD features (ADHD feature scores greater than the group mean; dark red and dark green) and children with reduced ADHD features (ADHD feature scores less than the group mean; light red and light green) to illustrate moderating effects of ADHD features but moderation analyses were performed using a dimensional characterization of ADHD features. All relationships control for age and sex. FWE-FA relationships additionally control for head motion during the DWI scan. All tests are corrected for multiple comparisons using FDR p < 0.05. Network schematics created with BioRender.com.





4 Discussion

To characterize the structural neural underpinnings of grip strength in autistic children, we assessed the relationships between maximal grip strength and microstructural features of foundational sensorimotor networks. We found that grip strength was associated with structural aspects of the proprioception, lateral grasping, and corticospinal networks in autistic children in a way that was generally similar to non-autistic children. This suggests that at the diagnostic-group level, foundational neural contributions to motor behavior are similar among autistic and non-autistic individuals during childhood, a time when grip strength is also similar between the groups. However, when we assessed the autistic group in the context of additional behavioral features that may influence relationships between motor behavior and white matter microstructure, unique relationships emerged. Specifically, ADHD features were found to moderate the relationships between grip strength and microstructural aspects of lateral grasping and cerebellar-based networks. These differing neural correlates provide evidence of distinct contributions of cortical and cerebellar networks in autistic children that may scale with the prominence of ADHD features. Further, these findings help to in part explain the heterogeneity in autistic brain-behavior relationships and give a more nuanced understanding of the mechanisms underlying neuromotor control in autistic children. This work has implications for the understanding of motor differences in autistic populations and is discussed in more detail.

At the group level, autistic and non-autistic children had similar grip strength and similar relationships between grip strength and microstructural coherence of the lateral grasping, the cortical proprioception input (VPL-S1, S1-SMG), and aspects of the cerebellar modification (SCPCT and VL-M1) networks as well as the corticospinal tract. These behavioral findings corroborate past work showing that grip strength is similar in autistic and non-autistic groups during childhood with diagnostic group differences emerging during adolescence (Travers et al., 2017). Further, brain-behavior relationships support theories of neuromotor control that emphasize foundational nature of the SMG, PMC, S1, and M1/corticospinal tract (Haar and Donchin, 2020). Importantly, our results demonstrate the translatability of these theories of neuromotor control to a neurodiverse pediatric population. Further, myelination, approximated via measures of R1, may be the neurobiological mechanism by which these tracts contribute to grip strength. Interestingly, the developmental timeline of myelination group differences in autistic and non-autistic youth (Deoni et al., 2015) approximates that of grip strength group differences (Travers et al., 2017), perhaps suggesting that myelin development in these brain regions underlies the communication efficiency of foundational brain networks and contributes to the emergence of population-level grip strength differences in adulthood. However, it is important to note that R1 is also sensitive to concentrated iron in regions of high neuroinflammation (Pontillo et al., 2022), a condition previously reported in autistic individuals (van Tilborg et al., 2018; Han et al., 2021). Given the restricted age range of the present sample, we were unable to deeply characterize the effects of age on these brain-behaviors relationships. Therefore, future work employing longitudinal based designs that characterize grip-white matter relationships in the times before, during, and after behavioral group-differences in grip strength emerge will be needed to precisely determine how closely these developmental trajectories align.

While generally similar grip-microstructure relationships were found across non-autistic and autistic children, considerable heterogeneity was found within the PMC-M1 and cerebellar modification network tracts in the autistic group, suggesting that the extent to which these networks are relied upon is not consistent across all autistic children. Subsequent analyses suggested that ADHD features moderate relationships between grip strength and structural properties of the PMC-M1 and cerebellar modification network tracts in autistic children. These relationships provide evidence for both sensory and cerebellar-based theories of autistic neuromotor control that are dependent upon the extent to which ADHD features are present. Specifically, grip-microstructure associations in autistic children with reduced ADHD features suggest that cerebellar feedback hinders the production of strong grip force, potentially via less reliable cerebellar-based error correction of cortical motor commands (Mosconi et al., 2015) and thus align with past work supporting cerebellar-based theories of neuromotor control in autism (Unruh et al., 2019; Wang et al., 2019; McKinney et al., 2022). Conversely, microstructure-grip findings in autistic children with elevated ADHD features suggest a need for increased cerebellar based signaling to detect and correct sensorimotor integration errors, potentially supporting theories of altered sensory integration in subgroups of autistic children (Gowen and Hamilton, 2013; Haar and Donchin, 2020) and aligning with past work supporting sensory-based theories of neuromotor control in autism. Together, our findings suggest that altered cerebellar signaling may differently contribute to motor behaviors in autistic children depending upon how consistent each child’s behavioral profile is with ADHD features. Importantly, future work must seek to investigate the dynamic relationships between ADHD features, brain structure, and grip strength over time to determine if subgroups of autistic individuals with and without ADHD show distinct developmental trajectories of grip strength or unique trajectories of brain-behavior relationships.

Further, the moderating effect of ADHD within the autism group suggests alternative underlying mechanisms of motor control in some autistic children, even when the resulting behavior (i.e., grip strength) is similar. Therefore, simply observing behavior without the additional context of neurodivergent features or neuroimaging measures, may not provide sufficient information to predict underlying neural correlates. It then follows that therapeutic approaches that assume a particular pattern of neural reliance may be less effective in some populations of autistic children compared to others, as evidenced by the diversity in motor intervention efficacies reported in autistic populations (Ruggeri et al., 2020). Therefore, future work may need to take a more granular approach to autism intervention by accounting for co-occurring conditions to improve pediatric motor outcomes. Moreover, future research should continue to examine the impact of co-occurring conditions on brain-behavior relationships within the autism spectrum.

These results should be interpreted with consideration of the study limitations. Importantly, our study was limited to children who communicated verbally and were able to navigate the sensorimotor demands of the MRI environment. Therefore, our findings cannot generalize to broader autistic populations who may have different neural correlates of motor behavior from those presented here. Our study also assessed microstructural neural correlates of grip strength cross-sectionally and in vivo making it impossible to identify causal patterns in grip-brain relationships or the precise cellular mechanisms driving these findings. Future work employing longitudinal grip strength assessment in humans and histological validation in non-human models may help to precisely identify the causal mechanisms and underlying cellular catalysts of these relationships. Finally, we did not include a sample of non-autistic children with ADHD, thus leaving the question of how networks contribute to behavior in non-autistic children with ADHD unanswered. Additionally, ADHD features were assessed via caregiver-reported measures and not through a full clinical evaluation. Future work may employ similar methodologies with larger cohorts of autistic and non-autistic children with clinically diagnosed ADHD to validate these findings and determine the extent to which brain-behavior relationships are distinct in these groups.

In all, we found that when looking broadly across autistic and non-autistic children, similar relationships between sensorimotor networks and grip strength exist, emphasizing the foundational nature of these networks for motor behavior across neurodiverse pediatric populations. However, when brain-behavior heterogeneity was considered in the autistic group, a different pattern emerged. We found that individual differences in grip-microstructure relationships of cortical and cerebellar tracts were dependent upon ADHD features, suggesting that the prominence of ADHD features in autistic children may be indicative of how reliant the brain is on cerebellar or sensory networks for the execution of fundamental motor tasks. Together, these results provide critical information about the biological basis of motor behavior in autistic children and demonstrate the importance of considering co-occurring conditions when evaluating brain-behavior relationships in heterogeneous autistic populations.
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Introduction

This study investigated the associations between fine motor skills and expressive verbal abilities in a group of 97 autistic participants (age 8-17, mean=12.41) and 46 typically developing youth (age 8-17, mean=12.48).





Methods

Participants completed assessments of motor and verbal communication skills, including finger tapping speed, grooved pegboard, grip strength, visual-motor integration tasks, and measures of speech and communication skills. ASD group performance on motor tests was compared to controls. Non-parametric tests were used to analyze group differences and correlations between motor and verbal communication skills. Based on prior research, we hypothesized that individuals on the autism spectrum would exhibit deficits in fine motor speed, dexterity, pencil motor control, but not manual motor strength. Additionally, we expected that impaired fine motor skills would be linked to poorer performance on standardized measures of verbal abilities.





Results

The results indicated that 80% of autistic participants demonstrated an impairment on at least one measure of motor skills, and as a group, they exhibited significantly poorer fine motor performance compared to the non-ASD group in dominant hand finger tapping speed, bilateral fine motor dexterity measured via the grooved pegboard task, and pencil motor coordination and visual-motor integration measured on the Beery-Buktenica Developmental Test of Visual-Motor Integration-Sixth Edition. Moreover, impaired fine motor skills were associated with poorer performance on standardized clinical measures of verbal abilities, including articulation errors, receptive and expressive language and vocabulary, rapid naming, oromotor sequencing, and parent reported functional communication skills and social communication symptoms.





Discussion

Overall,our findings suggest there is a high prevalence of fine motor impairments in ASD, and these impairments were associated with a range of verbal abilities. Further research is warranted to better understand the underlying mechanisms of these associations and develop targeted interventions to address both fine motor and verbal impairments in ASD.





Keywords: autism, motor skills, speech, language, communication




1 Introduction

Children’s language, cognition, and social skills development are closely linked to their motor function development (1, 2). Previous research has suggested that motor impairments in infants at risk for, or diagnosed with, autism spectrum disorder (ASD) appear before more salient social-communicative impairments are formally diagnosed (3, 4). The expanding body of research on motor development in ASD suggests that autistic children often face continued challenges with gross and fine motor abilities (5, 6), and these motor differences have been associated with other core ASD symptomatology, including language (7–9) and social skills (10, 11). Despite recognizing motor delays in ASD, specifics about the affected motor skills remain unclear (12–14). Investigating motor abilities and their association with language development during childhood through adolescence in autistic individuals may yield valuable insights into the complex factors shaping their overall development. Such insights can inform targeted interventions aimed at addressing motor impairments in this population (15). Furthermore, early detection and intervention for motor difficulties may also lead to improvements in social communication for autistic individuals (16). Prior research on motor skills of autistic individuals has shown significant variation in research design, including the specific motor skills assessed (e.g., gait (17, 18), balance (19), ball skills (20), postural development (rolling, sitting, standing) (21) and object manipulation (8)). Measurement methods also vary considerably, including parental questionnaires (22, 23), standardized assessments (8, 24), behavioral coding of videos (25), and kinematic motion capture (18). Studies differ in participant characteristics as well, with research including children (21), adults (17), and individuals across the entire autism spectrum (14, 26, 27). Statistical control for confounding variables is also inconsistently applied, with some studies controlling for factors like IQ (25) while others do not (22). This heterogeneity makes it difficult to draw precise conclusions about which motor skills are impaired in ASD, the magnitude of impairments for different types of motor skills, the developmental trajectory of these impairments, whether motor skill deficits are independent of broader cognitive or developmental functioning, or whether motor skill deficits are associated with specific subgroups or features of autistic children (11).

Recent studies revealed variability in motor skills of autistic individuals based on parent-reported measures (5), standardized clinical assessments (6, 11), and neuroimaging techniques (28). Specifically, autistic children had lower scores on parent-report measures of motor skills compared to neurotypical children when measured via the Childhood Autism Rating Scale: Motor (CARS-M; 29), the Developmental Coordination Disorder Questionnaire (DCDQ; 30), and the Movement Assessment Battery for Children (MABC-2; 23, 31). Parent report measures can be quickly administered without requiring the child’s active participation. This is particularly advantageous for autistic children who may face challenges in traditional testing scenarios (32). Additionally, these measures offer insights into motor skills across diverse settings, including home, school, and social environments, aiding in the identification of strengths and weaknesses in motor development (33). However, such measures come with some limitations, such as the subjective nature of parent observations, potential inaccuracies due to lack of training, and the focus on observed behavior rather than the child’s full capability.

For this reason, performance-based standardized clinical assessments can be used to add additional information about a person’s abilities by testing their performance in relation to age-matched peers. Many studies have reported delays and impairments in gross motor skills in autism. A systematic review and meta-analysis by Whyatt & Craig (23) reported that manual dexterity and ball skills (i.e., the ability to accurately and efficiently throw, strike, catch, and kick objects) were more impaired than other motor skills, including balance, in autistic individuals, and that object control skills were the only motor skills that predicted later ASD symptom severity. The authors suggested that these impairments may be due to deficits in perception-action coupling, the ability to use sensory information to guide movement. These findings suggest that object control skills may be particularly important for understanding the fundamental mechanisms underlying motor impairment in autism. This is because object control skills require continuous in-the-moment integration of sensorimotor feedback to adjust motor output. In a large sample (N=1094), Gandotra et al. (34) identified a high prevalence (63–82%) of fundamental movement skill (FMS; i.e., balance, object control, and locomotor skills) impairments in a systematic review among autistic individuals, who on average performed 6.4 months behind age expectations. The difference between chronological age and FMS age equivalent increased progressively with age. In addition, children diagnosed with ASD exhibited greater deficits in FMS competencies, particularly in object control (53–82%), locomotor skills (67–80%), and balance skills (33–58%) when compared to neurotypical children. Furthermore, studies including participants with greater support needs reported a higher prevalence of FMS impairment (35). However, due to gender imbalance in the aforementioned studies, with 85% of participants being male, the results may not be generalizable to autistic females.

These motor difficulties extend beyond gross motor skills and encompass fine motor skills as well. Studies examining both gross and fine motor functioning have reported difficulties in activities like running and jumping, as well as visual motor integration tasks, such as eye-hand coordination and tracing (36, 37). The differences in motor skills between children with and without autism were found to be most pronounced in fine motor skills, such as hand coordination and dexterity (6). Infants with high‐chance of ASD based on family history have been shown to have less developed object manipulation on the Mullens Scale of Early Learning (MSEL, 38) and weaker fine motor and decreased grasping activity compared to infants with no familial history (low-chance) of ASD (37). Notably, both groups performed in the typical range on average, despite the lower scores in the ASD group. Longitudinal assessments indicate that grasping activities in high-chance infants increased between 6 and 10 months of age to a level comparable to that displayed by same-age peers in the low-chance group (37). This suggests that high-chance infants may be able to catch up to their peers in terms of motor development, and that motor skills may be delayed rather than impaired.

In contrast, other research suggests that motor impairments persist over time in autistic children compared to their neurotypical counterparts and that the gross motor delays were more prominent in older children who were 37–60 months old (6). Similarly, fine motor delays in children with ASD have been shown to increase over time. For example, toddlers on the autism spectrum between the ages of 12 and 36 months had significantly lower scores on the MSEL motor scale than typically developing toddlers, and these disparities in gross and fine motor abilities became more pronounced with each 6-month period of chronological age (39). Landa and Garrett-Mayer (40), in their prospective study of 87 infants at risk for ASD using MSEL, found that the children in the ASD group performed significantly worse than the other groups in their gross and fine motor skills as early as 14 months and nearly half of the ASD group showed ‘developmental worsening’ between 14 and 24 months. These studies indicate that delays and/or atypical patterns in fine motor development appear to emerge early in autistic children and persist over time. For instance, Messing & Apthorp (27) examined upper limb motor skills in adolescents with ASD (aged 12–17 years) and found persistent difficulties with motor coordination. Similarly, Duffield et al. (26) focusing on fundamental motor skills in children (aged 7–12 years) with ASD reported impairments in balance and agility and found that adolescents with ASD exhibited poorer balance compared to typically developing peers, and Faber et al. (14) investigating gait patterns in autistic youth (aged 10–18 years) identified atypical gait characteristics. Motor skills development plays a crucial role in childhood, impacting social participation, independence, and overall well-being. However, even though up to 87% of individuals with autism often exhibit challenges in motor skills that convey early developmental risk and are clinically significant and treatable, these motor challenges yet are often overlooked and underrecognized (16).

The neurobiology of motor differences has also been examined in autism. Children with “high functioning autism” (HFA) have shown different patterns of cerebellar activity than neurotypical children during a finger tapping motor task and have reduced functional connectivity between the cerebellum and other brain regions involved in motor execution (28). Specifically, while both groups exhibited anticipated primary activations in cortical and subcortical regions associated with motor execution, the neurotypical group demonstrated greater activation in the ipsilateral anterior cerebellum whereas the high-functioning autism group displayed heightened activation in the supplementary motor area. In addition, the children with high-functioning autism showed reduced connectivity throughout the motor execution network compared to the control children.

In sum, the prior research on motor development in ASD suggests that motor delays are apparent early in development, often before symptoms of ASD manifest, and are associated with social communication differences. These motor delays may become more pronounced over time relative to neurotypical peers, although most studies using performance-based measures of motor skills have focused on young children. On the other hand, while there have been studies on the association between motor and language skills development, they are often in infants and toddlers (e.g. 41), but investigations into later childhood, adolescence, and young adulthood are crucial for understanding the persistent impact of motor skill challenges across the lifespan. This paper aims to contribute to a more comprehensive understanding of motor skills in ASD by focusing on autistic participants aged 8 to 17 years.

In the current study, we measured fine motor abilities of a group of autistic participants in late childhood through adolescence and examined associations between those motor skills and a wide range of verbal abilities. Based on prior research identifying fine motor differences in autism (12, 14, 26, 28, 42), we hypothesized that autistic participants will score lower on measures of fine motor speed, dexterity, and pencil motor control, but not manual motor strength (26). Based on early developmental evidence of associations between motor skills and language development (7–9), we also hypothesized that impaired motor skills would be associated with poorer performance on standardized clinical measures of verbal abilities.




2 Materials and methods



2.1 Participants

Participants were 97 English-speaking youth (59 males, 38 females) ages 8–17 (M = 12.41, SD = 2.7) with a DSM-5 (43) diagnosis of ASD and 46 non-autistic youth (22 males, 24 females), ages 8–17 (M = 12.48, SD = 2.52). Demographic data are presented in Table 1.


Table 1 | Demographics (M ± SD [Range]).

[image: A table comparing characteristics between ASD and control groups, including age, race, ethnicity, sex assigned at birth, gender identification, handedness, and cognitive scores. The ASD group shows a mean age of 12.41 with notable race diversity, while the control group's mean age is 12.48 with fewer multiracial individuals. Cognitive assessments like WISC-V scores and CELF-5 scores show distinct differences, with statistical significance noted.]




2.2 Procedures

After obtaining informed consent and assent, participants were scheduled for a diagnostic evaluation and neuropsychological testing over the course of 2–3 visits. Order of tests administered prioritized participant preferences and needs and thus was not standardized. Breaks and practice sessions were offered as needed, and when necessary, visits were broken up into shorter sessions to accommodate participant needs. All participants were administered the parent report measure, the Social Communication Questionnaire (SCQ; 44). ASD participants and those without a prior ASD diagnosis who scored >10 on the SCQ were evaluated for ASD using gold standard diagnostic tools, including the Autism Diagnostic Observation Schedule-2nd Edition (ADOS-2; 45) and the Autism Diagnostic Interview-Revised (ADI-R; 46). Evaluation of symptoms according to DSM-5 diagnostic criteria was contextualized according to participants’ language and intellectual abilities, assessed on the Clinical Evaluation of Language Fundaments-5th Edition (CELF-5; 47) and the Wechsler Intelligence Scale for Children-Fifth Edition (WISC-V; 48). The participants’ handedness was self-reported and confirmed via observation of hand selected for writing tasks. For participants whose handedness was described as ambidextrous, they were instructed to use their preferred hand first for motor tasks, and this hand was scored as the dominant hand for generation of norm-referenced scores.




2.3 Measures



2.3.1 Motor tests

Finger tapping speed was assessed bilaterally via a board mounted tapper with counter (Finger Tapping Test; FTT; https://www.parinc.com/Products/Pkey/114) according to procedures outlined in the Halsted-Reitan Neuropsychological Battery (49). Specifically, participants used their index finger to depress and release the tapper to the point of advancing the counter. The number of taps completed in a 10 second window was recorded for each trial, separately for each hand. To ensure consistency of responses, a minimum of five trials was administered. If the total number of taps for each trial was not within 5 taps of all other trials, additional trials were administered until consistency was achieved. If consistency was not achieved within 10 trials, the number of taps was averaged across all 10 trials. This procedure was performed separately for each hand. Age scaled scores were then computed separately for the dominant and nondominant hand from the Findeis & Weight norms published in Baron (50).

Fine motor dexterity was assessed via the Grooved Pegboard Test (GPT) according to the standardized clinical procedures applied in the collection of the normative data used to compute age-scaled scores (51). Specifically, participants are required to sequentially insert grooved pegs into keyhole shaped holes as quickly as possible using only one hand at a time. Performance was assessed for both dominant and nondominant hand separately, one trial each. The number of pegs dropped was also recorded. An age-scaled score was computed for the completion time to place pegs into all 25 holes for participants over eight years of age. For participants 8 years old and younger, only 10 pegs are administered.

Manual strength of grip (SOG) was measured by use of a hand dynamometer according to standardized procedures employed in deriving the normative data used to compute scaled scores normed according to sex at birth and age (52). This test required the participant to hold and squeeze the dynamometer grip in their hand as tightly as possible. The average strength in kilograms of two trials was recorded for each hand. If the two trials were not within 5 kilograms of one another, a third trial was completed and the average of two trials that were closest to one another was used to compute a norm-referenced score according to age and sex at birth, separately for each hand (52).

Additionally, participants were administered the Beery–Buktenica Developmental Test of Visual–Motor Integration, 6th Edition (Beery VMI; 53). The Beery VMI includes subtexts that isolate skills in visual perception, visual motor integration (VMI), and pencil motor coordinator (VMI-motor). The VMI and VMI-motor subtest age-scaled scores were considered for this study. The VMI subtest requires the participant to copy geometric forms on paper with a pencil. The accuracies of the copied geometric forms are scored with objective scoring criteria outlined in the test manual. The VMI-motor subtest requires the participant draw the same forms within an outline shape that constrains the shape’s form. Age-scaled scored were computed for both of these subtests.




2.3.2 Verbal communication

Assessment of verbal communication was comprehensive in scope, ranging from more basic functions reliant on sensorimotor control of speech, including diadochokinesis and articulation, to more linguistically demanding tasks. Diadochokinesis was quantified as the completion time for 8 repetitions of the consecutive production of the sounds “puh, tuh, kuh,” with better performance being quantified by shorter completion time in seconds, in accordance with standardized procedures outlined in the Oral Speech Mechanism Screening Examination-Third Edition (54). Similarly, the Oromotor Sequences subtest of the NEPSY-II (55), which requires the participant to repeat “tongue twisters” of increasing complexity, is also quantified as a raw score, as age-scaled scores were not available for our age range. For this test, raw scores reflect the total number of items scored as correct, with higher scores indicating better performance. In contrast, articulation errors were totaled as a raw score on the Sounds-In-Words subtest of the Goldman–Fristoe Test of Articulation–Third Edition (GFTA–3; 56), with higher scores indicating more articulation errors. Age-scaled scores were used for tests of rapid naming speed (Inhibition Naming subtest of the NEPSY-II), auditory and visual naming response time (Auditory and Visual Naming Test for Children; AVNT-C; 57), expressive (Expressive Vocabulary Test Third Edition; EVT–3; 58) and receptive vocabulary (Peabody Picture Vocabulary Test™ Fifth Edition; PPVT™–5; 59), and language (CELF–5; 47). For all age-scaled scores, higher scores indicate better performance. Finally, parent report of functional communication and social communication skills were assessed via the age-scaled Functional Communication scale on the Behavior Assessment System for Children-Third Edition (BASC-3; 60) and the total (raw) score on the SCQ (44), respectively. For the BASC-3 Functional Communication score, higher scores indicate better functional communication, whereas, on the SCQ, higher scores indicate greater degree of social communication difficulties.





2.4 Data analysis

First, to determine if motor measures demonstrated higher rates of impairment in our ASD group, z tests of independent proportions were computed to compare the proportions of impaired scores (>1.5 SD below the mean of the normative sample) on motor measures between groups. Scores that are >1.5 SD below the normative mean would be labeled as “Below Average” or “Exceptionally Low” according to the American Academy of Clinical Neuropsychology consensus conference statement on uniform labeling of performance test scores (61). Thus, these scored were considered “impaired” for these analyses. One sample Kolmogorov-Smirnov tests for normality indicated that the majority of motor variables were not normally distributed. As such, nonparametric statistical tests were performed to examine group contrasts and correlations. Age-scaled scores for FTT, GPT, SOG, VMI, and VMI Motor were compared between autism and control groups using Mann Whitney U tests. Dominant hand variables resulting in statistically significant group differences were subject to bivariate nonparametric correlations to assess the association between verbal communication and motor skills. Correlations were performed separately for each group. Benjamin–Hochberg procedures were applied to group contrasts and correlation analyses to control for type I error.




2.5 Ethics statement

All study procedures were approved by the Institutional Review Board at the University of California-San Francisco (IRB# 11–05249, 21–33613). Parental consent and assent were secured for all participants prior to enrollment.





3 Results

Impaired scores were significantly more common in the ASD relative to the TDC group for the dominant hand grooved pegboard (z=-4.120, p<.001) and VMI tests (z=3.461, p=.001). The tendency to have at least one impaired score across all motor measures also was significantly greater in the ASD group (z=-3.424, p=.001). These scores indicate higher overall rates of motor impairment in the ASD group. Rates of impaired scores for motor tasks in the ASD and Non-ASD Groups are shown in Figure 1.


[image: Comparison of motor functioning impairment between Non-ASD and ASD groups using various tests. Pie charts represent intact (orange) vs. impaired (blue) scores for each test: DFTT, NFTT, DSOG, NSOG, DGPT, NGPT, VMI, VMI-Motor, and Any Measure. ASD group shows higher impairment percentages, notably 80.9% on Any Measure, with significant Z-scores in DGPT and Any Measure after correction.]

Figure 1 | Rates of Impaired Scores on Motor Tasks in the ASD and Non-ASD group.



Results of Mann–Whitney U Tests identified statistically significant group differences in dominant hand finger tapping speed (U = 1464.500 p = 0. 002), dominant (U = 1011.500, p < 0.001) and non–dominant (U =1347.000, p < 0.001) grooved pegboard performance, VMI (U = 1250.500, p = 0.001), and VMI motor (U = 1350.000, p < 0.001). Significant group differences were not identified for dominant (U =1809.500 p = 0.275) and non–dominant (U = 1767.000, p = 0.276) grip strength, and non–dominant finger tapping speed (U = 1632.500, p = 0.030) after correction for multiple comparisons. Given potential discrepancies between hand preference and performance in autistic individuals (62, 63), we performed post hoc group contrasts for right- and left-hand performance on all motor measures. The six participants who described their handedness as ambidextrous were not included in these post hoc analyses. Significant group differences were identified for left hand finger tapping speed (U=1431.00, p=.012), and bilaterally for grooved pegboard (U=1005.50, p<.001 for right hand; U=1203.00, p<.001 for left hand) after multiple comparisons correction. Significant group differences were not identified for right hand finger tapping speed (U=1497.50, p=.017), nor for right (U=1711.00, p=.375) or left hand grip strength (U=1636.50, p=.292) after correcting for multiple comparisons.

Although age scaled scores were used for all motor measures, we examined associations via Spearman correlations between the eight age-scaled motor scores and participant age to determine if there was evidence of developmental effects on deviation from the normative mean. After controlling for multiple comparisons, only the ASD group demonstrated a significant correlation between one measure, nondominant hand grip strength, and age (r=-.306, p=.003). Notably, the magnitude of this association was similar for the TDC group; however, it did not achieve statistical significance after controlling for multiple comparisons due to the relatively smaller sample size (r=-.314, p=.041). Given this significant age effect and nonsignificant one sample Kolmogorov-Smirnov test for normality on this variable, a post-hoc analysis of covariance was performed to determine whether groups significantly differed in nondominant hand grip strength after controlling for the effects of age. ANCOVA results were nonsignificant (p=.430), indicating that, after controlling for effects of age, groups did not differ in strength of grip.

Spearman correlations between motor skills and verbal communication in the ASD group are presented in Table 2. A unique association was identified between slower diadochokinetic rate and slower finger tapping speed, whereas other motor tests had broader associations with a range of communication skills. Specifically, fewer articulation errors and better performance on measures of receptive and expressive language and receptive vocabulary were associated with better fine motor dexterity, pencil motor coordination, and visual-motor integration. Better pencil motor coordination and visual motor integration were additionally associated with better expressive vocabulary, rapid naming, and oromotor sequencing. Finally, pencil motor coordination was the only variable associated with parent report measures of functional and social communication, with better motor coordination being associated with better functional communication skills and fewer social communication symptoms. While only powered to detect large effects, correlation values were generally small for the control group and were not statistically significant after correction for multiple comparisons. These results can be found in the Supplementary Materials (Table 3).


Table 2 | Nonparametric correlations (ρ) between measures of motor skills and communication in ASD participants.

[image: Table showing correlations between communication variables and motor measures. Variables include Diadochokinesis, Articulation, Oromotor Sequences, and more. Measures are DGPT, VMI, VMI-Motor, and DFTT. Significant correlations are marked with an asterisk.]


Table 3 | Nonparametric correlations (ρ) between measures of motor skills and communication in non-ASD group.

[image: A table showing correlations between communication variables and motor measures. It includes various clinical measures like articulation, rapid naming, and language scores, correlated with motor measures such as DGPT, VMI, VMI-Motor, and DFTT. Each row represents a different communication variable, showing corresponding correlation values under each motor measure. A note below the table explains significance and defines abbreviations.]




4 Discussion

The current study compared manual motor abilities of autistic participants to their non–autistic peers in a sample with an age range from late childhood through adolescence. Associations between these motor skills and verbal abilities also were explored. As hypothesized, lower average scores were identified across many motor tests in the ASD group, including dominant hand and left hand finger tapping speed, bilateral manual dexterity, and motor coordination and visual-motor integration on the VMI, whereas no group differences were identified in grip strength. These results are consistent with other research that has demonstrated slower finger tapping in those with higher autistic traits (ages 18–78) (27), difficulty with tasks that require hand–eye–coordination in autistic children and adults (ages 5–33 years) (26) visual–motor integration in autistic children and youth (ages 9–15) (14), and dissociation between hand preference and performance in autistic individuals (62, 63).

When considering the clinical interpretation of this dataset, the majority of participants in the ASD group demonstrated some form of motor impairment (80.9%). Motor impairment was significantly less common in the non-ASD group (47.6%). Notably, the prevalence of motor impairment on any specific measure in the non-ASD group never reached 25%, as low rates of motor impairments were spread across tests. In contrast, the ASD group had high rates of impairment across measures of dexterity, coordination, and visual-motor integration. Rates of impairment in finger tapping speed and grip strength did not significantly differ between groups. Correlations between age and age-scaled scores on motor tests were generally low, suggesting that this is not a developmental effect of impairment in these motor skills. The one exception was that both groups demonstrated a negative correlation of magnitude >.3 between age and nondominant hand age-scaled grip strength scores; however, the age effect did not impact the lack of group differences in strength of grip. Notably, all tests in which higher rates of impaired scores were identified in the ASD group were tasks that required some level of visual-motor integration, whereas finger tapping speed and grip strength tests could technically be performed without looking. This is consistent with prior work describing deficits in sensorimotor integration as a prominent symptom in autism (64).

Consistent with our second hypothesis, we found that poorer performance on tests of motor skills predicted lower verbal communication abilities in autistic participants. First, a unique association was identified for basic motor speed in the manual and motor speech modalities, as slower diadochokinetic rate was associated with slower finger tapping speed. This finding suggests that a slower motor speed generalizes across manual and vocal motor domains of functioning for some individuals with autism.

In contrast, more complex motor tasks requiring dexterity, coordination, and sensorimotor integration were associated with broader range of more complex verbal communication skills. For example, oromotor sequencing, which requires accurate production of tongue twisters, and rapid naming were associated with fine motor coordination and visual-motor integration. These fine motor skills also were strongly associated with articulation and expressive language skills. These findings may reflect a cascade impact of sensorimotor control deficits, including sensorimotor control of speech, on development of speech and language abilities. For example, imbalance in feedforward and feedback control systems has been reported in prior autism studies (3). Although much of this work has focused on visual-motor or postural control, emerging research suggests that auditory-vocal motor control differences are common in autism and related conditions, and are associated with verbal abilities (65, 66).

Differences in motor speech cannot account for all associations, however, as receptive language and vocabulary also were significantly correlated with fine motor coordination and dexterity and visual motor integration. Prior research has demonstrated such associations between motor skills and receptive language abilities in toddlers. For example, Wu et al. (67) found a strong correlation between receptive language abilities and motor functioning in toddlers with ASD. Those with delayed language development had lower motor skills scores than those with typical language development. This suggests a connection between early motor and language impairments in ASD. Findings may support motor-based interventions for language development in young ASD children. In contrast, response time on auditory and visual naming tasks were not significantly associated with any motor skill measures, although after correction for multiple comparisons these analyses were only powered to detect moderate to large effects. Therefore, it is possible that weaker associations exist between fine motor skills and other verbal abilities, such as naming response time, that were not detected in this study.

Finally, pencil motor coordination was the only variable associated with either parent report measure. Specifically, better pencil motor coordination was associated with better functional communication skills and fewer social communication symptoms, suggesting an overall association between core symptoms of autism and fine motor skills. Indeed, Ohara et al. (68) reported a stronger relationship between fine motor skills and social skills than between gross motor skills and social skills. They also noted that object control skills and manual dexterity were the most closely linked to social skills within each motor skill domain. This is consistent with our finding that pencil motor control was significantly associated with functional and social communication skills.

Taken together, these findings suggest that children and adolescents with ASD who have better fine motor skills tend to have better verbal communication skills. This is consistent with previous research showing that motor skills and language development in autistic children are closely linked in early childhood, and may share common neural underpinnings (8, 23). Gowen and Hamilton (69) suggest a dissociation between motor execution and sensory integration for motor planning in autism. In simpler terms, while autistic individuals may not have inherent difficulty executing movements, they might face challenges in processing the sensory information necessary to plan and coordinate those movements effectively. This highlights the importance of examining information processing alongside motor execution when evaluating motor abilities in ASD. Building on this exploration of sensory integration and motor difficulties in autism, we can extend this concept to the realm of communication and language. Similar challenges in processing sensory information might underlie difficulties observed in these areas as well. Just as motor planning may be disrupted by deficits in interpreting sensory cues for movement, so too might the ability to understand and produce speech be affected by problems integrating auditory and visual information or by difficulties tolerating the sensory experience of social interaction (70–75). This highlights the interconnectedness of sensory processing, motor function, communication, and social interaction in the autism spectrum. This collective work suggests that motor control is only one of many factors that may contribute to language development in autistic children. Other factors that were not the focus of the present study, such as genetics, environment, and other cognitive skills, likely also play a role.

Our findings have several implications for the assessment and treatment of autistic children. First, our findings indicate that the majority of ASD participants demonstrated motor impairment on at least one standardized test of manual motor function. This suggests that fine motor skills should be assessed routinely in autistic children, as they may require treatment. Second, our findings of associations between motor and verbal communication abilities suggests that interventions targeting motor skills may also have benefits for development of communication skills. Future research should investigate the causal mechanisms underlying the link between motor control and language abilities in children with ASD.
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Non-speaking autistic individuals grapple with the profound impact of the ‘double empathy problem’ in their daily interactions with speaking others. This study rethinks the communication challenges faced by non-speaking autistic individuals, challenging traditional approaches that predominantly focus on speech and complex communication devices (AAC). By spotlighting the natural phenomenon of “interactive stimming,” a powerful mode of communication among autistic individuals, this study advocates for a shift from a conventional emphasis on speech towards the foundational role of the body in autistic communication. Central to this exploration is the introduction of the Magical Musical Mat (MMM), an innovative interactive environment mapping interpersonal touch to musical sounds. Through a robust mixed-methods approach integrating video-based fieldwork and design-based research, this paper engages three non-speaking autistic children and their mothers in a 5-day empirical intervention. Results reveal significant transformations in parent–child interactions as both parents and children are acquainted with touch in a new environment. Children assert their autonomy, exploring at their own pace, and discovering sensory features of the environment. Notably, the introduction of sound prompts heightened awareness of the stims, leading to diversified and expressive stim movements. Foregrounding interpersonal touch eventually guides parents into their children’s sensory activities where parents attune to the stims of their children by joining in and facilitating their expressiveness, co-creating extended, evolving patterns of repetitive cycles. The collaborative stim cycles can be likened to free improvisation, where dynamical coherence between individuals occurs through a blend of stability and active flexibility. By shifting the focus from speech to co-created sensory experiences, this paper sheds light on the value of transformative multisensory environments, envisioning a world where varied modes of communication are valued and embraced.
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1 Introduction

Originally characterized as a disorder of “affective disturbances” by Kanner (1943), Autism from the medical perspective is a neurocognitive disability clinically defined by deficits in social interaction and communication, and the manifestation of restrictive repetitive behaviors, routines, and interests (DSM-5, American Psychiatric Association, 2013). With the growth of the neurodiversity movement (Kapp, 2020; Botha et al., 2024) and the shift away from deficit-oriented perspectives around disability, Autism has been reconceptualized as a neurological variation (Walker, 2014), revealing the infinite potential and diversity of the human mind (Solomon, 2010), and opening doors to a holistic understanding of human cognition, communication, and perception (De Jaegher, 2013). This paradigm shift has prompted a reconsideration of services, learning environments, and instruction away from primarily behavioral interventions, and instead towards embracing playful, exploratory learning with the aim of self-discovery (Torres et al., 2023).

Many testimonies of autistic1 people have contradicted accounts of the autistic communicative deficit, expressing the need for a sense of belonging (Mitchell et al., 2021), as well as the desire for friendship, even in childhood (Conn, 2015). Over the last decade, there has been a notable shift in scientific discourse concerning Autism. Rather than solely attributing the social difficulties of autistic individuals to a “lack of social intent,” researchers have begun to conceptualize these challenges as stemming from disparities in dispositional outlooks during social interaction. The interactions between autistic and non-autistic individuals have been forefronted as the locus of the ‘double empathy problem’: “a disjuncture in reciprocity between two differently disposed social actors” (Milton, 2012, p. 884). This paradigm shift acknowledges the complexities inherent in social interactions, particularly between individuals with varying neurotypes, such as autistic and non-autistic individuals, underscoring the significance of the ‘local interaction order’ as autistic individuals engage in social encounters (Maynard and Turowetz, 2022). The consequences of the double empathy problem are even more pronounced for a significant portion of the autistic population that has limited speech ability due to other co-occurring disabilities. Born into a speech-centric, hearing-privileged world (Savarese, 2021), the production of oral-acoustic speech and the ability to hear the speech of others are ubiquitous prerequisites for social participation, leading to significant ramifications for the communicative practices of non-speaking autistic individuals.

However, every living being is in constant attunement with the world (Merleau-Ponty, 1962), invoking the social and material environment in various ways (Goodwin, 1995, 2004, 2018), interweaving multiple modalities to augment their communication (Savarese, 2021) from the earliest stages of life. Every socially meaningful action—even posture we hold—is responsive to interactional circumstances, the relational history of parties, and the body’s ongoing adaptations to its organic needs (Streeck, 2018). Some of the first and most foundational interactions children experience with family members occur not through speech, but through an embodied choreography of hugs, shepherding, and various touch-based practices as family life is navigated (Goodwin and Cekaite, 2018). Autistic individuals experience a deep sense of permeability with external systems of organization, where cultural materials are sought to “create a sense of coherence, order, safety, and joy” (Fein, 2018; p. 129). Yet, conventions of social and sensory orientations (Broderick, 2008) inadvertently govern the Autistic body as it interacts with the material and social world. When unconventional social actions are produced by non-speaking autistic individuals, they often bring chagrin to non-autistic interactants (Maynard and Turowetz, 2022), especially when these actions do not involve speech (Jaswal and Akhtar, 2019; Jaswal et al., 2020; Chen, 2022a).

Some of the challenges non-speaking autistic individuals encounter in their social interactions with non-autistic individuals stem from their distinct sensorimotor differences, and a pervasive emphasis on speech in their daily interactions. Trevarthen and Delafield-Butt (2013) argue that the socio-emotional differences associated with autistic children and adults are secondary consequences to sensory processing (see also Aron and Aron, 1997; Aron et al., 2012) and affective integration issues. As a result of these sensorimotor differences, the behaviors of autistic individuals have pervasively been spotlighted as displaying a lack of social interest. When participating in social interaction, Autistic interactants may not produce non-verbal and verbal markers of joint attention—shared mutual gaze (Akhtar and Gernsbacher, 2008; Dindar et al., 2017; Korkiakangas, 2018; Akhtar and Jaswal, 2020), pointing (Baron-Cohen, 1989; Korkiakangas, 2018), and discourse markers of attentiveness such as ‘mmhm’—that may be expected by neurotypical interactants, but are less important to autistic interactants (Rifai et al., 2022).

In therapeutic and familial contexts, non-speaking autistic individuals additionally face the expectation that their social actions are participatory only if produced verbally. In the hierarchy of sensory learning, children are expected to transition from sensory and embodied forms of meaning-making, and instead adopt codified signs and symbols of cultural knowledge from the realm of adulthood (Nolan and McBride, 2015). Parents have been found to halt the progressivity of their interaction with their autistic children in favor of them producing the correct utterances, even if the request has been made gesturally (Chen, 2022a). Augmentative and Alternative Communication (AAC) is a staple therapeutic solution for facilitating communication among non-speaking individuals (Zangari et al., 1994). Although useful for many, traditional AAC devices, often speech-generating tools with complex grid-and-symbol interfaces, have proven especially restrictive for autistic individuals, imposing high cognitive and motor demands (Light et al., 2019). Their exclusive focus on generating linguistic forms over interactional function (Yu and Chen, 2024) often limits communication to basic wants and needs (Mirenda, 2008). Furthermore, these devices tend to overlook the body’s rich communicative potential and compel individuals to conform to the preferred communicative medium of their interlocutors. This study sheds light on the often overlooked communicative practices of non-speaking autistic individuals. By challenging the conventional emphasis on speech, this study poses the fundamental question: How can we rethink autistic interactional practices if speech is not the focal point?

Central to this exploration is the phenomenon of “interactive stimming.” Stimming, the repetitive production of sensorimotor movement, is an “intrinsically motivating sensory event” that is a core facet of the Autistic experience (Nolan and McBride, 2015; p. 1075; Torres and Whyatt, 2017). This myriad of movements have a long-held status as solitary behavior, and even as distracting to social interaction (Lewis and Bodfish, 1998; Leekam et al., 2011). Whereas these behaviors are often interpreted as indicating a lack of social interest, they may in fact constitute adaptive responses to the unique circumstances of being autistic (Jaswal and Akhtar, 2019). Stimming has been reported by Autistic individuals to bring both calmness and joy, having utility in both self-regulation and expression (Higashida, 2013; Conn, 2015; Coo, 2018; Kapp et al., 2019). Past empirical work has additionally demonstrated its attunement to larger sequences of interaction (Dickerson et al., 2007; Chen, 2016), its emergence in musical contexts such as the Exploratory World Music Playground (E-WoMP) (Bakan, 2014), and its presence as “interactive stimming” in Autistic culture (Sinclair, 2010; Conn, 2015) as a “natural” and “powerful” means of communicating (Bascom, 2012, p. 25).

Interactive stimming presents an opportunity to diverge from normative sensory ideals, enabling a rethinking of the autistic sensory experience not as a sensory integration disorder, but instead as an integral aspect of autistic embodiment (Nolan and McBride, 2015). In this study, I contend that interactive stimming is fundamental to the social worlds of non-speaking autistic individuals. Through a robust mixed-methods approach, integrating video-based fieldwork and design-based research cycles, the study engages with three non-speaking autistic children with different sensory profiles and their mothers in a five-day empirical intervention. I ask three questions: (1) What tools and environments can better surface the naturally-occurring modes of communication of non-speaking autistic individuals? (2) How can non-autistic interactants join in co-constructing rich, embodied interaction with autistic individuals? (3) What are the interactional structures present in these communicative practices?



2 Materials and methods


2.1 Participants

The study recruited three children diagnosed with Autism (ages 5–18 years) with minimal to no spoken language production, and their respective parents to participate. The children were recruited from parent support groups and schools, and recruitment was open to the diverse ethnic, cultural, and socioeconomic demographics of local communities in Singapore. With Singaporean-Chinese being the majority race in Singapore, most participants who eventually responded were Chinese, although some Indian and Malay families also responded. All participants came from diverse socioeconomic backgrounds. For this study, the three families involved were Chinese, with one family being both Chinese and Indian. These participants came from mid to high income families, although other recruited participants were involved in a second intervention study that took place later on. Eligibility was determined based on the following conditions: (1) A confirmed clinical diagnosis of Autism, (2) informed consent from both parent/guardian and child, and (3) minimal to non-existent spoken language production.

The parent–child dyads in the study were Matt (14-years-old) and his mother, Nathan (12-years-old) and his mother, and Chloe (5-years-old) and her mother. Matt and Chloe are Singaporean-Chinese, and Nathan is Singaporean-Indian-Chinese. All participants use a combination of Singaporean English and Singapore Colloquial English (Leimgruber, 2013) as the primary spoken languages at home, and some of Chloe’s family members use Mandarin Chinese, although they speak to her mostly in English. All the children’s mothers were the ones who first contacted me, and the family members who themselves participated in the study. All three children were in Special Education at the time. Nathan and Chloe were additionally receiving Speech Therapy, and Matt was receiving a movement-based therapy based on Feldenkrais.

At home, Matt communicated most frequently with his mother on a low-tech AAC device—an alphabet board—where he would spell out words and sentences to her. Nathan did not have any assistive communication device that allowed for the production of words. Chloe used a high-tech AAC device that housed a minspeak system. According to her mother, and throughout the study, Chloe used the device to request for food and activities.

When I came into contact with the parents, I collaborated with them to find a time in their schedule that would be ideal. According to prior work on video-based fieldwork with non-speaking autistic children, unplanned, ‘free’ time would occur between larger activity junctures, for example, between mealtime and having to leave the house for therapy (Chen, 2022a). The team visited the families during these times over 5 days in a span of 1–2 weeks.



2.2 Creation of novel artifacts

The Magical Musical Mat (MMM) is an interactive environment that maps interpersonal touch to dynamically changing music and sound (Chen et al., 2020, 2024). When two people sit, lie, or stand on floormats and establish skin contact with one another, they close and thus activate an electronic circuit. Capacitive sensors—a conductive rubber called “velostat”—in the mat detect their co-produced touch actions, triggering a variety of sounds. Different types of touch, such as holding hands, high-fives, or gentle taps, dynamically and spontaneously change auditory qualities, resulting in a rich diversity of sound-touch expression. Details of the interactive system’s design and development are discussed in Chen et al., (2024). Influenced by Tangible User Interfaces (Ryokai et al., 2004; Ishii, 2008), the MMM draws inspiration from copresence through touch and intercorporeality (Merleau-Ponty, 1962), as well as research on family touch practices (Goodwin, 2000; Goodwin and Cekaite, 2018; Katila, 2018).

The initial iteration of MMM was not designed with autistic children in mind, but rather for novel and joyful interaction between people. Its adoption emerged from video-based fieldwork with autistic individuals which highlighted their naturally occurring interpersonal touch interactions with peers or siblings (Chen, 2021; Chen and Cekaite, 2021). In Chen (2021), a pair of siblings involving a non-speaking autistic child were found to participate in cycles of rich touch-based interactions with one another, touching hands, rubbing noses and cheeks with one another, and producing complex interactions that were playful. Chen and Cekaite (2021) details a non-speaking autistic child’s interactions with his older friend. They transform the child’s favorite object—a comb—into an object of play as the child reaches for it, requests to be carried by his friend, and tries to grab it while being carried. These interactions tended to occur not between autistic children and their parents, but rather between autistic children and their siblings and friends. The MMM was adopted as an opportunity to enable playful touch-based interactions between autistic individuals and others, such as their parents, teachers, or peers. Autistic individuals’ unique affinity with music (Janzen and Thaut, 2018; Chen, 2022b) informed the development of MMM as a communicative therapeutic tool. Initial iterations involved collaboration with an autism clinic (Chen et al., 2020). Figure 1 shows a timeline of the Magical Musical Mat form factor.
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FIGURE 1
 Timeline of Magical Musical Mat form factor. Image one includes Noura Houwell and Kimiko Ryokai touching copper tapes on yoga mats with one hand, then reaching out and touching each other. Image two was first published in the BSE newsletter entitled “Engaging Autistic Students Through Music” by Ellen Lee, featuring the author (Rachel) and Tara Kaiser standing on a long mat with Tara touching Rachel’s nose. Image three involves Rachel and Arianna Ninh sitting on various colored mats and touching hands.




2.3 Study procedure

This study integrates two approaches, namely video-based fieldwork, and design-based research. Video ethnography centered around studying situated human interaction is an approach that involves setting up cameras or entering a research site with a “roving camera” (Heath et al., 2010, p. 38). Video recordings provide evidence and accurate grounds for observable phenomena (Garfinkel, 1967; Sacks, 1992), and additionally allow the research team to evaluate their own interactional practices with participants. In this study, two stationary cameras were set up at corners of the participants’ living rooms, and a roving camera was held by at least one research team member. The video data was supplemented with an ethnographic interview with each mother on the first day of the study.

Design-based research (DBR) integrates cycles of design, implementation, and evaluation to generate and generalize theory in educational research (Collins, 1992; Bakker, 2018). Focused on “ontological innovation,” DBR develops explanatory constructs and causal accounts, informing the creation of design solutions. This practice yields contributions in theoretical constructs, validated educational artifacts, and heuristic design frameworks (Cobb et al., 2003; Abrahamson, 2015).

The study underwent three iterative cycles with the three autistic children and their families. The first cycle involved Matt, the second cycle involved Nathan, and the last cycle involved Chloe. Each cycle spanned 10 days, over five separate sessions. Changes between each cycle include improvements to the form factor of the MMM mats, tweaks to the sounds of the MMM, and refinements to our own interactional practices with participants.

The study procedure aligns with the E-WoMP, which advocates for an ethnomethodology of autism that privileges ability over disability, and differences and diversity over unusualness (Bakan et al., 2008). The ethnomusical orientation prioritizes music-play that is spontaneous and unstructured, free of specific goals and demands whether musical or social.

Each iterative cycle followed a three-part structure (Figure 2). In the baseline phase, 1-2 h of the autistic child’s home life during ‘free’, unplanned time was video-recorded by a research assistant and I. During this time, the child’s stimming behavior, interactions with family members, and interactions with material objects and their environment were observed and documented by the research team. A brief ethnographic interview was carried out with the parent during this phase (Appendix 1).
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FIGURE 2
 Structure of intervention cycle with each family.


In the intervention phase, three sessions lasting 1–2 h each were conducted with each family. Before each session, video cameras were set up, and the Magical Musical Mat (MMM) was prepared, customized to each child. After informing participants that the mats were ready, they were free to interact while being video-recorded, with minimal guidance. Between sessions, the research team reflected on the experience, making improvements in our interactions, the MMM’s design, and mat placement in the living room. Much like the ethnomusical work with autistic individuals (Bakan et al., 2008), the intervention sessions provided play-sessions with participants, orienting to following the child’s lead, having them direct the course and flow of play. The final session included a close-out interview with parents, showcasing video clips and allowing open discussion for feedback and improvements. Children were encouraged to interact freely during this concluding conversation.



2.4 Ongoing adaptations to the intervention

The MMM was continuously enhanced for each family in its form factor, sound output, and also where we would place the mats in the children’s homes. Noteworthy improvements to the MMM system included the addition of longer mats for children to lie down on, adjustments to the sound palette to each child’s musical preferences, and modifications to mat placement in the living rooms (see Table 1). Because Matt enjoyed lying down on the mats, we included longer mats for Nathan and Chloe, our second and third participants, so that they had a variety of mat sizes to choose from and could subsume a diversity of postures on the mats.



TABLE 1 Adaptations to the Magical Musical Mat.
[image: A table lists daily sound palettes and mat placements for three individuals: Matt, Nathan, and Chloe. On Day 2, all use Marimba; mats are under the fan for Nathan and Chloe, and in front of the sofa for Matt. Day 3 adds Drums; placements are on the floor, with Nathan on the swing. Day 4 adds Star Wars to Chloe's palette; Matt and Nathan's mats are on the floor or sofa, while Chloe's remains under the fan.]

Being a team of speaking individuals working with non-speaking individuals, interactions with participants on site, as well as the introduction of new materials into the child’s home require care, sensitivity and consistent reflection. Reflexive analysis of video recordings facilitated ongoing improvements in researcher interactions throughout the study. Throughout each family cycle, our interactional practices underwent changes, considering ethical implications and participant roles (Chen, 2021; Edmonds, 2021). Following the touch sensitivities detailed in Fitzgerald (2013), the research team considered each child’s touch preferences and closely monitored the dyads’ unfolding interactions. Significant changes include instructions around how the mat was introduced, particularly to address heavy use of control touch by parents (Cekaite, 2015). Adjustments in verbal instructions aimed to encourage diverse touch-based interactions, emphasizing an open and inviting space.



2.5 Data analysis

First, data analysis focused on Day 1 of each cycle, involving video recordings of children’s interactions, stimming practices, and family dynamics, complemented by ethnographic interviews with parents. These analyses were attempts to provide a holistic understanding of the children’s lived experiences before the intervention occurred (see also, Bakan et al., 2008). Second, the study identified the initial instance of collaborative spontaneous activity between children and parents in each interactions, analyzing interactions where both participated. Third, the analysis zoomed in on the longest and most sustained interactions between parent and child, conducting microanalytical assessments.

In analyzing the interactions of the parents and children, I used multimodal transcription with screenshots and images that follow Goodwin (2018) and Goodwin and Cekaite (2018). Central to this methodology is the “systematic investigation of the different kinds of semiotic resources and meaning-making practices that participants themselves attend to and treat as relevant as they build action within interaction together” (Streeck et al., 2011, p. 4). Through a combination of two open-source terminal-based programs, I employed ImageMagick (The ImageMagick Development Team, 2021) and FFMPEG (Tomar, 2006) to extract screenshots and anonymize them. I then edited the transcripts in an image editor as a part of the analysis (see also Chen, 2022a).




3 Results


3.1 Baseline phase

All three autistic children produced a variety of stims, which can be characterized as movement signatures: sustained postures and cycles of movement that are a common occurrence for a person (Streeck and Chen, 2023). These stims were all mentioned in the ethnographic interviews, and most were observed in the videos collected (see Table 2). Each of the children presented different sensory sensitivities, and always produced their movement signatures by themselves without the involvement of anyone else. During day 1 of the study, Matt would take a hard object, such as a plastic toy, and use it to tap repetitively on the ground. Nathan would swing by his door, playing with a shaker that he would keep in his hands. Chloe would play “Ode to Joy” on her phone again and again and produce repetitive humming.



TABLE 2 Sensory profiles of autistic participants.
[image: Table describing touch sensitivities, sound sensitivities, and frequent stims for three individuals:   - Matt: Hypersensitive to touch, hypostomotic to sound, and frequently performs haptic stims like tapping and jumping. - Nathan: Hyposensitive to touch, neutral to sound, and engages in vestibular stims like swaying and shaking noisy items. - Chloe: Neutral touch and sound sensitivity, with a strong preference for certain songs, and performs musical stims by singing and humming.]

Day 1 revealed that all three families spent most of their time in the living room, with Matt and Nathan mostly under their large living room fan to escape Singapore’s heat. All three children also spent most of their time with their mothers, who therefore became the main interactants in the study. Matt would interact with his mother most frequently on the couch, sitting side-by-side. They would communicate with an alphabet board which he would point to and spell words out on. Nathan would interact with his mother most frequently on the floor. He often held onto her and pressed his body upon hers. Chloe would interact with her mother in the living room, jumping on her or running around her. She used her AAC device mostly for requests.



3.2 Intervention phase

After Day 1 of ethnographic interviews and collecting videos of the children’s everyday lives, Day 2 to Day 4 involved bringing the MMM into their homes. Once the research team had set up the cameras, and when two mats had been placed on the ground, the space was open to participants. The researchers moved aside and allowed the interactions to spontaneously unfold. Each of the parent–child dyads took some time to become acquainted with interacting with one another in the new environment. The artifacts augmented their living room floors, designating a physical area of novelty in their homes. This novelty was experienced both by the child and by the parent simultaneously, and thus both had to navigate the new environment together.

Although all three children had different sensory profiles and presented different relationships with their mothers, some consistencies were found across the dyads as they navigated the novel environment. In the following sub-sections, I discuss, (1) significant features of the children’s and parents’ first interactions on the mats and (2) the interactional transformation of the children’s stims during the intervention, constituting the most sustained interactions during the intervention.


3.2.1 Children’s discovery of a novel sensory experience

When all the children first encountered the mats, they assumed a variety of initial postures. Matt and Nathan each laid down their mats, and Chloe knelt on hers, then got up and started running in small circles on it. Although all children initially assumed different postures, they all positioned their bodies within the boundaries of just one of the mats. The initial posture of all three parents when they encountered the new floorspace was similar: the parents assumed a sitting or squatting position on the adjacent mat, facing their children.

A striking similarity occurred in all the first interactions of the dyads: the children and their parents did not at first share the same agenda when they arrived at the mats. Consistently, parents pursued the project of having their children establish hand-to-hand touch, while children pursued the project of exploring the materiality of the mats and touching their parents’ bodies in their own way. Eventually, in their own time, all children discovered unique features of the environment that they then established a sensorial relationship with.

All the parents began recruiting hand-to-hand contact with their children when they first navigated social interaction on the MMM. The parents first extended their open palms to their children, creating a palm up open hand (PUOH) gesture (Ferré, 2012) that invited their children to touch their hand. All three children largely ignored the invitations from their parents. The parents then transformed their hand gesture into light-tapping upon their children’s thighs and knees. When the children did not react in any way observable to them, they then returned to extending an open palm to their children. The alternation between both offering an open palm, and producing light touches on their children’s bodies, were attempts to recruit them into participation, to perhaps spark his curiosity to interact more, and to achieve hand-to-hand contact with them.

A PUOH gesture heavily constrains the action possibilities of the child in several ways. Firstly, the child is expected to touch their parent—on a very specific area of the body (fingers and palm of the parent’s hand)—for interaction to happen. The child is therefore discouraged from exploring touch-based interaction with other parts of the body and exploring the environment in their own way. Secondly, touching a parent’s open palm presents a possible risk for control touch, wherein the parent’s fingers can enclose themselves around the hand or wrist of the child. Control touch by the parents—grabbing the children’s hands or wrists—also occasionally occurred in all the dyads. Children would remove their hands from their parents and turn away when control touch happened. All the children rarely produce an uptake to the PUOH invitation, largely ignoring their parents’ hands when the invitation presented itself.

Amidst these interactional constraints, all three children eventually found their own ways to discover sensory novelty in the environment. They all underwent the process of discovering the touch-to-sound feature of the mat while navigating conflicting agendas with their parents. As an example, the transcript in Figure 3 demonstrates Chloe’s discovery of the interpersonal touch to sound feature of the environment.

[image: Illustrated sequence of four panels showing two people, Lin and Chloe, interacting. In the first panel, Lin taps Chloe’s thighs. In the second, Chloe taps her own thigh. In the third, Chloe reaches behind and grabs Lin’s hand. In the fourth, Chloe and Lin hold hands and tap together.]

FIGURE 3
 Chloe’s sequential discovery of the touch-to-sound feature of the mats.


In line 1 of the interaction captured in Figure 3, Lin, seated behind Chloe, alternates between tapping Chloe’s right and left thighs with her fingers. Chloe looks down at her mother’s fingers upon her thigh. In line 2, Lin removes her hands from Chloe’s thighs and leans backwards. Chloe stares at her right thigh and taps it with her right hand. She does this action a few times with her right and left index fingers. Chloe then turns around slightly, reaching behind for her mother’s hands (line 3). She brings them forward above her thighs. In line 4, with Chloe’s hands on top of Lin’s, both Chloe and Lin hold hands as Lin touches Chloe’s thighs in alternation.

Chloe has to, in her own way, perform a series of actions that would lead her to the discovery of touch-to-sound. Chloe only discovers and appreciates the novel touch-to-sound feature/experience when she has time to explore and experiment. Matt and Nathan also undergo a process of experimentation, continuously asserting interactional effort to ignore their mothers’ invitations and to outrightly reject their control touch. It is only when they have sufficiently explored the environment that the children then seek out touch with their parent, coming to discover and appreciate the key design principle: mapping interpersonal touch to sound. The discovery process of interpersonal touch to sound is outlined as such:

	1. Child and parent eventually arrive on MMM floormats.
	2. Child realizes there is something novel about the environment.
	3. Child produces ‘test’ touch actions on the mat, and on themselves.
	4. Child touches parent and discovers touch-to-sound feature.
	5. Child and parent begin co-constructing new interactional routines.

Through the learning process outlined above, all three children restructured their worldview of the environment (Nishizaka, 2006) by performing test actions on the artifacts, and coming to a new understanding about core features of them. After this discovery process, they perform actions that display sensitivity to their new achieved structure: during interactional sequences after, they return to the touch-to-sound interaction and experiment with the sound even further. Despite the strong agendas of their parents, the children assert their autonomy and explore the novel environment at their own pace, in their own ways.



3.2.2 The interactional transformation of stimming

Although their invitations to engage in touch sometimes involve taking objects away from the children, performing control touch actions upon the children’s hands, or misinterpreting the action trajectories of the children, parents eventually found creative ways to come ‘in touch’ with their children: by facilitating the enactment of a pleasurable sensory experience for the child. Interpersonal touch, being a core design feature of the augmented environment, eventually oriented all the parents towards objects and surfaces their children were interacting with by hand.

Parents brought objects onto the mat and used them in creative ways with their children. Sustained, mutually elaborative interactions often occurred when parents attended to the stimming of their children, whether through engaging in tapping, swinging, or playing the same piece of music together. These old patterns and routines of the children—stimming—were always solitary and did not tend to involve others. In the new circumstance of the intervention, however, new forms of relating emerged when parents joined in the stimming routines of their children, facilitating their production, and transforming them into new shared experiences.


3.2.2.1 Turn-taking in tapping together

The most sustained interactions between Matt and his mother, Danna, occurred when the researchers moved the mats to the couch, a physical area within which the dyad frequently interacted with one another. In their everyday lives, Matt and Danna would often sit side-by-side on the couch in the afternoons, where they would read books, converse, and watch television together. During Day 2, and after several interactions of navigating his mother’s control touch over the movement of his hands, Matt left the mats and headed to another part of the living room to tap by himself. He ignored his mother’s multiple verbal invitations to return to the mats. As an attempt to facilitate more interaction, the researchers moved the mats to the couch, so that both participants could sit on the couch with their bare feet on the mats. Danna asked the researchers how the mat worked, which allowed her to realize that music could also be produced by being haptically linked to Matt through a conductive object. Knowing that Matt enjoys tapping, Danna then brought some metal utensils—four spoons—onto the couch with her. She sat on the couch with her feet touching one mat, inviting Matt to sit down beside her.

In their unfolding interaction, Matt takes up Danna’s offer to tap upon her spoon. Once he begins tapping, the spoon gathers momentum by springing up and down with some buoyancy. With each hit, the metal spoons emit a clanging sound, embellished with 2–3 musical notes from the floormats. Matt’s experience of hitting Danna’s spoon with his spoon thus provides haptic feedback up his arm, but also becomes a different sonic experience than the usual items he taps. The taps are more percussive: the clanging is crisp and resonant, and the musical notes make the impact of Matt’s taps on Danna’s spoons more prominent. Each time he taps on Danna’s spoons, the musical notes are different.

As Figure 4 demonstrates, when Matt joins his mother (Danna) on the couch, she offers him two spoons. Matt and Danna hold a spoon in each hand, and Danna then slips her left hand through the gap between his forearm and the side of his body. With their forearms intertwined, Danna raises the spoon in her left hand towards the spoon in Matt’s left hand. Danna’s action offers her spoon as a surface for Matt to tap upon. Unlike the PUOH gesture, which poses the possibility that Danna close her fingers around Matt’s spoon, Danna’s spoon is a material surface that cannot perform control touch upon Matt’s spoon. Matt takes up the offer, repetitively using the spoon in his left hand to hit her spoon (line 1), creating a loud ‘clang’ each time they hit utensils. Tinkly piano sounds also play each time Matt’s and Danna’s utensils touch one another. After a few taps, Danna raises her right hand towards Matt’s right hand (line 2). Matt’s eye gaze shifts from his left hand to his right hand, and for a moment, he glances at the spoon in his mother’s hand. Matt begins to tap his mother’s spoon with his right hand, pausing the tapping in his left hand (line 3). After a few cycles of tapping upon Danna’s spoon, Matt encounters another invitation from Danna to tap upon her left spoon with his left hand. Matt responds by tapping with his left hand, and thus, enters into a repetitive cycle that is different from his usual tapping. He alternates between tapping with his left and right hands, alternating between the taps even during later cycles, without Danna’s invitations. These alternating taps are also simultaneously felt by Danna as her spoons are tapped upon. She ensures that the spoons are close enough to Matt’s hands so that he can continue tapping on them with ease. After a few rounds of this new repetitive cycle, Matt begins to explore larger stim movements: he extends his spoon at varying distances from Danna’s spoon, creating different sounds as he brings his hand down to tap. Stronger taps create quicker and higher pitched musical sounds, and lighter taps create slower and lower pitched musical sounds. A few rounds after, Matt holds his spoon still, and Danna begins to tap upon it. Both parent and child take turns in tapping and offering their spoon to be tapped upon.

[image: Three panels show figures sitting with large spoons. In Line 1, Matt taps the top of Danna's left spoon. In Line 2, Danna taps under Matt's right spoon, while Matt looks down and taps Danna's left spoon. In Line 3, Matt taps the top of Danna's right spoon.]

FIGURE 4
 Matt and Dana’s turn-taking sequence.


For Matt and Dana, Matt’s old patterns of tapping are transformed into new repetitive cycles, established conjointly by both. When Danna facilitates the enaction of Matt’s stims, they are transformed in three ways. Firstly, Matt’s stims are no longer produced by just one hand, but at this point involve an alternation between both his hands. Secondly, Matt’s stims now require the spoons of his mother in order to be produced with haptic feedback to his hand, and with the loud sounds that always occur with his taps. Thirdly, Matt explores new stim actions by varying his own tapping motion, playing with the distance and force of his taps upon his mother’s spoon. In addition, these new co-created repetitive cycles allow Matt to include his own creative actions: he plays a part in the turn-taking, providing his spoon for his mother to tap. Through fine attunement to the facilitation of Matt’s stims, Danna co-creates a new sensory experience with Matt, one that allows him to continue his tapping but in a way that involves her.



3.2.2.2 Sensorially transforming swinging together

As with Matt and Danna, Nathan’s and his mother Ellie’s most sustained interactions also involved the transformation of Nathan’s stims. Nathan, as observed during the researcher team’s first visit and as reported by his mother, would often sit in his swing and rock himself. The swing itself was in a large, designated area, occupying much of the physical space by the family’s front door. Although Day 2 did not yield any significant transformations of Nathan’s stims, Day 3 and Day 4 did. During our third visit to Nathan’s home, Nathan left the living room floor space and spent some time on the swing. The research team suggested putting the mat on the swing and another on the ground. We waited for Nathan’s swings to stop before we slowly approached him and gently placed a mat under him. We placed another mat on the ground right in front of the swing, establishing a spot for Ellie to stand on and another for Nathan to continue sitting on. Nathan had brought a hairtie onto the swing with him: it was the hairtie of one of the research assistants. He twiddled with it as he swung.

With Nathan sitting on the swing and Ellie standing in front of him, Ellie begins to recruit him into interaction with her. She stands on the mat, extending her right palm towards Nathan. When Nathan does not respond to the open palm invitation, Ellie gently holds his fingers, and begins to pull and push on them. Her pushing and pulling rocks Nathan back and forth, but not for long. Nathan removes his fingers from her grip and turns his body away from her. Rachel then makes a comment, stating “you touch feet also can,” meaning that music would play if both touched feet. Nathan begins to produce slight kicks with his feet as he swings towards Ellie, his toes creating piano sounds as they touch the front of his mother’s ankles. As demonstrated in the previous section, Nathan does not produce any uptake to the open palm invitation from his mother. Nathan also rejects his mother’s control over the movement of the swing, removing his fingers from her grip and turning away from her. Exercising agency, his first contact with Ellie is through light kicks upon her shins, which produce musical sounds. After a few swing cycles of light kicks, Ellie extends her hand, placing it close to Nathan’s hands. Nathan passes Ellie the hairtie, and she puts it up her arm. The following interaction ensues.

In Figure 5, as Nathan swings forward, he reaches his right hand out towards the hairtie on Ellie’s arm. He does not lean forward but remains nestled against the soft pillows on the swing. Nathan allows the momentum of the swing to carry his body forward, making contact with Ellie’s arm lightly, but not trying too hard to grab the hairtie. Once he reaches the apex of his swing forward, he touches the hairtie and lets the tip of his fingers sweep down the length of Ellie’s arm as he swings backwards. The mat produces a series of piano sounds that gently trail off when he loses touch with Ellie’s skin as the swing moves backwards. Several cycles of this interaction occur, with Nathan swinging forward and reaching for the hairtie. During these cycles he misses grabbing the hairtie, but maintains the stretch of his hand, lingering his fingers on Ellie’s arm until he swings out of reach. Each swing away from Ellie is thus augmented with a series of piano sounds. These cycles are repeated several times before it evolves.

[image: A grayscale illustration labeled "Cycle 1" depicts a person reaching for a rubber band, with labels identifying the action. An inset magnifies a hand trailing down another person's arm, emphasizing the gesture.]

FIGURE 5
 Nathan and Ellie begin cycle 1 of a novel interaction on the swing. Two screenshots are overlayed to demonstrate the trajectory of Nathan’s hand.


Nathan eventually grabs the hairtie on his mother’s arm (Figure 6). He does so by putting his thumb under the elastic and curling his index finger around the material. As he swings backwards, Nathan maintains his hold on the hairtie, such that it is brought down to Ellie’s wrist. She points her fingers downwards, preventing the hairtie from leaving her wrist as Nathan swings backwards. With both Nathan and Ellie haptically connected by the tension of the hairtie, the interaction evolves into another repetitive cycle, and Nathan’s swinging movement is further transformed. As Nathan swings back and forth, he is now pulled back to-and-from Ellie through the tension in the hairtie. Nathan makes hand-to-hand contact with Ellie each time he swings forwards, and the mat produces a quicker, percussive series of piano sounds each time this happens. The periodicity of Nathan’s swings is thus sonically amplified, with sound punctuating the swing cycle only at the apex of his swings. Nathan laminates further action onto their interaction in later repetitive cycles, continuing to touch Ellie’s hand, but also touching her ankle through slight kicks of his leg when he is close enough to her. As more repetitive cycles unfold, Nathan eventually takes the mat from under him, and begins to crinkle it as he continues to hold onto the hairtie and touch his mother’s hand, enhancing his sensory experience even further.

[image: A monochrome illustration features two highlighted text boxes. The first text box reads "Nathan grabs the rubber band," pointing to a person holding a rubber band. The second box, labeled "Nathan and Ellie hold the rubber band," is accompanied by a close-up inset showing two hands holding the rubber band. A hanging chair is in the background, and the image is marked "Cycle 2" in the corner.]

FIGURE 6
 Nathan and Ellie begin cycle 2—the next evolution—of their interaction on the swing. Two screenshots are overlayed to demonstrate the trajectory of Nathan’s hand.


Nathan’s interactions with his mother involve repetitive cycles of swinging back and forth. Through these cycles, the interaction gradually evolves, with Ellie facilitating the momentum of the swinging through the tension of the elastic band held between her hand and Nathan’s. This interaction is sustained and mutually elaborative because Ellie does not control the momentum of Nathan’s swings. She allows him to be in control of his swinging, her social actions serving only to auditorily and haptically enhance his ongoing repetitive movement. Nathan himself participates in the interaction, evolving their interaction and gradually elevating his unfolding sensory experience. First, he touches Ellie’s forearm as he swings, sonically amplifying the trajectory of each swing backwards (cycle 1). Next, he grabs the hairtie, using its tension to produce quicker swings towards her. He then laminates further action upon the interaction, kicking her legs and adding more musical sounds. Eventually, he removes the mat from under him and instead places it on his lap, crinkling its surface with one of his hands, adding to his ongoing sensory experience. Nathan transforms his swinging experience accumulatively, amplifying his sensory experience to include a variety of sounds, changes to the motion of his swinging, and crinkling the mat as he swings. Nathan’s usual swinging practice, typically produced by himself, now becomes an amplified sensory experience that is shared with his mother. They establish new swinging cycles that collaboratively evolve over time.



3.2.2.3 Playing “Ode to Joy” together

Chloe and her mother, Lin, also engage in multiple co-constructed repetitive cycles, as did the other two dyads. Chloe had a strong preference for a particularly musical stim; she would often play the song “Ode to Joy” again and again on a piano app on her mother’s phone. Noting this repetitive practice, “Ode to Joy” was set up in the Magical Musical Mat, such that every finger movement would trigger each consequent note of the song. Three different timbres were programmed into the mat, so that different degrees of skin-to-skin contact allowed for different types of sounds to play. Day 2 of the intervention already yielded sustained stimming between Chloe and Lin.

In their most sustained interaction, Lin successfully recruits Chloe into interaction with her by sitting on one mat, inviting her to sit on the other. Lin extends her fingers towards Chloe, not with her palm up, but rather with her palm down. She says “piano” with a sing-song prosody, and Chloe begins to play on her mother’s hands as if her mother were a piano. Round upon round of playing “Ode to Joy,” Chloe explores a variety of touches upon her mother’s hand, keeping a consistent tempo to her playing, but changing only the way in which she touches her mother. Figure 7 details Chloe’s production of “Ode to Joy” over two cycles of the song, and the unfolding of her varied, exploratory touching of Lin’s hands.

As Chloe plays through cycles of “Ode to Joy,” no cycle is played in the same way. Chloe varies the way in which her hands interact with Lin’s, performing a range of touch-based gestures upon her mother’s fingers. As seen in Figure 7, over the course of cycle 1 of “Ode to Joy,” Chloe uses all her fingers to gently pat the fingers of her mother (No. 1). The mat plays “Ode to Joy,” with a slightly sustained note each time. During the second half of cycle 1, Chloe changes the shape of her hands slightly. She holds her wrists up, touching Lin’s hands with only the very tips of her index and middle fingers (No. 2). Chloe uses this hand shape for just a few notes of the piece before trying yet another hand position. She lowers her right hand and plays upon Lin’s fingers with her left hand index finger (No. 3). The decrease in skin contact with Lin results in two notes of “Ode to Joy” played with staccato: notes of very short length. Without missing a beat, Chloe plays the last two notes of cycle 1 with the index fingers of both hands, such that the song ends off with two sustained notes. Chloe thus follows the musical structure of “Ode to Joy” by ending it with two long notes (following the original song), providing a more complete close to cycle 1.

[image: Musical notation and images of hand movements are shown in five cycles. Cycle 1 includes musical notes for No. 1, No. 2, and No. 3. Images show various finger positions: No. 1, all fingers; No. 2, index fingers; No. 3, left hand index; No. 4, right hand index tip; No. 5, curls and flicks right index. Each image is paired with corresponding musical notes.]

FIGURE 7
 Chloe plays two cycles of “Ode to Joy” on Lin’s hands. Each cycle denotes a full sequence of the tune “Ode to Joy.”.


Chloe continues with the momentum of the music without missing a beat, performing a variety of gestures that change the quality of the sound playing from the mat. Eventually, Chloe explores even more touch-based gestures, curling her fingers, and touching different parts of her mother’s hands. In cycle 2, Chloe returns to the gesture depicted in No. 3. She uses just a bit more skin contact that previously, so her use of one finger does not trigger any sound changes, and Chloe continues with this gesture for most of cycle 2. At the end of cycle 2, Chloe makes another change to her gesture production. She switches from using her left hand to using her right, touching the tip of Lin’s fingers with the tip of her fingers. The decreased skin contact with Lin begins to trigger a staccato sound in the mat after two notes with this gesture. To decrease her skin contact with Lin’s finger even further, Chloe begins to touch the tips of Lin’s fingers by curling and flicking her index finger towards her palm (No. 5). Consistently, she continues with the staccato sound for the next cycle, then continues to produce more variation to her touch-based gestures over the course of the next few cycles. Throughout the rest of the intervention, as Chloe and Lin cycle through “Ode to Joy,” the interactions evolve. Chloe explores diverse finger movements on Lin’s hands, attuning to the musical structure of the song in the sounds she produces. In later repetitive cycles, Chloe and Lin move on to explore different ways of touching one another, whether through tapping on Chloe’s thighs, holding hands and swaying together, or cuddling together.

Chloe, who usually plays “Ode to Joy” on her phone by herself is now able to articulate individual notes of the song upon Lin’s body, nuancing the quality of each note. “Ode to Joy” becomes an act of self-expression, but also one that she can share with her mother within these particular circumstances. Chloe and her mother also move beyond the hand-to-hand interactions and experience “Ode to Joy” through other parts of their bodies. As with other dyads, Chloe and Lin transform Chloe’s solitary practice of playing “Ode to Joy” into a new shared experience of musical nuance, spontaneity, and expression.






4 Discussion

The results underscore significant transformations in parent–child interactions. Upon encountering the novel artifacts, parents and children alike demonstrate curiosity. Nevertheless, their initial interactions are built upon their bodies’ relationship history. At first, parents extend invitations for hand-to-hand touch, attempting to engage their children in the new environment, at times even resorting to control touch. However, the children assert their autonomy and explore the novel environment at their own pace, discovering unique sensorial features of the environment. Notably, the foregrounding of interpersonal touch guides parents into their children’s sensory activities. The most sustained, mutually elaborative interactions involve parents attuning to the stims of their children by facilitating their expressiveness, thus co-creating a pleasurable sensory experience together. The introduction of sound prompts heightened awareness of the children’s stims, leading to diversified and expressive stim movements whether through tapping, swinging, or playing “Ode to Joy” together. All three children add ‘embellishments’ to the rhythmicity of their repetitive behaviors, increasing the musicality of their stims. All the parents and children eventually co-construct longer patterns of repetitive cycles together, laminating action upon action, with the cycles evolving over time.

The stimming practice of the children, different as they are, all become substrates for interactional reuse and transformation. A substrate is an utterance or any other public resource that serves as a point of departure for operations used to build subsequent action (Goodwin, 2018; p. 40). The substrate—stimming movements, in this case—thus becomes a mutually agreeable focus of transformative operations for both the autistic child and their interactant. With each cycle of the stims—each tap, each swing, each finger movement—sonically amplified by touch with their parents, musicality becomes an additional medium that the children can play with. In Matt’s case, from his usual practice of tapping with just his right hand, he comes to alternate between tapping with his left and his right hands. In other parts of his tapping interactions, he also takes turns with his mother in tapping and being tapped upon. For Nathan, the push and pull of his swing become part of a game involving reaching for the hairtie on Ellie’s arm. When he eventually grabs it, and pulls it downwards, his swinging movement itself becomes incorporated into the tension of the hairtie that is being grasped by both. Much like a pendulum, Nathan swings back and forth, with the swing cycles evolving over time, no swing ever the same. Lastly, Lin’s hands are transformed into the keys of a piano (or perhaps a touch-based synthesizer) that Chloe can play her favorite song upon in a musically expressive manner. The parents Danna, Ellie, and Lin, by coming into intercorporeal attunement with their children’s stims, become a central part of the stimming practice, and also get to experience its motion upon their own bodies.

Furthermore, the periodicity of the children’s stimming movement is amplified with musical sounds, bringing into activity the creation of a new sensory experience, amplifying the presence of their stims. The children’s stim movements change, become more varied and expressive, and the children embellish the periodicity of their repetitive behaviors. Matt varies the height of his arm, dynamically changing the volume of the taps he produces, varying the assertion of his spoon hitting upon Danna’s in a way that creates different musical pitches. Nathan creates rhythmic variations of his own by touching his mother’s forearm and hand, followed by the peppering of little kicks upon Ellie’s shin. These additional movements laminate musical sounds upon his swinging motion. Chloe plays with a variety of timbral changes upon her mother’s hands, matching them to the musical structure of “Ode to Joy.”

By coming into touch with one another, the solitary stimming practices of the autistic children now require the participation of the other. These stimming movements become part of a larger social ecology, changing in how they are being produced. The interactional cycles between parent and child can be likened to the cultural practice of free improvisation. As Duby (2020) posits, free improvisation, in which participants interact in an unscripted manner, is ‘at the edge of chaos’ (p. 8) by operating in a state that is far from equilibrium. The process of improvising together requires a dynamical coherence between individuals through a blend of stability and active flexibility (Laroche and Kaddouch, 2014). Each dyad came to create and kept creating repeated cycles that stable and predictable. Yet, no two cycles were ever the same, and anything that was repetitive was not for long. As time went on, each of the dyads’ interactions evolved co-operatively (Goodwin, 2018), where material from a previous cycle became material for the next, in cycles of reuse and transformation.

Despite the study’s rigor, several limitations affect the interpretation and generalizability of findings. Firstly, due to the paper’s limited scope, further analyses of interactive stimming were restricted. Whereas sustained sequences of interactive stimming examined, briefer bursts—encompassing a range of stimming practices—could not be addressed in this paper. Additionally, the trajectory of interactive stimming over the intervention period could not be thoroughly explored, impeding the identification of overarching patterns in the dyads’ evolving stimming practices. Furthermore, there was insufficient space to include family comments from the debriefing session, which would have provided valuable contextual insights to the study.

Secondly, the study is limited in its participant selection. The study’s size, involving just three autistic individuals and their families, impacts the generalizability and depth of analysis of the results. The broad age range of autistic participants introduces developmental variability that may confound the interpretation of the findings. Lastly, the study lacked a follow-up evaluation to determine the long-term efficacy of the intervention on communication practices.

Addressing these limitations is crucial for advancing an understanding of interactive stimming among autistic individuals. Future papers reporting on this intervention could include the debriefing interviews conducted at the end of the study, account for all sequences of interactive stimming, as well as analyze the longer trajectory of interactive stimming that occurred over the course of the intervention. Future studies should consider employing longitudinal designs to thoroughly investigate the routinization of interactive stimming and the effectiveness of interventions that encourage its development. These approaches will provide a more comprehensive understanding of how interactive stimming patterns evolve over time and how various interventions influence their emergence.



5 Conclusion

To experience a fulfilling social existence as a human being is to be recognized by others as having a rich cognitive life, and to produce actions that are taken up by others as building a longer trajectory of action together (see also Goodwin, 2004). The interactions between autistic and non-autistic interlocutors have been forefronted as the locus of the ‘double empathy problem’ (Milton, 2012), with the more vulnerable communicator bearing the consequences of interactional disjunctures. But what does it mean to truly practice empathy as the more privileged interactant?

As stated by Allen (2021), a non-speaking autistic writer, the presumption of competence—a principle of respect—by speaking interactants is not an act that can be completed. It is a constant work-in-progress by speaking others that requires making mistakes and learning from them, especially when in daily life the flow of verbal conversation is maintained and dominates the interactional space. Stepping beyond the binary of ‘speaking’ and ‘non-speaking’ is to first understand sociality as interactional practices that occur through interweaving a multitude of modalities (see also Sequenzia and Grace, 2015; Savarese, 2021) and being open to “an opportunity to make the strange familiar” (Maynard and Turowetz, 2022; p. 60) through becoming aware of social actions that easily go unnoticed. Empathizing with a differently disposed social actor is about opening oneself to transformation through contemplating dimensions of experience that are different from one’s own (Liberman, 1999; Chen, 2021; Streeck and Chen, 2023), and thus arriving at a new commonsense (see also Maynard and Turowetz, 2022).

Given the contrasts between autistic and neurotypical minds, achieving a common experience can hardly be possible. A crucial consideration is how Autism constitutes its own unique culture: identical cultural material, such as music, can yield profoundly different results with autistic and neurotypical individuals (Straus, 2013). Distinctive cognitive styles—systems of thinking, making, and experiencing—can thus interact with cultural material in different ways (Bakan, 2018; Nitzberg and Bakan, 2021). As a neurotypical interlocutor, coming into attunement with an autistic mind involves stepping beyond one’s own state of being, taking up others’ actions as valid compositions, and coming into a shared world of perception and action that allows people to build new actions together. These new routines can happen if neurotypical minds seek to understand and participate in rhythmic routines different from one’s own. In this study, three different non-speaking autistic children and their respective parents navigate interaction together in an augmented living room space and learn how to interact with each other in new ways. By paying close attention to the embodied interactions of non-speaking autistic individuals, this study surfaces: (1) their diverse social actions; and, as such, (2) opportunities for social interaction with speaking non-autistic others.

Cultural tools are embodiments of the function and meaning of sociocultural practices, where learners actively reconstruct the tool’s normative meaning and function, through acting upon and with them (Saxe, 1994). The design and development of artifacts, tools, and environments has the power to transform daily communicative practices on both small and large scales in a multitude of ways. This study features an interactive environment that was an effort to bridge the gap between two divergent communicators. Firstly, bodies were brought together in close proximity, wherein intercorporeal attunement through touch—one of the most foundational ways to connect with another—was brought to the fore. Secondly, music created a cultural bridge, being a common medium of enjoyment for both parent and child. The MMM augments not the more vulnerable communicator, but rather their environment, as an attempt to surface more inclusive interactions. Through forefronting interpersonal touch and music, the MMM frees interlocutors from the instinct to maintain verbal conversation, temporarily suspending the rules of normative interaction. The MMM creates a situation where coming into intimate, multisensorial interaction is sanctioned and encouraged. But the MMM is merely a trick. In the folk tale of the stone soup, a magical stone is placed in boiling water for the creation of delicious soup. As time continues, additional ingredients—vegetables, meat, and other condiments—are added to the soup gradually. When the soup is done, the stone is taken out, and the nourishing food is enjoyed. In a similar way, the MMM became the stone soup of each home, where additional objects were brought into the space, and interaction occurred accumulatively and gradually. These interactions are available all the time, with or without the magic of the mat, should participants wish to engage as such, and should parents notice and recognize the social actions of their children.

Some theoretical, methodological, and practical implications are borne from this study. Firstly, that stimming can occur between autistic children and their parents invites a fundamental rethinking of the diagnostic criterion for autism, which characterizes solitary stimming and a ‘deficit in social communication’ as two independent hallmarks of Autism. This study, and more broadly the phenomenon of interactive stimming, pulls the two diagnostic attributes of Autism into question: the manifestation of repetitive behaviors can in fact flourish autistic communication. Interactive stimming also poses a tension to the common conceptualization of stimming as periodic self-regulation. There is no doubt that stimming, to a large degree, is a core facet of autistic embodiment in regulating emotions, regulating sensory input, and regulating sensory pleasure. However, emotional regulation is an act of socialization from infancy (Hertenstein and Campos, 2001), where family members all partake in soothing bodies in distress (Gross, 2007; Thompson and Meyer, 2007; Goodwin and Cekaite, 2018) Interactive stimming demonstrates that every human action occurs in a social world, where individual expression can diminish or prosper in the face of others.

Secondly, the methodological approach exemplifies the value of deep, qualitative analysis without the prescription of pre-defined labels and variables. For a population especially attuned to the sensory properties of people and artifacts, it is only through microanalyses that their nuanced interactions and co-created sensory experiences can be surfaced. Through the process of careful transcription, otherwise unnoticeable social actions were made visible. Furthermore, there is great importance in examining the researcher’s participant roles during data collection, especially when research involves bringing artifacts into the environment that are meant to enact some change. Given that the researcher is in a position of power when working with disabled individuals, microanalyses also allow for research practice to be increasingly oriented to the wellbeing of the most vulnerable participant throughout the study.

Thirdly, this study has practical implications for how parents, therapists, and educators can approach, understand, and support communication with non-speaking autistic children. The study proposes that inclusive education with neurodiverse individuals begins by embracing and enhancing their diverse interactional practices, so that their multisensorial social actions can be noticed and recognized as such. It joins a larger paradigm shift in designing for disability, towards moving beyond the individual and making physical environments more inclusive (Hart, 2014), marrying function with aesthetics (Pullin, 2009), as well as the idea of universal design for learning (Rose, 2000; Tancredi et al., 2022), where designing for multiple ways of learning, interacting, and being benefits not just those who are disabled, but everyone. This study proposes a reconceptualization of the AAC interface. By going beyond the screen and forefronting the communicative potential of the body, AAC systems have the potential to lower multiple barriers for the social participation of autistic individuals by embracing their naturally-occurring communicative practices.

Lastly, embracing musical expression has potential to open doors for communication, healing, and learning. The detailed analyses of these interactions reveal musicality as a dimension to be analyzed in social interaction, where participants engage in acoustic rhythm, melody, and timbre. Adopting a musical ear on phenomena such as stimming and repetitive behavior more broadly opens an abundance of analytical possibilities for the study of human cognition, expression, and interaction.

This study shows how stimming can become even more expressive when mapped with touch and sound. Perhaps more importantly, all the stims reported include the production of sound, even when they occurred naturally. The Magical Musical Mat demonstrates the potential of designing for sound interactivity: making careful design decisions around sound sensitivity, aligning with the sonic preferences of non-speaking autistic individuals, and creating environments in which they can themselves create new sonic material with others, can more broadly inform research on sound perception and our human relationship with music. Despite its promise, some caution is required around the utility of music. Music remains a culturally-sanctioned medium by those who are non-autistic, but nonetheless constitutes a widely accepted convention. Stimming should be embraced, even outside of the musical context.

The autistic mode of engagement, existing in an often unforgiving world, is fundamental to our very essence of humanity. In deep existential vulnerability, the permeability of autistic individuals with the world unveils human practices fundamental to human being (Fein, 2018), including a particularly embodied and sensory relationship with materiality and others (Baggs, 2007; Yergeau, 2010). As discussions on inclusion, diversity, and equity gain prominence, non-speaking autistic individuals unearth the foundational role of the body in all aspects of daily life, offering lessons on sensing the forgotten. It is my aspiration that researchers engaging with vulnerable populations actively incorporate the perspectives of disabled individuals, demonstrating a dedication to openness, change, and transformation in their work. Together, these considerations only strengthen our capacity for bridging research and practice, and for bridging the gap between diverse communicators.
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Footnotes

1   In this paper, I follow the preferences of the Autistic community for “identity-first language” (e.g., Autistic people) rather than “person-first language” (e.g., people with Autism) (Sinclair, 2013).
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Appendix

APPENDIX 1 Day 1 interview questions for parents.
[image: Table with two columns titled "What we say/do" and "Why we say/do it." The first column includes instructions and questions for participants, such as introducing themselves, explaining camera use, and asking about the child's age, activities, behaviors, music preferences, and touch preferences. The second column provides reasons for each action or question, such as making participants comfortable, understanding child-family relationships, identifying distress cues, understanding repetitive behaviors, analyzing the child's relationship with sound, and understanding touch preferences.]
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Introduction: Motor skill difficulties are common in autistic children and are related to daily living skills (DLS). However, it remains unclear which specific motor tasks are most likely to impact overall DLS. This study sought to fill this gap.
Methods and results: In 90 autistic children and adolescents (ages 6–17 years), we found that fine/manual motor tasks, like drawing or folding, demonstrated significant medium-sized relations with DLS, even after accounting for IQ and sensory features, whereas tasks in the areas of bilateral coordination, upper-limb coordination, and balance only related to DLS (small effect sizes) prior to accounting for IQ and sensory features. When looking at an overall balance score, we found that IQ significantly interacted on the relation between overall balance and DLS.
Discussion: These results further demonstrate the particular importance of fine/manual motor skills for DLS in autistic youth, even when accounting for IQ and sensory features. Indeed, accounting for sensory features strengthened the relations between fine/manual motor skills and DLS. Our findings provide evidence of the impact of cognitive factors on the relation between balance and DLS, indicating that it may be that autistic individuals with lower IQs experience relations between balance and DLS that are different than their peers with higher IQs. Our findings support the benefit of considering individual motor skills rather than domain-level information when assessing ways to promote DLS in autistic youth. The results further shed light on the importance of fine motor skills, as well as the unique relationship of balance and DLS in autistic individuals with lower IQs.
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Introduction

Numerous studies converge to suggest that motor and daily living skills are associated in autistic and non-autistic individuals (Travers et al., 2017, 2022; Bremer and Cairney, 2018; Fisher et al., 2018; Fears et al., 2022), such that higher motor performance maps onto higher daily living skill (DLS) performance. Moreover, motor skills may help explain why DLS performance is often discrepant from IQ in autistic individuals (Fears et al., 2022). As such, motor skills and DLS appear to be importantly interlinked, but we are only beginning to understand which specific motor skills (i.e., bilateral coordination, strength, balance, fine motor precision/integration) are most likely to impact overall DLS in autistic children and adolescents. Gaining this information is of critical importance because it may help guide collaborative approaches that target motor skills in autistic individuals with the goal of eliciting the DLS changes that the individual desires. Therefore, the present study set out to fill this key gap.

Motor skills are a common area of difficulty for autistic individuals (Licari et al., 2020; Miller et al., 2024), impacting both general (Purpura et al., 2020; Mohd Nordin et al., 2021; Kilroy et al., 2022) and specific areas of motor functioning, including coordination (Fournier et al., 2010; Bhat et al., 2011), postural stability (Bhat et al., 2011; Fisher et al., 2018), and imitation and praxis (Bhat et al., 2011; Kilroy et al., 2022). Motor skills are also related to sensory features (Surgent et al., 2021), IQ (Fulceri et al., 2019; Surgent et al., 2021; Ramos-Sánchez et al., 2022), and DLS (Jasmin et al., 2009; MacDonald et al., 2013; Mattard-Labrecque et al., 2013; MacDonald et al., 2017; Travers et al., 2017; Bremer and Cairney, 2018; Fears et al., 2022; Travers et al., 2022). Sensory features (Jasmin et al., 2009; Mattard-Labrecque et al., 2013; Williams et al., 2018; Travers et al., 2022) and IQ (Kenworthy et al., 2010; Pugliese et al., 2015) have also been found to relate to DLS. Taken together, these findings suggest that motor difficulties are prevalent in autistic individuals and that specific motor difficulties, in combination with other factors like sensory features and IQ, may impact DLS to differing degrees.

Because DLS encompasses a wide variety of tasks (e.g., from toileting to banking), a recent study from our group investigated which specific DLS tasks were best predicted by a composite, summary measure of motor performance in autistic and non-autistic children (Travers et al., 2022). We found that personal, domestic, and community domains of DLS were all associated with individual differences in general motor performance, and we found that specific household tasks (clean up and dressing), educational tasks (calendaring), and safety tasks (thermometer use and crossing the street) were specifically predicted by motor performance. While this study showed which specific DLS tasks may be most associated with general motor features, the reverse (i.e., which specific motor tasks predict general DLS) remains unclear. Indeed, the majority of studies have used overall motor scores (Travers et al., 2022) or gross and fine motor skill scores (MacDonald et al., 2013; Günal et al., 2019) to understand the relation between motor skills and DLS in autistic individuals. However, a handful of studies have explored more specific areas of motor performance. For example, finger tapping speed and grip strength were found to predict concurrent and future DLS in a large, longitudinal sample of autistic and non-autistic individuals ages 5–40 years (Travers et al., 2017). In addition, two studies (Bremer and Cairney, 2018; Fears et al., 2022) used Movement-ABC (M-ABC) subscales to examine how manual dexterity (i.e., moving or placing coins or pegs, threading items, or drawing a path), aiming and catching (i.e., catching or throwing objects), and balance (i.e., balancing on one leg or on a board, walking in different ways, or hopping) related to DLS and adaptive behavior in autistic children and adolescents. Both studies converged to find that manual dexterity was the only motor subdomain of the M-ABC that significantly correlated with DLS or adaptive behavior. Together, these findings suggest that motor tasks that engage the fingers and hands may be particularly related to DLS in autistic individuals. However, while the M-ABC is commonly used, it is not all-encompassing, and therefore we do not know how other motor domains, such as bilateral coordination, running speed and agility, and strength, relate to DLS. Further, as motor skill assessments like the M-ABC or Bruininks-Oseretsky Test of Motor Proficiency, 2nd edition (BOT-2) (Bruininks and Bruininks, 2005) differ in how tasks are divided into categories, exploring task-level relations will provide insight across measures, increasing clinical utility.

Many daily activities, such as getting dressed or household cleaning tasks, have inherent balance demands, such as the postural stability required to put on pants or the weight-shifting required to move laundry from a washing machine to a dryer. Intriguingly, past studies involving autistic children and adolescents have not found balance to be a predictor of DLS (Bremer and Cairney, 2018; Fisher et al., 2018; Fears et al., 2022). However, if balance truly does not relate to DLS, addressing balance with the end goal of improving DLS may be an ineffective intervention target. One possibility is that there might be additional factors at play that moderate the relation between balance and DLS, such as IQ. A prior study from our group (Fisher et al., 2018) found a significant interaction effect between IQ and balance, such that only autistic children and adolescents with lower IQs showed a relation between balance and DLS. Autistic children and adolescents with higher IQs did not show this relation, even though the ranges of balance scores were similar. However, to our knowledge, this is the only study to have examined IQ as a moderator of the relation between balance and DLS in autistic individuals, and further research is needed to clarify if there truly is no relation between balance and DLS across autistic individuals, or if there are additional factors, such as IQ, at play.

Based on the reviewed literature, the first aim of this study was to determine how specific motor skills on the BOT-2 Short Form relate to a summary measure of DLS in autistic children. These BOT-2 Short Form items include tasks in the areas of fine motor precision, fine motor integration, manual dexterity, upper-limb coordination, bilateral coordination, balance, running speed and agility, and strength. To our knowledge, this is the first study in autistic individuals to examine the domains of bilateral coordination, running speed and agility, and strength in relation to DLS. Given the associations between sensory features and IQ on both motor skills and DLS in the aforementioned literature, we then completed a follow-up analysis of the relation between the BOT-2 Short Form items and DLS, first covarying for IQ and then covarying for sensory features. The second aim of this study was to expand upon prior findings (Fisher et al., 2018) to understand if IQ moderates the relation between balance and DLS in autistic children and adolescents.



Materials and methods


Design and participants

This retrospective cross-sectional study included 90 autistic children and adolescents ages 6.22 to 17.85 years old who initially participated in one of three studies. See Table 1 for additional participant demographics. Participants were recruited through Waisman Center registries of eligible participants, emails to the university community, as well as flyers posted at community organizations and relevant clinics. Participants had prior autism diagnoses and met criteria on the Autism Diagnostic Observation Schedule-2nd edition (ADOS-2), with supplementary gathered through the Social Responsiveness Scale-2nd edition (SRS-2) and Social Communication Questionnaire (SCQ). The SCQ was unavailable for one participant due to age of adoption, but the participant’s ADOS-2 and SRS-2 scores exceeded the cutoff for an autism diagnosis. Participants needed to be English-speaking and could not have a prior diagnosis of tuberous sclerosis, Down syndrome, fragile X syndrome, or hypoxia-ischemia; history of a severe head injury; significant uncorrected hearing or vision loss; inability to provide assent; or contraindication to magnetic resonance imaging. This study was performed in line with the principles of the 1964 Declaration of Helsinki and later amendments. Approval was granted by the Institutional Review Board (#2014–1,248, #2014–1,499 #2016–0441, #2022–0413). Parents or legal guardians provided informed consent, and participants provided either verbal or written assent.



TABLE 1 Demographic characteristics.
[image: A table displays demographic and test score data, including means, standard deviations, and ranges. Key details include percentages for sex, race, and grade level, and different scores such as IQ and various diagnostic test totals. Footnotes clarify the abbreviations and editions of the tests referenced.]



Measures

Bruininks-Oseretsky Test of Motor Proficiency, 2nd edition (BOT-2) Short Form and balance subscale T-score (Bruininks and Bruininks, 2005). Motor skills were assessed using items from the BOT-2 Short Form (BOT-2 SF) and balance subscale. The BOT-2 SF is a reliable and valid abbreviated screening measure that demonstrates reliability and validity (Bruininks and Bruininks, 2005). Two items, copying a square and copying a star, were combined to ensure adequate responses for individual point value options and due to the similar nature of these items as components of the fine motor integration section. When two trials were administered for an item, the highest score between the two trials was used for analysis. For the current analyses, we used item-level BOT-2 SF data for Aim 1, along with the balance subscale T-scores for Aim 2. One participant did not complete the balance subscale due to time constraints and is therefore only included in analyses for Aim 1. A separate participant only completed the balance subscale and is therefore only included in analyses for Aim 2.

Vineland Adaptive Behavior Scales, 2nd edition (VABS-II) (Sparrow et al., 2005). DLS were assessed using the VABS-II. The VABS-II is a reliable and valid caregiver report measure that evaluates social, communication, and DLS across development, along with motor skills in young children. For the current analyses, we used the DLS standard scores.

Wechsler Abbreviated Scales of Intelligence, 2nd edition (WASI-2) (Wechsler, 2011). IQ was measured using the WASI-2, which consists of subtests in the areas of block design, vocabulary, matrix reasoning, and similarities. The WASI-2 demonstrates good reliability and validity (Wechsler, 2011). Either the full-scale IQ from two tests (FSIQ-2) or full-scale IQ from four tests (FSIQ-4) was used. To obtain a score for the FSIQ-4, all four subtests are used, while the vocabulary and matrix reasoning subtests are used to calculate the FSIQ-2. For cases in which the participant completed all four subtests, we used the higher of the two IQ scores (FSIQ-2 or FSIQ-4). We use IQ as a continuous variable as it is highly recommended to use continuous variables in their continuous form (DeCoster et al., 2009).

Sensory Experiences Questionnaire, Version 3.0 (SEQ) (Baranek, 2009). Sensory features were measured using the SEQ, a caregiver report measure with strong test–retest reliability and internal consistency (Little et al., 2011). The SEQ includes questions related to sensory seeking, hyporesponsiveness, hyperresponsiveness, and enhanced perception across multiple areas of sensory processing.



Data analysis

Analyses were performed in R version 4.1.0 (R Core Team, 2023). Alpha was set at 0.05 for all analyses. Prior to performing analyses, we performed data visualization to check the assumptions of our statistical approach. We observed that two of the BOT-2 SF items, tapping feet and fingers-same sides and walking forward on a line, had more than 80% of observations at the ceiling, and we therefore excluded them from further analyses. Next, to make sure that all BOT-2 items were on the same scale, we converted BOT-2 item raw scores to z-scores. Because the BOT-2 item scores are not age-normed and may have non-linear relationships with age, we used a sample of 352 autistic and non-autistic participants available to us (90 of whom are included in this study), and we examined age trajectories on these BOT-2 SF items. We found that the age effects were best represented by a log fit line, which was then used to create a z-scored age-normed variable for each of the BOT-2 SF items. To assess Aim 1, Spearman correlations (due to non-linear relations in the scatterplots) were performed examining each of the z-scored, age-normed BOT-2 SF items in relation to DLS standard scores. False discovery rate (FDR) (Benjamini and Hochberg, 1995) was used to correct for the 11 comparisons. In light of associations between sensory features and IQ with both motor skills (Fulceri et al., 2019; Surgent et al., 2021; Ramos-Sánchez et al., 2022) and DLS (Jasmin et al., 2009; Kenworthy et al., 2010; Mattard-Labrecque et al., 2013; Pugliese et al., 2015; Williams et al., 2018; Travers et al., 2022), follow-up analyses examined whether the relations between BOT-2 items and DLS remained when accounting for IQ and sensory features. As three participants did not have SEQ data due to time of participation, the follow-up analyses included 86 participants.

To assess Aim 2’s hypothesized interaction between IQ and BOT-2 balance subscale T-scores on DLS, we used multiple regression. As a portion of the autistic participants in this current study were included as a part of that prior study (Fisher et al., 2018), we ran regressions both with (n = 89) and without (n = 35) these participants. We performed the following regression: DLS Standard Score ~ Balance T-score + IQ + Balance T-score*IQ.




Results

As can be seen in Table 2 and Figure 1, DLS demonstrated significant medium-sized effects with items in the areas of fine motor precision (i.e., drawing a line through a crooked path and folding paper) and bilateral coordination (i.e., jumping in place-same sides synchronized). Tasks in the areas of fine motor integration (i.e., copying a square/star), manual dexterity (i.e., transferring pennies), upper-limb coordination (i.e., dropping and catching a ball with both hands, dribbling a ball-alternating hands), and balance (standing on one leg on a balance beam with eyes open) demonstrated significant small-sized effects. Correlations between DLS and tasks in the areas of running speed and agility (i.e., one-legged stationary hop) and strength (i.e., push-ups, sit-ups) were non-significant (r’s ≤ 0.10). Follow-up analyses accounting for IQ and sensory features can be found in Supplementary Table 1. Accounting for IQ, only fine motor precision tasks significantly related to DLS with small-sized effects. Accounting for sensory features, only fine motor precision, fine motor integration, and manual dexterity tasks significantly related to DLS with medium-sized effects.



TABLE 2 Results of the Spearman correlations between Bruininks-Oseretsky Test of Motor Proficiency, 2nd edition (BOT-2) Short Form item z-scores, accounting for age, and Vineland Adaptive Behavior Scales, 2nd edition Daily Living Skills standard scores (DLS).
[image: Table displaying various physical tasks categorized by skills such as fine motor precision, integration, dexterity, coordination, balance, agility, and strength. Each task lists values for correlation (r), significance (p), and adjusted significance (p.adj). Significant tasks include drawing, folding, copying, transferring, ball activities, jumping, standing on one leg, and hopping, with varying degrees of statistical relevance indicated by their respective p and p.adj values. Tasks like push-ups and sit-ups show low significance.]

[image: Nine scatter plots display the relationship between motor tasks and Vineland DLS Standard Scores. Tasks include "Drawing a Line Through a Crooked Path," "Folding Paper," "Copying a Square/Star," "Transferring Pennies," "Jumping in Place Same Sides Synchronized," "Standing on One Leg On a Balance Beam Eyes Open," "One-Legged Stationary Hop," "Dropping and Catching a Ball Both Hands," "Dribbling a Ball Alternating Hands," "Push-ups," and "Sit-ups." Dots indicate scores, with trend lines showing positive, negative, or neutral correlations.]

FIGURE 1
 Scatterplots of the relations between items on the Bruininks-Oseretsky Test of Motor Proficiency, 2nd edition (BOT-2) Short Form (accounting for age) and the Vineland Adaptive Behavior Scales, 2nd (VABS-II) edition Daily Living Skills (DLS) domain standard scores, in z-scores (standard deviation units) and Spearman ranked.


There was a significant small-sized interaction of IQ on the relation between balance and DLS in the full sample of autistic participants (which included participants from Fisher et al., 2018). When looking solely at participants unique to the current study (n = 35), a similar effect size was found (Cohen’s d = 0.46 and d = 0.53, respectively) (see Table 3 and Figure 2), but the effect in the smaller group was not significant.



TABLE 3 Results of regression looking at the interaction effect of IQ on the relation between BOT-2 Balance subscale T-scores and DLS.
[image: Statistical table displaying results for full sample and unique participants. It shows coefficients (b), standard errors (SE), t-values (t), p-values (p), and effect sizes (d). Full sample includes IQ interaction with b = -0.05, p = 0.04. Unique participants include Balance T-score, IQ, and IQ interaction with respective t-values and p-values noted. The footer explains the sample definitions and abbreviations like IQ and BOT-2.]

[image: Scatter plot showing Vineland DLS Standard Scores against BOT-2 Balance T-scores. Two groups are compared: above median IQ (denoted by circles) with a non-significant correlation (r = 0.01, p = .91), and below median IQ (denoted by triangles) with a significant positive correlation (r = .39, p = .01). Trend lines and shaded confidence intervals are included for each group.]

FIGURE 2
 Scatterplot of the relation between Bruininks-Oseretsky Test of Motor Proficiency, 2nd edition (BOT-2) Balance subscale T-scores and the Vineland Adaptive Behavior Scales, 2nd (VABS-II) edition Daily Living Skills domain standard score. Graphs were created using a median split to visualize the results in light of IQ.




Discussion

In this study, we explored how different motor skill tasks related to DLS in autistic children. First, we looked at how individual items on the BOT-2 SF related to DLS. Similar to past studies (Bremer and Cairney, 2018; Fears et al., 2022), we found medium-sized effects of tasks in the areas of fine motor precision and bilateral coordination and small-sized effects of tasks in the areas of fine motor integration, manual dexterity, upper-limb coordination, and balance. After accounting for IQ, only tasks in the area of fine motor precision remained significant with a small effect size. When accounting for sensory features, fine motor precision remained significant with a medium effect size, but fine motor integration and manual dexterity increased in effect size. Taken together, these findings affirm the particular importance of fine/manual motor skills for DLS. Previous work suggests that micromovements (i.e., variations in movement during tasks) may impact fine/manual motor skills, such as pointing (Torres et al., 2013). These micromovements may in turn lead to difficulty executing the fine motor movements required to complete DLS, such as manipulating buttons or zippers on clothing, opening containers to prepare or consume a meal, or unlocking a door with a key, all of which are important and frequent tasks across the lifespan. Future research should explore whether the relation between these motor skill areas and DLS is maintained into adulthood, as well as whether these skill areas relate to DLS focused on personal care tasks, such as dressing or bathing, rather than a composite measure of DLS.

Next, we looked at how balance relates to DLS. Similar to past studies that did not find a relationship between balance and DLS (Bremer and Cairney, 2018; Fears et al., 2022), our study only found small-sized relations between balance and DLS that were not significant after accounting for IQ or sensory features. However, when IQ was considered as a moderator (as was done in Fisher et al., 2018), we found that autistic children and adolescents with lower IQs appeared to be driving the relationship between balance and DLS. This information tells us that balance and DLS only appear to relate in autistic children and adolescents with lower IQs. This finding also poses the question of why balance and DLS do not relate in autistic children and adolescents with higher IQs. It may be that autistic children and adolescents with higher and lower IQs demonstrate distinct micromovement profiles in their balance, an area for future study. In addition, it could be that autistic children and adolescents with higher IQs use compensatory strategies for their balance difficulties, diminishing the impact that these balance difficulties have on DLS. Future research should explore what, if any, compensatory strategies are being used; whether IQ moderates balance and DLS relations across the lifespan in autistic individuals; and whether balance might relate to more specific DLS, such as dressing or cooking, which require more postural stability, endurance, and weight-shifting, whereas the current study focused on DLS as a whole.

Overall, these findings suggest that clinicians should pay particular attention to fine motor skills and the functional implications of difficulties with fine motor skills. Whether writing, dressing, or removing money from a wallet, fine motor skills are critical across the lifespan and across environments. However, this work also demonstrates the need to consider other factors, like IQ and sensory features, when considering how to best support autistic individuals. Autistic children and adolescents with lower IQs may require additional support in improving balance with the ultimate goal of improving DLS, whereas autistic children and adolescents with higher IQs may require focus on other areas to improve DLS. As accounting for sensory features maintained or strengthened the relations between fine/manual motor skills and DLS, sensory features must also be considered in order to effectively improve both fine motor skills and DLS in autistic individuals. Our results also highlight the value of using specific item scores, rather than an overall domain score, to clearly define the area of difficulty in motor skills for autistic individuals, particularly when considering how to improve DLS. However, future studies would benefit from the use of a directly observed measure of sensory features that would provide information that is unique or complementary to caregiver report.

The findings of this study should be interpreted in light of the study’s strengths and limitations. The generalizability of this study is impacted by the exclusion of autistic individuals with co-occurring conditions like Down syndrome or fragile X, the requirement of participants to use spoken language, and the majority of the sample being White and male. We also did not collect income or parent education level for the participants in this study, a limitation as income has been found to relate to DLS (Kilincaslan et al., 2019). However, our results are strengthened by our relatively large sample with a wide range of ages and IQs. Future studies would benefit from a larger and more diverse sample, in consideration of sex, race, ethnicity, co-occurring conditions, and use of spoken language. In addition, an even larger sample would allow for the inclusion of more covariates related to motor skills, such as autism features (Travers et al., 2013; MacDonald et al., 2014; Bhat, 2021; Cheung et al., 2021; Fears et al., 2022) and executive function (Pugliese et al., 2015). Lastly, future research should evaluate the relation between DLS and motor skills as a function of experience with fine motor tasks such as gaming on touchscreen devices, which was not measured in the current study.

In all, promotion of DLS is critical given the importance of DLS to quality of life (Bishop-Fitzpatrick et al., 2016; Hong et al., 2016) and intervention priorities of autistic adults (Benevides et al., 2020). This study confirms the role that motor skills play in DLS in autistic children and adolescents. The findings also demonstrate that balance and DLS relations are unique to autistic children and adolescents with IQs below the median. Overall, our findings demonstrate the need to consider motor, sensory, and cognitive factors in the context of DLS in autistic children and adolescents, emphasizing the need for individualized interventions for motor skills and DLS.
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Emerging research suggests that music and rhythm-based interventions offer promising avenues for facilitating functional outcomes for autistic individuals. Evidence suggests that many individuals with ASD have music processing and production abilities similar to those of neurotypical peers. These individual strengths in music processing and production may be used within music therapy with a competence-based treatment approach. We provide an updated perspective of how music and rhythm-based interventions promote sensory and motor regulation, and how rhythm and music may then impact motor, social, and communicative skills. We discuss how music can engage and motivate individuals, and can be used intentionally to promote skill acquisition through both structured and flexible therapeutic applications. Overall, we illustrate the potential of music and rhythm as valuable tools in addressing skill development in individuals on the autism spectrum.
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Introduction

Ten years ago, we proposed using rhythm and rehabilitation research as a theoretical foundation for working with autistic individuals (Hardy and LaGasse, 2013), with a specific emphasis on motor skills. Since that time, there has been an increase in research demonstrating that the impact of rhythm and music goes beyond motor, with the potential to impact social and communication outcomes of individuals on the spectrum. In this manuscript, we will build on our prior work to further illustrate how rhythm and music can facilitate outcomes for autistic individuals, with both a review of current literature and first person perspective of the power of rhythm and music to promote non-musical outcomes.

The authors would like to note that there are differing opinions within the neurodiverse community regarding preferred language with autism. We are using “autistic” and “individuals on the spectrum” throughout this manuscript in an effort to respect different views.



Authors’ lens and experiences

The first author identifies as a white cisgender woman with disability, with over 20 years of experience working with individuals on the spectrum in a strength-based approach. She is a board-certified music therapist and also a researcher and professor of music therapy in a midwestern area of the United States. The second identifies as an Asian cisgender, nondisabled woman, with over 15 years of experience working with individuals on the spectrum in a strength-based approach. She is also a researcher and professor of music therapy in Seoul, Republic of Korea. The third author identifies as a white cisgender, nondisabled woman, with over 25 years of experience working with autistic individuals in a movement difference, competence-based approach. She is a board-certified music therapist, certified Spelling to Communicate Practitioner, and owner of a private practice in southern California serving individuals on the spectrum.



Overview of updates in music/rhythm for sensorimotor organization

The primary diagnostic criteria used in the United States for autism are those in the DSM-5, which are focused on social and communication difficulties, alongside restrictive and repetitive behaviors. However, researchers continue to demonstrate that the profile for autism extends beyond these features to include difficulties and differences in movement. According to Bhat (2021), parent questionnaires on a large sample of autistic children indicated that 88% were at risk for motor impairment, indicating the need to assess motor functions and treatments for autistic individuals. Differences in fine, gross, and generalized motor functions have been found in early motor skills, as shown by Lim et al. (2021) in a systematic review of research on early motor function of children later diagnosed with autism. Researchers have also shown differences in movement kinematics (Chua et al., 2021), motor planning (Rodgers et al., 2018), motor coordination (Bennett et al., 2022), chaining of motor acts (Fukui et al., 2018), and movement timing and balance (Cho et al., 2022). These findings provide evidence of differences in motor planning and execution that may impact social and communication skills for autistic individuals.

The research findings on movement differences in autistic individuals are varied, which is likely due to differences in technologies and the specific motor skills outcomes. One research team used an iPad to measure movement variability in goal directed finger swipe movements. In this study, Chua et al. (2021) showed that autistic children had movement differences for finger swipe patterns while playing a game, including differences in movement time and peak velocity. The authors suggested that these movement differences impacted goal achievement due to increased motor noise or imprecise timing (Chua et al., 2021). Differences in gestures while playing a game on an iPad were also found by Anzulewicz et al. (2016), when looking at the movement kinematics and gesture forces. Using machine learning of the movement patterns, the authors were able to identify autistic children with 93% accuracy due to differences in force and speed of the movement. The researchers suggested that autistic children showed decreased feedforward control, which created a greater reliance on feedback control compared to neurotypical children.

Researchers have also used infrared motor capture technology to look at movement kinematics of different motor patterns. Martel et al. (2023) examined the motor control during a reach-to-displace paradigm, where the weight of an object was either known or unknown. Using this paradigm, Martel et al. (2023) found evidence of impaired feedforward control, where autistic children appeared to rely on somatosensory information to inform their subsequent movements. Conversely, Arthur et al. (2020) used infrared movement kinematics technology and gaze data to test prediction-related sensorimotor control. Their results showed that autistic adults had predictive motor abilities that were shaped by their prior knowledge and experience, indicating that they made predictions and used these predictions in their motor control. These researchers suggested that sensorimotor anticipation difficulties in autistic individuals are context-dependent, where uncertain tasks or lack of prior information may impact movement planning and adjustments. Collectively, these data indicate that there may be predictive movement differences in some autistic individuals; however, these differences may be context dependent or change due to prior knowledge or experience.

Predictive motor skills may be essential for the execution of the common areas of deficit explained by the DSM-5, including social interactions. Daniel et al. (2022) proposed that autistic children have deficits in action-chains, which involves the “just-ahead-in-time” arrangement of prospective movement. The researchers suggested that this deficit in “just-ahead-in-time” motor planning could be a major factor in decreased social skills observed in autistic individuals. As social skills require timing, planning, and synchrony for successful interactions, many autistic individuals may have difficulties with social communication that originate from motor planning or rely on external sensory cues to aid in the execution or adaptation of motor plans. Therefore, some of the motor planning differences observed in functional motor skills in autistic children may underlie difficulties in social and communication skills.

Researchers have shown that movement differences vary across different levels of need in autism, with evidence of greater movement differences in children who have difficulties with social communication, cognitive, functional, repetitive behaviors, and language skills (Bhat, 2021). Given the spectrum nature of autism, one consideration for varied levels of movement differences is based on profiles and individual characteristics. Scheerer et al. (2021) used a cluster analysis to demonstrate five sensory phenotypes/profiles which included “movement differences with low energy.” Children who exhibited this profile showed difficulties with adaptive functioning, sensory seeking behaviors, auditory processing/filtering, and additional sensory processing differences. The authors proposed that children with these sensorimotor dysfunctions would benefit from environments that support sensory processing variations. One way in which the sensory system may be supported in the environment is through the intentional application of rhythmic stimuli.



Rhythmic synchronization and sensorimotor facilitation

Rhythm, defined as a structured pattern of sound organized in time, aids in integrating either incoming information or planned actions into coherent, manageable units (Levitin et al., 2018). Rhythm is the primary organizing factor of music and plays an important role in timing and pacing of motor movement in individuals engaging in physical rehabilitation (LaGasse and Thaut, 2013). Rhythm activates numerous brain areas involved with motor movement including the premotor cortex, supplementary motor areas, presupplementary motor area, cerebellum, and basal ganglia (Grahn and Brett, 2007; Bengtsson et al., 2009; Nombela et al., 2013). Entrainment or synchronization to an external rhythmic stimulus occurs when the oscillatory neural firing patterns are frequency-locked to the external stimulus (Rosso et al., 2023). This frequency locking results in auditory-motor synchronization which can be used as a means to alter or influence movement timing and coordination (Thaut et al., 1998; Ross and Balasubramaniam, 2014).

Rhythmic entrainment occurs in individuals with little to no musical training and has also been shown to persist in the presence of acquired movement disorder including Parkinson’s disease (Thaut et al., 2001; Nombela et al., 2013) and stroke (Thaut et al., 1997). Entrainment has also been demonstrated in infants (Cantiani et al., 2022) and children (LaGasse, 2013); however, there is evidence that perception action coordination may impact volitional movement accuracy (Volman and Geuze, 2000). Although children have been shown to have the ability to entrain, children with developmental disabilities have demonstrated difficulties with rhythmic entrainment and/or timing (Lense et al., 2021). These motor timing deficits have been shown to be predictive of non-musical skill delays, including language (Ladányi et al., 2020) and reading skills (Carr et al., 2014). Some researchers have even proposed that atypical rhythm processing or production increases the risk for a variety of developmental differences, as stated in the Atypical Rhythm Risk Hypothesis (Ladányi et al., 2020). This research indicates that rhythmic entrainment is an essential aspect of development that is related to multiple non-musical skills. Due to this link, researchers have been investigating the use of rhythmic activities to enhance entrainment abilities and thus impact non-musical skills.

The use of rhythm to facilitate changes in motor abilities has primarily been demonstrated through the use of auditory rhythmic cueing, where an external auditory stimulus with fixed interstimulus intervals (e.g., metronome beats) has been shown to improve motor function in individuals with acquired neurological disability (e.g., stroke or Parkinson’s disease). For example, rhythm has been shown to immediately enhance gait parameters in individuals with Parkinson’s disease (Hausdorff et al., 2007; Erra et al., 2019), with changes in parameters that are not observed with rhythmic visual stimuli (Arias and Cudeiro, 2008). These findings indicate that the mature motor system is highly sensitive to rhythmic auditory stimulation, and that rhythm can be used to facilitate immediate stability in sensorimotor control in order to positively impact movement. These changes are attributed to the coordinative function of rhythm, providing a regular cue that can entrain sensorimotor networks. Although the research has shown that rhythm and music can be beneficial for both gait and upper extremity movements (Magee et al., 2017), it is important to consider that these improvements have been demonstrated in adults who acquired an injury later in life. Although there is research indicating that rhythm can have a positive impact on the movements of individuals with developmental disorders including Cerebral Palsy (Ghai et al., 2018, 2022), more research is needed on the impact of rhythm for movement in developmental populations.

Although rhythmic entrainment has primarily been attributed to primary motor and auditory cortices, entrainment also involves the supplementary motor area, the cerebellum, the parietal lobe, and subcortical structures including the basal ganglia (Buard et al., 2019). Researchers have recently shown that individuals with PD recruit different networks when compared to healthy controls (namely the executive control network), which provides evidence for network plasticity that recruits oscillatory networks not impacted by the disease process (Braunlich et al., 2019). Rhythm has also been shown to “prime” upcoming movements, providing a template for more optimized completion of an impending action (Crasta et al., 2019). Furthermore, researchers have shown that external auditory stimuli are most effective in priming for motor movement, when compared to kinesthetic (Crasta et al., 2019) or visual stimuli (Malouka et al., 2023). The engagement of oscillatory networks may also be useful when an individual self-generates music via singing, with initial data showing that music-based internal cues may also be effective in changing movement patterns (Harrison et al., 2018). These data indicate that the regularity, predictability, and timing of rhythmic stimuli engage with multiple networks in order to facilitate optimized movement patterns for individuals with movement differences.

Researchers have used rhythm from a metronome as the stimulus in many studies on rhythmic entrainment for motor improvements (see Hausdorff et al., 2007; Arias and Cudeiro, 2008; Erra et al., 2019). However, therapeutic applications with musical stimuli often use a more holistic musical product, where rhythmic stimuli are an essential element embedded within the overall structure. Although music used in therapeutic applications may have additional musical features present (ie., melody, harmony, lyrics, sub-beats, etc.), researchers have shown the ability for individuals to spontaneously organize musical stimuli according to the meter and move to the stimulus (Burger et al., 2018). Furthermore, neural entrainment to the metric organization of musical stimuli has been shown in adults (Tierney and Kraus, 2015) and in children as young as 8 months (Cantiani et al., 2022). Researchers have suggested that the neural response to meter-related frequencies occurs both at the subcortical and cortical level, with functional connections between the auditory cortex and motor structures (Nozaradan et al., 2018). These data indicate that rhythmic entrainment involves the interaction of numerous cortical areas, allowing for auditory-motor synchronization to occur with rhythmic and musical stimuli.

Most of the literature on rhythmic entrainment has observed the neural or behavioral (motor) response to rhythmic or musical stimuli. Another consideration is how rhythmic information may help to provide structure to the sensory environment. According to Lense et al. (2021), rhythm supports temporal predictions regarding stimuli in the environment across modalities, which helps individuals to attend and respond to the world around them. This ability for rhythm to both organize the perceptual information and help coordinate responses to that information may help with a myriad of skills related to developmental disabilities. Tierney and Kraus (2013) showed that adolescents who had a consistent neural response to sound in the inferior colliculus also had less variability in their response of tapping to the sound. These data demonstrate the relationship between temporal sensitivity of the auditory system and motor output. Furthermore, auditory training may provide a means for improving temporal sensitivity, which could impact motor, speech, and cognitive skills (Carr et al., 2014).

Rhythmic stimuli may provide support that extends beyond motor and sensory skills, as accurate prediction of rhythmic stimuli has also been found for non-motor tasks including temporal attentional orienting (Bolger et al., 2013; Escoffier et al., 2015). Rhythmic cues may also impact cognition and attention skills, which may be explained by the Dynamic Attending Theory (DAT), where attention and processing resources follow endogenous attending oscillations such that internal tempos guide attention to external sensory stimuli (Large, 2000; Escoffier et al., 2015). According to the DAT, an individual’s natural neural oscillations (i.e., internal referent oscillation) are entrained to an external rhythm which reorganizes the neural oscillations and benefits stimulus processing at the anticipated time points (Escoffier et al., 2015). Researchers have shown that resource allocation for attention is greater for in-synchrony external events, compared to external events that are out of synchrony or in silence (Escoffier et al., 2015). This resource allocation for rhythmic stimuli may provide an explanation for the motor advantage observed when neurotypical individuals listened to auditory rhythms prior to an impending movement (Crasta et al., 2019). This theory may also provide an explanation for how rhythmic stimuli can help individuals achieve success in speech, motor, or cognitive outcomes, as the rhythmic stimuli may optimize attentional resource allocation to the target behavior.

Given the benefits of auditory-motor cueing on movement (Hausdorff et al., 2007; Erra et al., 2019), as well as the effect of rhythm on temporal predictions (Lense et al., 2021), the application of music therapy interventions may be useful in supporting and promoting movement and sensory regulation in autistic individuals. Music therapy is the intentional application of music stimuli by a credentialed music therapist to help an individual meet non-musical outcomes. Credentialed music therapists use rhythm and music to facilitate an individual’s self-generated movement patterns. The music therapist may begin with matching the tempo or cadence of the autistic person’s output, creating a structure of timing that is maintained based on the initial self-generated tempo of the movement. For example, if an autistic individual is bouncing on a ball (for improved sensory processing or sustained motor), the therapist will match their speed of movement to their musical stimulus (guitar, drum, piano, or other) and ultimately stabilize that individual’s movement through this external cue. The therapist can then modulate the music as needed for a just right challenge, providing opportunities within a foundational auditory template that would allow for faster or slower movement, including transitional stops and starts. The same process can be applied when introducing a musical instrument for someone to play. The rhythmic structure would be created based on the motor output initiated by the autistic person, and the music therapist would use the music to facilitate the continuation and flow of purposeful motor output. The key feature of the experience is the use of a rhythmic structure that allows the individual to entrain at their self-generated pace, that can then be modified to help the individual change their motor patterns or regulate their sensory system.

While rhythm is a powerful tool, the use of rhythm in the therapeutic setting is a process that requires attunement to the individual’s movement within the rhythmic structure and careful modifications to help them meet their outcomes. Furthermore, music therapists are embedding sensory accommodations (as needed) within the experience to further support the individual’s regulation. Once the individual is regulated and demonstrating stable motor output, the music therapist can maintain the structure and support while shifting to target the individual’s developmental goals across motor, communication, and cognition. In this way, rhythmic entrainment can be used as a foundation to promote success in the therapeutic environment.



Rhythm and timing in neurodiverse individuals

The extant literature demonstrates multiple ways in which movements are different in autistic individuals, with implications for differences in planning and timing. Edey et al. (2019) demonstrated that a small sample of autistic adults had similar performance comparable to neurotypical adults in a task requiring them to press a key to an external auditory cue. Interestingly, when provided with a visual cue, autistic adults had superior performance, especially for stimuli that were slower. Similarly, several studies have shown that autistic individuals have age-appropriate musical rhythm production (Tryfon et al., 2017) and perception abilities (Jamey et al., 2019). However, other studies have shown decreased entrainment or beat matching ability when compared to neurotypical peers (Morimoto et al., 2018; Sota et al., 2018; Franich et al., 2021; Vishne et al., 2021). In a review of music and neuroscience research, Hernandez-Ruiz et al. (2022) reported that autistic children have been found to have more intact abilities for rhythm perception when compared to autistic adults. Some of these discrepancies may be due to differences in methods, including tone duration, inter-stimulus interval, or the level of autism/homogeneity of the participant profile within the studies. The range of rhythmic skills observed in autistic individuals suggests that assessing rhythmic abilities, along with motor abilities, would provide information that could inform treatment decisions.

Research regarding rhythmicity and how it relates to other skills has indicated that rhythmic timing may be an essential developmental skill. According to Lense et al. (2021), many children with neurodevelopmental disorders have difficulties in skills related to rhythm, timing, and synchronization. Lense et al. (2021) suggested that disrupted timing skills may contribute to atypical developmental cascades that are observed in primary symptoms for the specific disability (i.e., language delays or attending difficulties). Rhythmic timing deficits have been related to temporal attentional orienting (Bolger et al., 2013; Escoffier et al., 2015), language skills (Corriveau and Goswami, 2009; Tierney and Kraus, 2014), and social skills (Ilari et al., 2018; Wynn et al., 2018). Although children with deficits in these skill areas may also show deficits in rhythmic timing, researchers have also indicated that children exposed to musical training can improve sensory-motor entrainment abilities with music-based treatments (Ilari et al., 2018; Yoo and Kim, 2018). This may provide initial evidence that interventions based in rhythm and music are powerful tools for developing non-musical skills in children.

Music therapy research has shown that autistic children can benefit from interventions which target motor (Richard Williams et al., 2024a), attention functions (Pasiali et al., 2014), and social communication (LaGasse, 2014; Sharda et al., 2018; Yoo and Kim, 2018). This research indicates that the predictability and timing of rhythm in musical experiences are essential in supporting various developmental areas (LaGasse, 2014; Pasiali et al., 2014), initially aiding in sensorimotor control movement and extending to other related domains (LaGasse and Hardy, 2013). In the next sections we will discuss how rhythmic stimuli and music interventions may be used to help autistic individuals achieve functional goals across social and communication domain areas.



First person perspective, written by Otto Lana

The authors invited autistic adult, Otto Lana, to provide his perspective on his own experience with his movement, asking him how rhythm made a difference for his sensorimotor development and abilities. We are grateful to Otto for contributing his point of view:







	

	
“My hands and fingers simply would not do what I wanted them to do. This may not seem like a big deal, but when four to five hours a day were dedicated to table top tasks seated in a plastic or wooden chair, at age three it was sheer torture. I had no effective means of communication back then. I actually do not think it would have even mattered because so much of autism early intervention was steeped in compliance and gave no consideration to communication. This scenario of failing to complete the mindless repetitive tasks made me feel incompetent and anxious. To hear the sing-song voice of “No…Try Again” over and over again was maddening. By the time I was seven I had a behavior support plan and was labeled a flight risk. No one considered a communication support plan. I was diagnosed with an intellectual disability and removed from a diploma bound academic track and placed in a preschool looking segregated classroom…












	

	
I had lost all hope until I met people who explained everything in life has a rhythmic intentional purposeful coordinated movement. I mean everything from your neurons firing in a rhythmic pattern to the cardiac cells coordinating the contractions of the chambers of your heart and so do the muscles in my body. I needed to slow down, regulate, and learn to move with intention and purpose. I needed to have intentional actions not dysregulated reactions of my flight, fight, or freeze sensory system which was severely taxed and overloaded with years of being misunderstood and presumed incompetent.”






As explained by Otto, the rhythm of movement, and the ability to control his body motor movements was something that he needed to learn. As he reported, he lacked control of his body and outside observers often viewed his responses as intentionally defiant. This led to support staff focusing on his “behaviors,” instead of addressing his underlying sensory and motor differences. Otto reported that this focus on outward behavior had a negative impact, as the interpretation created a narrative of negative intent that was far from accurate, leading to increased anxiety and greater difficulty with his motor control. By viewing Otto’s difficulties as sensorimotor issues, as opposed to behavioral ones, he was presented with an opportunity to learn new ways of responding and that he could control his movement with practice and various accommodations, allowing him to demonstrate his true intent and abilities.

As rhythm and music can be one way to support sensorimotor development in autistic individuals, we will now discuss the ways that rhythm can be used to support the sensorimotor, social, and communicative domains. We have provided examples of how a credentialed music therapist may use music within each of these domains and we will also provide more insights from Otto in the section on communication.



Rhythm and music for sensorimotor development

In rehabilitation, rhythm has been shown to provide temporal information that helps to prime and facilitate movement patterns via auditory-motor entrainment. As we proposed in 2013 (Hardy and LaGasse, 2013), similar applications may be applied to individuals with autism to help organize sensory information and facilitate movement patterns. According to Bhat (2023), few autistic children with movement difficulties receive treatment specifically aimed at motor skill development. As motor skill deficits are not within the typical diagnostic criteria for autism, most of the observable gains within motor organization would be observed in other related skills including social and communication skills. However, there are a few studies that have specifically looked at the impact of rhythm and music on movement goals in autistic individuals.

One way that music can be used is through providing feedback or cues during a movement pattern, in order to help facilitate the desired outcome for the movement. Cibrian et al. (2021) studied arm movements of autistic children who completed movement repetitions that were sonified (i.e., the pitch of the music changed with the movement) using a gyroscope in a smartphone. In their study, the music tones changed in response to the child’s movements and they found that the children completed more repetitions with the sonified feedback. Furthermore, the children completed more aimed movements when their movement was sonified by tones that included a melody or scale. The researchers proposed that the interactive sonification (i.e., notes changing with movement) engaged children in motor movement training, helping them to complete more accurate movements and improve attention to the exercises. Similarly, Richard Williams et al. (2024b) found that autistic adults has less motor variability when completing a discontinuous and continuous drawing task with the presence of auditory feedback. These studies indicate that auditory and sonified feedback may help promote movement and decrease the variability of movements in autistic individuals.

The use of music for movement in autistic children has also been explored using therapeutic instrument playing, where playing a tambourine was compared to creating or responding to sounds on an interactive display (Cibrian et al., 2020). The researchers found that children in both groups improved in their scores on the Developmental Coordination Disorder Questionnaire, with the children in the interactive display group showing greater improvements. Although both the technological and instrument applications resulted in improvements in measures of motor control and coordination, this study was small with a sample of twenty-two children. These results provide some initial evidence that music-based motor interventions can provide an avenue for improving motor skills with autistic children who show movement and coordination difficulties.

In another study, LaGasse and Hardy (2013) presented a clinical case report highlighting the use of music therapy to help with motor coordination, inhibition, and initiation in an autistic child. The authors reported on the benefit of providing steady/stable and predictable timing cues for the child to meet their motor goals. Another example of how predictable timing cues could facilitate movement would be a music therapist leading a music and movement activity in which they encourage specific motor exercises within a song. The musical structure might be familiar or improvised; however, the music therapist would seek to balance the demand of the task to match the needs of the group. For example, the music therapist may use the chorus of the song to invite individuals to dance, bounce, or play an instrument in order to give a ‘break’ from the work, while the therapeutic emphasis would be on the repetition of a functional movement in each verse. The music therapist would create a sonification of the movement, in which the music embodies the parameters of the movement including the speed or tempo, the directionality of the output, and the accents of music to indicate where and what force is needed to carry out the movement. Each verse would likely have a different motor demand, with the free play of the chorus in between. While the structure is predictable and anchored, the music therapist can create novelty through the varied exercises presented and the subsequent sonification of each movement. Sensory accommodations can also be paired with the auditory rhythm to aid in regulation prior to the desired motor output.



Rhythm for social development: the role of interpersonal synchronization

In the social domain, the application of rhythm extends beyond processing mere movement-related information to integrating a partner’s intentions and the timing inherent in interactive contexts, which are integral to social behaviors (Whyatt, 2017). This importance becomes more apparent as these behaviors are increasingly conceptualized within a perception-action framework. Recent research has highlighted the critical nature of temporal dynamics in social behaviors (Daniel et al., 2022). Effective social engagement involves the embodiment of social intentions and their synchronization with the ongoing context, a process heavily dependent on precise timing (Schmidt et al., 2011) as well as motor planning and control. For example, many social behaviors require the ability to identify when to engage and how to adjust our actions in response to the unfolding demands of the social environment. Furthermore, previous studies have also highlighted the importance of processing such timing information from social behaviors during early developmental stages. This is evident in research showing how infants on the spectrum exhibit deficits in timely engagement with social stimuli (e.g., following gaze direction and imitating time-sensitive actions at the expected timing or pace), which subsequently interferes with their further social development (Jones and Klin, 2013).

This temporal dimension of social behavior is increasingly emphasized, particularly focusing on interpersonal synchronization as a social motor skill (Vicaria and Dickens, 2016).

Given its influence on the development of social behaviors and perceptions (Vicaria and Dickens, 2016; McNaughton and Redcay, 2020), researchers have sought to identify factors that affect these rhythmic interactions. A review of relevant studies (Yoo, 2021) indicates that interpersonal synchronization can range from simple actions like finger tapping or rocking to more complex, goal-oriented tasks like drum tapping or hand clapping games (Fitzpatrick et al., 2017b; Kaur et al., 2018). In this context, the discussion of interpersonal synchronization is specifically focused on explicit movements, as opposed to automatic mimicry, such as facial expression. The nature of adjustment required varies, from instructed to spontaneous, involving either unidirectional (following a target partner) or bidirectional (mutual) coordination. Each coordination type demands distinct social knowledge and attentional mechanisms (Yoo, 2021). For example, in directional coordination tasks where one leads and the other follows, explicit information processing is essential, along with the demand for focused attention on the social goals for movement. In contrast, spontaneous social alignment, characterized by reciprocal and adaptive exchanges without a set goal, depends largely on implicit understanding. Research findings support this view, indicating that in individuals on the spectrum, instructed synchronization correlates with explicit actions such as directing or switching attention to social stimuli, while spontaneous synchronization is associated with understanding intentions such as Theory of Mind (Fitzpatrick et al., 2018), or engaging with the less overt aspects of activities that demand anticipatory timing like speech prosody (Fitzpatrick et al., 2017a).

Researchers have demonstrated that autistic individuals engage in this interpersonal synchronization less frequently and with reduced accuracy compared to neurotypical individuals. This observation is consistent across a range of tasks requiring synchronization, regardless of the specific type of action involved (Yoo, 2019, 2021; Murat Baldwin et al., 2021). The observed differences were attributed to challenges in both social cognition and motor control within this population, as these tasks are governed by perception-action interaction (Vicaria and Dickens, 2016; McNaughton and Redcay, 2020; Bowsher-Murray et al., 2022). Nevertheless, within specific contexts of coordination, particularly unidirectional and instructed actions where a partner (often an investigator) provided clear goals and directions, the autistic individual demonstrated potential for improved performance. With explicit guidance, individuals on the spectrum exhibited greater involvement in synchronization tasks, although their performance generally did not match the level observed in their neurotypical counterparts. Researchers have suggested that rhythm, when used as an external cue for explicit timing, can serve as an effective form of directed guidance (Hardy and LaGasse, 2013). This approach holds the possibility of music and rhythm to affect both perceptual and action components of the interaction, thereby enhancing coordination performance in autistic individuals. Additionally, this understanding highlights the importance of structuring rhythm-based activities, such as a movement to music or playing instruments, in alignment with the distinct mechanisms underlying synchronization tasks.

Rhythm, when combined with synchronized actions, shapes the neural framework for synchronization and its social implications. It serves as a facilitator for updating representations of perceived partner movements (Overy and Molnar-Szakacs, 2009). This mechanism is supported by the interaction between the auditory and premotor brain regions, as evidenced by the findings indicating that rhythm perception, especially when facilitated by external cues, involves the prediction not only of auditory information but also of movement sequences. The influence of rhythm has been demonstrated to promote the anticipatory timing of upcoming movement (Grahn and Brett, 2007). This enhancement is evident in music-induced increase in auditory-motor connectivity. Within the context of bottom-up processing, such strengthened neural connection leads to improved perceptual and cognitive engagement with the involved movement (Sharda et al., 2018).

Furthermore, music-based interactions have been shown to activate the mirror neuron system (MNS), a network essential for embodied understanding of social actions (Molnar-Szakacs and Overy, 2006). Importantly, this system is often impaired in autistic individuals, resulting in hypoactivation in the middle and inferior frontal gyri (IMFG), middle and superior temporal gyri, along with hyperactivation in the inferior parietal lobule (IPL) (McNaughton and Redcay, 2020; Su et al., 2020). These findings indicate that music has the potential to mitigate these challenges and enhance social coordination processes in individuals on the autism spectrum. The processing of intentional and hierarchical elements in musical rhythm, combined with aligned movement dynamics, engages the MNS. This activation allows musical elements in this context to be perceived as related to motor actions (Janata and Grafton, 2003; Molnar-Szakacs and Overy, 2006). More specifically, this process facilitates anticipatory rather than merely reactive adjustments and influences the affective evaluation of action outcomes (Cattaneo et al., 2007; Muller et al., 2021), which are vital for effective social coordination. Additionally, the role of MNS in attributing mental and emotional states to the observed motor actions, combined with the limbic system and anterior insula’s involvement during music-induced shared experiences, connects this represented information with emotional responses (Overy and Molnar-Szakacs, 2009).



Rhythm as a mediator in interpersonal synchronization

Drawing on the facilitative role of music, empirical evidence validates the use of rhythmically distinct music as a reference for improving synchronization among individuals on the autism spectrum. In a study comparing autistic adolescents requiring minimal support and their neurotypical (NT) peers (Yoo and Kim, 2018), providing rhythmic cues (such as metronome beat or music matching the target movement tempo) significantly decreased synchronization errors in dyadic drum tapping tasks with a partner. These errors, measured by the timing difference in tapping between the participants and the experimenter, decreased to levels comparable to those of the neurotypical group. In these contexts, rhythm served as a consistent temporal framework, facilitating the processing of information related to a partner’s movements by establishing a shared timing structure. More focused analyses of research in the area of interpersonal synchronization have provided insights into the mechanisms by which musical rhythm affects processes involving social understanding and actions, spanning from the attentional to the perceptual-affective and behavioral levels.

At an attentional level, music has been shown to significantly affect the social attention of autistic individuals, enhancing their efforts to consider it as reference points. Ongoing research (Yoo, 2023) has indicated that autistic adolescents, when presented with a video simulating an interpersonal tapping scenario from their viewpoint (showing a front-facing male drum patting), maintained their gaze on the face region longer in the presence of music (specifically, metrically played piano accompaniment) than its absence. This focused gaze, measured via eye-tracking, is indicative of increased attentiveness and social referencing, key for the interpreting partners’ intentions. These preliminary findings highlight the potential of music to enhance mutual attentiveness in autistic individuals. It also proposes that increased performance during interpersonal synchronization with music is likely due not only to better motor coordination which rhythm directly and rapidly influences, but also to an increased awareness of their partners (Stupacher et al., 2017).

On an affective-perceptual level, shared attention through music and rhythm can affect emotional perceptions toward partners. This effect is rooted in the parallels between aligning with movements and aligning with partners’ emotional and cognitive states (Shamay-Tsoory et al., 2019). The shared mechanism between motor and emotional alignment supports that engaging in synchronized movements facilitates access to partners’ emotional states, leading to the automatic manifestations of similar feelings (Shamay-Tsoory et al., 2019). A previous theoretical study indicated a bidirectional relationship between empathy and interpersonal synchronization. Higher levels of empathy enhance synchronization performance, while engagement in highly synchronized movements increases empathy toward others (Tzanaki, 2022). Empirical research has also shown that participants in music-accompanied synchronization report a stronger sense of connectedness. Rhythmic cues were found to improve affective perception (e.g., likability) not only during active participation but also in passive observation (Stupacher et al., 2017). Moreover, a musically structured environment, as opposed to just metronome cues, was shown to enhance positive emotional responses. Considering the neural links between motor and perceptual-affective processes in interpersonal synchronization, these findings suggest that music helps to organize shared environment and experiences, thereby fostering feelings of affiliation, connectedness, and likability toward partners.

Engaging synchronously with partners through music and its rhythmic components is linked to social behaviors mediated by such synchronization. These behaviors range from self-regulated movements to prosocial interaction within a social context. The inherent requirement for a controlled, synchronized approach in relation to the environment and other individuals fosters self-control, establishing a foundation for more complex social skills. Notably, interventions aimed at promoting synchronous movements have been found to correspondingly reduce repetitive and maladaptive behaviors, aligning with the underlying behavioral mechanisms (Srinivasan et al., 2015). Furthermore, research on music therapy intervention incorporating dyadic drumming has been observed to improve self-control among various dimensions assessed by the Social Skills Rating Scale in autistic children (Yoo and Kim, 2018).

The effect of synchronized engagement with partners in music extends further, fostering spontaneous prosocial behaviors such as helping others and coordinating joint actions. Interpersonal synchronization is posited to create a positive feedback loop (Tzanaki, 2022). Synchronization increases perceived similarity and empathy, which in turn enhances the ability to anticipate interpersonal synchronization and mediates the social bonding effects of synchronization, creating a positive loop that strengthens the prosocial effect. This mechanism is also supported by research indicating that participating in synchronization enhances perceptual sensitivity to others’ temporal movements, thus increasing the readiness to attend to, align with, and more effectively coordinate with these movements (Valdesolo et al., 2010; Keller et al., 2014). Such findings similarly support that experiences of interpersonal synchronization act as a social foundation, connecting individuals together. This foundation is essential for engaging in mutually beneficial exchanges and collaborations (Valdesolo et al., 2010; Lumsden et al., 2012), leading to other-directed behaviors such as helping and goal-directed cooperative behaviors like joint efforts to accomplish shared goals (Rabinowitch and Meltzoff, 2017). Empirical studies showed that following the synchronous engagement with music or rhythmic cueing, both young children (Kirschner and Tomasello, 2010; Tuncgenc and Cohen, 2018) and adults (Kokal et al., 2011; Reddish et al., 2013) without neurodevelopmental disabilities showed an increased willingness to help a partner in completing their task or to cooperate with a partner to complete the task together. While these insights affirm the potential of music and rhythm to foster positive collective experiences that can be the basis for encouraging cooperation and further interaction, it is important to address the current limitations in extensive empirical evidence, specifically corroborating these effects in individuals on the autism spectrum.



Rhythm-based approaches to social skill development

Empirical evidence supports that rhythm contributes not only to the initial facilitation and direct enhancement of interpersonal synchronization but also extends its effects to the broader aspect of social skill development mediated by social coordination (McNaughton and Redcay, 2020). Rhythm and rhythmic structures are integral to music-based interventions for improving social skills in autistic individuals, yielding significant outcomes (Bharathi et al., 2019), including increased social attention (Kalas, 2012; LaGasse, 2014), improved engagement in interactions (Srinivasan and Bhat, 2013; Sharda et al., 2018), and enhanced synchronous behaviors (Srinivasan et al., 2015).

These empirical outcomes and analyses regarding underlying mechanisms hold significant clinical implications. Primarily, they suggest that effective rhythm-based approaches should consider that interpersonal synchronization demands a range of skills from attention and anticipation to adaptation, while integrating these skills into a structured sequential process (Keller et al., 2014). Initial stages of interventions emphasize attention and anticipation, crucial for initiating and maintaining coordinated actions, while subsequent stages target adaptation, involving precise and adaptive execution and active engagement in voluntary social motor skills.

Regarding attention, music serves as an effective medium for matching individuals’ movements and emotions, thus enhancing motivation for autistic individuals to engage with others (Daniel, 2019). Not only motoric but also emotional alignment through music is critical for creating and amplifying the musical qualities (e.g., playfulness and vitality) in mutual interaction, forming the basis for maintaining the developed interaction subsequently (Tuncgenc and Cohen, 2018; Daniel et al., 2022). In terms of anticipation, rhythm functions as a predictable framework for assisting autistic individuals within a perception-production framework, facilitating the representation of movement patterns and the conversion of perceived information into controlled movements (Keller et al., 2014; Janzen and Thaut, 2018).

More importantly, the aspect of adaptation is associated with the significant effect of adaptively applying music. A previous study (Yoo and Kim, 2018) found that, compared to fast or moderate tempos which might align more with the natural pace of autistic individuals, slower tempos tend to elicit greater engagement of social skills in the autistic group, while the neurotypical group remained unaffected by tempo changes. Their task performance of interpersonal synchronization tasks at a slower tempo with rhythmic cueing demonstrate a strong correlation with other social skills (e.g., recognizing facial expressions and imitating movements), influenced by a common underlying factor. This correlation was specific to the autism group, while the neurotypical group’s synchronization performance and social skills were linked at a moderate tempo without rhythmic cueing. The study further proposes the implementation of the sequential process that includes engagement, interpersonal coordination, and adaptive adjustment, with a particular emphasis on adapting to changes in motion, tempo, or other musical elements during interactive music playing. This approach is notably effective in enhancing interactive engagement as well as synchronous movement itself in children on the autism spectrum. These findings imply that incorporating adaptive elements in music tasks demands more intentional attention to stimuli and the associated social cues, with rhythmic cues mediating this process.

Some examples of the use of interactive engagement can be observed in common group music therapy experiences. The music therapist might start by playing a rhythm (or call) on a drum, and then leave the same amount of space for the participants to imitate the pattern back (response). Alternatively, the therapist might introduce a steady rhythm, guiding the participants to play simultaneously in sync with the therapist’s lead. The pattern might start clearly, simply, and even repetitively, with gradual shifts in the motor demand and rhythmic complexity, but with the same stable timing and space for a response. Another consideration is the tempo shifting to a slower pace with longer intervals between sounds. This demands sustained attention to the rhythm’s basic unit, reflecting the therapist’s explicit intention, without imposing additional cognitive load to process information. The experience easily lends itself to increased complexity, as needed, or to minimize to simple and repetitive rhythms. The pulse of the experience is steady and easily anticipated, so that even if participants experience individual movement difficulties, the musical expression is a cohesive and socially connected sound. There can be many variations and enhancements to this experience, such as varying the leader who creates the call, passing a musical message individually throughout the group so that each participant’s “voice” is heard, or adding in novel instruments to change both the auditory perception and motor demand.

Another example could involve a music therapist using a melodic instrument such as a xylophone. This adds complexity to the required movements, as playing specified notes demands controlled movements and precision. The therapist might present a melodic pattern as the target stimulus, encouraging participants to imitate the melody, similar to call and response with rhythmic patterns.

To introduce aspects of natural social interaction and complicated coordination, the therapist may position the melodic instrument in the center of a circle, making the role of taking turns more observable and evident. Each participant could have the opportunity to come to the center to play. The therapist would use a rhythmic structure to provide predictability within the experience, which would help to facilitate both the overall experience and the individuals turns within the experience. This rhythmic background can facilitate turn-taking by providing a predictable cue that creates the social timing of reciprocity. In this format, participants would experience unique musical responses based on each individual’s output. Alternatively, various social demands could be introduced, such as passing the mallets to the person next to them to create a clear visual cue within the experience. The therapist could also vary the expectations within the musical structure, adjusting factors like the duration of each person’s play or the level of continuous flow of transition from one participant to the next.



Rhythm and music to facilitate communication

Another area where autistic individuals may need support is in communication, with specific difficulties in verbal and nonverbal forms of communication (American Psychiatric Association, 2013). As communication skills heavily rely on sensorimotor functions, there is a direct tie between sensorimotor difficulties experienced by individuals and their ability to communicate. Scheerer et al. (2021) found that children with more sensory processing differences also had more social communication difficulties. These difficulties may stem from the multiple sensory and motor systems involved to effectively communicate, including the oral motor system and/or gestural/volitional motor systems. Children who demonstrate greater difficulties with spoken language may also have greater motor control difficulties, which would also impact communication on Augmentative and Alternative Communication (ACC) devices. Given the complexity of social communication, interventions employing rhythm or music offer a predictable, motivating, and adaptable avenue for autistic individuals to better communicate.

There are several theories that may explain how music may provide optimal stimulation for communication. The SEP (Sound Envelope Processing) hypothesis, proposed by Fujii and Wan (2014), suggested that rhythmic components of music stimulate brain regions involved in motor speech production. The predictive nature of rhythm would help individuals to create and execute motor speech planning, assisting them in motor speech production. Wan and colleagues created Auditory Motor Mapping Training (AMMT), wherein autistic children intone phrases while playing pitched drums (Wan et al., 2011; Chenausky et al., 2022). The authors found that rhythmic pairing of tapping a drum while producing a speech syllable provided a predictable template that resulted in an improved number of approximately correct syllables. Researchers have also shown that children with neurodevelopmental disorders showed improved attention and communication when music therapy was provided before occupational and speech therapies (Bringas et al., 2015). The researchers surmised that these changes were due to attention and emotional responses; however, music may have also provided organization that improved regulation and readiness for impending tasks.

Rhythmic and musical cues embedded in interventions impact systems vital for socialization and communication, influencing the timing of speech production and social responses. Researchers have demonstrated that the simple act of listening to auditory rhythm (priming) can help with syntactic processing (Przybylski et al., 2013). Furthermore, a music therapy intervention was found to increase resting state functional connectivity between auditory and motor regions, along with improved post-intervention communication skills per parent questionnaire (Sharda et al., 2018). According to Sharda et al. (2018), the improvements observed in communication may be directly related to the improved auditory motor connectivity. This research indicates that music can provide precise timing information that helps with processing, which can then be used to help support non-music outcomes.

Systematic application of rhythmic stimuli may therefore provide a scaffold for speech or non-speech communication, by providing a predictable template for the organization of the response. Music therapy interventions provide opportunities to target pre-linguistic, receptive, and expressive language skills, fostering communication goals through engaging musical experiences. For example, providing rhythmic stimuli during responses supports motor planning for speech production, while the musical structure aids in anticipation and timing of speech or non-speech communication. Integration of pitched drums and melodic elements enhances neural pathways involved in speech, facilitating the use of speech communication.

As speech is a motor task, and we understand the influence of an auditory rhythm on motor responses, music therapists utilize the predictable, steady rhythmic templates as the basis of communication experiences. One popular example of a music therapy experience is the use of a familiar song, chant or rhythmic phrase to promote speech and enhance fluency, articulation, and prosody. As the predictable song is sung by the music therapist, they will gradually leave a word or words out for the autistic person to fill in the blank, while maintaining the tempo and rhythm so that they anticipate the timing and initiate their response in the provided interval. While this is commonly done for the promotion of speech, it can also be used as a template for AAC users to press an icon or symbol in their device in a similar way. The rhythmic structure provides the priming of the motor system and creates the timing cues for the individual to output a motor communication response.

Many nonspeaking, minimally speaking, or unreliably speaking autistics use other forms of communication to output their ideas, thoughts, and feelings through methods that take into account their difficulty with fine motor planning and control of the mouth (for speech) and fingers (for sign language or 10 finger typing). These methods shift the communication from fine motor to gross motor skills as the movement is generated from the shoulder and the individual spells words out independently one letter at a time with their pointer finger or a tool. The acquisition phase of this gross motor communication system emphasizes the need to move from impulsive movements to purposeful motor actions and the rhythmic cueing allows an external cue to anchor their movement while they adapt their responses and develop an internal cueing mechanism. During spelling sessions, practitioners can use their voice in a rhythmic, anticipatory way to provide continuation prompts between letters as words are spelled, as well as initiation cues. In these examples, the autistic individual is entraining to the rhythmic cue and hooking their motor output to the auditory template. A metronome can also be used to provide a steady cycle of auditory anticipation based on the individual’s movement and regulation, and decrease the need for additional prompts.



First person perspective, written by Otto Lana

As communication was a goal for Otto, we asked him to provide his perspective on how rhythm and music helped him to develop his communication abilities:







	

	
“When [the music therapist] brought out her paddle drums, I thought she was absolutely out of her mind. I quickly learned there was a method to her madness. I learned about inertia, bodies in motion want to stay in motion and bodies at rest want to stay at rest. This is why I had such a hard time starting or stopping my body. This is when I learned about motor loops and strategies to regulate my body to get in sync with my mind. This is when I began to understand my deep seated love of music and I began to use the rhythm of music to find rhythm in my typing. Everything for augmentative and alternative methods of communication, especially those that are text based communication, has to do with emotional regulation and motor control. Why is it so readily understood that elite athletes need to control their emotions to perform at their best, but those with documented motor issues are labeled unmotivated and noncompliant and their sensory or emotional needs are never considered?












	

	
This is where presumption of competence was the rule. This is where I began to trust in my importance and intelligence. I was so much more than those failed motor tasks. I was now intentional and having real conversations. I was having real dialogue, not a watered down version of ‘my turn…your turn’ game of Connect Four.












	

	
The music therapist was so creative how she used the paddle drums…backwards, forwards, Big X, donkey kicks, it was like yoga meets pilates meets [extreme conditioning program training]. Moving my body first needed a physical prompt, then an auditory prompt, but soon enough just seeing the paddle drum in a certain place the muscle memory was in place and I could successfully connect with the paddle drum with the appropriate amount of force too. That was another motor control issue, too soft or too forceful. I had to learn the Goldilocks sweet spot to make the keys on the keyboard type what I intended.












	

	
I find it interesting that social and communication are always separated. Seriously, what good is communication if you don’t have a social life… I want to have friends, I need a social network…I am human after all. Yes, regulating my motor and sensory systems have contributed to having many friends and a rich social life. Plus, I am just really fun to be around. Isn’t that some fodder for your cognitive dissonance, an extroverted autistic? Yes, it is true motor loops and compulsive behaviors distract from friendships. Addressing those head on are the first steps to regulation, you can control your body, you have the power, you just need the correct supports in place.”






We are grateful to Otto for writing his experience and sharing the perspective that many autistic individuals have a strong desire to be social; however, having difficulties with sensorimotor control can make social interactions difficult and an individual’s actions may be misinterpreted as being non-social. Otto provided some additional thoughts on needing an approach to music therapy that is systematic in nature, while also integrating techniques that would address his sensorimotor functions in order to help him communicate. He stated that with some forms of music and music therapy: “I never progressed in my ability to communicate.” Once his sensorimotor needs were met, then he became more successful in communicating with those around him, showing his true cognitive and social abilities: “Until my sensory and motor needs were supported, I couldn’t initiate or imitate what was expected. By coaching my body, and addressing my unique sensory and emotional profile, I was able to do more than just produce a sound from my mouth.”



Conclusion

Over the past decade, our understanding of the potential impact of rhythm and music on autistic individuals has expanded. While initially focused on motor skills, research has illuminated the broader implications of rhythmic interventions, extending to social and communication domains. Studies have highlighted differences in motor functions among autistic individuals, emphasizing the need for targeted interventions that provide predictability and timing for the generation and stabilization of motor plans. The application of rhythm in rehabilitation has shown promise in facilitating movement patterns and organizing sensory information. Furthermore, rhythmic cues have been demonstrated to enhance synchronization and communication skills, offering a structured framework for social engagement. Although more research is needed to support the use of music-based interventions and music therapy for outcomes in autistic individuals (Gold et al., 2022), the extant research presents the immense potential for music and rhythm-based interventions to improve outcomes for individuals on the autism spectrum. Through further research and implementation, rhythm and music may continue to serve as valuable tools in supporting the diverse needs of autistic individuals across various domains of functioning to allow individuals to more fully contribute to their goals and society.
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Introduction: Some research indicates that neurodivergent people are less likely than “neurotypical” people to adapt their movements to a partner’s movements to facilitate interpersonal motor synchrony. Researchers therefore suggest synchrony deficits underlie the social differences associated with autism and other neurodivergences. Intensive Interaction (II) is a client-led approach, where Learning Support Workers (LSW) follow the lead of learners to create balanced and reciprocal interactions.
Methods: We aimed to examine the balance of synchrony in learners with autism and Severe Learning Disabilities and their LSWs in a special education college where learners had prior experience with II. Using Motion Energy Analysis, we assessed the degree to which each partner acted as a leader, and hence which partner acted as a follower, during moments of close synchrony.
Results: Overall, learners and LSWs showed higher than chance synchrony. There were no differences in the degree to which each partner led the moments of synchrony, or the amount pairs synchronized with zero-lag, where there was no delay between each partners’ movements.
Discussion: The equal balance of leading and following in the learner and LSW pairs demonstrates that both partners consistently adapted their movements to their partner’s movements to facilitate synchrony. The findings tentatively challenge the notion of a synchrony deficit in autism and suggest synchrony can be present in cross-neurotype pairs in comfortable and engaging conditions. We discuss the potential for client-led, movement-based approaches to support smooth interactions across neurotypes.
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1 Introduction

Autism is a neurodevelopmental condition typically characterized by differences or difficulties in social interaction and communication, restricted or repetitive behaviors or interests, and sensory processing differences (American Psychiatric Association, 2013). A considerable amount of literature indicates autistic people have difficulties with reciprocal social behaviors, such as collaboration (e.g., van Ommeren et al., 2012), non-verbal turn-taking (e.g., Chiang et al., 2008), joint attention (e.g., Bruinsma et al., 2004), and coordination (e.g., Fournier et al., 2010). These behaviors contribute to smooth social interactions, which require a “dynamic and reciprocal interplay” between one’s own behaviors and the behaviors of others (Dumas and Fairhurst, 2019, p. 2). A growing body of literature terms the natural emerging of simultaneous and coordinated social behaviors Interpersonal Synchrony (IPS). Several terms are used in the literature (e.g., attunement, behavioral alignment/matching/coordination, and mirroring). Here, we use IPS to describe temporally-matched behaviors that occur during interaction. We focus on a specific aspect of IPS, Social Motor Synchrony (SMS), which involves synchronizing non-verbal motor movements with a partner (Fitzpatrick et al., 2016). However, IPS can also include emotions, physiological processes, and thoughts, such as goals or shared understanding (Bernieri and Rosenthal, 1991; Dumas and Fairhurst, 2019).

Interactions that require IPS, such as joint attention and joint action, are recognized as pivotal skills in the development of social and language abilities (Charman, 2003; Cerullo et al., 2021). From an enactivist perspective, social cognition is grounded in the embodied way individuals interact with others and their environment (Holton, 2010; De Jaegher, 2013). An underlying difficulty with IPS has therefore been suggested as a potential contributor to the social interaction differences often observed in neurodivergence (Ramseyer and Tschacher, 2011; Fitzpatrick et al., 2016; Gvirts Problovski et al., 2021). In particular, SMS deficits have been said to underlie social interaction and communication difficulties in autism (Mcnaughton and Redcay, 2020; Zampella et al., 2020). If smooth social exchanges are dependent on a dynamic coupling of behaviors, then a difficulty with SMS may inhibit social-cognitive development and social interaction abilities.

Several studies show lower SMS, henceforth referred to as synchrony, in mixed pairs (an autistic and a non-autistic partner) compared with non-autistic pairs in a range of interactions, such as joint improvisation games, conversations, and experimental paradigms (Brezis et al., 2017; Fitzpatrick et al., 2017; Koehler et al., 2022). It has been suggested that the lower synchrony observed in mixed-dyads evidences impaired synchrony in the autistic partner (Mcnaughton and Redcay, 2020). However, synchrony is a product of an interaction, which requires each partner to engage and adapt their behavior to their partners’ behavior and allows co-construction of intersubjectivity (Laursen and Hartup, 2002; Milton, 2012).

López (2015) argues that traditional theories consider autism as an individual condition, independent from the social context, despite being characterized by social interaction differences or difficulties. A growing body of literature has begun to adopt a second-person approach to the study of social development and social neuroscience. Second-person approaches suggest the mechanisms underlying social interaction fundamentally differ from the mechanisms involved in social observation (Redcay and Schilbach, 2019). Moore and Barresi (2017) also propose several forms of information only occur during interaction, including several which are central to IPS, such as contingency, reciprocity, shared intentions, and affective engagement. It is therefore necessary to consider interaction, and thus synchrony, from an interpersonal framework. This means taking into account the contribution of each individual’s traits to the interaction, and the similarities or differences between social partners (Bolis and Schilbach, 2018).

Milton’s (2012) Double Empathy Problem has allowed several complimentary accounts of mutual misunderstanding to come to the foreground. Georgescu et al. (2020) refer to these accounts under the Interactional Heterogeneity Hypothesis (IHH), which emphasizes the difference in autistic and non-autistic people’s perceptions and experiences of the world. In interaction, this divergence can result in misunderstandings and misrepresentations of partners of the other neurotype (for a summary, see Georgescu et al., 2020). The IHH predicts that social interaction difficulties arise due to an interpersonal mismatch, as opposed to social interaction impairments in the autistic partner.

Emerging findings support the IHH. Cross-neurotype interactions are said to be more complicated or different than interactions with someone of the same neurotype (Wilson and Bishop, 2021). Autistic people describe feeling more comfortable interacting with other autistic people, and experience smooth conversational exchanges (Crompton et al., 2020). Additionally, both autistic and non-autistic people report greater affiliation with, and a preference for interacting with, people of the same neuro-type or people with similar characteristics, such as autistic traits (Sasson et al., 2017; Morrison et al., 2019; Bolis et al., 2021). Together, these findings suggest people of the same neurotype can feel more closely aligned than mixed-neurotype pairs.

Synchrony is also associated with rapport and perceived social unity (Tickle-Degnen and Rosenthal, 2009; Au and Lo, 2020), and can be disrupted by discomfort with one’s social surroundings. Asher et al. (2020) found lower social-motor synchrony and heart rate synchrony in interactions involving socially-anxious partners compared with non-socially anxious partners. Some autistic people need time to build rapport with new people (Robledo et al., 2012; Scott-Barrett et al., 2019). They can also take longer to habituate to new environments than non-autistic people and can have sensory processing differences, which could potentially limit the ease of social interactions and hinder synchrony (Vivanti et al., 2018; Jamal et al., 2021). Despite this, most synchrony studies have involved unfamiliar partnerships or have been situated in unfamiliar environments, such as university study centers (e.g., Fitzpatrick et al., 2017; Georgescu et al., 2020; Liu et al., 2021). Glass and Yuill (2023) found autistic pairs displayed similar synchrony to non-autistic pairs in carefully considered social contexts: in familiar settings and partnerships with personalized tasks. It remains unclear whether the lower synchrony previously observed in mixed pairs (e.g., Georgescu et al., 2020) is the result of an interpersonal mismatch, or whether this is influenced, and may be improved, by other contextual factors.

The impact of frequent interactional misunderstanding is arguably greater for autistic or neurodivergent people than for neurotypical people (Mitchell et al., 2021). Misunderstanding creates a barrier for autistic people to participate in embodied interaction, which provides the foundation for social cognition (Fuchs and de Jaegher, 2009). Crucially, since social interaction allows us to develop an “implicit understanding of others” (López, 2022, p. 369), reduced opportunities for positive interactions across neurotypes can prevent us learning how to interact with people who have different interaction styles and can perpetuate a negative view of people who interact differently to ourselves (Mitchell et al., 2021). Siegel-Causey and Bashinski (1997) proposed engineering social contexts to improve communication between partners when one partner communicates differently. They emphasized the importance of approaches that enhance communication of both interaction partners.

One way to enhance communication in cross-neurotype interactions is through IPS. Learner-led synchrony, where a parent or caregiver follows the lead of an infant to create synchronous, playful exchanges is a key feature of parent-infant interaction (Leclère et al., 2014). It is crucial for development of communication and social adaptation, self-regulation, and empathy (Feldman, 2007 2014). The process of engaging in shared embodied interactions also supports intersubjectivity and helps build trust and rapport (Laroche et al., 2014). These early interaction patterns provide a basis from which to understand the development of connected social interactions and offer a process for improving communication and synchrony in mixed-neurotype interactions.

Intensive Interaction (II) is an interpersonal approach for working with neurodivergent learners, particularly those with Severe Learning Disability (SLD) whose communication is often not understood. Synchrony and contingent movement are central to II. Based on the parent-infant interaction literature, the II practitioner’s role is to follow the learner and communicate in “their language” to build connected exchanges and nurture relationships (Hewett et al., 2011). Reciprocal interactions are created via short, playful, and synchronous interactions, for example, by echoing the learner’s vocalizations and movements to offer a complementary, communicative response (Delafield-Butt et al., 2020). Improvements have been seen in reciprocal non-verbal interaction between neurodivergent learners and II practitioners within minutes of starting II (Zeedyk et al., 2009; Delafield-Butt et al., 2020). Similar results are found in other approaches that employ learner-led synchrony, including Dance and Movement Therapy (DMT), and Improvisational Music Therapy (IMT). For example, improvements in synchrony have been observed over time between music and dance therapists and autistic children (Koehne et al., 2016; Dvir et al., 2020), which can generalize to other contexts and relationships (Venuti et al., 2017).

Using observational coding methods, improvements in reciprocity following II have been attributed to an increase in learners’ social engagement and responses to practitioners’ behaviors (Zeedyk et al., 2009). However, studies using similar methods indicate autistic partners may be less likely to adapt their movements to facilitate synchrony than non-autistic partners, even following learner-led, movement-based interventions. Using the Kestenberg Movement Profile (KMP), Dvir et al. (2020) found that an increase in synchrony between a music therapist and an autistic child was driven by the therapist better adapting their movements to the child’s movements over time, but the autistic child’s degree of adaptation did not change. The KMP is a well-established observational coding system to identify patterns of synchrony, which is used extensively to analyse movement patterns in music and movement-based therapies. However, it relies on manual coding from observations of movement rhythms. Coders who have received 45 h of training, just 15 h fewer than Dvir et al.’s (2020) coders, were found to have inconsistent reliability (Koch et al., 2001). More objective, automated methods are available to measure synchrony (Paxton and Dale, 2013). Frame-Differencing-Methods (FDMs), for instance, allow full-body motion capture, which Paxton and Dale (2013) argue are one of the most effective techniques to measure synchrony as they recognize the dynamic and fluid nature of IPS. FDMs offer an inexpensive way of capturing full-body motion that is comparable to more costly 3D motion detectors in terms of robustness and reliability (Dunbar et al., 2022). To date, they have not been applied in naturalistic settings to examine which partner leads and which follows between partners of different neurotypes.

This is the first study to examine the balance of non-verbal motor synchrony between mixed-neurotype pairs using automated methods (Motion Energy Analysis) during personalized activities and in familiar contexts. We partnered with a special education college where II was used as a standard approach and investigated the balance of synchrony between neurodivergent learners and their Learning Support Workers (LSWs) by examining the extent to which moments of synchrony were led by the learner, led by the LSW, or that occurred because of simultaneous onset of both partners’ movements.



2 Method

This study was approved by the University’s Sciences and Technology Cross-Schools Research Ethics Committee. The data were collected in an independent special education college. Written informed consent for the learners to take part and to be video-recorded was obtained from parents/carers at the start of the academic year in September. Before taking part in the activity, the young people read an appropriate Social Story™ with their Learning Support Worker (LSW) and were supported to consider their consent by ticking a box to take part and to be video-recorded. One young person with parent/carer consent took part in the activities but chose not to be video-recorded: they could therefore not be included in the analyses. Participants consented for their images to be used in presentations and publications.


2.1 Participants

Ten learners (1 female, 9 male) aged 19–22 years (M = 20.18, SD = 0.98) participated in the study and agreed to be video-recorded (Table 1). Parents/carers provided the diagnoses of the young people, which were confirmed by the college with information from learners’ Education Health and Care Plans (EHCPs).1 All had diagnoses of Severe Learning Disability (SLD). Eight had diagnoses of autism, one was diagnosed with Williams Syndrome (WS), and one had Worster-Drought Syndrome (WDS), a form of cerebral palsy. Five parents/carers listed additional or secondary diagnoses (Table 1). The college facility provides education, care, and therapy for autistic young people with a high level of support needs who may have additional diagnoses of learning disabilities.



TABLE 1 Participants’ demographic details.
[image: Table showing pairs of learners with ages, genders, diagnoses, levels completed, and LSW gender. Diagnoses include autism, Fragile X syndrome, Williams syndrome, communication disorder, epilepsy, and learning disabilities. Levels range from L1 to L2, with LSW genders noted as female or male.]

People with WS, WDS, and autism show similarities in social cognition and communication (Clark et al., 2010; Asada and Itakura, 2012), which Asada and Itakura (2012) argue means approaches to support social interaction and communication may be shared. All learners were therefore neurodivergent. Results for the subset of the sample with a primary diagnosis of autism are presented in the supplementary materials. There were no differences in the results in the eight autistic participants compared with the full sample. We therefore present the results for the full sample.

Each learner took part with a different Learning Support Worker (LSW). Ten LSWs therefore participated (7 female, 3 male). Eight were mixed gender pairs and two were matched-gender pairs. All LSWs received a standard package of training typical for specialized education units in the UK, which included courses from the National Autistic Society. All LSWs had experience of using Intensive Interaction in the college setting.



2.2 Materials and procedures

Participants took part in the study during the college day. Each session was video-recorded, after video-recording of the consent procedure.


2.2.1 Chat lab connect

Autistic learners can feel connected with others when engaged in interactions related to their interests (Heasman and Gillespie, 2019; Davey, 2020). Learners and LSWs were therefore asked to play Chat Lab Connect, a picture-sorting activity played on a web app that was personalized to each learners’ interests. The pair sat side-by-side at a table and played Chat Lab Connect (see Figure 1A) developed in the [Children and Technology Lab] at the [University of Sussex] (Holt and Yuill, 2017; Yuill, 2021). Connect is played across two adjacent tablet devices connected via Wi-Fi. Players are required to sort personalized pictures into cells in a grid on their own tablet (see Figure 2). Picture placement must match across both partners’ tablets before the next picture for sorting is made available. There are two levels of difficulty; level 1, “matching” (L1), requires participants to place their pictures in the location on their own tablet corresponding to their partner’s placement. Level 2, “matching and sorting” (L2), requires the pictures to be matched but also correctly grouped according to two objectively pre-defined group categories. For instance, Disney® human characters would be grouped in one column of the grid, and Disney® animal characters would be grouped on another column of the grid. Table 1. summarizes the levels the learners played during their study sessions.

[image: Panel A shows two individuals seated at a table with tablets and a water bottle. Their faces are obscured. Panel B depicts a software interface analyzing the same scene with color-coded areas, graphs, and control buttons visible.]

FIGURE 1
 (A) One pair sitting side-by-side to play Connect, and (B) The Regions of Interest (ROIs) depicted in the MEA software.


[image: Two tablets with protective cases are on a table. One case is blue and the other is black. Both screens display an educational app with images and green backgrounds. A person is interacting with the tablet in the black case.]

FIGURE 2
 Chat Lab Connect played on two connecting iPads, with Formula 1™ cars in one category and rally cars in the second category.




2.2.2 Motion energy analysis

We used Motion Energy Analysis (MEA), an automated program to extract time series data from the video recordings, and the corresponding rMEA package for R Studio to examine synchrony between the learners and LSWs at each time-point (Ramseyer, 2020; Kleinbub and Ramseyer, 2021). MEA uses a Frame-Differencing Method to monitor pixel changes in each video frame. Each partner’s time series are distinguished by pre-defining two Regions of Interest (ROI), which capture the movement of each partner’s upper body (see Figure 1B). We restricted our ROIs to the upper body as their lower body could not be seen when sitting at a table to play the activity.

We then followed Kleinbub and Ramseyer’s (2021) procedure for calculating synchrony in each dyad using rMEA. This first involved calculating windowed cross-lagged correlations (WCLC) of the time series for the two partners in each dyad (Kleinbub and Ramseyer, 2021). We used a maximum lag of ±2 s and selected windows of 10 s with increments of 2 s. There is no current consensus regarding the best parameters to use when calculating WCLC. Instead, it is determined by the researcher’s judgment considering the individual data set and research questions. We selected these parameters to (a) capture information about which partner is leading and which is following, along with matching movements, and (b) use local time-series assessment methods, which analyse the entire time-series by windows. Unlike global methods, local methods are not based on the assumption that one partner leads or influences the other partner for the entire interaction. Instead, it allows for changing interdependence of synchrony across the whole time-series (Schoenherr et al., 2019).

The cross-correlations were standardized to account for different sized ROIs and their absolute values were used to give one overall synchrony score, meaning that positive and negative cross-correlations were incorporated into the overall measure of synchrony. By including positive and negative cross-correlations, both in-phase and anti-phase synchrony are captured by the dyad’s overall synchrony score. This means that identical movements that are performed simultaneously (in-phase) are included as well as movements that are different, but rhythmically matched (anti-phase), such as when one partner leans forward and the other leans backward. This reflects the dynamic nature of spontaneous synchrony (Scheidt et al., 2021).




2.3 Analyses


2.3.1 Synchrony in learners and LSWs compared with chance

One possible limitation of WCLC is that synchronous movement observed between the dyads is achieved coincidentally rather than from true interpersonal coordination. To rule out this possibility, we followed Kleinbub and Ramseyer’s (2021) shuffling procedure to calculate a measure of pseudo-synchrony. This involved creating a set of pseudo-dyads who did not interact by pairing a single time-series from a partner in one dyad with a single time-series from a partner in a different dyad. We then calculated overall synchrony scores for this new, random set of dyads using the procedure we described previously and used a t-test to compare these to the set of real dyads. If the cross-correlations in the real dyads are more pronounced than in the pseudo-dyads, we can infer the cross-correlations between learners and LSWs were due to genuine synchrony between the two partners (Kleinbub and Ramseyer, 2021).

We then compared the average amount of motion energy in the learners compared with the LSWs. Motion energy scores indicate the amount each individual moved during the study. Similarity of movement quantity in learners and LSWs would support the capacity for the pseudo-dyad analysis to provide true measures of chance synchrony. The session lengths varied from 1 min 48 s to 7 min 39 s. The videos were trimmed to include just the gameplay, starting as the pair first engaged with the device and finishing after the LSW declared “you made it!,” which appeared on the device at the end of the game. We therefore calculated a rate-per-minute (RPM) score for motion energy to account for differences in session lengths. The data violated the assumption of homogeneity of variances, so we used a Wilcoxon Rank Sum test to compare motion energy in learners compared with LSWs.



2.3.2 Synchrony according to pairs’ gender composition and task difficulty

We also examined whether mixed-gender pairs and matched-gender pairs differed in synchrony. We created variables for “gender-match” and “gender-mixed.” The gender-mixed group was not normally distributed, so we used a Wilcoxon Rank Sum test to examine differences in synchrony between pairs whose genders were matched compared with pairs whose genders were mixed. Then, we examined whether synchrony differed according to the level of game difficulty by examining differences in those who completed L1 of Connect (matching) with those who completed L2 (matching and sorted). Four participants played L1 and six played L2. We used a t-test to compare differences in synchrony for those who played L1 and L2 of the Connect app.



2.3.3 Balance of leader and follower roles

The MEA program extracts information about the lead–lag relationship. The program calculates a “lead” value for each window of the video-recording and for each partner (Kleinbub and Ramseyer, 2021). This means it is possible to quantify the extent to which each partner leads the synchronous movements. We used these values to create a mean leading score for the learners and LSWs. Following the same process, we extracted the zero-lag data to quantify the extent to which pairs moved synchronously without a lag or delay. This resulted in variables for three synchrony types: learner-led synchrony, LSW-led synchrony, and zero-lag synchrony. To examine the balance of synchrony, we used a within-subjects ANOVA to examine differences for each synchrony type.



2.3.4 Qualitative case studies

To provide contextual information alongside the quantitative synchrony scores, we supplement the findings with observational case studies to describe what is happening in the interaction during moments of close synchrony.





3 Results


3.1 Synchrony in learners and LSWs compared with chance

To ensure the synchrony in the participant dyads was not coincidental, we compared the synchrony scores of the real dyads to the synchrony of the pseudo-dyads using the shuffling procedure. The results revealed synchrony was present in the real dyads at a level above chance. The real dyads showed stronger synchrony than the pseudo-dyads did (t(9.95) = 1.89, p = 0.09, d = 0.86, 95% CI[1.53, 0.19]). While there was not a significant difference between the real and pseudo-dyads, there was a large effect size (d = 0.86) and 96% of the real dyads’ cross-correlations were stronger than the cross-correlations of the pseudo-dyads (see Figure 3).

[image: Two graphs exhibit cross-correlation data. Graph A shows cross-correlations of real and contrast dyads with a blue line above random models, indicating 96 percent above random. Graph B displays the density of MEA average cross-correlations, with "all" in blue and "random" in dashed gray, showing an effect size of 0.86.]

FIGURE 3
 (A) Lag plot of Z transformed cross-correlation function (zCCF) for the real (all) compared with pseudo-dyads (random), (B) density plot of the Z transformed cross-correlation function (zCCF) for the real (all) compared with the pseudo-dyads (random).


To support the real versus pseudo-dyads analyses, we examined the average motion energy in the learners compared with the LSWs. The results revealed no significant difference (U = 60, p = 0.48, 95% CI[164.56, −57.35]) between the motion energy scores of the learners (Mdn = 146.71, IQR = 189.48) and LSWs (Mdn = 87.71 IQR = 98.42). We can therefore assume the cross-correlations found in the current participants’ interactions are driven by genuine, moment-to-moment interpersonal coordination.



3.2 Synchrony according to pairs’ gender composition and task difficulty

We then examined differences in synchrony between pairs whose gender were matched compared with pairs whose genders were mixed. The results revealed no significant differences in synchrony (U = 28, p = 0.74, 95% CI[0.02, −0.03]) for pairs whose genders were matched (M = 0.24, SD = 0.03) compared with pairs whose genders were mixed (M = 0.24, SD = 0.02). Then, we examined whether synchrony differed according to the level of game difficulty. There were no significant differences in synchrony (t(5.91) = −0.47, p = 0.66, 95% CI[0.03, −0.04]) between pairs who played L1 (M = 0.24, SD = 0.01) or L2 (M = 0.25, SD = 0.03).



3.3 Balance of leader-follower role

Next, we tested for differences between the three types of synchrony: learner-led, LSW-led, and zero-lag synchrony. The ANOVA was not significant (F(1, 18) = 1.19, p = 0.33, partial η2 = 0.12), with no differences between learner-led (M = 0.25, SD = 0.03), LSW-led (M = 0.25, SD = 0.03), or zero-lag (M = 0.26, SD = 0.04) synchrony (see Figure 4).

[image: Violin plots showing synchony scores for three types: Lag 0, Learner Lead, and LSW Lead. Each plot displays distribution and a boxplot, with scores ranging from 0.15 to 0.35 on the y-axis.]

FIGURE 4
 Average synchrony score displayed by pairs for each synchrony type: zero-lag, learner-led, and LSW-led.




3.4 Case study 1: learner following the LSW’s lead

Compared with the rest of the sample, pair 2’s overall synchrony scores were average. However, they had among the highest levels of zero-lag synchrony, and the greatest difference between learner-led and LSW-led synchrony (Table 2). For this pair, the moments of close synchrony occurred most frequently when the learner followed the lead of the LSW (indicated by the greater number of darker patches on the lower half of the heatmap compared with the top half) (Figure 5). Figure 5 identifies one point during the interaction when the learner closely followed the lead of the LSW to support synchrony. This is illustrated with stills from the video in Figure 6. At this point, the pair had just placed their final pictures of the game. The LSW pressed “We Agree” and the learner (L2) watched before acting contingently by pressing their own “We Agree” button. The LSW then turned to L2 and exclaimed “We made it, well done!.” L2 joined in with her body movement by turning to face her. The pair then moved synchronously while making celebratory gestures, the LSW says and signs, “Good work!” (Figure 6). L2 appeared to enjoy the Connect game and the interaction with the LSW and frequently attended to the LSW and the LSW’s representation of the game on their iPad. They often responded to the LSW’s verbal initiations, such as “Where is mine?” or “A different windmill!” by turning to face the LSW or their iPad.



TABLE 2 Synchrony scores for each pair, including mean synchrony scores and extent to which the synchrony was led by the learner, the LSW, or that occurred with zero-lag.
[image: Table comparing four columns across ten pairs: Mean, Learner-led, LSW-led, and Zero-lag. Values range from 0.21 to 0.31, with the highest value, 0.31, found in pair 10 for Mean, Learner-led, and Zero-lag.]

[image: Heatmap showing cross-correlation values over time, with a color scale from red (1) to green (0). The x-axis represents CCF windows, and the y-axis shows time in seconds. A black rectangle highlights a specific area on the right side.]

FIGURE 5
 The heatmap for pair 2, with a roughly six-minute period of close synchrony represented, where the LSW led the interaction, and the learner adapted their movements to facilitate synchrony.


[image: A sequence of six images shows a man and a woman at a table with a tablet. The woman gestures with her hands, demonstrating or teaching something to the man, who appears to be following along or listening. Both are focused on the interaction. Artworks hang on the wall behind them.]

FIGURE 6
 An example of learner 2 (L2) (right) following the LSW’s (left) lead.




3.5 Case study 2: consistent following from the LSW and an increase in learner following

Pair 10 displayed the most balanced levels of synchrony in the sample. The extent to which the moments of close synchrony were led by the learner and the LSW, or that occurred without a lag, were equal (Table 2). For most of the interaction, the learner’s attention was directed toward their iPad. The LSW was consistently attentive to the learner. For example, their body was turned toward the learner with a friendly, open posture. Figure 7A illustrates the LSW’s consistency following the learner’s lead in the gameplay, the brown and orange patches in the top half of the heatmap indicate several instances where the LSW followed the learner. Typically, they waited for the learner to interact with the game before acting contingently, e.g., by matching the picture placement, or pressing “We Agree” after the learner pressed “We Agree” (Figure 8). Toward the end of the interaction, the LSW led a period of close synchrony (Figure 7B). This means the typical pattern of the LSW following the learner’s lead reversed at the end of the game. Figure 9 illustrates the learner following the LSW’s lead within the context of the Connect game, where the learner moves their picture to match the location of the LSW’s picture.

[image: Heatmap displaying data with a legend on the right indicating a scale from zero in green to one in red. Two marked sections labeled A and B highlight areas of higher intensity. Axes describe leading and lagging in seconds and CCF windows.]

FIGURE 7
 The heatmap for pair 10, who displayed the closest synchrony scores overall. (A) The darker patches in the top half of the heatmap indicate periods in the interaction when the LSW followed the lead of the learner, (B) the darker patch in the bottom half indicates an instance when the LSW led the interaction.


[image: A series of four images showing hands interacting with a tablet in a protective case on a table. The person engages with the tablet, which displays a colorful screen. A blue device is visible nearby in the background.]

FIGURE 8
 An example of an LSW (right) following the lead of learner 10 (L10) (left) while playing Connect. L10 places their picture while the LSW watches. The LSW places their own picture in the matching location and waits. L10 presses “We Agree,” and the LSW presses their own “We Agree” button immediately afterwards.


[image: Children's hands interact with tablets on a table. The devices are in protective blue and black cases, and the children's hands are poised to use them. The setting appears to be a classroom or learning environment.]

FIGURE 9
 A series of stills illustrating the learner (L10) (left) following the lead of the LSW (right) at the end of the Connect game. L10 follows the LSW’s picture movement. The LSW presses “We Agree,” which is closely followed by L10. When the next picture becomes available, the LSW begins to move the picture first, which L10 then follows.




3.6 Case study 3: high zero-lag synchrony

Pair 3 was one of four pairs who displayed the highest levels of zero-lag synchrony (Table 2). The horizontal black line in the center of the heatmap for pair 3 illustrates several moments where there was little or no delay between each partners’ movements (Figure 10A). These were short, frequent bursts of synchrony, which were characterized by closely coupled, micro-level body movements. For example, during one extended period of close synchrony (Figure 10B), the learner’s and LSW’s head movements were closely synchronized as they looked at the pictures on the left iPad, and then the right iPad (Figure 11A). The LSW in this dyad appeared to match the learner’s posture. Like the LSW in pair 10, they remained turned toward the learner and appeared open and interested in the learner’s actions, with frequent encouraging verbalizations, such as “Oooh!,” “Wow!,” and “Where will you put this one?” (Figure 11B).

[image: Heatmap showing zCCFI with ten-second windows and two-second increments for session one. Horizontal axis represents CCF windows; vertical axis shows time shifts. Colors range from red (1) to green (0), indicating intensity levels, with labeled points A and B marked.]

FIGURE 10
 The heatmap for pair 3, who showed several short bursts of close synchrony with zero lag, (A) the horizontal line indicates the moments in which synchrony occurred with zero lag, (B) the darker patch highlighted indicates one extended moment of close synchrony.


[image: Two images labeled A and B show a woman and a man seated at a table with tablets. In both, the woman points at the screen while the man observes intently. Framed posters are on the wall behind them.]

FIGURE 11
 Stills captured from the video of pair 3 where, (A) the pairs’ head movements were closely synchronized with little to no lag, and (B) the LSW maintained an open and interested posture throughout the interaction.





4 Discussion

This study was the first to use Motion Energy Analysis (MEA) to examine the balance of synchrony in mixed-neurotype pairs in a familiar setting. We measured synchrony that was led by neurodivergent learners or led by their Learning Support Workers (LSWs), and synchrony that occurred with little to no delay between each partners’ movements (zero-lag synchrony). The results revealed synchrony between learners and LSWs at levels higher than chance. Overall, there were no differences in the degree of learner-led, LSW-led, or zero-lag synchrony. This balance demonstrates that both partners mutually adapted their movements to their partner’s movements to facilitate synchrony.

So far, literature suggests autistic people and different interaction partners display weaker synchrony than two non-autistic partners do, which has led several authors to conclude that autistic people have a synchrony deficit (e.g., Mcnaughton and Redcay, 2020). However, we know that synchrony is a relational property, and each partner’s behaviors contribute to the degree of interactional synchrony. It is possible to measure the extent to which each partner facilitates synchrony by examining which partner leads, and therefore which partner follows. Some findings indicate that autistic partners are less likely than non-autistic partners to adapt to, or follow, their partners’ movements to facilitate synchrony (e.g., Delaherche et al., 2013; Marsh et al., 2013; Brezis et al., 2017; Dvir et al., 2020). The current findings, however, suggest some conditions under which autistic people can adapt their movements and facilitate synchrony to an equal degree with their non-autistic partners.

We know autistic people can have sensory processing challenges, and different patterns of attention and social interaction compared with non-autistic people (Murray et al., 2005; Suarez, 2012). Sensory sensitivities can contribute to feelings of anxiety in autism (South and Rodgers, 2017). Since synchrony can be disrupted due to feelings of anxiety and unease (Asher et al., 2020), sensory challenges may have hindered synchrony in previous studies that have taken place in unfamiliar, potentially overstimulating, social contexts. Tasks requiring additional cognitive processing demands in previous research may have also affected the capacity for participants to fully engage with their social partner, preventing the pair from closely synchronizing. In particular, tasks requiring constrained movements or additional cognitive demands may not sufficiently capture the attention and motivation of autistic participants, who can show more localized attention patterns than non-autistic people (Murray et al., 2005; Murray, 2018). For instance, it is possible that elements of previous tasks have drawn the attention of the autistic partner away from the interaction, including constrained movements, such as rocking chair motion (Marsh et al., 2013), explicit imitation of a partners’ movements (Brezis et al., 2017), or following instructions to build a puzzle (Delaherche et al., 2013). Manders et al. (2021) demonstrated that autistic participants are more likely to engage with the task instructions than with a partner during Dance and Movement Therapy (DMT), which influenced the degree to which they followed the therapists’ movements. If an autistic partner’s attention is drawn away from the interaction and toward procedural elements of a task, it is understandable that they would be less likely to follow their partner’s movements to facilitate synchrony. The Connect app, used in this study, is a novel task designed to provide an opportunity for social interaction by scaffolding awareness of a partner and contingent action (Holt and Yuill, 2017; Yuill, 2021). The findings demonstrate above chance synchrony in mixed-neurotype interactions in carefully supported environments.

The Connect app also afforded the opportunity to personalize the content of the game. Autistic participants highlighted barriers to their engagement in Brezis et al.’s (2017) mirror game, citing difficulties with attention and motivation. Our finding that synchrony was higher than chance in mixed-neurotype pairs is consistent with some previous literature that used participant-led conversations or personalized tasks. Romero et al. (2018), for instance, found higher than chance levels of synchrony between autistic children and therapists in child-led conversations. Other studies have shown that synchrony between pairs of autistic children can equal synchrony between pairs of non-autistic children when the settings and partners are familiar, and when tasks are personalized (Glass and Yuill, 2023). The current results contribute to a growing body of literature challenging the idea that autistic people have impaired synchrony and demonstrate the importance of task selection in synchrony research.

Some research has examined synchrony in partnerships presumed to be close, such as autistic children and their parents, revealing weaker synchrony in autistic children and their parents compared with non-autistic children and their parents (Marsh et al., 2013; Fitzpatrick et al., 2016; Zampella et al., 2020; Liu et al., 2021). However, most have taken place in unfamiliar, experimental environments (Marsh et al., 2013; Fitzpatrick et al., 2016; Liu et al., 2021), and all have used prescribed tasks, such as “planning a vacation” (e.g., Zampella et al., 2020). One study used an activity, book sharing, that could incidentally align to some participants’ interests, however, the book selection was not tailored and was used as part of a battery of tasks in a University study center (Liu et al., 2021). This is the first study to examine synchrony in mixed-neurotype dyads in a naturalistic setting and with tasks tailored to the interests of the neurodivergent learners. We tailored the tasks to the interests of learners due to previous literature that indicates that autistic people can feel connected with interaction partners when engaging with their specialized interests (Heasman and Gillespie, 2019; Davey, 2020). Under these conditions, we have demonstrated synchrony between autistic learners and LSWs that is equally facilitated by each partner mutually adapting their movements to their partner’s movements.

We used sensitive methods to examine the patterns of leading and following during moments of synchrony. Some previous studies examining patterns of leading and following during free-flowing interaction have used less precise measures to capture synchrony. Dvir et al. (2020), for instance, used the Kestenberg Movement Profile (KMP) to identify patterns of synchrony. While the KMP is a well-established coding system, observational coding of movement rhythms can lack the reliability and objectivity of automated methods of detection (Koch et al., 2001). A benefit of using MEA is the potential to identify synchrony at the micro-level. Combining such objective measures with qualitative observations enables us to illustrate close moments of synchrony that are only recognizable with software that detects granular changes in motion, such as in Case study 3. It is challenging to identify patterns of contingency for micro-movements through observation alone. Case study 1, for example, demonstrates patterns of contingency where the learner followed the LSW’s movements. This was identifiable from the video during the game-play when the learner pressed “We Agree” after the LSW. However, the learner continued to follow the LSW’s movements while they celebrated completing the game. The pattern of leading and following during the pairs’ celebration was only identifiable via the heatmap. Research examining patterns of synchrony using manual coding methods may therefore have underestimated the extent to which an autistic partner adapted their movements to facilitate synchrony.

We also allowed for changing interdependence of synchrony over time. This recognizes that partners sometimes lead the interaction and sometimes follow their partner’s lead, and that this fluctuates over the course of an interaction (Schoenherr et al., 2019). We identified previous studies indicating that autistic partners are less likely than non-autistic partners to follow their partners’ movements. Of the studies allowing for free-flowing interaction, Delaherche et al. (2013) used an automated method of detection: MEA. However, they examined time-delayed synchrony (i.e., synchrony which occurs after a lag using only one lag score per pair). They compared the combined lag scores of mixed neuro-type pairs to the combined lag scores of two non-autistic partners (Delaherche et al., 2013). A combined lag score does not allow identification of which partner is leading and which partner is following in the interaction. This means a deficit in a tendency to adapt one’s movements to a partner’s movements was attributed to the autistic partner in the mixed-neurotype interaction, despite the lag score containing synchrony that was led by both the autistic and non-autistic partner. By using methods that consider the contribution of both partners, we have demonstrated that neurodivergent partners can and do flexibly adapt their behaviors to the same degree as a neurotypical partner to facilitate synchrony in some circumstances.



5 Implications

Studies of communication between pairs of autistic and non-autistic people suggest social exchanges may feel disconnected or less fluid than between two people of the same neurotype (Sasson et al., 2017; Bolis et al., 2018; Heasman and Gillespie, 2019; Crompton et al., 2020). However, the current results suggest certain mixed-neurotype relationships can yield close synchrony. This is not to say autistic people do not find it easier to interact with other autistic people than with non-autistic people, and vice versa. Several autistic people describe experiencing a better connection with people of the same neurotype (Morrison et al., 2019; Crompton et al., 2020). Nevertheless, our findings indicate that certain mixed-neurotype pairs can experience close synchrony in carefully supported environments. While we need more research to determine the environmental and relational factors that can help or hinder synchrony, the results indicate potential to support connectedness between autistic and non-autistic interaction partners through therapeutic approaches, such as Intensive Interaction (II), which harnesses social timing and contingency.

Daniel et al. (2022) propose a model of Rhythmic Relating to improve communication in cross-neurotype pairs by using tailored, rhythmic interactions in playful therapeutic interactions. Elements of this learner-centered approach are seen in existing therapeutic approaches designed to improve the relationship and communication between adults and learners or parents/carers and their children, including II and Video Interaction Guidance. Used as a standard approach at the college in the current study, II involves the LSW following the learner’s lead to create playful, non-verbal communicative exchanges (Hewett et al., 2011). Previous research indicates that II can lead to reciprocal interaction and support rapport development within minutes (Zeedyk et al., 2009; Scharoun et al., 2014; Delafield-Butt et al., 2020). Improvements in synchrony have also been seen following other learner-led approaches, such as Improvisation Music Therapy (IMT), which have been observed to generalize to other contexts and relationships (Venuti et al., 2017). While opportunities for close synchrony in mixed-neurotype interactions may support positive social relationships, previous literature suggests it could also have broader developmental and clinical benefits. Synchrony in early interaction is implicated in social and cognitive development (Charman, 2003; Holton, 2010; De Jaegher, 2013). It is also an important underlying feature of co-regulation, itself necessary for the development of self-regulation, and an important target for support in autism (Silkenbeumer et al., 2016; Erdmann and Hertel, 2019). The current findings offer a tentative suggestion that approaches where non-autistic partners engineer their interaction toward social timing could support synchrony, and may therefore have broad clinical benefits. Daniel et al.’s (2022) model offers a way for the elements of tailored social timing to be integrated into a range of therapeutic approaches for autistic young people, offering guiding principles of interaction.



6 Limitations and future directions

This study is the first to use objective methods to measure the balance of synchrony in mixed-neurotype interactions in naturalistic settings. While Frame-Differencing-Methods (FDMs) such as Motion Energy Analysis (MEA) are currently recognized as one of the best available methods to examine synchrony, more research is needed to determine its reliability, particularly with regards to researchers’ selection of parameters, which are currently determined by the researcher’s judgment of the data. Direct comparisons with other methods, such as 3D motion detectors and behavioral coding techniques may provide useful insights.

As is typical in autism research, the study is limited by the small sample size, which reflects the difficulties conducting a study in a specialized education setting. Due to the issue of sample size and real-world constraints requiring the project to start part way through the autumn term, the results regarding the balance of synchrony need to be interpreted with some caution. Improvements in learner engagement, social initiation, and contingent non-verbal expression have been noted following or during just one II session (Zeedyk et al., 2009; Delafield-Butt et al., 2020). Learners will have had at least a months experience of II from the start of the school year. While we did not measure the frequency II was used prior to the study, a potential consequence of looking at such a sample could be that the balance of synchrony observed is the result of broader experience with II. We might not see this balance of synchrony in other mixed-neurotype samples. Further research examining the balance of synchrony at learners’ first experience of II would provide insight into the effect of this approach on granular measures of synchrony between mixed-neurotype dyads.

To better develop our understanding of synchrony, studies in a range of dyads in differenct social contexts are crucial, including comparisons of synchrony in all potential pairings (i.e., two non-autistic, two autistic, and mixed partnerships), neurodivergent learners who have not had experience with II and their support workers, and in relationships chosen or preferred by autistic participants. The current study is among the first to examine synchrony in participants with Severe Learning Disability (SLD) and autism. While previous synchrony research has typically involved autistic participants without SLD, there is an absence of research in the natural environments looking at which partner leads, and which partner follows in interactions with autistic participants. II is most frequently applied in specialized education settings, which means it is unclear whether this approach might also support synchrony in other dyads, such as including autistic young people without SLD. Studies employing similar methods across these partnerships would help us better understand the synchrony autistic people experience in close, connected relationships when they are most at ease. It would also allow identification of aspects of the interaction that might be the focus of research to improve interaction, and understanding, across neurotypes.

As with any preliminary findings, these results need further study. We used the Connect app activity as a personalized task that offered opportunities for social interaction. The Connect app was designed and shown to support contingency in autistic children with learning disabilities (e.g., following a partner’s picture placement, or pressing the “We Agree” button after their partner) (Holt and Yuill, 2017). There is therefore potential for the activity to facilitate synchrony. We see in case study 1, that a moment of close synchrony began when the learner followed the LSW’s action of pressing the “We Agree” button. Similarly, in case study 2, synchrony occurs during patterns of contingency, with the LSW following the learner’s actions. Further research is needed to determine how specific tasks help or hinder synchrony in a variety of settings and partnerships.



7 Conclusion

A dominant claim in the synchrony literature is that autistic people display impaired Social Motor Synchrony (e.g., Mcnaughton and Redcay, 2020). This model is largely based on studies demonstrating that autistic participants and their interaction partners, whether autistic or not, show weaker synchrony than between two non-autistic partners (e.g., Kaur et al., 2018; Georgescu et al., 2020; Liu et al., 2021). Some argue this is driven by a lower tendency for autistic people to adapt their movements to their partner’s movements to facilitate synchrony (e.g., Marsh et al., 2013; Brezis et al., 2017; Dvir et al., 2020). Our findings challenge this model. We found synchrony between mixed-neurotypes pairs at levels higher than chance that was equally facilitated by neurodivergent learners and LSWs. The balance of learner-led, LSW-led, and zero-lag synchrony observed here tentatively challenges the notion of a synchrony deficit in autism and highlights the need for further investigation into synchrony in autistic people and a variety of interaction partners in naturalistic settings.
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Footnotes

1   Education and Health Care Plans (EHCPs) are legal documents, which detail a child’s special education needs based on assessments by multidisciplinary teams including health and education professionals.
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We present a handbook for Rhythmic Relating, an approach developed to support play, learning and therapy with young autistic children, unconventional communicators, and autistic people who have additional learning needs. Rhythmic Relating is based on the Movement Sensing perspective, a growing body of research that recognizes that autistic social difficulties stem from more basic sensory and motor differences. These sensorimotor differences directly affect embodied experience and social timing in communication. The Rhythmic Relating approach acknowledges that autistic/non-autistic interactive mismatch goes both ways and offers bidirectional support for social timing and expressive action in play. This handbook is presented in an accessible fashion, allowing the reader to develop at their own pace through three skill-levels and encouraging time out to practice. We begin with the basics of building rapport (seeing, copying, and celebrating interactional behaviors), introduce the basic foundations of sensory stability, and then move on to developing reciprocal play (using mirroring, matching, looping, and “Yes…and” techniques), and further to understanding sensory impetus (using sensory contours, accents and flows) and its potential in support of social timing. Rhythmic Relating is offered in support of each practitioner’s creative practice and personal sense of fun and humor in play. The model is offered as a foundation for interaction and learning, as a base practice in schools, for Occupational Therapists, Speech Therapists and Physiotherapists, and can also provide a basis for tailoring creative arts therapies when working with autistic clients.
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Introduction


Overview

Autistic people1 often find themselves literally out of sync with non-autistic people, and vice versa. Interaction between neurotypes often involves considerable challenges with the social timing2 that active engagement in interactions typically depends on (for an overview, see Wimpory, 2015). Non-autistic adults have difficulties picking up subtleties of gesture from autistic children (Keen et al., 2005; Faso et al., 2015; Sheppard et al., 2016; Casartelli et al., 2020b). While autistic children have difficulties picking up subtleties of interaction, gesture, and flow from typically developing children (Rochat et al., 2013; Di Cesare et al., 2017). The difficulties go both ways.3 And the result: it is difficult for us to play, communicate, and learn together (Trevarthen and Delafield-Butt, 2013; Cook, 2016; Delafield-Butt et al., 2019). Rhythmic Relating is designed to help autistic and non-autistic people feel more in sync together, so we can share meaningful experiences, play together, and support each other in therapeutic contexts toward wellbeing4 (see Table 1). Given average population demographics, most carers and practitioners will be non-autistic and our model and assumptions in this paper reflect this fact. If you are an autistic carer or practitioner, Rhythmic Relating will also support your playful interactions with autistic play partners—you will simply have the advantage of autistic sensitivities and insight. Rhythmic Relating is offered in support of each practitioner’s creative practice and personal sense of fun and humor in play. The model is offered as a foundation for interaction and learning, as a base practice in schools, for Occupational Therapists, Speech Therapists and Physiotherapists, and can also provide a basis for tailoring creative arts therapies when working with autistic clients.



TABLE 1 Rhythmic Relating: an overview.
[image: Text describing Rhythmic Relating, a program for young autistic children and unconventional communicators. It emphasizes engagement, reciprocal play, and developing behaviors through techniques like mirroring and sensory accessibility, focusing on movement, touch, and sound.]

The autism research community continues to investigate the nature of sensory and movement challenges in autism5 and the impact these challenges might have on social timing.6 Into this mix, recent studies have added an examination of the relationship between good-enough social timing and wider relational factors such as rapport.7 Although we have much to learn about the fundamentals of social interaction for autistic people, it seems clear that any approach aiming to improve social timing will benefit from finding ways to facilitate rapport and the sensory organization of movement (for an overview, see Daniel et al., 2022).

The Rhythmic Relating model described in this article combines previous work on Rhythmic Relating and social timing (Daniel et al., 2022) and an approach called Rapport-Based Communication (Laurie, 2021). Rhythmic Relating aims to give you foundational skills to support your own creativity, insights, and personal sense of fun and humor in play. Here, we are attempting a how-to-guide and we will try to keep the ideas and the language we use as simple as possible. On occasions, we give more detail in footnotes. You can read these if interested, or skip to stick with the flow of the article. This article will build your understanding in layers (from the basics, through skill levels 1, 2, and 3), with take-home ideas at each level. It will be helpful to take in little bits at a time, stop reading for a while and try things out in practice. Then come back to this article again when you are ready. It might be that you simply do not connect with some aspects of the model, no worries, please take and use whatever works for you. In support of your learning, the online article includes live links to video examples.8 You can click on the example heading, to activate the links.



Social timing

To give you a sense of what we mean by social timing, we can start with an exercise. This exercise reproduces the Still Face experiment (Tronick et al., 1978) that proved the importance of active social responses for affective connection between babies and mothers. However, even as intelligent and knowledgeable adults, the Still Face experience still works for us, because it engages our evolutionary ancient social pathways for communication and connection (see Table 2).



TABLE 2 The Still Face exercise. An optional exercise. Please feel free to skip if you prefer, it’s a helpful exercise, but not essential to your understanding of the article. Please also note, the exercise is designed to give neurotypical people an experience of a non-typical communication pattern. If you are neurodivergent or uncomfortable with it in any way, we recommend skipping this exercise.
[image: Instructions for a partner exercise involving a "listener" and a "talker." Participants sit face-to-face, with the listener practicing active listening using eye contact and body language. The talker speaks on a chosen topic. After a minute, the listener switches to "Still Face," showing no expression or making noise, while the talker continues. The exercise culminates with both partners reflecting and engaging freely.]

When you were in the talker role, how did it feel initially when you were receiving active social prompts, and then how did it feel when your partner went Still Face? Most people feel awkward, many simply cannot continue talking. When we interact, we are continually feeding each other non-verbal social cues in a back-and-forth flow. This flow of non-verbal information is crucial to our feelings of togetherness and ease. Without it, we feel disturbed.

In a development of the Still Face experiment, known as the Double-Television experiment (Murray and Trevarthen, 1985), a baby and her mother interacted via screens. All was going great while they interacted in a natural and playfully attuned manner. The baby was happy and relaxed. Then the experimenters switched the live action to a loop of the mother’s responses from a minute earlier. What the baby was receiving was her mother’s real loving responses, but out of sync with the baby’s own live experience. The Double-Television experiment showed that an out-of-sync baby was just as disturbed as one experiencing her mother’s Still Face. Social timing is crucial to our feelings of ease and connectedness, and to our ability to share and make meaningful sense of things.

When babies experience Still Face, in the middle of active communication from their mothers, they quickly become distressed. In those initial experiments (Tronick et al., 1978), the mothers held Still Face just for a while, and quickly repaired the flowing connection with their babies. But imagine if your experience of other human beings, from when you were young onwards, was something like that Still Face experiment. Imagine if you were unable to pick-up on the social cues and flow which most of us take for granted. Imagine if you often, or always, felt out of sync with other people. And imagine how this might have affected your sense of who you are, your relationships with other people, and your ability to learn.

In using Rhythmic Relating, we support social timing in playful relationships with our autistic play partners. We use skills specifically developed to address the sensory needs of autistic people. Many of these skills are based on the science surrounding a concept we are calling sensory impetus (Daniel et al., 2022). Here, early on, we introduce a flavor of this idea, because this will help you to get a sense of where the article is heading. Sensory impetus will become much more tangible for you, as you work with the details and examples throughout the article at your own pace.



Sensory impetus

When we talk about sensory impetus, we are interested in sensory experiences that are directly experienced, before conscious reflection. These direct experiences are information-rich: they inherently suggest movement in a particular direction, toward a particular purpose or point in space and time; they communicate the intentions of our actions; and they compel us to move. Here are a few examples of sensory impetus (in these cases, not from human interaction) to give you more of a sense of what we mean:

Stu (one of the authors here) has a play therapy room up some stairs, round the corner, and down the corridor from the clinic’s front door. A few years ago, a five-year-old autistic boy came to the clinic. His mother was concerned he would not come in; he was very worried about transitions. But she did not know about the big blue and yellow floor tiles laid out chess-board style down the corridor. Out in the street, the boy used the pattern of the paving slabs as an impetus; up the stairs he counted; along the corridor he felt compelled to move from blue-to-blue square until (without really realizing it) he was outside the clinic door.

In the Oliver Sacks book and film Awakenings, Sacks described a patient who was stuck in a sort of physical stasis, looking, to an outside observer, like a statue. The patient never moved without manipulation. Yet when Oliver, the doctor, threw a baseball toward the patient, she immediately reached up and caught it (Sacks, 1991). The perceptual looming arc of the ball coming closer compelled an automatic and perfectly-timed response.

In Edinburgh, a group of researchers have improved the physical control of many people with cerebral palsy. How did they do this? Across various tasks involving reaching to grasp an object (a perceptual and motor control-arc in space), the researchers paired the arc of the grasp with a comparable arcing sound tone (the tone flowing up and then back down, in pitch and volume, to describe the arc of the grasping action) (Schögler et al., 2017).

The perceptual flow of the patterned floor tiles, the impetus of the looming baseball, and the compelling and information-rich sound tone are just a few examples of sensory impetus.

Throughout this article, we will be interested in how we can include such sensory experiences into our playful communication. As part of the Rhythmic Relating model, we will be using them to support the well-timed moments and flows of shared experience. We will develop the use of certain types of sound, movement, physical contact, rhythm, and patterned flows of actions which communicate timing, direction, and our intentions. In this way, we can help our play partner stay in sync and get a just-ahead-in-time sense of what we are about to do.




The basics


Rapport

Laurie (2021) has proposed that rapport is the central experience underpinning a number of systems for social support in autism, including Intensive Interaction (Nind and Hewett, 2012), Responsive Communication (Caldwell et al., 2019), Floortime (Greenspan and Wieder, 2006), Son-rise (Kaufman, 2011) etc., all of which stem from, and actively facilitate, principles of early infant-caregiver interaction. In 1990, a Harvard University study investigated the nature of high-quality rapport in human interaction (Tickle-Degnen and Rosenthal, 1990). This study suggests that rapport has three essential ingredients:

	1. Mutual social attention.
	2. Mutual positivity.
	3. Mutual co-ordination (Tickle-Degnen and Rosenthal, 1990)

Remember that it is very likely that none of these three factors will come naturally to someone autistic. We will need to find ways to support mutual co-ordination—or social timing. When support is given for social timing, and play-partners begin to feel a little more in sync, then the stage is set for shared experiences of attention and positivity.

Here we introduce the three Cs. Laurie (2021) developed the three Cs as a highly accessible way of putting the above essential ingredients of rapport into practice. With the three Cs, you can start your journey into quality interaction even when, initially, connection is very hard to find. As we describe more about Rhythmic Relating throughout this paper, every step of the way we will build on the three Cs. And, if the three Cs is your take-home message from this article—fantastic!

Each of the three Cs relates to offers. Offers are the in-the-moment interests and behaviors of your play partner. Some typical offers are rocking, humming, tapping, grabbing, dancing, singing etc. The three Cs are:

“C” the offer—to see the in-the-moment behaviors of the person as a potential starting point.

Copy the offer—to join in with what the person is doing using 100% of your attention. It is important to note here, right at the start, that our conceptualization of copying is not limited to a direct mirroring of the person’s behaviors. We can join in, in many ways. Direct mirroring is one possibility with benefits in some circumstances, limitations in others. Here, copying will include possibilities of connection which deliberately bypass or go beyond these limitations: exaggerated or diminished mirroring; rhythm matching; and vitality matching.

Celebrate the offer—to use facial expressions, body language, and tone of voice to communicate acceptance and bring warmth.



Starting with sensory stability

Sensory stability is the essential ground-zero needed for autistic people to thrive and for connection to be possible. People on the autism spectrum often experience sensory disruption and feel, see, hear, and touch the world through hyper, hypo, or otherwise disorganized senses (Leekam et al., 2007; Tomchek and Dunn, 2007; Crane et al., 2009; for overviews see Ben-Sasson et al., 2019; Kojovic et al., 2019). When acute, experience like this is often frightening (Kojovic et al., 2019) and can be traumatizing (Tseng et al., 2011; Riquelme et al., 2023; Sung et al., 2024). When this is happening, interaction is impossible. Before attempting any interaction work, we suggest that you spend time observing the person you will be working with, and talking to them (if possible) and to those that know them. What is their sensory world like, and how can you design your play space to support them? There are some simple things you can look out for and do to help (see Table 3).



TABLE 3 Practical tips for sensory stability in autistic/non-autistic interaction spaces.a
[image: Chart outlining sensory systems, potential threats to sensory stability, and environmental adaptations to promote stability. Categories include auditory, visual, haptic, olfactory, and proprioceptive systems. Lists specific threats such as loud noises and bright lights, with adaptations like controlling sound levels and simplifying environments. Contains source information for referenced studies.]




Skill level 1


C (see) the offer

The first aim of Rhythmic Relating is for the two of you to be able to share the space comfortably. If your play partner is uncomfortable in your presence and inclined to move away, then interaction is unlikely. Tickle-Degnen and Rosenthal (1990) found that postural mirroring is the most effective technique for establishing initial connection and rapport. So, we need to look for postures, gestures, body language and other offers that we can copy. We need to see the offer.

Almost anything can be an offer for interaction from your play partner. Here are a few possibilities: vocalizations (a sound, something spoken); vocal patterns (humming, singing, repetitive or patterned sounds or words); movements; movement patterns (dancing, reaching, tapping or otherwise contacting their own body/your body/objects/surfaces, other repeating movement patterns); shifts in body posture/positioning/proximity; object manipulation; patterned object-play (moving, tapping, or manipulating objects); a copying of something you are doing (or have done previously), eye contact, a break in eye contact,9 an expectant pause.

To see the offer means to view the things your play partner does as a gesture of communication. For example, Matt (one of the authors here) worked with the parent of an autistic child who spent a significant amount of time playing with wooden blocks while turned to face a wall in the family home. The mother thought, “my child does not want to play with me.” Matt helped her to turn the situation on its head and read the situation instead as, “my child would like to play blocks with me on his own terms.” This subtle, but significant shift in perspective allowed the mother to see the offer.



Celebrate the offer

It’s important that we value the person we are working with; value everything they do. Implicit in Rhythmic Relating is the notion that, through their offers, our play partner is making an intentional attempt to communicate. Even if we do not understand that intention, we can act as if each offer is rich with this potential. In doing so, we open the door to interaction and promote positive feedback for further possible engagement. So, part of celebrating the offer, is developing our ability to stay with, be patient with, and find genuine curiosity in what our play partner is doing. Our interest has to be real.

It is also important that we communicate this interest in the moment. In part, we do this through copying the offer. And, in general, we bring warmth, kindness and positivity shown in our eye contact, body language, expressions and vocalizations. Importantly, this does not mean being inauthentic, inappropriately loud, using meaningless praise, or bringing a shallow level of forced happiness into interactions. It’s okay not to be a children’s TV presenter! It’s more about real curiosity about the person in front of you, really caring for them and being interested in what they do.



Copy the offer 1: direct mirroring

We want to piggy-back our play on the natural behaviors of our play partner. We want to copy and flow with what they are doing spontaneously. Why is this a good idea? Four answers…

The short answer is because copying is the most direct and effective way of making an initial connection with another person (Tickle-Degnen and Rosenthal, 1990). As a technique, it is probably the most effective way of establishing quick rapport and is used either consciously or unconsciously by most care givers and therapists (Burns, 1984).

The second answer is that this simple instruction—to copy the offer directly—gives practitioners something immediate and effective to do. Practitioners new to these ideas often worry about what they should be doing. Sometimes thinking about too many options, too many nuances, can leave us feeling stuck. Perhaps this is where you are in your development? If so, direct mirroring can help you bypass all of this. You have something simple to work with right now. And when you become more confident, you can move on to assimilate some of the more nuanced ideas described later in this article.

The third answer is that copying and joining-in can be understood as the foundation of adjusting our social timing to that of our play partner. Copying offers will immediately result in a shared pace to an interaction with similarly timed actions and pauses; an initial alignment which is likely to help our play partner be comfortable with our presence.

The last, slightly longer answer is that tapping into natural behaviors is the best way to unlock more behavior, novelty and playfulness. A study (with the fabulously apt title: Give spontaneity and self-discovery a chance in ASD) by Torres et al. (2013) showed that when we engage with spontaneous behavior patterns (often seemingly variable, seemingly random) then these patterns can morph into more predictive and reliably intentional behaviors. Engaging with spontaneous behaviors holds much more interactive potential than if we introduce new stuff from the outside.

In general, we advise starting simply. Spend some time simply sitting in the space with your partner. Keep your own energy levels low and calm, just be with them. Allow time to acclimatize and get comfortable. When we start to copy, we focus in on one particular offer, one particular aspect of our partner’s movement, sound, or object play. Here, to start off, we try directly mirroring the offer, literally adopting the same posture or doing the same movement or making the same noise or picking up the same sort of object. In the example above, Matt advised the mother to sit at a sensitive distance from her child, copy his sitting posture, and have some wooden blocks of her own to hand. With real interest in what he was doing (celebrating her child’s actions) she played with her own blocks. After some time, the child turned to her mother to connect. This was a revelation moment for her.

It is helpful to play-down the other elements of your behavior, to allow your mirroring to stand out10. You can also try exaggerating or diminishing your mirroring to accentuate the expressive or emotional tone of your play-partner’s offer

 (Tortora, 2006). You might try using big, distinct movements or clear, amplified sounds—but always check, does this exaggeration feel appropriate in the moment? Or you might use theatrical diminishing, taking the mirroring inwards, small, precious and special—but again, check, is this diminishing working for your play partner?

In the moment, it will be important to try out different possibilities and learn from your partner’s response. For instance, if you mirror your partner’s offer directly, this may be perceived as simplicity, clarity, and a welcome sense of recognition. Or, it risks being perceived as a patronizing over-simplification. It very much depends on the abilities and preferences of your play partner. Always stay open to their response, and to adapting in the moment. And remember this is play, and it’s about celebrating their offer. If direct mirroring is too obvious or felt as robotic, perhaps an exaggerated or diminished mirroring might work better, or perhaps you could play with rhythm matching or vitality matching (see below)? These techniques offer a way to copy and connect with more nuance. Or, of course, this approach may simply be inappropriate for your play partner on this occasion.




Skill level 2


Copy the offer 2: rhythm matching

Sometimes, your play partner’s offer might have a rhythmic pulse. Swaying, rocking, tapping, humming, vocalizing, singing, hand-clenching, beat-boxing, hand-flapping, shoulder shrugs, walking, running, jumping, all might have a fairly regular pulse (Bakan, 2014; Daniel, 2019; Daniel et al., 2022). We can join in and match their rhythm. There’s nothing expert here! We’re just talking basic humming, singing, tapping, creating sounds with an object, very simple beat-box, or sensitive physical strokes, squeezing, pressing, or tapping on your partner’s body. You will probably have a sense of your partners preferences and can go with those. Or you can explore different options to see what resonates. Mixing and matching sensory modalities is okay too. We can hear, see, and feel rhythm (Grahn and Brett, 2007). You can match a vocalization pattern by gently pulsing your partner’s little finger; sing their back-and-forth swaying; tap out their walking pattern on a cardboard box; beat-box their shoulder shrugs; eye-blink to their humming; click your fingers to their hand-flaps.

When we hum or sing or tap out a rhythm, we may well accent a beat at regular intervals. This is intuitive and natural for many people (Grahn and Brett, 2007). The simplest form of accenting is through a relative increase in volume and/or pitch.


Audio E.G.1 Simple Time Meters for Rhythm Matching

[image: Audio waveform graphic labeled "Rhythmic Relating Explaining Meters" with the word "VEED" in the upper right corner. The waveform consists of blue bars on a black background, representing sound variation.]This next paragraph can be a little confusing in written form, without actually hearing the sounds we are describing; listen along with this audio example.
 

The intuition to accent is part of our human tendency to interpret a continuous pulse as having a rhythm with a time pattern or meter (Grahn and Brett, 2007). We can be aware of this and, when we rhythm match, we can choose to use a very simple,11 regular meter. In western music tradition, our simplest meters are: 2/4 (accented STRONG-weak-STRONG-weak; defined by a march; e.g., the Darth Vader theme in Star Wars); 3/4 (accented STRONG-weak-weak, STRONG-weak-weak; e.g., a waltz); or 4/4 (accented weak-weak- STRONG-weak, weak-weak- STRONG-weak; e.g., the straight “puh-te-Kuh-te, puh-te-Kuh-te” which opens Michael Jackson’s Billie Jean).

When we rhythm match, we can use our accents to add emphasis and vibrancy to a specific moment, action, or sound at regular intervals. This can bring regularity, flow and moments of shared focus into our shared rhythmic experience. Here are a few examples using rhythm matching with accents in play:

As our partner walks the edges of the room, we tap out a 2/4 march on the seat of a wooden chair. We accent every second beat with a louder tap.


Video E.G.1. Example of Rhythm Matching in Play

[image: A man and a woman stand facing each other in a sparsely furnished room. The man, wearing a blue shirt and jeans, appears to be talking or interacting with the woman, who is wearing a black top and brown pants.]Our partner is swaying side to side in a simple swing motion. We sway along and vocalize with “tuh” sounds to a simple swinging 3/4 meter, accenting the first “tuh” of each bar by giving it more volume and force (TUH, tuh, tuh; TUH, tuh, tuh; TUH, tuh, tuh; TUH, tuh, tuh… matches left, 2, 3; right, 2, 3; left, 2, 3; right, 2, 3…).
 

Our partner is humming a relatively repetitious phrase. We gently pulse their little finger, pressing it gently in a slow 4/4 rhythm. We gently accent the 1 (in, 1 and 2 and 1 and…) by squeezing with a little more pressure.


Video E.G.2. Example of Rhythm Matching in Play

[image: A man and a woman sit on the floor of an empty room with light-colored walls and a fireplace. The man gestures animatedly, engaging with the woman, who sits cross-legged, looking attentive.]As our partner hand-flaps, we use a super-simple beat-box in a 4/4 rhythm alongside (“PUH – te – kuh – te – PUH – te – kuh – te…” matches 1 and 2 and 1 and 2 and…). We accent the 1 by giving our “PUH” a little more volume and force.
 



A quick note on autism and sound

Timing delays in response to auditory information have been observed in autistic individuals across various studies (Lepisto et al., 2005, 2006; Oram Cardy et al., 2005; Russo et al., 2009; Kwakye et al., 2011; Torres et al., 2023). In the context of speech discrimination studies, Russo et al. (2009) found that the sensory experience of autistic children without background noise closely resembles that of typically developing children with background noise. Most autistic people find loudness intolerable (levels exceeding 80 dB, equivalent to shouting) (Khalfa et al., 2004), and some exhibit hypersensitivity to particular high-pitched sounds at volumes within the normal-to-mid-range (Rosenhall et al., 1999; Takahashi et al., 2014, 2016).

In support, we can use clarity and simplicity in our speech and choice of words; be patient and give time for response; avoid monotone and use a melodic “story-teller voice” or consider singing aspects of our communication; play with using rhythm matching (with simple meters and well-spaced timing); add further sensory impetus (see below); and maintain overall low-volume levels (we always suggest starting quietly, tailoring our ground-zero-volume to our partner’s needs, often below average conversational volume, i.e., <60 dB).

There’s something powerful in connecting with the rhythmic elements of autistic behavior and, also, in the possibility of adding rhythmic and melodic aspects to our communication. Rhythmic regularity helps people to predict what’s coming just-ahead-in-time12, and this holds true for autistic people (Knight et al., 2020). Knight et al. (ibid.) demonstrated that autistic individuals (6–21 years old), displayed no difference with encoding temporal patterns and predicting upcoming auditory events (in comparison with typically developing peers) with sounds presented in the context of simple or complex rhythms. The rhythmic context (ibid.) also nullified the delay effects demonstrated in relation to perceiving isolated sounds shown in previous studies, including, Lepisto et al., 2005, 2006; Oram Cardy et al., 2005; Russo et al., 2009; Kwakye et al., 2011; Torres et al., 2023.



Copy the offer 3: vitality matching

We copy the offer in order to connect with our play partner and to try to communicate that we care about their choices and interests. Yet we risk over-simplification, patronizing communication, or bringing a kind of dryness to our approach and losing our playfulness. Another option, is to try matching our play partner’s vitality rather than attempting a direct mirror.

Vitality is the energy, feel, style, flavor of any particular movement (Stern, 1999, 2010). It is the how in the way we do something. It communicates intention, feeling, force, and the direction of our actions. For instance, you could wave your hand vigorously with excitement in greeting a friend; or slowly with tentative sadness when your friend leaves; or in tick-tock staccato to a house music beat; or in chaotic desperation in fear and panic. In these examples, the action of hand-waving is basically the same, it’s the vitality you have changed.

We experience vitality with our whole being. A vocalized “wuuuUUUPP” can compel us to stand; make an energetic star-jump and you may well feel to vocalize with a “Huh!”; on seeing a dancer slide gracefully across the floor you may well match that slide with a vocalized “aahhhh.” Vitality can be experienced, communicated, and perceived via any sensory modality or combination (Malloch and Trevarthen, 2009).

We can copy an offer by matching and expressing the vitality communicated by our play partner.13 We can match our partner’s vitality in any modality (or combination of modalities) that feels right in the moment and appropriate for our partner—we are not limited to a direct mirror. This is brilliant for two reasons: 1. We can connect without risking patronizing over-simplification; 2. We can join in with the energy and intensity of our partner’s behavior without overinvesting in any particular emotional tone (allowing us authentic connection without adding fuel to negative emotions). As with direct mirroring, we can also play with exaggerating or diminishing our vitality matching. Here are a few examples of vitality matching (from Daniel et al., 2022).


Within the same sensory modality…


Video E.G.3. Example of Vitality Matching in Play

[image: A man in a blue shirt and jeans is kneeling on a carpeted floor, facing another person in a black sweater and brown pants, who is seated with one arm raised. The setting appears to be a plain, unfurnished room.]A slow rhythmic hand clench-and-release matched by a whole-body contract-then-open.
 

Violent jumping-stomps matched by star jumps (matching the energy release without turning up the anger).


Video E.G.4. Example of Vitality Matching in Play

[image: A person wearing a black top and brown pants stands with their head down in a mostly empty room with carpet flooring. Another person in a blue shirt and jeans is in a thoughtful pose, looking down.]A rising anxious moan matched by bubbling sounds in a contour rising in pitch and volume (matching the rising energy but without fueling the anxiety).
 



Across different sensory modalities…

The arc of a repetitive arm movement matched by “WWWOOOhhhhhh” vocalized contours, falling in pitch and volume.


Video E.G.5. Example of Vitality Matching in Play

[image: A man in a blue shirt and a woman in brown pants and a black top are playfully engaging in a pillow fight in an empty, carpeted room. The woman is holding a pillow, poised to strike.]A pillow is thrown energetically at the wall, the arm movement matched in build-up by a playful vocalization (an “oooOOOOER” contour rising in pitch and volume) and then accompanied in the throw by a matching “whoooosh”.
 

A withdrawing sad vocalization matched with a sensitive whole-body folding over and inwards.



Multimodal expressions…

A toy car is energetically pushed back and forth, matched by swaying vocalizations (rising then falling contours of sound) and accompanied by left-to-right body swaying from our sitting position.


Video E.G.6. Example of Vitality Matching in Play

[image: Two people are seated on the floor next to a bright green tray filled with kinetic sand. The person on the left is playing with the sand using their hand, while the other watches, smiling. The room has plain walls and an unused fireplace.]Our partner pours sand from their hand into a sand-tray, we match by a “Tssssssssshhhhhh” vocal contour (falling in volume) while we stroke our hand down our partner’s arm.
 

As our partner hums repetitively, we rock our upper body back-and-forth in sync, while drumming on the floor in time to the repeating pattern.




When a game develops 1: 100% client-led

When we are patient and practicing deeply with the three Cs, we often find that two-way interactions simply emerge from the shared communicative space without us needing to contrive our actions. We trust the three Cs and do what we feel is natural. We copy our partner’s offers, wait, and celebrate. Often, at some point our partner will engage with either a slight change in their behavior or a new offer. We copy that new offer and what emerges can become a client-led back and forth interaction. It’s the beginnings of reciprocity, turn-taking and creativity in play. Here are a few examples:


Video E.G.7. Developing a Game through Mirroring

[image: Two people stand in a room with light-colored carpet, imitating a dance move. The room has a plain white wall with a modern radiator and a fireplace.]If we mirror our partner’s crouched posture for example, perhaps they feel comforted and notice our presence. When they shift a little, we copy, and perhaps they feel a sense of agency in this cause-and-effect. They crouch a little further, we copy, and this develops into a game of who-can-get-the-smallest, as we both roll-up on the floor next to each other.
 

If our partner is stepping back and forth across a line in the floor boards and we copy this movement for some time, perhaps they pause, then we pause too, then they start again, but this time with a little smile. We do this many times, feeling more and more in sync.


Video E.G.8. Developing a Game through Vitality Matching

[image: Two people are playfully interacting in an empty room with light-colored walls and carpet. One person is gesturing with their arms raised, while the other is standing with arms by their sides. A small fireplace is set into one wall.]If our partner is vocalizing a loud repetitive, staccato shout (“bah, bah, bah, bah”), and we match this vitality by stretching our arms and fingers out and up in bursts of energy which correspond with each vocalisation, perhaps our partner starts to copy our actions, adding this behaviour to their vocalisations. After a while, out of tiredness or just randomly, they stop moving one arm, but continue with the other. We copy, and this develops into a reciprocal game in which our partner swaps arms and we copy in turn.
 

If two-way interactions are not emerging from the three Cs, we suggest thinking about the following. Firstly, consider the sensory environment and check if anything can be done to help (see Starting with Sensory Stability, above). Next, consider your physical proximity to your partner. Perhaps you are too far away for connection, or too close for comfort? Or perhaps your body and/or eye-line is uncomfortably above your partner? If so, adjust to match their eye-line. Or perhaps your body language is too complex, or physically or emotionally unavailable? If so, minimize, simplify, listen deeply, and be curious about your play partner. Or, as often is the case, perhaps you are failing to leave space for your partner to respond, going too fast? If we are a little impatient, we may well find ourselves out of sync with the other person and may well have missed an offer. Often, if we wait a little longer without adding anything, we find a response emerges. Being truly patient is probably the most powerful and challenging thing we need to learn.



When a game develops 2: “Yes and…”

Another way to conceive of how to support flowing interaction is through the process, “Yes and…,” a key activity in improvisational theater (Salinsky, 2017). Here, we welcome what our partner offers (“Yes”), expand on that action or theme just a little (“and…”) and then allow space for our partner’s response. Our play partner might pick up a yellow bucket and tip some sand out of it… we could “Yes and…” this offer by finding our own bucket and tipping sand slowly… our partner may “Yes and…” this offer by catching the sand with their bucket and tipping it again… we could “Yes and…” again and catch the sand once more. When offers are responded to by actions that say, “Yes and…,” then something remarkable happens: people start to want to add to the unfolding story, to build a story together, and it feels good!

In almost all contexts, it is crucially important that our “Yes and…” represents just a small variation on the theme of our partner’s offer. If our trusting relationship is very well established, big surprises and novelty can work (we do not rule this out 100%). But in almost all contexts if we over-step the mark, introduce too much novelty or too much of our own agenda, we risk shocking our partner out of connection and rapport. So, as a rule of thumb, “Yes and…” just a little.

But if our “Yes and…” does miss the mark, if our partner disconnects or if the flow becomes stilted or stuck, then we simply go back to listening carefully and trying to see the next offer. In this way, we repair the rapport. Tronick and Cohn (1989) found that typically developing infants regularly experience interactive miscoordination, yet mismatch is typically repaired close-on-instantaneously. “This constant oscillation between momentary miscoordination and interactive repair marks the essence of human dialogue, to which infants are sensitized in their earliest interactions” (Feldman, 2007b, p. 341). It can be very helpful to know that the flow of mismatch-and-repair is normal, and is itself very supportive of your developing relationship (Tronick and Cohn, 1989; Feldman, 2007a,b; Hughes, 2011).

Sometimes, as in the yellow bucket example above, your partner’s offer might be an action involving an object. But more often it will be an aspect of movement, expression, positioning, sound or rhythm. Here, it might feel less obvious how to “Yes and…” without changing things too much or adding something entirely new. We can find our way forwards by modifying our copying (our mirrored movement or sound or rhythm) just a little; one quality at a time. We see the offer, copy the offer, wait for response, and then copy the new offer but with a slight twist in the style, or the energy involved, the mood, the positioning, the physicality, the volume, the tempo etc. This is a big topic! Here, we offer a few pointers in some directions you might want to explore (see Table 4), followed by an example in play.


Video E.G.9. Using ‘Yes…and’ in a Developing Game

[image: Two people are facing each other in a room with white walls. The person on the left is wearing a blue shirt and jeans, and the person on the right is wearing a black top and brown pants. They appear to be engaged in an animated discussion or demonstration.]Our play partner is rocking back and forth, from back foot to front foot. A little distance away, standing in front of and facing our partner, we mirror this movement exactly. Our partner seems comfortable with this. Continuing to copy, we move a little closer. Both partner’s forward rocking movements now coincide in time. Our shared experience is of a looming forward, a well-timed meeting together, then a falling apart again. Our partner makes little giggling noises. We ‘Yes…and’ this offer, adding excited, tongue-wobbling, bubbly noises. Our sounds rise in pitch and volume to match our motion towards each other, pausing as we meet. Our partner ‘Yes…and’s our offer, vocalizing a high-pitched “hah” sound as we meet. We ‘Yes…and’ by copying the sound in sync. Our partner ‘Yes…and’s by raising their arms with the impetus of the movement and “hah” sounds. We ‘Yes…and’ by raising ours a little higher, a little closer to theirs. They raise theirs a little higher. We do so again, in turn. Our partner ‘Yes…and’s by making eye-contact, for the first time, as we meet in the up-swing of our movement. We ‘Yes…and’ by smiling and very tentatively touching their palms with our outstretched index fingers at the high point of our meeting. Our partner ‘Yes…and’s by smiling and reaching their palms forward. We ‘Yes…and’ by switching our tentative finger-reach to a tentative high-five. Our partner ‘Yes…and’s, responding with a full-on, energized high-five and shouting “HAH!”. We flow like this, with shared impetus, for a while.. (to be continued…, see When a Game Develops 5: The Story of a Game)!
 



TABLE 4 Some qualities to explore and modify in “Yes…and” physical and sound play.a
[image: Table listing qualities to modify and explore in movement and sound, with explanations and examples. Categories include effort, mood, structure, space, and sound. Detailed examples demonstrate modifying weight, energy, body placement, proximity, and sound qualities such as volume and pitch. The footer cites sources regarding movement and sound theories.]



When a game develops 3: the common third

If things feel stuck, we can wait and be with that uncertainty. When we keep sensitively with the three Cs, staying open and giving more time, our partner usually finds a way. Play usually flows when we are led by our partners offers as to the nature of our “Yes…and.” Sometimes though, if we are experimenting when things feel stuck, we can try initiating a common third: “the common third is about creating a commonly shared situation that… brings the two of us together. It allows us to share an activity in a way that we can both be equal, two people connected by something we both enjoy doing.”14 Crucially, any common third needs to be communicated as an offer rather than as a demand. Our partner has to be genuinely free to choose how to respond to it, or indeed free to not respond at all.

There are two possibilities here. You could offer something that you know your play partner likes, something from their behavioral repertoire, something that you have seen them like or do before. This may be a movement, sound, object, game or activity, as long as it is something you know your partner likes. Or you could offer something neutral, a bridging gesture which hopes to extend an opportunity for connection. A simple offer of a common third may be to place our open hand halfway between ourself and our play partner. We leave no sense that our partner has to do anything with it, all the while extending an opportunity for connection that was not previously present. Keeping simple, neutral and low-arousal are good rules-of-thumb here. This gesture may be received as a demand, if the hand is extended too far into our partner’s personal space, if we touch our partner without consent, or if we say something like, “it’s your turn.”15 We know if our partner has received the gesture as a demand if they turn away, while an offer is much more likely to engender a turning-toward. And, as always, we need to be responsive to the need to repair our connection by returning to the three “C’s” if we miss the mark.



When a game develops 4: loops and pregnant pauses

A loop is a section of behavior or play which repeats itself, more or less, over time. Autistic people sometimes display looping behaviors: specific repetitive movements and/or sounds often referred to as “stimming” (Bakan, 2014; Kapp et al., 2019; Charlton et al., 2021; McCarty and Brumback, 2021); ritualized play patterns with hyper-focus on a particular sensation, sound, pattern or object; certain configurations of object or relational play (Daniel, 2019; Daniel et al., 2022).

As practitioners and carers, our response to loops will depend on the felt experience for our play partner in any one moment, including observable levels of dysregulation. A good example of the sensitivity needed here is in regards to stimming. Stimming is a commonly used term for “stereotypies”: semi-voluntary, stereotyped repetitive movements. Throughout the autistic community, stimming is widely reported as self-regulatory, self-calming and enjoyable with the only real stressful downside occurring if non-autistic people try to suppress, prevent or ridicule the actions (Bakan, 2014; Kapp et al., 2019; Charlton et al., 2021; McCarty and Brumback, 2021). In general, we should enable and support stimming. However, autistic adults report how stimming can, on occasion, become out of self-control and lead to intensity and dysregulation (Kapp et al., 2019; Charlton et al., 2021; McCarty and Brumback, 2021). We need to be sensitive to this possibility with all looping behaviors. If our partner is clearly dysregulated, if the intensity is cause for concern, or if they have expressed a prior wish for intervention, then we suggest direct (not directive) engagement with loops. Sometimes, when an autistic person is in a loop, they want to, but cannot stop. They may want your help in facilitating body-safety and control. In which case you can offer a behavior (remember that an offer is an action which the child can choose to engage with, or bypass easily otherwise). Here, our offer will have the potential to catalyze a change in the looping pattern, to unravel it or develop it in a different direction. Our play partner’s body and sensorimotor patterning knows what is best, yet might be stuck… For instance, if our partner is engaged in an intense pacing up-and-down the room we could try standing in front of them, or walking in front but slowing or changing the rhythm or style of our walk (this can shake-up the motor pattern), or standing or sitting close-by and engaging in something we know might grab our partner’s attention; or placing an object in the path of the looping behaviour (something which we know is of interest to our partner). If the loop changes, we can follow and flow into interaction, if there’s simply too much intensity, we can model self-calming behaviour, slowing down alongside our partner, breathing deeply, whole-body sighs, collapse gently to the floor if this feels right.

For the most part, when loops are positive or neutral experiences for our partner, we can engage in loops as wonderful way to connect and develop games. Loops have a type of rhythm (Malloch and Trevarthen, 2009; Bakan, 2014; Daniel, 2019; Daniel et al., 2022). Repetitive movements and/or sounds have their own regular beat-pattern. Looping behavioral patterns or object play have discrete behavioral steps which repeat in pattern. Our spontaneous response to feeling a pattern or beat, “is often to move at the time when the next beat is predicted” (Grahn and Brett, 2007, p. 902).16 In this way, loops have a kind of impetus and flow which helps us know what comes next, organize our actions just-ahead-in-time, and compel us into our next action.

Each loop is self-completing. By this we mean that each beat or behavioral step in the loop is essential to the feeling of rhythm, the impetus and flow, and the overall sense of completeness. If our actions become part of the pattern, replace a beat or behavioral step, then we can become essential in that rhythm and for that sense of completeness; a necessary link in our partner’s loop. From there, we can sensitively encourage the loop toward interaction and away from solo play. Working within loops in this way represents an autism-specific and powerful interpretation of the common third principle in action. Here are a few examples taken from Daniel et al., 2022:


Video E.G.10. Becoming Part of a Loop

[image: A person with long hair walks confidently through a carpeted room, wearing a black top and brown pants. Another person stands in the background near a wall, observing. The room is sparsely furnished with a radiator and a small fireplace.]Our play partner is walking a regular circuit of the room, touching various points on the wall in a loop. We position ourself with our hand directly over one of these touch-points. When our partner next arrives at that point, perhaps they touch our hand, perhaps smile, make eye contact, do something new.
 

Our partner is sitting and rocking back and forth. On every fourth rock forward, we offer both our hands out, close enough to be held, not too close as to be a demand. Perhaps, after sometime, our partner reaches out and we move into rocking together hand in hand. From here we can play with all kinds of qualities of shared movement and sound.


Video E.G.11. Becoming Part of a Loop

[image: A man and a woman are in an empty room with light-colored walls and carpet. The man, wearing a blue shirt, is leaning forward. The woman, sitting on the floor wearing a black top and brown pants, has her roller skates off. A fireplace is visible in the background.]Our partner is sliding across the floor on their bottom, pushing a toy bear forward with their feet in a looping pattern (shuffle bottom forward, push bear, shuffle bottom forward…). As our partner gets ready to shuffle forward, we position ourself in their path, creating a human bridge (arched on all fours). Perhaps our partner will pass under the bridge, perhaps go round, perhaps laugh and try push us over! From here, play can develop.
 

Our partner is pushing a toy train around a track in a loop. Each time the train passes the station, we start to run a toy car alongside (just behind) the train. Perhaps this becomes a race, or a crash, or our partner takes the car on as a passenger.

When our movements or sounds have become integral to our partner’s loop, occasionally and sensitively we can start to play with pregnant pauses. Sometimes we can deliberately interject a pregnant pause into the rhythmic flow of our partner’s behavior. A pregnant pause holds a silence longer than the natural on-beat demands. It has the energy of needing to be filled. A beat or behavioral step is expected, and movement is compelled.

Pregnant pauses are an unexpected novelty for our partner. As such, we only recommend experimenting with them when your rapport is strong and you share familiar loops or behavioral patterns. We can use a pregnant pause to replace an accent in rhythm or movement, or to replace any sound or movement which has become a link in our partner’s loop. When we leave a pregnant pause, with all the rhythmic build-up of impetus, flow and expectation, something is going to happen! And often it is fun and interactive and full of potential for us to build on together.

It is surprising how long we can hold a pregnant pause for, when waiting for our partner’s response. We can play with the held duration of a pregnant pause over a range up to around 6 s. If we push the duration much past this range, we lose the rhythmical impetus of the “here and now.” “The current consensus in music psychology and cognitive neuroscience is that the ability to associate beats, or perform them meaningfully as a pulse, stops at around 6 s or 0.16 Hz… It is at this point that the mind and body can no longer “lock on”—either actively through playing, or passively through listening—to the rhythm as a pulse” (Osborne, 2017, p. 18–19).17




Skill level 3

Here, the concepts we introduce begin to get a little more complex. If you feel you have enough to be getting on with, feel free to take a pause and spend some time trying out what you have already read about in practice. You can come back here any time.

We will now go on to talk in more depth about social timing, about the way neurotypical and autistic people organize their intentional movements, and then develop the use of activation contours and accents. These tools will help bring an extra level of sensory impetus and shared timing into our interactions.


Good-enough social timing

To be very clear here, when we talk of social timing we are not aiming for spot-on alignment or consistent synchrony in our shared experiences. In play with typically developing infants, partners flow in and out of levels of synchrony (Feldman, 2007b).18 This is natural and developmentally important (Feldman, 2007b) Sometimes partners do fall directly in sync (such as the co-occurrence of social gaze, vocalizing together, the matching of arousal level, or the coordination of parent affectionate touch with infant social gaze). More often partners experience a kind of complementarity; playing and teasing around a game within a shared time-frame (Feldman, 2007b). And indeed, partners are often out of sync, leading naturally to moments of interactive repair which constitute important practice steps in the development of robust social skills (Tronick and Cohn, 1989; Feldman, 2007a,b). We are looking for good-enough social timing.

We need to share moments where our intentional actions meet. Sharing our intentions, through timing and sequencing our actions together, is crucial for the development of togetherness and meaning (Fantasia and Delafield-Butt, 2023). For example, if your partner is reaching to touch a ball, then truly connecting means to share that intention, to move together toward it, to touch the ball together in space and time. Or if you are playfully high-fiving, then connecting means you share the intention and organized movement patterns which bring your hands together. We need also to share flows over time in which our intentional actions are complimentary, run alongside, connect with and develop each other. For example, if you are rocking together, then connecting means that both of you share the intention, the rhythm, and the movement flow which enables your bodies to be coupled in that movement. If your partner is walking slowly, then connecting means to share the arc of your steps together; arcs which culminate in your steps happening together.



The way we organize movements and social timing

Neurotypical individuals organize their intentional movements just-ahead-in-time. A motor image is generated in the brain just before action. It’s a neural image full of predictive information. In reaching out an arm to grasp an object, for example, the motor image pre-empts the movement needed and builds in an integrated sense of specific intention (i.e., to reach the object in a way advantageous of the type of object and the intended relationship to the object—is it heavy, delicate, difficult to hold, full of water; is it to be held gently, turned upside down, squashed?).

Often, these motor images are contours; contours of energy, direction, force, and intention (Lee, 1998; Stern, 1999; Rousanoglou and Boudolos, 2006; Delafield-Butt et al., 2018). In our reach-to-grasp example, the motor image is a contour of energetic enervation: rising on initiation, increasing to reach, falling in expectation to control the timing and nature of contact with the object. The contour gives the organization and sensory impetus for the action; an action with an intentional goal in space and time. When actually reaching for that object in real time, neurotypical individuals activate the motor image, start to move, and then use continuous sensory feedback to adjust and assess the image in action. It’s through combining our motor images (movement contours) with our real-time sense of an object in motion (perceptual contours), that we are able to sync-up with that object when, for instance, catching a ball (Lee, 1998). And, most importantly for us here, it’s this coupling of movement and perceptual contours which enables neurotypical individuals to couple their moving actions with those of another person (Lee, 1998; Rousanoglou and Boudolos, 2006; Delafield-Butt et al., 2018). It’s when our intentional actions are aligned in this way that we are able to feel and share the intentions inherent in another person’s actions. Good-enough social timing and our shared sense of play relies on this happening over and over in real-time.

Importantly, autistic individuals have challenges in integrating information for the generation and implementation of motor images for intentional actions19 (Mari et al., 2003; Rinehart et al., 2006; Cattaneo et al., 2007; Fabbri-Destro et al., 2009; Chua et al., 2022; Fourie et al., 2024; for an overview, see Daniel et al., 2022). In play with autistic partners, we need tools to magnify the clarity of our actions, the clarity of our own intentional movements. We also need tools to help our autistic partners organize, enact and compel their own intentional motor contours. And we need tools to bring our movement contours into alignment for good-enough social timing.



Activation contours

In the introduction, we mentioned an Edinburgh study in which sound tones were used to help people with cerebral palsy control their reach-to-grasp arm movements. How did this work? The sound used was a tonal flow, a “wooooOOOOOooooo” type sound, flowing up and then back down to stillness. This tonal flow was designed to imitate the neural flow of energy used by animals of all kinds when generating action (Delafield-Butt et al., 2010, 2012), including human babies (Delafield-Butt et al., 2018) and in creating music together (Schögler et al., 2008). When the tone was paired with the participant’s real-time attempts at reach-to-grasp., the tonal flow gave impetus and organization to the participant’s motor image (their motor contour). The results showed greatly improved movement control and synchrony (Schögler et al., 2017). The type of sound tone used in these studies is an example of an activation contour.

Activation contours contain, “…the felt experience of force… with a temporal contour and a sense of aliveness, of going somewhere” (Stern, 2010, p. 3).20 Importantly for us, in “going somewhere,” they point toward, and compel us toward a point in space and time and a focus for intention. They contain a sense of what’s coming next. Activation contours are often bell-shaped curves (like the sound tone described above, or the motor contour when we reach-to-grasp an object). They can also be upwards contours (starting low in energy and rising to a point in space, time, and intensity) or downwards (starting with higher energy and falling or fading to a point in space, time, and intensity). Activation contours can be expressed in any sensory modality or combination of modalities. Here are a few playful examples of the use of activation contours to facilitate shared moments, flows, and intentions:

If our partner is reaching to touch a ball, we can playfully exaggerate our own movement arc toward the ball and add a “wwoooOOOOOoooo” sound effect (a bell-shaped acoustic activation contour), all in real-time sync with their intentional movement. Our movement and sound contours match and guide our partners movement contour, with the climax of all contours landing exactly on contact with the ball.


Video E.G.12. Using Vocal Activation Contours

[image: A man in a blue shirt appears to be gesturing defensively or playfully towards a woman in a black top who stands calmly on a carpeted floor in a sparsely furnished room.]If we are playfully high-fiving with our partner, we can first isolate the movement pattern (pausing for a moment, literally letting our body become neutral), then start the movement from a low, contracted crouch position. In sync, we can exaggerate our movement contour up through a whole-body expansion, on to an arm extension, all augmented by a rising “oooooOOOOOHH” acoustic activation contour. Our movement and sound contours flow up to a point in space and time – the moment for the high-five. The whole sensory flow has impetus and information to guide our partner into a synchronous high-five of their own.
 

If our partner is walking slowly, we can match the movement contours of each step (and the overall rhythm) with theatrically diminished steps of our own. We can emphasize each movement contour, and the moment each step contacts the floor, with precise, careful, magical tip-toeing. And we can add further sensory impetus, clarity and mood through adding whispery “SSSSSSsssshhhhh” falling sound effects as acoustic activation contours guiding each step to contact with the floor.

We can also play with tactile contours—carefully, and always checking if physical contact seems appropriate in any one moment. We can generate supportive felt contours in our partner through touch or through supported movement.


Video E.G.13. Using Tactile Activation Contours

[image: A man and a woman are sitting on a carpeted floor in a room with plain white walls. The man wears a blue shirt and jeans, while the woman wears a black top and brown pants. They appear to be engaged in conversation, seated near a small fireplace.]We might stroke our hand down the side of our partner’s forearm, while vocalizing an upwards “wooooOOOO” contour, to compel us to move together, in sync, to press a button, nudge a ball forward, or push a tower of blocks down.
 

Next, we explore the types and qualities of sound which are particularly useful when using acoustic activation contours with autistic individuals. We will also build on our concept of accents, which will be particularly relevant when we go on to develop our practice of rhythm matching a little later on.



The neuroscience of sensory impetus in sound

Recently, a computational method for automatically categorizing music (X-System), has demonstrated success in predicting emotional, arousal, and mood responses to music (Sice et al., 2020). The X-System analyses distinct attributes of sounds that humans have evolved to be moved by. These sounds include the acoustic startle response (ASR) and acoustic activation contours. They elicit highly immediate and direct movement responses.

The human acoustic startle response (ASR) represents a neurophysiologically immediate reaction to sudden and unexpected auditory stimuli.21 Acoustic activation contours are evolutionarily significant sounds indicative of the positioning and movement of the human body in space and time (from sudden approach, to slowly moving away). These include separation cries (Panksepp, 2003), or the hissing of snakes (Erlich et al., 2013), and rapidly approaching sounds, glides, falling, fast crescendos, or bursts of sound (Osborne, 2009).22

Above, we mentioned various studies which have reported auditory timing delays in autism. If used sensitively, it is possible that we can use the activation and immediacy of acoustic activation contours and ASR-type sounds to bypass the neural pathways involved in these delays (see Daniel et al., 2022 for a detailed analysis). If so, we may be able to add clarity and impetus to our own movements and sounds, and augment our partner’s offers of movement and sound, in ways more immediate, more in sync, and more compelling than otherwise available.

In music, the sensitive use of such activating sounds involves modulation, context, timing, and expectation. With this sensitivity, music deliberately takes the “dangerous” edge off acoustic activation and startle (the fight/flight/freeze edge) and leverages that energy for joy (bursts, fast upwards contours, energetic building crescendos, sounds full of fun, randomized internal movement), wonderment (subtle downwards contours, quick fades, quiet hisses, whispers, jangles), and anticipation (contours in volume and pitch leading somewhere, pregnant pauses, shifts in tempo) (Osborne, 2020).

If we want to play with using activating sounds in support of social timing, we need to be conscious that these experiences are on the edge of edgy! They are neurologically reminiscent of fight/flight/freeze sounds. This is what makes them activating and exciting. But we need to be mindful of the parameters that make them fun as opposed to scary. For autistic people specifically, what takes the dangerous edge off these sounds, and makes them sounds of delight, intrigue, and anticipation is: a safe relationship; familiarity in context; familiarity of patterns of behavior and play (repetition23 and small-step changes); low-level ambient and spoken sound (<60 dB); and relatively low-level accent volumes (relative acoustic startle—just above 60 dB) (for further detail see, Daniel et al., 2022).



Accents and acoustic activation contours in play

Perfect for acoustic activation contours are any sounds with lots of inherent movement: glides (“sssssssooooo”); crescendos (including upwards “whhhHHOOOOP” effects, animals “wooOOF,” growl, squark); decrescendos (including downwards expressive sighs, “ZZZEEEEeeeooooo” effects); variations on playful hissing (“ssss,” “ssshhh,” blowing sounds); sounds with high levels of randomized internal movement (bubbling noises, raspberries, tongue wobbles); contoured spoken words; contoured sound effects (cars going past go “vrroOOOoom,” contoured “woooOOOOooo” effects; cartoon characters are literally designed for this, Scooby-doo’s “zzoiiEEKKS! for example; and if you can manage an elephant trumpet…!).

We can explore the playful “shock” factor of relative acoustic startle in our accents. We can choose our tones and relative volume levels to modulate ASR-type effects down to happy-startles—sonic moments full of wonder, surprise and delight. Initially, just over 60 dB, we can consider using drum-like bass tones; the quick hiss-factor of a high-hat-like-tone; the surprise of a higher-pitched machine-like pulse (e.g., a laser gun sound effect); “magical” pulses like bell and triangle tings; animal noises; cartoon character refrains (Homer Simpson’s “Doh!” as a perfect beat); machine and vehicle sounds; impressions; and focus words.



Accents and activation contours in rhythm matching

Developing our examples from, Copy the Offer 2: Rhythm Matching, we now include the sensitive use of accents with relative acoustic startle…


Video E.G.14. Using Accents in Rhythm Matching

[image: A man and a woman stand in an empty room with light-colored walls and carpet. The man wears a blue shirt and jeans, while the woman wears a black top and brown pants. They are facing each other, appearing to be engaged in conversation.]In our swaying example, we can add some sparkle to our accents. On every fourth bar, we accent the 1 with a relatively loud and bright accented “BING!” (TUH, tuh, tuh; TUH, tuh, tuh; TUH, tuh, tuh; “BING!”, tuh, tuh…). Our partner may feel connected with us due to our shared swaying. And the “Bing!” (as it is pitched at a sensitive, relatively loud volume; is well-spaced, and comes as part of the felt rhythm of the swaying pattern) may be heard directly, in-sync, and produce a feeling of pleasant intrigue.
 

In our example where our partner is walking, we keep tapping out the 2/4 march but replace every other beat with a relatively loud, comical “Oooh!.” We get, tap—“Oooh!”—tap—“Oooh!”—tap.


Video E.G.15. Using Accents in Rhythm Matching

[image: A person in a black sweater and brown pants sits on a carpeted floor, facing another person in a blue shirt and jeans. The room has white walls and appears unfurnished.]In our example where we’re using super-simple beat-box to match our partner’s hand-flaps, knowing our partner likes dogs and finds dog noises funny, we add “WOOF!” on the 1, instead of the accented Puh. We get, “WOOF! – te – kuh – te – WOOF! – te – kuh – te…”
 

Or we can turn the volume down low in gentleness and magical intrigue…

Our partner continues humming. We continue to gently pulse their little finger, pressing it gently in a slow 4/4 rhythm. Every fourth bar, we add extra accent to the already accented 1 by blowing on our partner’s hand (a tactile accent with a whispery sound).

We can also play with replacing a few beats or a full bar of our rhythm pattern with an activation contour. The contour could be in sound, or movement, or touch, or any combination. Such contours will guide us and our partner to land together on-beat with our accent. They compel us to move together.


Video E.G.16. Using Activation Contours in Rhythm Matching

[image: Two people stand facing each other in an unfurnished room with light-colored walls and carpet. One wears a black top and brown pants, while the other wears a blue top and jeans.]Developing the example from just above, our swaying rhythm becomes, TUH, tuh, tuh; TUH, tuh, tuh; TUH, tuh, tuh; “BING!”, tuh, tuh; TUH, tuh, tuh; TUH, tuh, tuh; “whooooOOOOO”; “BING!”, tuh, tuh. We use an upwards vocal contour to guide us to the shared accent, “BING!”. We might also exaggerate our swinging movement in the lead up to the accent, accompanying and emphasizing the sound contour with our own movement contour.
 



Loops and activation contours

A powerful use of activation contours is in combination with our link role in our partner’s loops. We can use activation contours to compel our combined attention toward the link, and give energy and impetus to that shared moment. Developing the above examples from When a Game Develops 4: Loops and Pregnant Pauses, we add activation contours:


Video E.G.17. Using Activation Contours as part of a Loop

[image: A woman walks confidently across an empty carpeted room. A man stands in the background with a smile, observing her. The room features plain white walls and a small, unlit fireplace.]Our partner continues to walk a regular circuit of the room, touching various points on the wall in a loop. They are comfortable with, and are a little intrigued by, our hand appearing at a certain touch point in the circ uit. A couple of times they have touched our hand and smiled. This time, as our partner walks towards the shared touch point, we walk alongside them. As we do, we start low and crouched, and then grow to our full out-stretched height, culminating with a wide reach to the shared touch point. We are using a physical activation contour, an outwards-upwards contour of our body in motion; a contour that leads naturally to the shared touch point. Accompanying the physical contour we use a vocal upwards contour, “ooooOOOOOO!” slowly rising in volume and coming to rest in sync with the shared touch point and the culmination of our physical contour.
 

Our partner has, after some time, taken our hands and we sit facing each other and rocking back and forth in a shared rowing motion. We add upwards, then downwards vocal contours to accompany each forward and backward motion (as experienced by our partner). We use whispery, soft timbre sounds like waves as they move in and out on the shore.


Video E.G.18. Using Activation Contours as part of a Loop

[image: A man in a blue shirt stands bent over in a bare room, facing a woman seated on the floor hugging her knees with a pair of slippers beside her. The room has a gray carpet and an unused fireplace.]Each time we create the human bridge for our partner, they shuffle forwards through the bridge pushing the toy bear in front of them. We add a bell-curved vocal contour, curving up as our partner approaches and enters the bridge, curving down again as they leave and pass through. Our contour is a lively, wobbly, jangly sound effect made as we quickly waggle our tongue from side to side.
 

Our partner has developed the moment of meeting between their train and our car into a regular crash point in their looping play. To add energy and impetus, as we move the car up toward the crash point, we add the cartoon sound effect of an object falling from the sky, “SSSHHHOOoooowwww”! The lowest point of the contour is synchronous with the crash point.



Loops, activation contours, and changing things up

Along with activation contours, we can start to play with replacing our link-moment in our partners loop, with a pregnant pause. Developing two of the above examples:

With the impetus of the car moving and the accompanying vocal contour the car crash becomes essential and expected, but this time we playfully stop just before the crash (our play partner looks surprised and engages in a brand-new way).


Video E.G.19. Using Activation Contours and Pregnant Pauses as part of a Loop

[image: Two people posing in a room with blank walls. The person in the foreground points toward the ceiling with their left hand, while the person in the background extends both arms.]Our play partner gets used to our physical and vocal contours leading in expectation to our hands meeting at the touch point (the link) but this time we keep our hand back (compelled to act, and without the expected resolution, our partner does something new, something we can playfully build on).
 

Or, instead of a pregnant pause, when we have a good level of rapport and a well-established loop, we could playfully, cheekily, do something completely unexpected! Developing two of the above examples:


Video E.G.20. Using Activation Contours and Novelty as part of a Loop

[image: A person in a blue shirt helps another person sitting on the floor of a carpeted room. The seated person wears brown pants and has their legs inside what appears to be a large plush costume or oversized boot.]All of our sensory impetus has led to our play partner expecting, and being drawn to pass under our human bridge, but this time we shrink in size making it very difficult for them to squeeze on through (a new game develops).
 

Our link has brought us and our play partner together in a hand-held rocking motion, but this time we just fall over to the side in the middle of it all (our partner laughs and interacts in a new way).

All these examples come with some risk of shocking or jarring our play partner out of an easy flowing connection with us. But, done sensitively the risk can have a huge pay off with new levels of play and relationship. And please remember, if that jarring does happen, we can simply return to the three C’s and repair our connection. No worries.



When a game develops 5: the story of a game

Stern (1974) described how, in the first 18 months or so of typical development, play between young children and their carers often takes the loose structure of a skewed bell-curve (see Figure 1).

[image: Graph illustrating a process starting with "Offer," moving upward through "Copy," "Respond," repeated "Yes... and" stages, reaching a "Peak." It then descends to a "Conclusion," followed by "Self-Regulation, Withdrawal, then Start Again!"]

FIGURE 1
 The Bell-curve of “Yes..and” play.


After an initial orientation around an offer, Stern noticed that games tend to build with a phase of growing momentum, flowing up toward a “peak.” He also noted that, nested within this phase, play partners tend to share several “Yes…and” moments which provide the impetus of the game. Each “Yes…and” tends to build just a little on the previous, adding a little more intrigue, curiosity, energy, often developing the shared movement or sound just a little. This natural pattern of early game play supports social timing between play partners in several ways: impetus is added through each “Yes…and”; the expected structural flow helps partners feel and anticipate what is coming next; moods are built and shared, each with their own felt ambiance and expectations. If we play with these elements in our interactions, we will be helping our autistic partner to feel what’s about to come next, to anticipate it, to plan their actions, and to feel in sync with us.

Significantly, these “Yes…and” build-ups do not go on indefinitely. They form units or “stories” that start, build, reach a peak-moment of excitation, then draw to a natural conclusion (Stern, 1999; Malloch and Trevarthen, 2009; Delafield-Butt, 2018; McGowan and Delafield-Butt, 2022). Typically developing young children regulate these bell-curves of play by switching their behavior at the “peak.” If the game has been defined by increasing joy, perhaps the peak will be in laughter and physical release. If the game is one defined by magical curiosity and whispery wonderment, then perhaps the peak is in quiet shared eye contact or a whole-body contraction. If the game has been an exploration of anger, perhaps the peak is in a burst of physical power and release or a pushing out or through.

After the peak, typically developing young children will initiate a short period of conclusion and then withdraw from active interaction; a chill-out self-regulatory moment. But they are always ready for the next round, often literally with the words “again, again!” These moments of chill-out withdrawal are crucial practice-steps in the child’s journey toward self-regulation.

In our play with autistic play partners, it’s essential we get to know and feel the differences between these positive periods of self-regulation and moments in which our “Yes…and” offers have missed the mark. The former are usually short periods of active down-time. Your partner might turn away briefly, break eye-contact, and relax their anticipation. But throughout, there is a sense of healthy connection. Your partner will be immediately back to engage when they are ready. The latter (a moment in need of repair), will probably look more obvious and will lead to a more significant jolt in the interaction. Your partner is likely to disengage for longer, distancing themselves, the mood shifting; they might perhaps move away or engage in something entirely different.

It’s also important we understand that it’s likely our autistic play partner will find it difficult to instigate chill-out moments for themselves. We can model self-regulatory behaviors as part of our play.


Video E.G.21. Using ‘Yes…and’, and Modelling Self-Regulation

[image: Two people kneeling on a carpeted floor in an unfurnished room with a small fireplace. The walls are white, and there is minimal decoration or furniture visible.]In concluding the example from, When a Game Develops 2: “Yes and…”, here we show how we can sensitively encourage and model self-regulation in play… Our partner ‘Yes…and’s by smiling and reaching their palms forward. We ‘Yes…and’ by switching our tentative finger-reach to a tentative high-five. Our partner ‘Yes…and’s, responding with a full-on, energized high-five and shouting “HAH!”. We flow like this, with shared impetus, for a while. The energy builds. To us, it feels like a ‘peak’ moment and we decide to model and support a ‘conclusion’ and on into a period of ‘withdrawal’ and regulatory chill-out (see Fig. 3). After an energetic high-five, we add a downwards acoustic activation contour (“WWWHHHHOOOooooooooo”) and slowly collapse to the floor while encouraging our partner to come with us. They do. We sit for a while and we model careful, longer cycles of breath. Then our partner stands and we start over.
 




Discussion

In this article, we have presented Rhythmic Relating in support of playful interactions between autistic people and non-autistic carers or practitioners. Rhythmic Relating is based on a growing body of literature that recognizes that autistic social difficulties stem from more basic sensory and motor differences. These sensorimotor differences directly affect embodied experience and social timing in communication. The Rhythmic Relating model focuses on bidirectional support for the fundamentals of sensorimotor organization; addressing interactive mismatch and facilitating expressive action, social timing and play. When autistic people and their play partners are experiencing good-enough social timing—experiencing shared moments, flows and feelings—then the dynamics are right for rapport, co-regulation, shared meaning and learning.

Rhythmic Relating aims to give you skills to support your own creativity, insights, and personal sense of fun and humor in play. Please use what works for you, taking the model as a starting point and not a limiting prescription. The model is offered as a foundation for interaction and learning, as a base practice in schools, for Occupational Therapists, Speech Therapists and Physiotherapists, and can also provide a basis for tailoring creative arts therapies when working with autistic clients. To date, two pilot intervention studies have demonstrated significant positive effects on Emotion Regulation measures for young autistic children receiving a combination of Rhythmic Relating and Child-Centered Play Therapy (Daniel et al., 2023; Daniel et al., 2024b). Future work with case study designs and large-scale efficacy studies will support improved understanding of the role of timing and shared social rhythms in autism interaction, while also testing and developing the Rhythmic Relating model across a range of contexts.
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Footnotes

1   The authors note the sensitively evolving nature of the discussion on societal, community, and individual preferences with regards to the choice between person-first and identity-first language when talking about autism. For an overview of this discussion, please see: https://www.nih.gov/about-nih/what-we-do/science-health-public-trust/perspectives/writing-respectfully-person-first-identity-first-language.We note that at all times, individual preferences should be prioritized in direct communication. When writing, it is necessary for authors to choose an option. Currently, many sources of information and opinion are focussing on a very positive community trend opposing deficit or disorder models, and drawing attention to autism as a highly positive factor of identity. For an overview of this position, please see: https://www.autism.org.uk/what-we-do/help-and-support/how-to-talk-about-autism.As such, we will be employing identity-first language throughout this article. We ask for your patience and understanding if this is not your personal preference. Thank you.

2   Social Timing encompasses the processes and information-sharing involved in the meaningful organisation and production of temporally-matched movements and sounds that occur during interaction.

3   The Double Empathy Problem (Milton et al., 2022) and the Interactional Heterogeneity Hypothesis (Georgescu et al., 2020), predict that social timing challenges in autistic/non-autistic pairings are due to interpersonal mismatch, as opposed to impairments isolated in the autistic partner—a prediction supported by evidence that autistic people prefer interactions with other autistic people, finding the quality of interaction considerably easier, from Sasson et al. (2017), Bolis and Schilbach (2018), Morrison et al. (2019), Crompton et al. (2020), Georgescu et al. (2020), and Wilson and Bishop (2021).

4   We encapsulate wellbeing as the movement towards happiness and good-enough self-regulation which, in turn, we define as, the ability to attain and maintain a good-enough state of arousal fit for task/environment/moment. Here we are suggesting co-regulatory play is the primary way human children learn to self-regulate. Through physical touch, voice and early play, typically developing infants and their attachment figures engage in co-regulation. Co-regulation is when one person’s nervous system supports another’s nervous system through vulnerability and back to okayness. During play, typically developing infants regularly push the boundaries of safety—think of the uncertainty inherent in the games “hide-n-seek” and “peek-a-boo.” In these games, the infant and adult travel together, through vulnerability (on the edge of dysregulation) and back down to good-enough regulation. In this way, the infant’s nervous system is trained to down-regulate to healthy working levels (Porges, 2021). Co-regulatory play relies on a degree of togetherness between play partners; good-enough social timing is essential. We also note there are other routes to learning to self-regulate, such as, time with a calming animal, sensitive physical pressure, taught techniques (such as breath work), rhythmical physicality etc. These can also be highly beneficial for autistic individuals.

5   Movement is fundamental to the human mind. Through movement we experience, interact, and learn. Importantly, neurotypical people generate movements expectant of their sensory contingencies, their sensory responses. For example, it is neurotypical to grasp a glass of water expecting that glass to be at the end of a 1-s-long reach, with its familiar tactile sensations and resistances at the fingertips, and weight of the glass as it is picked up to drink. This fundamental prospective sensorimotor organisation is impacted in autism. Evidence demonstrates that movements are organised with a different awareness of their anticipated effects in autism (for an overview, see Torres et al., 2013; Delafield-Butt and Trevarthen, 2017; + click here for a latest exploration of The Movement Perspective online), which challenges expectations and can lead to distress, social timing challenges, and withdrawal (for an overview, see Trevarthen and Delafield-Butt, 2013).

6   Social Motor Synchrony (SMS) challenges have been demonstrated in various studies involving mixed pairings (autistic/non-autistic) as opposed to non-autistic pairings (Fitzpatrick et al., 2016; Kaur et al., 2018; Su et al., 2020; Zampella et al., 2020; for an overview, see Glass and Yuill, 2023; McNaughton and Redcay, 2020). The degree of SMS disruption evidenced in autistic-non-autistic interactions correlates significantly with severity of autism diagnosis (Nebel et al., 2016; Kaur et al., 2018; Su et al., 2020; for an overview, see McNaughton and Redcay, 2020).

7   Synchrony is associated with rapport (Tickle-Degnen and Rosenthal, 1990; Au and Lo, 2020), and is quickly disrupted by its opposite: social anxiety (Asher et al., 2020). Many of the above reported SMS study designs (see footnote 6) did not allow for acclimatization, sensory stability, or relational rapport (for an overview, see Glass and Yuill, 2023). When these factors were facilitated via familiar settings, personalized tasks, and relationship building (ibid.), and in particular, via the Intensive Interaction model (Glass and Yuill, 2024), tentative findings suggest that observed synchrony differences in autistic/non-autistic dyads (as opposed to non-autistic dyads) are minimized. Also, note here, the fact that SMS study designs have consistently failed to include autistic-autistic dyads within their design—and the significance of this fact, given the strong evidence for the Interactional Heterogeneity Hypothesis (see footnote 3).

8   All the examples featured in this paper (video and text) are generic. They are inspired by the themes and content of real play sessions, informed by clinical practice, but are non-specific and non-identifiable to any one person. Both video participants (Lea Zaccari and Stuart Daniel) have given their full permission to appear publicly (on YouTube) and via the platform of this article.

9   A well understood aspect of autism is that eye-contact is difficult for many autistic individuals. It is very important to note that a lack of eye contact does not mean that an autistic person is not listening or paying attention.

10   Di Cesare et al. (2017) have shown that autistic children have difficulties in perceiving vitality-form differences between two contiguous stimuli (smallest change detected at >100 ms apart). This suggests that, “during action observation, children with ASD need greater stimuli variations than TD children to detect their differences in terms of vitality forms” (Di Cesare et al., 2017, p. 8).

11   Simple meter patterns, as opposed to complex ones, have been shown to improve synchronization dynamics (Patel et al., 2005).

12   Here, our concept of rhythm is information-rich with sensory impetus and flow (including temporal accents—e.g., the future-oriented emphasis of an iambic pentameter (for more details please see Daniel et al., 2022), and non-temporal intensity accents—use of changes in volume, pitch, timbre; and acoustic activation contours (all explained later in Skill Level 3). Dry metronomic time keeping is not enough to support the good-enough social timing needed for interactive play. It is the use of information-rich rhythms, as opposed to information-dry metronomic rhythms, that makes the difference between success and failure in synchronization tasks in autism studies (tapping studies, Tryfon et al., 2017; Yoo and Yoon, 2019; + for analysis see Daniel et al., 2022).

13   The authors are aware of the challenges of communicating vitality in autistic-non-autistic interactions. Autistic children, as compared with typically developing (TD) children, demonstrate significant differences in vitality-form expression (Casartelli et al., 2020a) and challenges in recognition of TD vitality-forms (imitation studies, Hobson and Lee, 1999; similarity judgments, Rochat et al., 2013; immediate evaluations, Di Cesare et al., 2017, 2020). Di Cesare et al. (2017) have shown that children with “high functioning” autism have difficulties in perceiving vitality-form differences between two contiguous stimuli (smallest change detected at >100 ms apart). This suggests that, “during action observation, children with ASD need greater stimuli variations than TD children to detect their differences in terms of vitality forms” (Di Cesare et al., 2017, p. 8). And, in a study of visual and auditory expression of vitality, Di Cesare et al. (2017) have concluded, “…it may be plausible that visual information is not sufficient for children with ASD to encode vitality forms correctly and that the use of alternative (additional) perceptual information may help vitality form perception” (p8, italics added). As such, Rhythmic Relating consciously supports understanding of vitality through: clarity and contiguity through isolation of copied movements; exaggerated and diminished copying where appropriate; multi and cross modal vitality matching; and the use of acoustic sensory impetus (through rhythm, accents, and acoustic activation contours) to give extra dimensionality and energy to vitality expressions (for further analysis see Daniel et al., 2022).

14   
https://www.thempra.org.uk/social-pedagogy/key-concepts-in-social-pedagogy/the-common-third/


15   Of course, if we know our partner well, there will be exceptions to this. There will be many circumstances where touch is playful and appropriate and flowing consent is clear. There will be circumstances where very direct language, like “it’s your turn’ will be helpful and dynamic.

16   As we are suggesting practical use of rhythmic experiences, and a reliance on a felt sense of a repetitious behavioural pattern, it is important that we address potential beat-perception in people on the autism spectrum. Across simple and complex meter conditions, pre-SMA, basal ganglia, and cerebellar dysfunction in autism appears to be functionally specific, leaving beat-perception largely intact (Rinehart et al., 2006; Qiu et al., 2010; DePape et al., 2012). The anatomically and functionally specific nature of basal ganglia dysfunction in particular (Rinehart et al., 2006; Qiu et al., 2010) may likely allow for a window of beat-based experience and support (for detailed analysis, see Daniel et al., 2022).

17   No studies have been identified that establish equivalence for individuals with autism. Consequently, we will move forward with the provisional working assumption that the six-second window is suitable for the upper range of a sense of rhythm. In practical terms, it is crucial for the practitioner to maintain their awareness of the ongoing rhythm, making the six-second estimate entirely applicable in this context.

18   Our concepts here, are closely akin to Feldman’s matching synchrony and sequential synchrony (Feldman, 2007a,b).

19   Such “autism motor signatures” can be computationally identified from 2½ years of age (Anzulewicz et al., 2016).

20   Stern (1999) described motor contours in action as, vitality contours. Our concept of activation contours, encompasses this movement concept but also integrates the inclusion of compelling contours of sound.

21   The ASR operates along a pathway leading directly from the cochlea, along cranial (auditory) nerve VIII by way of the lateral leminiscus, to the caudate reticular nucleus. From here, there are descending projections to spinal and limb motor neurons, provoking the “jump” or “blink” effect (Frankland et al., 1997; Osborne, 2009).

22   It is very likely that these sounds are recognized by innate systems early in auditory pathways (Erlich et al., 2013; re: the Inferior Colliculus, Jorris et al., 2004; Sivaramakrishnan et al., 2004; Osborne, 2009). There is clear evidence of these pathways ascending to emotional systems (Heldt and Falls, 2003), as well as a descending, emotional “feedback” pathway from the amygdala (Marsh et al., 2002).

23   Autistic individuals have demonstrated prolonged unmodulated ASR latency as compared with age-matched typically developing controls (though without controls for learning disability) (Ornitz et al., 1993). Understanding the conditions which modulate latency is important for us here as, if we can minimize relative autistic-non-autistic latency difference, we can improve alignment for synchrony. When startle stimuli were presented with pre-stimulation and/or with habituation, latency differences and auditory hypersensitivities (shown via ASR amplitude) became non-significant (Ornitz et al., 1993) Clearly, predictive information - through context and familiarity - matters. In addition, autistic participants were slower to gain the benefits of habituation, needing a longer period before ASR latency effects were minimized, as compared with age-matched typically developing controls (Ornitz et al., 1993). So, repetition and patience matter too.
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Dyadic social interactions evoke complex dynamics between two agents that, while exchanging unequal levels of body autonomy and motor control, may find a fine balance to synergize, take turns, and gradually build social rapport. To study the evolution of such complex interactions, we currently rely exclusively on subjective pencil and paper means. Here, we complement this approach with objective biometrics of socio-motor behaviors conducive to socio-motor agency. Using a common clinical test as the backdrop of our study to probe social interactions between a child and a clinician, we demonstrate new ways to streamline the detection of social readiness potential in both typically developing and autistic children by uncovering a handful of tasks that enable quantification of levels of motor autonomy and levels of motor control. Using these biometrics of autonomy and control, we further highlight differences between males and females and uncover a new data type amenable to generalizing our results to any social setting. The new methods convert continuous dyadic bodily biorhythmic activity into spike trains and demonstrate that in the context of dyadic behavioral analyses, they are well characterized by a continuous Gamma process that can classify individual levels of our thus defined socio-motor agency during a dyadic exchange. Finally, we apply signal detection processing tools in a machine learning approach to show the validity of the streamlined version of the digitized ADOS test. We offer a new framework that combines stochastic analyses, non-linear dynamics, and information theory to streamline and facilitate scaling the screening and tracking of social interactions with applications to autism.
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1 Introduction

All research involving autism is (arguably) fundamentally tied to the Autism Diagnosis Observation Schedule [ADOS, currently in version 2 (Lord et al., 2000; Gotham et al., 2007; Torres et al., 2013a,b)]. Research spanning disparate fields, from genomics to complex social interactions, relies on this test as the gold standard to classify humans across the lifespan as autistic or on the autism spectrum. Although clinically validated, the ADOS-based diagnosis misses females (D'Mello et al., 2022; Lundstrom et al., 2019; Loomes et al., 2017). Moreover, there are not enough raters to absorb the large number of toddlers, children, and adults who, according to various screening tools, are suspected of being autistic today. The test is long and taxing on both the child and the clinician administering it because it has an average of 27 tasks aimed at engaging the child through social presses and expecting overtures from the child.

The ADOS is a dynamic and flexible test in the sense that the clinician can choose the tasks according to observing the flow of the child’s performance. It also adapts the test on demand, choosing the module that best agrees with the child’s communication level. However, the interaction occurs while the clinician also scores the child’s performance. Though valid to probe social competence, many of the tasks artificially rob the child of a chance to be naturally social, as the interaction is also taxing on the clinician and, at times, awkward and seemingly forced. In this sense, several of the tasks might be biased, interfering with the child’s socio-motor agency and robbing the clinician of the spontaneity characteristic of a natural social exchange. In this sense, we need objective ways to help automate the scoring process and to quantify this potential bias that such a taxing effect may produce on both social agents. New digital means could help us achieve such goals of automation and objectivity, but to be valid, they would need to preserve the clinical criteria, which have been empirically validated across decades. In this sense, clinically informed digital biomarkers that unveil physiological underpinnings of social and communication differences across neurodevelopment could be of use to both clinicians and researchers in the field of autism.

Prior work analyzing thousands of ADOS score records found non-obvious issues with the statistical foundations used to validate this test. While there are theoretical requirements of normality and homogeneous variance in the signal detection theory used to validate the ADOS (Somoza and Mossman, 1991; Hollander and Pena, 2004), as these assumptions are required for independence between bias and sensitivity (Torres et al., 2020b), and to decrease false positives, the empirical data across thousands of records violate these assumptions (Torres et al., 2020b). New methods have then been proposed to help reduce the number of tasks (Bokadia et al., 2020), while also utilizing motor signatures to identify females (Torres et al., 2013b, 2016a, 2017; Bokadia et al., 2020). Several studies related to the sense of agency have addressed interactions in the context of human–computer interfaces (Weiss et al., 2014; Cornelio et al., 2022). However, there are no means to define naturalistic socio-motor agency during physical dyadic interactions and to identify agency in tasks that enhance autonomy in autism (Torres et al., 2013c). Furthermore, no means to implement these tasks using artificial intelligence (AI) and machine learning (ML) methods have been proposed. Such approaches would help us speed up, automate, and scale the assessment process, particularly doing so with respect to currently underdiagnosed females (D'Mello et al., 2022). Moreover, the automated approaches could help us bring the diagnosis to rural and underserved areas, thus helping us diversify our research pool and enrich our therapies.

We reasoned in the present study that the digital ADOS (Bokadia et al., 2020), i.e., the ADOS that is digitally recorded while the child and clinician interact, could leverage the validity of this test as the gold standard for clinical and research use while providing a streamlined version of it that could help us (1) identify objective biometrics of socio-motor agency and (2) automate the process of identifying socially compliant tasks [as defined by the ADOS test (Lord et al., 2000; Gotham et al., 2007; Torres et al., 2013a,b)] using methods from artificial intelligence (AI) and machine learning (ML).

While in current diagnostic criteria, socially compliant tasks are defined as those that are expected based on some set of rules imposed by some sector of society, in our approach, socially compliant tasks are those that provide a sense of agency to the child that is being diagnosed during a social interaction situation. More precisely, we here define social agency as the balance between autonomy and control during a social exchange. We define autonomy as the ability of the child to lead the conversation as much as the clinician does, rather than always following the lead of the clinician. We define control as the ability of the child to effectively predict the consequences of impending social actions and overall behaviors, based on high levels of motor control. The latter means high signal-to-noise ratio and low randomness in the information being exchanged. Both concepts are illustrated in Figure 1 through the evolution of a dyadic interaction. We further develop the concept in the Methods section of the article.

[image: Illustration of a child and clinician in a session, with both graphs and color-coded matrices. Part A shows a child facing a clinician. Part B includes line graphs depicting movement data for torsos and wrists. Part C presents histograms of standardized movement metrics. Part D displays a sequence of colored matrices, highlighting specific moments over time, with one marked by a red star.]

FIGURE 1
 Digitally characterizing socio-motor synergies, rapport, and turn-taking during an ADOS-based social interaction is used here to develop the concept of socio-motor agency through the digital lens. (A) Snapshots of the interaction between a child and clinician wearing six biosensors, three on each body, synchronously registering motion at 128 Hz. Clinician-led interaction and note-taking while rating the interaction. (B) Sample standardized micro-movement spikes (MMS) derived from angular speed capturing approximately 11.7 s of social exchange. (C) Frequency histograms of the MMS peaks (one frame) from each sensor on the child and clinician. (D) Pairwise comparison of the histogram evolution using the Earth Movers’ distance similarity metric. Entries reflect the 6 × 6 matrix (child and clinician, three sensors at the torso, right and left wrist of each) as in (A). Off-diagonal entries are the shared dyadic space, while entries next to the diagonal are the child’s or clinician’s activities in standalone mode. Blue-to-yellow color EMD scale ranks from most to least similar spike coincidence patterns. Star marks the maximal similarity.


Socio-motor agency can be impeded if neurodevelopment undergoes a different maturation path (Torres et al., 2013a, 2023; Brincker and Torres, 2013). If the child, for example, has excessive motor noise and motor randomness in its performance, the predictive ability required for self-motor control will be compromised (Torres et al., 2013a), and with it, the overall control ability will be altered. This alteration will also in turn affect the clinician’s perception of the child’s nuanced micro-motions underlying social behaviors, thus biasing the assessment (Torres et al., 2013a; Bokadia et al., 2020; Brincker and Torres, 2013). Indeed, in autism, there is mounting evidence that motor control is fundamentally different from neurotypical development (Torres and Donnellan, 2015; Torres and Whyatt, 2018; Nayate et al., 2005; Fournier et al., 2010), a fact that has been supported across multiple systems. These include the brainstem (Torres et al., 2023), the cerebellum (Frosch et al., 2022; Allen et al., 2004; Sivalingam and Pandian, 2024; D'Mello and Stoodley, 2015), subcortical structures (Chukoskie et al., 2013), the oculomotor system (Ziv et al., 2024), the reaching and grasping system (Torres et al., 2013a), the gait and balance (Vilensky et al., 1981; Accardo and Barrow, 2015; Wu et al., 2024; Hallett et al., 1993; Bermperidis et al., 2021), among others.

Under such circumstances, socio-motor agency can be impeded, as can be the rating of the child by the clinician. Therefore, we propose that the tasks that manifest excess random noise of the joint dyadic motor patterns (lower control of the dyad) and/or excess lead of the clinician within the dyad (lower autonomy of the child) are inevitably bound to bias the clinician’s scoring toward a deficit model of autism. In contrast, the tasks that manifest high dyadic control and autonomy of the child are bound to boost social agency, according to our biometric definition. These tasks can provide a more appropriate model of readiness potential for social exchange.

The current ADOS is a criterion test that has not characterized neurotypical ranges of observed social behaviors. Furthermore, since motor control physiology is not part of the diagnostic criteria of autism, the test says nothing about neuromotor development. However, the physiology of neuromotor development in formative years provides basic building blocks of social–emotional and communication exchange. Here, we characterize normative data on physiological aspects of motor control. To that end, we study the ADOS exchange patterns in neurotypicals of different ages and provide a new characterization of differences in neuromotor development specific to the social communication criteria that the ADOS offers. The new proposed model can also increase the odds of doing such characterization in a fairer, less biased manner. In this sense, the child is offered a chance to succeed at the exchange. In turn, the clinician can presume competence and identify areas of strength to recommend treatments more appropriately. Such treatments would be grounded on the non-obvious, nuanced aspects of behaviors occurring at a micro-level that escape the naked eye of an observer, in addition to the unambiguous aspects of behavior that such inventories use today. These nuances can be quantifiable with biosensors that read out continuous biorhythmic activities from the nervous system with sub-second resolution. At the same time, they would be informed and guided by clinical criteria.

We here introduce a theoretical framework grounded on empirically derived power (scaling) laws of human ontogenetically orderly maturation on a schedule (Torres et al., 2013a). This framework connects stochastic analysis of human biorhythmic (time series) data with information-theoretical metrics. We define new truly personalized computational indexes of dyadic control, autonomy, and socio-motor agency from biosensors’ digital data using as guidance the digitized ADOS-2. Then, we identify socially compliant tasks, i.e., ADOS-2 tasks with balanced socio-motor agency, thus streamlining the digital ADOS-2. Finally, we propose new ways to help automate and speed up autism screening and detection based on these socially appropriate tasks identified from the motor variability of the interactive dyad, complementing those from the child’s or the clinician’s performance alone.



2 Methods and analyses


2.1 Participants

This study was approved by the Rutgers University Institutional Review Board in compliance with the Helsinki Act. A total of 29 children, including 19 males and 10 females spanning 4–15 years of age, and two adult clinicians participated in the study (see Table 1). Children participated in multiple sessions over the span of 2½ years with one clinician per session and were administered a specific module per session, i.e., a specific subset of ADOS tasks, in accordance with their age, level of development, and spoken language. They were recruited as a random draw of the population, with neurotypicals and autistics signing up for the study through our IRB-approved flyers.



TABLE 1 Participants’ information.
[image: A table displaying data of participants, including columns for record number, participant ID, age, sex, and total scores across four visits. Some scores are absent or marked with an asterisk, indicating data issues or absent information. "NT" indicates neurotypical participants, and "EP" represents expected ASD participants confirmed by clinicians. A footnote explains the asterisk notation.]



2.2 Raw data acquisition

Digital data were acquired during each session using light wearable sensors (APDM Opals, Portland, OR, United States). Six sensors were used, two on the left and right wrist and one on the torso, both on the child and clinician. The sensors continuously and synchronously recorded triaxial accelerometry and gyroscopic data at a sampling frequency of 128 Hz. The recording environment followed the standardized ADOS requirements using similar table and sitting arrangements for the clinician–child dyad. The two clinicians were unaware of the goals of the study.



2.3 Data type: the micro-movement spikes derivation

The micro-movement spikes (MMS) are a data type that we invented (Torres et al., 2013a) to create a standardized time series representing the moment-to-moment fluctuations in signal amplitude and timing relative to an empirically estimated mean while scaling out allometric effects. Allometric effects are due to anatomical disparities across participants (Lleonart et al., 2000). Anatomical disparities influence the kinematic parameters, and as such, confound the results from the analyses (Torres et al., 2018). The MMS can be obtained from any biorhythmic activity registered with biosensors or cameras, consisting of peaks and valleys changing over time. For example, they can be time series of triaxial acceleration from accelerometers (inertial measurement units) or from triaxial angular velocity obtained with gyroscopes. In the present study, we focus on the latter. Scalar values of angular speed from orientation data that the gyroscopes recorded were acquired using the Euclidean norm (Equation 1) of the coordinate components of motion as measured by the sensors:

[image: Equation for vector magnitude: V equals the square root of V subscript x squared plus V subscript y squared plus V subscript z squared.]

From here onward, all analyses refer to the scalar value V, the angular speed in deg/s.

To scale out allometric effects, we normalize motion data fluctuations (peaks and valleys) (using Equation 2) as relative deviations from the empirically estimated mean activity of the series. To that end, we use maximum likelihood estimation (MLE), and upon testing various families, we obtained the shape and scale parameters of the continuous Gamma family of probability distribution functions. From these empirically estimated parameters, we obtain the moments and use the Gamma mean to shift and center our data around the estimated mean. Then, we obtain the local absolute deviations from the empirically estimated Gamma mean. We scale the mean-relative deviations to the [0,1] interval according to the local minima average:

[image: NormPeak is calculated as Peak divided by the sum of Peak and Avg subscript min to min, as shown in equation two.]

Here, 0 values represent 0-deviations from the empirical mean of the session. They are “quiet moments” relative to the person’s mean. They are the baseline value of the individual and provide a personalized signature that changes over time or with the context. For this reason, we focus on the relative deviations from this individual’s baseline. Values away from 0 value represent activity above the person’s baseline mean within the given situation. The normalized peak series of MMS (Torres et al., 2013a; Wu et al., 2018) conserve the temporal structure of the original speed/acceleration time series but are normalized (Torres et al., 2018). This normalization provides standard ranges for each person and permits comparison of motor biorhythmic patterns across individuals, independent of their age differences and corresponding disparate anatomical lengths. Supplementary Figure S1 provides the pipeline to compute the MMS.



2.4 The gamma process of the MMS

The normalized angular speed MMS is best fit (in the MLE sense) by the continuous Gamma family of probability distributions (Torres et al., 2013a; Torres, 2011a). Furthermore, the parameters of the Gamma distribution, shape k, and scale θ have been found across multiple studies from our laboratory, including the present one (see Results), to follow a scaling power law of the form described in Equation 3:

[image: Equation showing a mathematical relationship: \( k \approx a\theta^b \) implies \( \log(k) = a + b\log(\theta) + \varepsilon \). Labeled as equation (3).]

where ε is a small error term and b < 0. This power law for the standardized MMS time series reveals a maturation process of the motor code for voluntary (Torres et al., 2013a, 2016a) and involuntary (Torres et al., 2020a) motions. This law is very important because it provides us with a quantitative framework to interpret fluctuations in biorhythmic data that range from random to predictive. Furthermore, they offer a form of ground truth to quantify deviations across the human lifespan. Because of this tight linear relation of the log scale and log shape, knowing one helps us infer the other with high certainty.

Importantly, the continuous Gamma family of probability distributions has the first (mean) and second (variance) moments expressed in terms of the shape and scale described by Equation 4).

[image: Formula showing mean and variance: mu equals k times theta, and sigma squared equals k times theta squared, labeled as equation 4.]

Then, using Equation 4, the noise-to-signal ratio (NSR) of the MMS reduces to the Gamma scale parameter as in Equation 5:

[image: Equation showing NSR equals sigma squared over mu, equals k theta squared over k theta, equals theta. Labeled as equation 5.]

The Gamma scale parameter in Equation 5 fully characterizes the noise of the motor patterns of the interactive dyad (or of the participant), i.e., in relation to the level of fluctuations of angular speed during the ADOS activities.

Empirical estimation of these parameters in thousands of participants over more than a decade of work involving humans along the lifespan, and across disorders of the nervous system, has revealed an interpretation for the Gamma log–log parameter plane. Distributions that fall along high NSR regimes are also close to the memoryless random regime of the special exponential distribution case (when k = 1). Points in mid-NSR correspond to heavy-tailed Gamma distributions. Then, low NSR (or high signal = 1/NSR) are congruent with symmetric shapes (Gaussian-like) distributions. High-signal Gaussian regimens are highly predictable in contrast to high-noise memoryless random exponential regimes. As such, this parameter plane is empirically interpretable. Supplementary Figure S2 shows the Gamma process interpretable parameter spaces.



2.5 Quantifying motor control from the perspective of an agent

Noise-to-signal ratio measures the degree of motion variability away from mean activity. Low regimes of NSR characterize steady and smooth motion, akin to goal-oriented behavior, as experienced from the perspective of the agent/child. On the other hand, high NSR regimes indicate unpredictable and random motion. This is so because of the scaling power law, since knowing one parameter infers the other. At high NSR, the tendency of the distributions is toward the memoryless exponential, representing randomness. In that sense, the high NSR is a proxy for low motor control. In contrast, high signal (or low NSR) infers the existence of predictable motor patterns toward the Gaussian regimes of the Gamma process. Because the NSR is calculated on the standardized MMS, motor noise does not depend on the anatomy of the individual as it is scaled by the mean amplitude of motion. This enables us to plot all participants across different ages on the same parameter space.



2.6 An information theoretic approach to the analyses of the MMS

The presence of MMS peaks indicates an outburst of activity away from the individual’s baseline. This is informative of motor activity within a given context, which in this case was maintained similarly across participants, as per ADOS requirements. When we also consider the temporal distribution of MMS peaks, a train of such spikes can be viewed as a representation of information regarding human motion variability through time. Considering multiple sensors sampling in synchrony, the MMS spikes carry spatiotemporal information about the bursts of distributed bodily activity in the person’s motor system.

Following our argument, we redefine socio-motor agency as the balance between motor control and motor autonomy, using these physiologically grounded biosensor data. Signal-to-noise ratio characterizes the ability of an agent to (internally) control their own motor behavior. Entropy rate characterizes the ability of the agent to motorically act autonomously (while minimizing external control by another agent) in a social interaction.

Finally, using transfer entropy, we can quantify the amount of causal influence from the clinician to the child and vice versa, without the need to use any model or make any other assumptions. Figure 2 depicts these proposed concepts in schematic form.

[image: Dyadic interaction between a clinician and a child is depicted, part of the Autism Diagnostic Observation Schedule. Data from sensors shows speed as a normalized graph. Binary sequences represent 0's and 1's as an alphabet. Entropy rate measures unpredictability over time. Random sequences indicate high autonomy with high entropy, appearing uncontrolled to the clinician. Predictable sequences demonstrate low autonomy with low entropy, easily predicted and controlled. Socio-motor agency balances control and autonomy.]

FIGURE 2
 Digitization of the Autism Diagnostic Observation Schedule (ADOS): Angular speed samples (128 Hz) from wearable sensors on the wrists and torso of the child and clinician are normalized and binarized to obtain discrete sequences of 0’s and 1’s. Entropy rate estimates measure the unpredictability of the underlying binary processes to characterize the agents’ autonomy in the dyadic social interaction. The analysis is performed on data from time windows of ~7.8 s, which proved optimal to attain tight 95% confidence intervals.


The main concepts and formulas that we introduced to characterize control and autonomy can be summarized in Table 2, and we refer the reader to the Supplementary material where we further expand on these concepts and define the clinically relevant parameters as well.



TABLE 2 Glossary of main concepts, formulas, and their respective domains.
[image: Table displaying different concepts related to signal processing, including control, entropy, autonomy, socio-motor agency, and transfer entropy. Each concept has a corresponding equation and range. Novel definitions such as the noise-to-signal ratio and entropy rate of micro-movement sequences are highlighted in bold within the table.]

For more in-depth details on information theoretical concepts, formulations, and models that were used in this study, please consult Chapter 1 of the Supplementary material.




3 Results and discussion


3.1 Age-dependent dyadic motor control separates neurotypical (NT) from children with autism spectrum disorders (ASD)

The empirically estimated Gamma parameters localized each child–clinician’s dyadic interaction for each task on the Gamma parameter plane with 95% confidence intervals (Figure 3A). These points represent the empirical probability density function (PDF) of their joint dyadic interaction. When we plot the full scatter estimated from each task in the ADOS for all children, a tight linear relation emerged whereby the log–log plot follows a scaling power law of the form [image: The image shows the mathematical expression: \( k \equiv a \theta^b \).]. [see Methods for a more in-depth analysis of the power law and the micro-movement spikes (MMS) time series transformation].

[image: Four-panel figure. Panel A: Scatter plot with log-scale versus log-shape data, differentiated by gender and condition. Panel B: Line plot showing control log-SNR versus age with data points, fit line, and confidence bounds. Panel C: 3D plot of skewness, variance, and mean, with data points color-coded by group. Panel D: Four heatmaps displaying correlation matrices for different groups with a color scale from zero to 0.04.]

FIGURE 3
 Summary of stochastic characterization of micro-movement spikes, MMS, derived from ADOS-driven dyadic interactions, using angular speed registered from the right (dominant) wrist. Activity encompasses the entire ADOS session. Filled markers represent first visits to the clinician; unfilled markers are subsequent visits. (A) Empirically estimated Gamma Shape and Scale (NSR) for each participant using Modules 1, 3, and 4 of the ADOS test as a backdrop behavioral assay. The size of the marker is proportional to the age of the participants. Empirical Gamma plane of individual children and clinicians separating young from older children and adults in an interpretable map of human neuromotor maturation. (B) Child’s negative Gamma scale parameter (−log NSR = log SNR) denotes control as a function of age. Observe (cyan line) that after school age, there is a decreasing trend of SNR with age for ASD in contrast to the opposite trend for NT (green line). (C) Parameter space spanned by the empirically estimated Gamma mean (x-axis), standard deviation (y-axis), and skewness (z-axis) derived in (A). Marker size is proportional to age. (D) Quantification of transfer entropy for social dyads involving clinician and child obtained for males and females in the NT and the ASD groups, using six sensors, three on the clinician and three on the child, outputting time series of angular speed motion on the left and right wrists and the trunk of each social agent in the dyad. Off-diagonal entries represent joint dyadic activities.


This relationship, first described as a maturation law in humans’ voluntary decision-making, mediated by pointing motions (Torres et al., 2013a), is reproduced here for gyroscopic data reflecting joint dyadic angular speed, such that as the Gamma scale value decreases, the Gamma shape value increases. Because knowing one, we can predict the other with high certainty, we can then reduce these two parameters of interest to one parameter summarizing these motor signatures of the interacting dyad. We can also do so for each individual signature, i.e., those of the child and those of the clinician in standalone mode.

Importantly, the continuous Gamma family of probability distributions has the first (mean) and second (variance) moments expressed in terms of the shape and scale as in Equations 4, 5:

The Gamma scale parameter in Equation 5 fully characterizes the noise of the biorhythmic motor patterns of the interactive dyad, i.e., in relation to their joint level of fluctuations of angular speed during the ADOS activities.

Prior research from our lab concerning autonomic (Elsayed and Torres, 2023), involuntary (Torres and Denisova, 2016), automatic (Bermperidis et al., 2021), and voluntary movements (Torres et al., 2013a; Wu et al., 2018) and research from other labs involving the oculomotor systems (Ziv et al., 2024) has consistently shown across levels of functionalities and systems that high noise levels and randomness correlate with levels of autism severity. Specifically, high-signal Gaussian regimens are highly predictable in contrast to high-noise memoryless random Exponential regimes.

The Gamma parameter plane, which is empirically interpretable, provides criteria for the locations of the Gamma distribution shape and scale parameters. They characterize the signatures of individual participants and change in an ontogenetically orderly manner whereby a decrease in the NSR is accompanied by a decrease in randomness (away from the memoryless exponential distribution at shape = 1), and this decrease, in turn, corresponds to human neurodevelopmental maturation.

The stunting of maturation of the human nervous system has then been well characterized by high NSR and random fluctuations previously found across different ages in ASD (Torres et al., 2013a). In this sense, we equate high SNR = 1/NSR with an index of controllability. As per the scaling power law, high SNR of the MMS is equated with high predictability of the person’s self-referenced, self-generated motor code. Our lab has proposed that this motor code represents a proxy of kinesthetic reafference, i.e., the continuous stream of re-entrant motor activity from the periphery, serving as an index reflecting the quality of the motor feedback to the central controller of the nervous system (Torres et al., 2013a; Brincker and Torres, 2013).

Then, as this motor code is shared with another agent during social dyadic interactions, the distributions of the joint dyadic interactions of the participant and the clinician for the 26 participants (11 neurotypically developing NT and 15 ASD) can be appreciated in Figure 3A following a power law. These distributions are derived from the MMS that fluctuations in angular speed produced in the dominant hand (see Methods; Figure 2).

Furthermore, Figure 3B shows that the log (SNR) = −log(NSR) (denoted as the index of control) of the interacting socio-motor dyad has an age-dependent pattern. In NT children, as the age increases, control tends to slightly increase, i.e., a slight positive trend is reflected in the slope of the line fitting the (blue NT scatter), NT: intercept = 3.0271 p = 0.0067, slope = 0.0786, p = 0.362. In contrast, as ASD children age, control tends to decrease, i.e., a strong negative trend is quantified in the slope of the line best fitting the red ASD scatter: intercept = 5.5317, p = 5.65 × 10−12, slope = −0.1074, p = 0.0463.

In Figure 3C, we compare the two groups by localizing each participant on the Gamma moments space spanned by the empirical mean, variance, and skewness, whereby each point represents the empirically estimated moments of the Gamma PDF of joint dyadic activity for each child–clinician pair. This result demonstrates a tendency of the joint dyad moments to separate NTs from ASD participants, as they interact with an adult clinician, expressing marked differences between males and females.

To better appreciate the sex differences, we obtain pairwise the transfer entropy (TE) from child to clinician and from clinician to child. See Methods for an extended definition, but recall that TE is the reduction in uncertainty of predicting the future of X when we consider the process Y. In Figure 3D, we can see for each matrix the pattern that emerges when considering the time series data from each of the six sensors attached to the child’s and clinician’s two hands and trunk. The cross terms in the off-diagonal entries of the matrix (top right-hand entries 1,4 to 1,6; 2,4 to 2,6; 3,4 to 3,6; and bottom left-hand entries 4,1 to 6,1; 4,2 to 6,2; and 4,3 to 6,3) represent the dyadic cases of child to clinician and clinician to child, respectively. In the shared entries of the matrix, we see that in ASD, males show a decrease in TE values while females show an increase. In the context of the ADOS, females evoke a reduction in the clinician’s uncertainty predicting the impending females’ motions, i.e., perhaps an inherent bias that partly accounts for the disparate ratio of approximately 4–5 males per female diagnosed with ASD (D'Mello et al., 2022). We will further explore these differences to try and understand the interplay between the NSR as an index of motor controllability (predictability) and the overall sense of socio-motor agency in each of the ADOS tasks, for males and females.

In the diagonal sub-matrices (top left-hand entries 1,1 to 1,3; 2,1 to 2,3; 3,1 to 3,3; and bottom right-hand entries 4,4 to 4,6; 5,4 to 5,6; and 6,4 to 6,6), we represent the patterns within the individual’s body parts. There we appreciate higher values of TE from child to child in both ASD males and females, with ASD females having higher TE than ASD males. As with the shared dyadic activity, here in the individual patterns, the highest differences for clinician to clinician can be appreciated in the ASD females.



3.2 Quantifying dyadic social agency reveals differences between NT and ASD

High levels of NSR in the MMS fluctuations from the angular speed coincide with memoryless random regimes of motor patterns—well characterized by the exponential distribution previously found in autistic individuals (Torres et al., 2013a; Torres, 2011b). It has been proposed that under such random and noisy motor code, it is difficult to have high-quality motor feedback contributing to a predictive code. Such predictive code would be necessary to compensate for sensory-motor and inertial time delays inherent in the nervous system (Torres et al., 2013a; Brincker and Torres, 2013, 2018; Torres, 2011b; Mohamed Thangal and Donelan, 2020).

In a dynamic dyadic social interaction such as that taking place during the ADOS, it is then difficult to exert control over the interaction because presses by the clinician and overtures by the child are not occurring at the expected timely rates. This temporal mismatch in autism alone can bias the rating by the clinician in ways that differ between NT and ASD but also may differ between males and females. Here, we equate high NSR with low predictive control and posit that the type of socio-motor agency required in a naturalistic social interaction will be impacted by poor controllability levels on one side of the dyad. We then question whether dyadic-based control (i.e., shared by the child and clinician) is differentially impacted in ASD participants.

Another aspect of dyadic social agency is motor autonomy. As mentioned earlier, motor autonomy is defined here as the ability of the child to lead the conversation as much as the clinician does, rather than always follow the lead of the clinician. An obvious way to quantify the degree to which the clinician is leading the exchange would be by using some form of causal analysis between data recorded on the clinician and data recorded on the child. As our main approach, however, we choose to quantify autonomy in ways that depend on data recorded from wearable sensors on a single agent which as we will show, is intuitive and can be applied in a clinical setting, to help digitize the ADOS.

We introduce (behavioral) spike trains from the MMS derived from the time series of angular speed. We use entropy metrics to examine the degree to which the spikes behave randomly or deterministically (i.e., containing periodic, systematic patterns). To that end, we use entropy rate, a metric well suited to interrogate the stochastic regimes of spike trains (Delgado-Bonal and Marshak, 2019; Lizier, 2014).

From the MMS derived from time series of angular speed, recorded either from the left or the right hand of the child, we derive binary sequences whereby a sequence of 1’s corresponds to bouts of activity and 0’s to “quiet” sampling periods, when no significant change above the person’s average activity occurs in the angular speed profile. Another way to view these binary sequences is as the manifestation of an underlying “alphabet” that characterizes the predictability of the motor code. Zeros and ones will appear with some probability, which we expect to change at some time scale due to the non-stationary nature of human motion. But if we restrict ourselves to small time windows (~7.8 s, determined as optimal for empirically estimated confidence intervals, upon sampling different sizes), this time window is small enough that the process can be viewed as stationary yet large enough to contain a satisfactory number of samples, lending statistical power to our empirical estimation per window. As such, 7.8 s is our unit of time for the spike trains that we derived. Using this MMS per unit of time as our data type, we can then measure the degree of randomness of the child’s motions by estimating the entropy rate (see Methods). Furthermore, we then compare it to transfer entropy (TE) obtained from the child and clinician, a causal metric that can inform us of who leads the interaction for any given task.

We argue that a suitable scale of motor autonomy is one in which, at one extreme, a high degree of randomness is a measure of a system at its highest degree of motor autonomy. This is the type of state where the system is uncontrollably “hidden” from the controller. There is no opportunity to control the person. At the other end, the lowest degree of randomness leads to a systematic, deterministic pattern, highly controllable. While in the former, the child’s system with excessive autonomy prevents social exchange with the clinician in that the clinician cannot control the child, in the latter, the clinician can absolutely control the child. Either extreme is detrimental to the development of rapport or turn-taking in a social exchange. A happy medium is one in which, while the child preserves a degree of autonomy that enables a balanced social exchange, the clinician also partakes in a give-and-take interaction rather than leading the child most of the time.

We test our new hypothesis that motor autonomy relates to measures of entropy by comparing TE (a measure of causality) from the child to the clinician with entropy rate, a measure spanning a scale from totally random to totally deterministic states of the spike-based code. We show in Figure 4A an age-dependent trend spanning two scatters. In older neurotypical children, the scatter aligns such that as the child’s entropy rate (denoting our scale of motor autonomy) increases, so does the TE, denoting a causal lead of the child over the clinician. In contrast, a second scatter emerges for younger children, whereby the trend is less visible, indicating that these children’s index of motor autonomy is not as evident during the exchange and the causal lead (TE), denoting the child’s lead over the clinician’s lead, is less evident. We can appreciate the shift in this metric of motor autonomy in Figure 4B, where the histogram of the ASD children is shifted to the left, indicating lower density values than NT children.

[image: Scatter plots and histograms illustrating relationships between autonomy and two variables (TE GL LH-to-CH LH and TE GL RH-to-CH LH). Charts are labeled A through D. Plot A shows blue and red markers, indicating differences between groups (F NT, M NT, F ASD, M ASD). Histogram B compares the distribution of autonomy for NT and ASD groups. Plot C is similar to A with a different TE variable, while Histogram D shows autonomy variability. The legend explains marker colors and shapes.]

FIGURE 4
 Scales of socio-motor agency according to index of autonomy. (A) Average transfer entropies between child and clinician taken over windows of ~7.8-s duration, per participant (filled-in markers are first visit to the clinician, unfilled markers are subsequent visits) versus autonomy (Ap Ent) reveal higher autonomy index in NT, a trend that is also quantified in (B). As the child’s autonomy decreases, the CL to CH TE (measured in left hand) increases. Adding the CL past activity does not contribute more information about the CH state than looking at the CH past activity alone. (C) This is also the case for the right hand. (D) Autonomy variability (variance over the mean) throughout a session is higher for the ASD group, including both the child and the clinician involved.


Since the left hand is not the dominant hand in these children, we plotted the histograms pertaining to the left hand as well (Figure 4A, left hand and Figure 4C, right hand) to see if these effects consistently emerged. We see in Figure 4B that across multiple time windows, the pdf for the neurotypical group is shifted to the right, meaning that on average, NTs have higher values of autonomy than ASDs. Since autonomy also varies throughout sessions, plotting the autonomy variability (variance of this index over the mean of this index) for different participants in Figure 4D shows that for the ASD group, child and clinician variability is higher than most NTs. This variability index tends to separate ASD from NT participants, particularly for later visits (as the child aged, over 2 years and a half that the study spanned).



3.3 Age-dependent motor autonomy across children versus clinician’s motor autonomy robustness

As we saw earlier, the SNR (1/NSR) of the control index has a trend with age that differs between the two groups. NT children show increasing control with age, whereas ASD children show a decreasing trend. Similarly, here we ask if the index of motor autonomy also changes with age. To that end, we examine this index as a function of age across the children. We also examine it for the mature adult clinician across the children’s ages.

We find that the child’s index of autonomy for both NT and ASD increases with age in all cases (Figure 5A). This result reveals that the ability of the ASD child to actively participate in a dyadic interaction is a human socio-motor developmental trait that improves with age. In contrast, Figure 5B shows that the clinician’s autonomy is independent of the child’s age. In this case, the adult clinician shows no discernable trend.

[image: Scatter plots labeled A to F show relationships between various variables such as age, autonomy, and control in left and right hemispheres, differentiated by color-coded groups: blue circles for females, red circles for males, blue diamonds for female ASD, and red diamonds for male ASD. Each plot compares different variables related to autonomy and control with axes indicating measures like age and autonomy CH (LH and RH).]

FIGURE 5
 Non-equivalence of the index of motor autonomy and the index of motor control. Plots reflect the average child and clinician index of motor autonomy for left-hand motions versus age as well as right-versus left-hand index of motor autonomy, index of motor autonomy variability, and index of motor control. (A) Child index of motor autonomy is positively and linearly correlated with age. (B) There is no trend between the clinician index of motor autonomy across children’s ages. (C) Equivalence of index of motor autonomy derived from the left hand versus the right-hand motions. (D) Index of motor autonomy variability also correlates between the two hands and separates NT (blue) versus ASD (red). (E) No definite relationship between index of motor control and index of motor autonomy is observed; however, for small values of motor control index there seems to be a positive trend with autonomy, which then becomes negative for high values of motor control. (F) Left-hand motions have higher variability in the index of motor control than do right-hand motions. Notice the independence from (C), representing autonomy.




3.4 Indexes of autonomy and control are not equivalent

The child’s index of motor autonomy and the variability of this index extracted from the sensors in both hands are linearly correlated (Figure 5C). In the case of the index of motor control, however, there is higher variability of the mean motor autonomy index across subjects when we use data from the left-hand sensor (as shown in Figure 5D, where separation of the NT from ASD is evident). For this reason, we focused our analysis on the non-dominant, left-hand motions. Furthermore, the index of motor autonomy derived from the left-hand motions as well as its index of motor control are positively correlated for small values of motor control index but negatively correlated for higher values. This is shown in Figure 5E. In other words, autonomy and control are not equivalent metrics. This can be further appreciated in Figure 5D (motor autonomy variability) versus Figure 5F (index of motor control).



3.5 Male versus females respond differently to ADOS tasks—the case of ASD females

In addition to the quantification of indexes of motor control and motor autonomy as components of socio-motor agency, we rendered it important to consider the heterogeneity of tasks in the ADOS’ modules 1, 3, and 4 used here across children with different levels of spoken language. We grouped tasks into three main categories: Socio-Motor, requiring high motoric components (frequent movements and gestures); Abstract, tasks more “mental” in nature, requiring abstraction, theory of mind, and other cognitive components; Emotional, tasks that elicit feelings and emotional reactions, strongly visibly impacting the child’s emotional states.

We calculated the average indexes of motor autonomy and motor control across all participants, derived from samples corresponding to the different ADOS tasks. Then, we assessed potential differences between ASD and NT participants, focusing on the comparison of males versus females. We found that ASD males respond with lower index of motor autonomy than do NT males. In contrast, ASD females versus NT females, manifest very modest differences, inclusive of three tasks with no significant differences [Social Difficulties and Annoyance, Loneliness (both Emotional type tasks), and Construction Task (Socio-motor type task)].

It is therefore clear that ADOS tasks inherently bear a lack of differentiation between NT and ASD females, unlike their male counterparts, for which the differences are large. This can be appreciated in Figures 6A,B (females) and Figures 6C,D (males), where we color code the task type and code it numerically according to the name of the task (the Methods section describes the ADOS tasks included from each module). Modest differences were observed between females.

[image: Four scatter plots labeled A, B, C, and D represent autonomy versus control for different groups: F NT, F ASD, M NT, and M ASD. Each plot has numbers corresponding to activity types listed on the right. Activities are categorized and color-coded: developmental tasks (red), social interactions (green), and personal tasks (blue), among others. The x-axis is labeled "CONTROL" and the y-axis "AUTONOMY." The list includes activities like "Free Play," "Responsive Social Smile," and "Daily Living."]

FIGURE 6
 Differences between males and females in average index of autonomy versus control. Filled circles code non-significant differences at the 0.05 level, while non-filled circles denote significant differences between NT and ASD participants. (A) NT females. (B) ASD females. (C) NT males. (D) ASD males.


Notice that despite the non-significance in differences of emotional and socio-motor tasks, emotional tasks have broader spread in ASD females along the index of motor control than do NT females. In contrast, the index of motor autonomy has comparable spread for both. As socio-motor agency is defined as the ratio of index of motor autonomy/index of motor control, this implies that across these ADOS emotional tasks, NT females have more socio-motor agency than ASD females. In contrast to females, a statistically significant difference between the two male groups was observed for all tasks (according to non-parametric Kruskal–Wallis and t-test). ASD males shift significantly to lower values of the index of motor autonomy across all tasks, but visibly socio-motor tasks are deeply affected.



3.6 Motor controllability of an agent in a dyadic social interaction is inversely proportional to motor autonomy: leveraging socio-motor agency to protect the agent

In the Methods section, we defined what transfer entropy [image: The formula depicts \( T_{Y \rightarrow X}(k, l) \), indicating a transfer function or relationship from Y to X, parameterized by variables k and l.] between two processes X and Y is:

[image: Formula showing \( T_{Y \rightarrow X}(k, l) = E \left[ t_{Y \rightarrow X}(n+1, k, l) \right] \), labeled as equation (6).]

[image: Equation representing mutual information: \( t_{Y \rightarrow X}(n+1, k, l) = i \left(y_n^{(l)}; x_{n+1} \mid x_n^{(k)}\right) \).]

Equivalently, TE can be seen as the difference between the conditional entropy rate (which is equal to entropy rate for stationary processes) [image: Mathematical notation showing the symbol "h" with a subscript "X".] of process X and the generalized entropy rate [image: Mathematical notation showing "h" subscripted with "X, Y".] of X conditioning on the source Y (Prokopenko et al., 2013):

[image: Equation showing the transfer entropy \( T_{Y \to X}(k, l) = h_X - h_{X,Y} \) with equation number seven.]

With:

[image: Equation for entropy \( H_X \) is displayed as the negative sum of the probability \( p(x_{n+1}, x_n^{(k)}) \) times the logarithm of the probability \( p(x_{n+1} | x_n^k) \), with an equation number (8).]

[image: Conditional entropy formula: \( H_{X,Y} = -\sum p(x_{n+1}, x_n^{(k)}, y_n^{(l)}) \log p(x_{n+1} | x_n, y_n^{(l)}) \). Equation number (9) is shown on the right.]

The generalized entropy rate measures the uncertainty in predicting the future values of X, given its history and the past values of Y. Transfer entropy is the reduction in uncertainty of predicting the future of X when we consider the process Y. If we call [image: Mathematical expression showing \( h_{Y, X} \), indicating a function or relationship between variables Y and X.] uncertainty, then [image: The text shows the mathematical notation "h" with the subscript "Y".] is what we already defined as motor autonomy and [image: The mathematical expression "T sub X right arrow Y" is shown with subscripts and an arrow indicating transformation from X to Y.] is the transfer entropy.

We chose embedded history of length 20 for TE and for the entropy rate of our processes, we used a template (embedding) length equal to the average distance between two spikes to ensure that in the reconstructed space, the coordinates of a point in time include both zeros (“quiet moments”) and activity spikes and that the system does not bounce back and forth from a single coordinate of zero components. The embedding delay was chosen using average mutual information.

If we plot the child or clinician autonomy with respect to the log(NSR) and the spike rate, we see in Figure 7 that the relationship between entropy rate, noise, and spike rate is rather complex. It also differs between NT and ASD; more data are needed to get a clear picture, but we can see that there is a small positive trend with respect to noise and spike rate. Nonetheless, this shows that the processes cannot be treated as an independent and identically distributed i.i.d. random process.

[image: 3D scatter plots labeled A and B. Plot A shows data points for Process Entropy ASD, Process Entropy NT, Continuous ASD, Continuous NT, Binary ASD, and Binary NT, plotted with different colors, plotted against NSR, Rate, and Autonomy CH. Plot B displays similar data sets against NSR, Rate, and Autonomy CL. A legend indicates the color coding for each data type.]

FIGURE 7
 Non-i.i.d. process revealed by the relationship between autonomy, NSR, and spike rate for clinician (A) and child (B) for the Gamma and binary components of the MMS, relative to the process entropy.


Now that we have established the speed/peak activity independence and the positive correlation between entropy rate and NSR or spike rate, we are ready to study how TE behaves in the shared space of the child–clinician dyad.

We find that [image: The image shows the text "TE subscript CL to CH" in an italic font.] decreases when the child exhibits high motor autonomy and increases when the clinician has higher motor autonomy and vice versa for [image: Text representation showing "T subscript E, subscript C, subscript H, right arrow, C, subscript L".]. In fact, this relationship is well characterized by linear relationships between transfer entropy and the entropy rates (autonomies), as the fitted linear surfaces indicate in Figure 8.

[image: Three 3D scatter plots compare data points with axes labeled as Autonomy CL, Autonomy CH, and TE. Plot A shows a combined dataset, while Plot B labeled NT, and Plot C labeled ASD present separated datasets. Red and green points represent different directional influences, CH to CL and CL to CH, with colored planes indicating various levels. Arrows indicate comparison direction between plots.]

FIGURE 8
 Linear relationships between transfer entropy and the entropy rates (autonomies) for child and clinician differentiating between NT and ASD participants. (A) Linear relationships between transfer entropy and the entropy rates (autonomies) for child and clinician. (B) Different linear relationships for NT and ASD participants.


In this sense, we can safely conclude that by manipulating standardized human biorhythmic time series derived from human movements, either by increasing the NSR or by increasing peak activity, we can increase autonomy and reduce the controllability of human agents by other humans or by artificial agents, including those potentially created by AI. We return to this point in the concluding discussion and future work section of the article.



3.7 Validation of the digitization of the ADOS: automated, streamlined, and scalable screener of socio-motor agency

To make our basic scientific results actionable, we need to validate our digital data with clinical criteria, a paradigm that we have coined clinically interpretable digital biomarkers. In this model, the objective digital indexes that we used to define socio-motor agency as the motor autonomy-to-motor control ratio are examined in relation to the ADOS clinical scores that a trained (accredited) human rated during the session (while being naïve to the goals of the research). We employ a machine learning technique, support vector machine (SVM), to classify the digital data as a function of the clinical score. Then, we apply tools from signal detection theory, specifically the receiving operating characteristic curve, ROC, to assess the validity of our classifier.

Each of the 26 participants with the full ADOS session (digital and clinical) produces on average between 50 and 60 min of time series digital data from biosensors registering motion at 128 Hz. We used the left-hand wrist sensor in these analyses, as we showed that it is highly correlated with the right wrist, yet more variable, thus expanding our sampling space. As mentioned, upon exploration of several time windows to segment the data, sweeping across the time series and tasks while maximizing statistical power in each locally stationary segment, we arrived at 7.8-s windows as optimal.

The data were validated using the leave-one-person-out cross-validation (LOOCV) method. As features for our classifier, we used motor autonomy (entropy rate), motor control (NSR), Poisson binary micro-movement spike rate, transfer entropy, and the embedding delay of the data, which is the time scale at which deterministic properties arise and characterize the dynamical behavior of motion (for more information, see Methods). Two classifiers were used, one trained on female participants and the second one trained exclusively on male participants. When trying to digitally diagnose autism in one participant, we trained our classifier on the data from the remaining male or female participants and then tested how accurately the trained model predicted the participant class (NT vs. ASD). This method avoids overfitting and trains models that can diagnose autism in novel participants, thus automating the screening process.

Digitizing the ADOS in this way makes the diagnosis of autism more inclusive of females, historically underdiagnosed by a test that we objectively showed has biases toward males across all tasks (Torres et al., 2020b). A larger sample size and a longitudinal study are required to validate our model at scale. Yet, as shown in Figure 9A, there is no confusion of our biometrics about the clinician’s ADOS scores, which classify ASD males with 100% accuracy and perform remarkably well for ASD versus NT females. Indeed, Figure 9B confirms the validity of these biometrics for clinical use with an area under the ROC curve of 80%. Supplementary Figure S3 shows the set-up following standardized guidelines and materials from the official ADOS kit used in the research-grade version of the test.

[image: Scatter plot (Panel A) showing the positives rate per subject against ADOS scores, with blue and red symbols representing NT and ASD groups, labeled for females and males. ROC curve (Panel B) for autonomy shows true positive rate versus false positive rate.]

FIGURE 9
 (A) Support vector machine (SVM) classifiers were trained on all subjects except one and tested on the remaining subjects of the same sex (leave-one-person-out cross-validation [LOOCV]). Therefore, each of the 26 subjects was digitally diagnosed with a classifier trained on a different dataset, which ensured zero overfitting and bias. Training and testing features were the entropy rate, the signal-to-noise ratio, transfer entropy, Poisson rate, and the embedding delay (the time scale at which a dynamical system behaves in the most deterministic way) calculated on normalized speed samples of ~7.8-s duration windows. Here, we report the percentage of time windows per subject that gave a positive diagnostic label and plot them versus the ADOS scores, as determined by the clinicians. (B) We use the positive rate scores as a metric used to diagnose ASD and report the receiver operating characteristic curve (ROC curve), which shows the true positive and false positive rates of the digital diagnostic tool we developed for different thresholds. The area under the curve (AUC) is 0.8, which indicates great performance.





4 Conclusion and future research

In this proof-of-concept work, we use the ADOS test as a backdrop to study social interactions between children and adult clinicians with the purpose of defining new ways to automate and speed up the autism screening process while leveraging the clinical validity of this test. To that end, we explored a new concept of socio-motor agency by defining a ratio of two indexes of motor autonomy and motor control. Motor autonomy was defined as the non-parametric entropy rate spanning from totally random to totally deterministic behavior of standardized micro-movement spike trains. These were derived from nuanced fluctuations in motion data that contain goal-directed segments of behavior interspersed with spontaneously occurring, more ambiguous, transient segments that are known to interconnect the goal-directed ones (Torres, 2011a, 2013). Motor control was defined with an eye for feedback-based predictability in terms of the NSR, empirically estimated from such spike trains as well. High regimes of NSR correspond to the memoryless exponential distribution regimes, denoting noisy feedback giving rise to high uncertainty (poor predictability and randomness) in the motor (reafferent) code.

We reasoned that these binarized sequences of spikes bear a motor code whereby the observer may or may not be able to predict the consequences of the observed actions by the agent and therefore be unable to control the observed agent. At high randomness, then, the observed agent affords more autonomy than at deterministic ranges. At deterministic ranges, with high regularity, the observer can predict and control the actions of the observed agent. At higher NSR, the agent has lower self-control. This is so because the kinesthetic reafferent feedback from the motions is noisy, and with such poor signal quality, it is difficult to predict a desired outcome and plan the action consequences to compensate for sensory transduction, transmission, and motor integration delays inherent in the person’s system. As predicting his/her/their motor action consequences can then be compromised by noise in the motor code, the child is more controlled by the clinician. The observer clinician can exert higher control over the observed agent. In this sense, the child’s socio-motor agency may also be compromised. This is the case whether the child/adult is autistic.


4.1 Key distinction between indexes of autonomy and control

It is important to distinguish between two levels of autonomy and control, defining the index of socio-motor agency. One is defining these components with respect to the self. In this case, we refer to the standalone analysis of the person’s time series biorhythmic data. The other one is in a social context, obtaining these indexes in relation to another agent who is interacting with the person.

In the case of self, self-autonomy is defined in relation to the systems’ autonomic, reflexive, and involuntary functions that attain a level of autonomous functionality and lend independence and self-reliance to the person’s nervous system. We defer this level of description and quantification for a different manuscript in this research topic (by Torres EB, Gaining Insights into the Autistic Inner-experience Through a Personalized Digital Lens). In the case that we characterize here within a social context involving another agent, autonomy is defined in relation to the amount of control that the external agent can exert over the person. In this sense, the use of the entropy rate as a proxy of the amount of autonomy that the person’s system has ranges from totally deterministic (the person’s rhythms are fully predictable and, as such, controllable by an external agent) to totally random (chaotic) and, as such, unpredictable and uncontrollable by an external agent. To further distinguish the index of autonomy from the proposed index of control, we verified experimentally that autonomy, as we define it, is directly related to predictive causality, as it is measured by the transfer entropy between the two biorhythmic time series—the person’s and the external agent’s causal influences on each other.

The case of the index of control is strictly defined at the individual (self) level. This biometric index is defined as the inverse of the empirically estimated noise-to-signal ratio (NSR) that we have examined across the human lifespan. Self-control undergoes an ontogenetic maturation process on a schedule (Torres et al., 2013a) well characterized by the shape and the scale parameters of the continuous Gamma family of probability distributions. Empirically, in human maturation, the ranges of these parameters span from the memoryless exponential in early ages (toddlers) to skewed distributions with heavy tails (school age) to the symmetric Gaussian (from college age onward). As the shape increases value with maturation and age, the NSR decreases. In old age and pathologies of the motor systems, the shape value declines back to exponential ranges and the NSR increases with different rates in disorders of the motor systems [e.g., Parkinson’s disease and neuronopathy due to deafferentation (Choi and Torres, 2014)]. As there is a scaling power law, linearly co-relating, on the log–log Gamma parameter plane these distribution parameters, we can see that knowing the shape (exponential to skewed to Gaussian) helps us accurately infer the scale, which in the Gamma case is the NSR. The shape systematically increases as the NSR systematically decreases. As such, we can define control in terms of the inverse of the NSR, i.e., the signal-to-noise ratio (SNR), and speak of predictability ranges spanning from memoryless random (no priors, just in the here and now) to Gaussian priors helping a predictive code.

To avoid any confusion between the control index defined by the NSR and the autonomy index, entropy rate (randomness), we underscore that ER is examined in relation to TE between the person’s and the external agent’s biorhythmic time series. We note that the NSR measures the variability of the person’s motions relative to the (empirically determined) baseline mean, given a situation or context. That is, this is a personalized measure of the person’s motions relative to the person’s baseline contextual variability. In contrast, entropy rate measures the empirically determined randomness of the person’s motions relative to an external agent, explicitly in the time domain. Although in the standalone (self) case of the micro-movement spikes, the NSR also informs or the levels of randomness/predictability of the biorhythmic code (Brincker and Torres, 2013), the two metrics, defining control and autonomy, are not generally equivalent concepts, as one can appreciate in Figure 5F.

Underlying both indexes and the ratio of motor autonomy to motor control are then discrete pockets of information making up a continuous stream of dyadic motor code, contributed by both social agents. Thus, we can infer the existence of an underlying shared alphabet in the motor code that manifests during dyadic social interactions of the type studied here. Agents with discrete motor signatures that appear more random are thus harder to control and behave more autonomously and independently than agents with systematically predictable motions sharing their codes.



4.2 Some notes on dyadic exchange and clinical applications

In addition to describing new biometrics of shared socio-motor agency in dyadic social interactions, our analyses showed ways to streamline the ADOS test, thus making it less taxing on the child and the clinician. A handful of tasks affording more socio-motor agency to the child can indeed uncover the social readiness potential of the child rather than biasing the diagnosis by the clinician toward a deficit model. Along those lines, using these newly defined indexes of dyadic motor autonomy and motor control, we demonstrated fundamental differences across the tasks for males and females, thus confirming that despite previously quantified differences in motor control separating males and females at the voluntary (Torres et al., 2013b) and involuntary (Torres et al., 2016a, 2017) levels, the ADOS remains biased toward males.

The proposed digital indexes of shared socio-motor agency, used within the context of an unbiased ML classifier, could detect the differences between males and females for both the NT and ASD randomly chosen participants. While the proposed indexes speak of motor physiology underlying socio-motor agency during social interactions, psychological constructs of social interactions and communication defining the ADOS test were also leveraged by the presented ML methods. This digitized, automated version of the test resembles the type of scenario that a clinician faces at the clinic on any given day. Namely, a random arrival of a case that the clinician may see for the first time. In that sense, the leave-one-person-out classifier provides robust digital screening of autism and may be a way, in future research, to scale our pilot study to encompass larger numbers of NT and ASD participants across ages and sexes and do so longitudinally as well. This type of approach combining traditional psychological and newly emerging physiological motor criteria of autism could help us close the gap between disparate literatures of autism spanning several decades (Whyatt and Torres, 2018).

Future longitudinal studies of autism with an eye for the evolution of the neuromotor code and its impact on social perception and cognition will require the type of normalization that we introduced earlier with the MMS (Torres et al., 2013a) and further used here in the dyadic context, namely, scaling out allometric effects due to anatomical differences across participants (see also Torres et al., 2016a,b, 2020a; Caballero et al., 2020). This step is crucial in any study that involves biorhythmic motions, whereby kinematic analyses will be impacted by such anatomical differences. This is so because kinematic parameters such as speed, acceleration, distance, etc. are impacted by the limb sizes and masses in ways that confound results and interpretation of such studies (Torres et al., 2018). It will be particularly important to consider these caveats present in all current studies of kinematics that do not account for allometric differences during the very early neurodevelopment when the rate of bodily growth is highly non-linear and accelerated (Torres et al., 2016b). These rates of changes in anatomical growth produce different ranges of values in such kinematic parameters and impact the empirical distributions of the values associated with natural behaviors such as those examined here (Torres et al., 2016b, 2018).



4.3 Implications of socio-motor agency metrics for AI and privacy protection

The theoretical considerations at the intersection of stochastic analyses and information-theoretic approaches with non-linear dynamics offer the MMS and Gamma analyses as a viable way to obtain the personalized signatures of socio-motor autonomy and socio-motor control and tweak the NSR to mask the spike trains derived from the person’s physiological biorhythmic activity. This ability to separate the binary spike rate code from the Gamma process, denoting levels of randomness versus predictability, offers the possibility of creating a device that alerts the persons involved in the dyadic exchange to balance their autonomy and control and to attain socio-motor agency. By enhancing autonomy and avoiding excessive external control by the other agent, be that agent another human or an AI-driven one, the person can be protected from excess control. This approach will be critical to revamp autism therapies with an emphasis to respect the child’s autonomy and support the bottom-up development of autonomous motor control. The maturation of bottom-up autonomous motor control (building blocks of the person’s psychological sense of autonomy) is a necessary pre-requisite for the further neurodevelopment of top-down cognitive control. Without considering and balancing the orderly maturation rates of these two building blocks of socio-motor behavior, therapies in autism are bound to stunt the natural development of socio-motor agency and likely cause trauma to the nascent nervous system.

We propose that this methodology can also be used to protect our privacy more generally from surveillance systems, as ultimately these systems rely on biometric data, which we can now, using the present personalized methods, manipulate to hide our fingerprint-like bio-motor signatures from an external agent trying to control us. This solution to the controllability issue can then be extended from individuals to dyads, from dyads to social groups, and from social groups to society. In this sense, socio-motor agency can serve as a foundation for societal agency, now quantifiable using the methods that we offer in this study.



4.4 Limitations

Our study has a modest number of participants. Although it provides proof-of-concept that we can digitize natural dyadic interactions, it will be necessary to reproduce our study with a larger N. To that end, we provide our code and data samples for independent reproducibility by other groups with access to more participants.

In summary, we found that variability in the dyadic index of motor autonomy is more pronounced in ASD than in NTs, across a broad range of ages from 4 to 15 years old. Furthermore, we found that the dyadic NSR, indicative of socio-motor control, increases with age. This result is consistent with prior work on individuals across ages and sex (Torres et al., 2013a,b). In contrast, both ASD and NT showed increases in the motor autonomy index with age, an indicator that regardless of the human condition, whether developing along a neurotypical trajectory or along the trajectory toward autism spectrum disorders, respecting the child’s autonomy will be necessarily our best ally when designing future treatments that unveil the child’s social readiness potential. We would not have known this had we treated the ADOS as the criterion test that it is (i.e., exclusively based on children with neurodevelopmental differences), rather than treating it as a normative test (i.e., including NT controls as well, to define normative ranges and quantify similarities and departures from it).

We have uncovered new indexes of shared, dyadic motor autonomy and motor control, objectively defined socio-motor agency, and provided new means to automate its digital screening with already routinely used clinical tools. This study offers novel ways to scale our clinical science and make it actionable, diverse, and inclusive at more than one level.
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Introduction: Children diagnosed with autism spectrum disorder (ASD) commonly encounter difficulties in social interactions and communication, significantly affecting their overall wellbeing. One proposed strategy to address these challenges is through physical exercise interventions. This study aims to conduct a meta-analysis to assess the impact of physical exercise interventions on the social skills of children with ASD.
Methods: To perform this meta-analysis, we followed the Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) Statement and the practical guide for transparent reporting of systematic reviews. Eligible studies included randomized controlled trials or quasi-experimental studies investigating the effects of physical exercise interventions on social skills among children with ASD. We used the standardized mean difference (SMD) to measure effect size.
Results: Sixteen studies were included in the meta-analysis. The results indicated a significant improvement in social skills among children with ASD following physical exercise interventions (SMD = −0.54, 95% CI = [−0.63; −0.44]). The moderator analysis underscored the crucial role of age in explaining the intervention outcomes for enhancing social skills, with interventions lasting more than 12 weeks recommended for better social skills improvement.
Discussion: The findings of this meta-analysis provide robust evidence supporting the efficacy of physical exercise interventions in enhancing the social skills of children with ASD. The moderator analysis underscores the importance of considering both the mean age and duration of interventions when implementing such programs. These results underscore the significance of physical exercise as a viable option for improving social skills in this population.
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1 Introduction

Autism Spectrum Disorder (ASD) is a significant and lifelong neurodevelopmental condition, impacting approximately 27.6 in 1,000 children in the United States (Maenner et al., 2023). It involves noticeable challenges in social skills, coupled with repetitive and restrictive behavior patterns (American Psychiatric Association, 2013). The symptoms associated with ASD can sometimes result in social difficulties, which can make it more challenging for children with ASD (Kunzi, 2015). Given the complex nature of ASD and the lack of universally effective drug treatments, there is a growing need for personalized interventions that cater to the unique needs of individuals within the ASD population. Therefore, this study aims to consolidate the findings of relevant literature on the effectiveness of physical exercise interventions for enhancing social skills in children with ASD.

The Diagnostic and Statistical Manual of Mental Disorders highlights challenges in social skills in children with ASD. ASD can present with variations in social skills, which may include challenges in recognizing and responding to social cues, sustaining conversations, interpreting verbal and nonverbal communication, understanding emotions, and empathizing with others (Watkins et al., 2017). These challenges in adapting to social contexts can result in children with ASD not forming well-established social circles. The social challenge associated with ASD can significantly impact the overall development and wellbeing of affected individuals. Children with ASD may face challenges in establishing emotional connections (Karst and Van Hecke, 2012).

The primary intervention approaches for ASD can be broadly categorized into two groups: drug therapy (Sharma et al., 2018) and behavioral intervention (Haghighi et al., 2023). In treating ASD with medication, psychotropic drugs are commonly used to alleviate symptoms, resulting in a decrease in repetitive behaviors, anxiety, and concentration issues to some extent. However, it is crucial to be aware that these drugs can also come with side effects like drowsiness, dizziness, and loss of appetite. It is important to recognize that the effectiveness of medications can vary from child to child. Behavioral intervention methods encompass structured teaching, Applied Behavior Analysis (Jayousi et al., 2023), Denver Early Intervention Model (Tateno et al., 2021), Sensory Integration Training (Deng et al., 2023), and Developmental, Individual-differences, Relationship-based Floor Time (Rossilli, 2021). However, these methods are typically static and desktop-based, making it challenging to apply them in varied environments.

Physical exercise interventions come with clear benefits. They promote multisensory experiences, facilitate social interaction, contribute to physical fitness and coordination, provide environmental diversity, and support generalization. Moreover, physical exercise interventions are widely recognized for their cost-effectiveness, easy implementation, and minimal adverse reactions, making them a noteworthy option in the quest for effective ASD interventions.

Considering it from a social skills perspective, physical exercise interventions improve executive functions like working memory, inhibition, self-control, and attention, thereby enhancing core symptoms in children with ASD (Howells et al., 2020). However, some studies contradict these findings, suggesting that physical exercise may not have a significant effect on the core symptoms of ASD. For instance, in a randomized controlled trial, Chan et al. (2013) found that physical and mental exercise had no significant effect on the social ability of individuals with ASD.

The inconsistency in these findings may have hindered the decision to use physical exercise as a core symptom intervention for children with ASD. Consequently, a more in-depth analysis is required to specifically and comprehensively assess the impact of physical exercise intervention on the core symptoms of ASD. This will enable the synthesis of existing evidence, leading to more accurate and reliable conclusions.

A thorough and systematic quality assessment of experimental research outcomes through meta-analysis can help address the confusion stemming from inconsistent research results. Some meta-analyses have indicated that physical exercise effectively contributes to the development of operational skills, motor skills, skills-related fitness, social functioning, muscle strength, endurance, social involvement, behavior, communication skills, body awareness, and mental health in individuals with ASD (Healy et al., 2018; Sowa and Meulenbroek, 2012).

While the primary goal is to improve core symptoms, there is a notable gap in research regarding the effectiveness and optimal physical exercise interventions tailored specifically for these core symptoms. This gap encompasses aspects such as intervention duration, type of exercise, characteristics of exercise group, and more. Consequently, this study aims to perform a meta-analysis of existing research evidence on physical exercise interventions targeting the social skills of children with ASD. The objective is to identify the most effective physical exercise intervention strategies and determine areas where emphasis should be placed for maximum benefit. This initiative will serve as the groundwork for designing physical exercise intervention programs aimed at improving the social skills of children with ASD.



2 Methodology

To perform this meta-analysis, we followed the Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) Statement and the practical guide for transparent reporting of systematic reviews (Page et al., 2021; Sarkis-Onofre et al., 2021).


2.1 Study selection and inclusion criteria

In conducting this meta-analysis, a meticulous literature selection process was employed, focusing on research investigating the effectiveness of physical exercise interventions in enhancing social skills among children with ASD. The selection process followed rigorous and systematic procedures, incorporating keyword searches in computerized databases and employing a snowball sampling approach. Comprehensive database searches encompassed platforms such as PubMed, PsycNet, Google Scholar, and Web of Science. To identify pertinent studies, we amalgamated terms in the search string, including “physical exercise,” “physical activity,” “autism spectrum disorder,” “ASD,” “social skills,” and “children.”



2.2 Dependent variables

Employing physical exercise intervention among children with ASD can yield diverse benefits, including improvements in social skills. There are a total of 10 sub-factors of social skills as dependent variables used in this study, primarily assessed through the Social Responsiveness Scale (SRS). These sub-factors span dimensions such as social awareness, social cognition, social communication, and social motivation. The 10 sub-factors include autistic mannerisms, social responsiveness, irritability, inappropriate speech, sociability, and social interaction.



2.3 Moderating factors

Gender: Within the scope of the reviewed studies, there were no studies that exclusively targeted female children. Therefore, in terms of gender, the study was divided into three groups: male-only, mixed, and not specified groups.

Age of participants: The mean age of participants was stratified into two distinct groups: those under 7 years old and those aged 7 years old and above.

Sample size: The sample size was categorized into three distinct categories: c20 participants, 20–30 participants, and over 30 participants.

Intervention duration: The duration of interventions in this study was segmented into two categories: <12 weeks and 12 weeks or more.



2.4 Coding methodology

Adhering to established protocols for meta-analytic research, we rigorously crafted our coding procedure to comprehensively capture and quantify essential study attributes and results. Our meticulous coding process systematically extracted 10 pivotal pieces of information from each study. This included details such as authorship, publication year, study setting, design methodology, type of physical exercise employed, intervention duration, participant gender distribution, sample sizes in experimental and control groups, means and standard deviations of intervention effectiveness at pretest and posttest, as well as the geographical location of the study.



2.5 Effect size calculations

In this study, we used the standardized mean difference (SMD) as our measure of effect size. We calculated these effect sizes using R-4.3.2 for Windows, which is accessible through r-project.org. This software offers various methods for calculating effect sizes. To understand the significance of these effect sizes, we followed Cohen (1988) guidelines. According to these guidelines, an effect size of 0.80 indicates a large effect, 0.50 suggests a medium effect, and 0.20 implies a small effect.




3 Results


3.1 Study selection

After conducting a database search, a total of 81 documents were initially identified. In addition, two more documents were discovered through snowballing techniques. Upon eliminating duplicates, 66 articles remained. Subsequently, 12 articles were excluded based on title screening. Abstract screening resulted in the exclusion of an additional 21 articles. This left us with 33 articles for full-text screening, with a focus on studies examining the impact of physical exercise interventions on social skills in children with ASD. To ensure methodological rigor, studies lacking the necessary statistical information for calculating effect sizes were excluded from the meta-analysis. Following these criteria, a total of 16 studies, comprising 51 cases, were deemed eligible for inclusion in the meta-analysis (refer to Figure 1 for details).

[image: Flowchart illustrating the selection process for a meta-analysis. It starts with eighty-three papers identified, with seventeen excluded due to duplication. Sixty-six are screened by title, eliminating twelve. Fifty-four articles are screened by abstract, excluding twenty-one for specific reasons. Thirty-three undergo full-text screening, with seventeen more excluded. Sixteen studies remain suitable for inclusion.]

FIGURE 1
 Flowchart of the study selection process according to the PRISMA protocol declarations.




3.2 Assessment of risk of bias

To assess the risk of bias in the included articles, we used the Cochrane Risk of Bias Tool (Higgins and Altman, 2008). This tool assesses each article based on a checklist comprising five items: randomization process, deviation from the intended intervention, missing outcome data, measurement of the outcome, and selection of the reported result. We then categorized each article’s overall bias risk as low risk (indicating low risk across all items), some concerns, and high risk (indicating high risk of bias in at least one domain). Low risk indicates better methodological quality, while high risk suggests a high risk of bias.

Figure 2 presents a visual representation of the risk of bias assessments for each domain of the Cochrane Risk of Bias tool. Among the included articles, 10 (62.5%) were found to have a low overall risk of bias, while 6 (37.5%) showed some concerns regarding the risk of bias. Notably, except for the randomization process domain, the other four checklist items indicated low risk across all 16 articles.

[image: Risk of bias assessment table for various studies, using coded symbols: green plus for low risk, yellow exclamation for some concerns, and red minus for high risk. Each study is evaluated on five domains: D1 (randomization process), D2 (deviations from intended interventions), D3 (missing outcome data), D4 (measurement of the outcome), and D5 (selection of the reported result). Results are summarized overall. Most studies show a low risk, with some concerns mainly in D1.]

FIGURE 2
 Assessment of risk of bias in the included studies.




3.3 Physical exercise interventions

Among the 16 studies examined, the types of physical exercises reported were diverse. These included horseback riding (n = 5), mini-basketball (n = 3), swimming (n = 2), combined physical training (n = 2), karate (n = 1), yoga (n = 1), mind–body exercise (n = 1), and outdoor adventure (n = 1).



3.4 Social skills


3.4.1 Overall effect size

To calculate the mean effect size of physical exercise intervention on the social skills of children with ASD, a total of 51 effect sizes were included, and the results are shown in Figure 3. The heterogeneity of the effect sizes was considered low (I2 = 19.8%), so a fixed effect model was used for analysis. The fixed effect model results indicated that the overall mean effect size of physical exercise on social skills was −0.54 (95% CI = [−0.63; −0.44]). Based on Cohen’s (1988) effect size criteria, the effect size of physical exercise on social skills in children with ASD in this study was considered moderate. Furthermore, the 95% confidence interval does not include 0, indicating that the moderate effect measure is statistically significant.

[image: Forest plot displaying the standardized mean differences (SMD) between experimental and control groups across multiple studies. Each study is listed with its SMD, 95% confidence interval, and weight percentage. The plot indicates a negative overall effect size, with a diamond representing the pooled estimate at -0.54, within a 95% confidence interval of -0.63 to -0.44. Statistical heterogeneity is noted with I-squared at 20% and a p-value of 0.11.]

FIGURE 3
 Forest plot of meta-analysis for physical exercise intervention on social skills of children with ASD.




3.4.2 Publication bias

To assess the potential presence of publication bias in our meta-analysis of physical exercise intervention on social skills, we utilized a funnel plot for visual examination, Duval and Tweedie’s trim and fill method, classical fail-safe N, and Egger’s test.

A funnel plot is illustrated in Figure 4, the horizontal axis is the effect size, and the vertical axis is the standard error. Whether the meta-analysis results have publication bias is determined according to the distribution symmetry of the effect quantity on the Funnel plot test. If the distribution is symmetrical, there is no publication bias; otherwise, there is publication bias (Rothstein et al., 2005). In an ideal scenario without publication bias, data points (depicted as solid circles) from individual case studies would exhibit a symmetrical distribution. Any deviation from this symmetry suggests the potential presence of publication bias. As seen in Figure 4, the distribution of solid circles is slightly left–skewed.

[image: Funnel plot of standard error versus standard mean difference (SMD) with data points scattered asymmetrically around a central line. The plot indicates possible publication bias, with most points concentrated toward the center and fewer on the right side.]

FIGURE 4
 Funnel plot of standard error by SMD.


Applying the trim-and-fill method by Duval and Tweedie (2000) reveals that 3 missing studies on the right side are required to achieve symmetry in the funnel plot. The required 3 additional cases are shown on the right as hollow circles in Figure 4.

We also examined publication bias using Rosenthal’s (1979) fail-safe N (Nfs) concept. When Nfs exceeds 5 k + 10, where k represents the number of included case studies, it is unlikely to substantially impact the average effect size. In our study with 51 cases, as long as Nfs is above 265, the meta-analysis results remain stable. Our Nfs value is 2,427, well above the 265 threshold, highlighting the robustness of the meta-analysis. In simpler terms, even if more than 2,427 studies with zero effect size were included, the overall results would stay largely unchanged.

According to the trim-and-fill method by Duval and Tweedie (2000), the absolute value of the adjusted effect size is −0.50 (95% CI = [−0.59; −0.41], p = 0.0001), which is smaller than the absolute value of calculated effect size of −0.54 (95% CI = [−0.63; −0.44]).

The results from Egger’s test were not statistically significant (p = 0.253), indicating no apparent publication bias. In summary, the moderate contribution of physical exercise to social skills in children with ASD was relatively stable.




3.5 Dependent variables

We assessed the impact of physical exercise interventions on the social skills of children with ASD, as measured by the social responsiveness scale (SRS) across dimensions such as social awareness, social cognition, social communication, social motivation, and other dependent variables. The results from a combined meta-analysis of selected studies (see Table 1) reveal a significant moderate effect size (ES = −0.54, 95% CI = [−0.63; −0.44]), indicating a noteworthy improvement in the social skills of children with ASD compared to the control group.



TABLE 1 Effect sizes of dependent variables.
[image: Table displaying various dependent variables related to social skills with corresponding statistics. It includes the number of studies (n), effect size (SMD), heterogeneity percentage (I²), and 95% confidence intervals (LL and UL). For instance, overall social skills data shows 51 studies with an effect size of -0.54, heterogeneity of 19.8 percent, and a confidence interval from -0.63 to -0.44. Other variables include social awareness, cognition, communication, motivation, and more, each with specific values for effect size and confidence intervals.]

In terms of social skills, social cognition demonstrated a significantly large effect size (ES = −0.82, 95% CI = [−1.22; −0.42]). Meanwhile, social awareness (ES = −0.37, 95% CI = [−0.60; −0.14]), social communication (ES = −0.52, 95% CI = [−0.72; −0.31]), social motivation (ES = −0.46, 95% CI = [−0.69; −0.23]) exhibited a significant moderate effect size. Autistic mannerisms (ES = −0.72, 95% CI = [−0.96; −0.47]), social responsiveness (ES = −0.64, 95% CI = [−1.06; −0.23]), irritability (ES = −0.58, 95% CI = [−0.99; −0.18]) also displayed a significant moderate effect size, while inappropriate speech, sociability, and social interaction did not show significant effect sizes.



3.6 Moderator variables

In this section, we examined the impact of physical exercise on the social skills of children with ASD across seven potential moderators. These potential moderators encompassed the impact of physical exercise on social skills concerning study design, gender, mean age of participant group, sample size, length of intervention, type of physical exercise, and study location. Significant differences were found for the mean age of the participant group (p = 0.034), while no significant statistical differences were observed in the other moderators: study design (p = 0.834), gender (p = 0.095), sample size (p = 0.798), length of intervention (p = 0.070), types of physical exercise (p = 0.254), and study location (p = 0.827) (refer to Table 2 for details).



TABLE 2 Moderator effects.
[image: A table displays various moderators affecting effect sizes in studies. Columns include F-test/t-test results, p-values, effect sizes, sample sizes, and confidence intervals. Moderators cover study design, gender, participant age, sample size, intervention length, exercise type, and study location. Values detail statistical differences or similarities across categories. Categories like study design (RCT, QE), type of physical exercise, and location (United States, International) show respective effect sizes and significance levels. Confidence intervals are provided for each effect size.]


3.6.1 Study design

The first question we sought to answer was whether the effectiveness of physical exercise interventions on the social skills of children with ASD was influenced by the study design. Eight studies with 28 cases followed a randomized controlled trial (RCT) design, while nine studies involving 23 cases were designed using quasi-experimental (QE) methods. The results in Table 2 reveal that both RCT and QE studies present a significantly moderate effect size and the difference in the effect sizes between the two categories was not statistically significant [F(1, 48) = −0.214, p = 0.834].



3.6.2 Gender

As indicated in Table 2, we observed a significant large effect size (ES = −1.04, 95% CI = [−1.63; −0.45]) for the unspecified group. On the other hand, the mixed-gender group, consisting of both male and female children, exhibited a significant moderate effect size (ES = −0.55, 95% CI = [−0.64; −0.45]). However, the effect size (ES = −0.17, 95% CI = [−0.76; 0.42]) was not significant for the male-only group. The differences in the effect sizes among the three gender groups were not statistically significant [F(2, 47) = 1.686, p = 0.095].



3.6.3 Age

We divided the mean age of the participant group into two categories. The category under 7 years old displayed a significant moderate effect size (ES = −0.65, 95% CI = [−0.8; −0.50]), while the category aged 7 years and older also exhibited a significant moderate effect size (ES = −0.46, 95% CI = [−0.58; −0.35]). A statistically significant difference between the two categories of participants’ age was observed [F(1, 48) = −2.176, p = 0.034].



3.6.4 Sample size

The sample size was divided into two groups. In the category with over 30 participants, we observed a significant moderate effect size (ES = −0.53, 95% CI = [−0.64; −0.43]). The category with under 30 participants displayed also a significant moderate effect size (ES = −0.54, 95% CI = [−0.74; −0.35]). The difference in the effect sizes between the two groups was not statistically significant [F(1, 48) = 0.246, p = 0.798].



3.6.5 Length of intervention

We categorized the duration of interventions into two groups. As presented in Table 2, interventions lasting <12 weeks demonstrated a significant moderate effect size (ES = −0.40, 95% CI = [−0.55; −0.26]). Interventions extending for 12 weeks or longer also showed a significant moderate effect size (ES = −0.62, 95% CI = [−0.73; −0.50]). The t-test results showed that the difference in the effect sizes between the two categories was not statistically significant [t(1, 49) = 1.812, p = 0.070]. As a result, this implies that the duration of physical exercise invention does not have an impact on the social skills of children with ASD.



3.6.6 Type of physical exercise

Different types of physical exercises yielded varying results in terms of effect sizes. Specifically, horseback riding (ES = −0.54), mini-basketball (ES = −0.78), outdoor adventure (ES = −0.71), and combined physical training (ES = −0.68) exhibited statistically significant moderate effect sizes. However, swimming, yoga, mind–body exercise, and karate did not show statistical significance. Notably, the differences in the effect sizes among the types of physical exercise were not statistically significant [F(7, 43) = 1.343, p = 0.254].




3.7 Meta-regression analysis

We conducted meta-regression analyses to explore the impact of three moderators (mean age, sample size, and duration in weeks) on social skills. The results indicated that the mean age of participant groups exhibited statistical significance (p = 0.016). Consequently, the age of the group moderated the effect of physical exercise on social skills, indicating that younger participants were associated with larger effects (β = 0.059, p = 0.016), while the other two moderators did not show statistical significance. Thus, the impact of physical exercise on social skills in children with ASD appeared to be influenced by age, while sample size (p = 0.809) and intervention duration (p = 0.116) did not show significant effects.




4 Discussion

This comprehensive meta-analysis encompasses 16 empirical studies involving children diagnosed with ASD between the ages of 3 and 17 years. The primary aim of this meta-analysis was to quantitatively evaluate the effectiveness of physical exercise interventions on social skills in children with ASD. This was achieved by synthesizing various physical exercise intervention programs from the literature within a heterogeneous population. Additionally, the study aimed to explore the influence of several factors, including study design, gender, participant age, sample size, intervention duration, type of exercise, and study location.

The outcomes collectively suggest that physical exercise has a beneficial impact on alleviating social skill challenges in children with ASD. However, it is crucial to acknowledge the considerable variability in outcomes observed across treatments and studies. Notably, physical exercise demonstrated a significant large effect size on social cognition, while social awareness, social communication, and social motivation exhibited a significant moderate effect size.

In our study, we investigated potential sources of variability contributing to significant heterogeneity in the impact of physical exercise on social skills among children with ASD. Utilizing robust variance estimation, we analyzed selected moderator variables. Among children with ASD, the only moderator influencing the impact of physical exercise on social skills was the mean age of the participant group. We divided the participant groups into two categories: those under 7 years old and those over 7 years old. Notably, the effect size was larger in the younger group (mean age < 7 years) compared to the older group (mean age ≥ 7 years). Specifically, physical exercise intervention had a more pronounced effect on preschool children with ASD (ES = −0.65) than on school-age children (ES = −0.46). These findings align with Wang et al. (2023) results, who also observed a stronger effect size in the younger age group. In their study, subgroup analysis based on mean age of the participant group revealed that physical exercise intervention significantly improved ASD core symptoms in children aged 3–6 years (ES = 0.936) compared to those aged 7–12 years (ES = 0.491). The consensus among scholars, including Daniolou et al. (2022) and Yang (2019), supports early behavioral intervention for children with ASD. Notably, research indicates that the brains of preschoolers with ASD exhibit greater plasticity (Calderoni et al., 2016; Dawson and Zanolli, 2003) and malleability (Inguaggiato et al., 2017) during a critical period of character and habit formation. Consequently, the influence of physical exercise intervention is more substantial in preschool children than in school-age children with ASD.

To support the fact that the age of participants acts as a moderator in the relationship between physical exercise and social skills in children with ASD, we conducted a meta-t test and a regression analysis. The meta-t-test results indicated a statistically significant difference in the impact of physical exercise on social skills between these two categories (t = −2.18, p = 0.034). Furthermore, in the regression analysis, where mean age served as the independent variable and the effect size of social skills as the dependent variable, the estimated regression coefficient (β = 0.059, p = 0.016) was statistically significant. This implies that the mean age of the participant group significantly acted as a moderator, explaining the variance in intervention outcomes related to social skills.

In terms of intervention duration, the study found that social skills improvement was greater for interventions lasting 12 weeks or more (ES = −0.62) compared to those lasting <12 weeks (ES = −0.40). These results align with a study conducted by Wang et al. (2023), which indicated that engaging in physical exercise for more than 12 weeks demonstrated a large effect size (ES = 0.942), whereas participating for <12 weeks resulted in a smaller effect size (ES = 0.195). In summary, a physical exercise duration exceeding 12 weeks had a more substantial impact on improving the social skills of children with ASD compared to a duration of <12 weeks. On the other hand, Tan et al. (2016) reported that the duration of the intervention did not significantly moderate the relationship between exercise and improvement of symptoms. It is crucial to acknowledge that significant outcomes were still achieved in the study with intervention durations of <12 weeks (Gabriel et al., 2015; Pan et al., 2019). However, it remains uncertain whether the effectiveness associated with shorter intervention duration programs persist in the long-term, and what the most effective or ideal intervention duration should be to attain the maximum benefits for social skills in children with ASD. Due to the limited number of studies in the meta-analyses, the examination of intervention duration as a moderator was not completed. When more related studies become sufficiently available, it is necessary to conduct additional analyses on the role of intervention durations as a moderator.

The current investigation also explored how the location of the study might influence the impact of physical exercise on social skills, but found no significant difference between studies conducted in the United States and those conducted internationally. This suggests that the effectiveness of physical exercise interventions may not be influenced by the location of the study. This aligns with the findings of Tarr et al. (2020).

The clinical and research implications of this study are as follows. The findings from this meta-analysis suggest that physical exercise interventions can effectively enhance social skills in children with ASD. These results have significant implications for developing evidence-based interventions for this population. Furthermore, the study indicates that the participant group’s mean age significantly influences the impact of physical exercise on social skills. Specifically, physical exercise interventions are more effective in improving social skills among preschool children than school-age children with ASD. These findings suggest that interventions may need to be tailored to the child’s age to maximize their effectiveness.



5 Conclusion

This study aimed to validate the effectiveness of physical exercise interventions in improving social skills in children with ASD. The findings suggest several key points. Firstly, physical exercise had a significant positive impact on the social skills of children with ASD, indicating improvement following the interventions. Moreover, the examination of potential moderators influencing these outcomes revealed that the mean age of the participant group played a crucial role in explaining the variation in intervention outcomes. Interestingly, potential moderators such as study design, gender, sample size, type of physical exercise, and study location did not seem to significantly influence the effectiveness of the interventions on social skills.

In summary, physical exercise emerges as an effective strategy for enhancing social skills, especially beneficial for younger children under the age of 7, and interventions lasting more than 12 weeks are recommended for optimal results. These findings underscore the role of physical exercise as an evidence-based intervention option.

Nevertheless, it is important to acknowledge the limitations of this meta-analysis. Firstly, many studies reviewed did not specify whether participants were simultaneously using medication or undergoing other forms of intervention alongside exercise regimens during the study period, potentially introducing confounding variables. Secondly, the inclusion of studies covering individuals across a wide spectrum of ASD severity levels suggests that the findings might not be universally applicable to all subpopulations. Therefore, caution is warranted when generalizing these results. Thirdly, it is important to acknowledge that the absence of including children’s IQ as a moderating factor in this study represents a clear limitation. For future research, it is essential to consider a broader range of moderating factors, including IQ. This will enable a more comprehensive analysis and contribute to the existing body of knowledge on the topic. Lastly, the review focused solely on immediate post-intervention effects, highlighting the necessity for longitudinal studies to explore the long-term benefits of physical exercise interventions for children with ASD comprehensively.
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Introduction

Research supporting the presence of diverse motor impairments, including impaired balance coordination, in children with autism spectrum disorder (ASD) is increasing. The one-legged standing test (OLST) is a popular test of balance. Since machine learning is a powerful technique for learning predictive models from movement data, it can objectively evaluate the processes involved in OLST. This study assesses machine learning’s effectiveness in evaluating movement in OLST for predicting high autistic trait.





Methods

In this study, 64 boys and 62 girls participated. The participants were instructed to stand on one leg on a pressure sensor while facing the experimenter. The data collected in the experiment were time-series data pertaining to pressure distribution on the sole of the foot and full-body images. A model to identify the participants belonging to High autistic trait group and Low autistic trait group was developed using a support vector machine (SVM) algorithm with 16 explanatory variables. Further, classification models were built for the conventional, proposed, and combined explanatory variable categories. The probabilities of High autistic trait group were calculated using the SVM model.





Results

For proposed and combined variables, the accuracy, sensitivity, and specificity scores were 1.000. The variables shoulder, hip, and trunk are important since they explain the balance status of children with high autistic trait. Further, the total Social Responsiveness Scale score positively correlated with the probability of High autistic trait group in each category of explanatory variables.





Discussion

Results indicate the effectiveness of evaluating movement in OLST by using movies and machine learning for predicting high autistic trait. In addition, they emphasize the significance of specifically focusing on shoulder and waist movements, which facilitate the efficient predicting high autistic trait. Finally, studies incorporating a broader range of balance cues are necessary to comprehensively determine the effectiveness of utilizing balance ability in predicting high autistic trait.





Keywords: autistic trait, machine learning, balance, one-legged standing, screening




1 Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental condition characterized by deficits in social communication and social interactions and repetitive, restricted behaviors (1). According to the United States Centers for Disease Control and Prevention, approximately 1 in 36 children is diagnosed with ASD (2). Further, the lifetime social cost associated with ASD is estimated to be approximately $3.6 million per individual (3). Research evidences that early intervention programs, particularly those initiated before the commencement of elementary education, can significantly enhance social functioning outcomes in children with ASD (4–7). Although ASD can be detected as early as 14 months of age (8) and diagnosed with high accuracy by 2 years of age (9), recent prevalence reports indicate that more than 70% of affected children are not diagnosed until after 51 months of age (10). Therefore, it is crucial to identify autistic traits in children by screening them prior to the initiation of elementary education.

Balance ability is the human body’s capacity to maintain postural stability in both static and dynamic states, and one must possess it to effectively perform daily activities (11, 12). The maintenance of balance requires the coordinated operation and integration of multiple mechanisms, including the sensory system, the central nervous system, and effectors (13). The sensory input system informs the body about its position relative to the surrounding environment. This sensory information is filtered, integrated, and processed by the central control system, which subsequently issues commands to effectors. A deficiency in balance ability not only increases the risk of falls among affected children which diminishes their motivation to participate in physical activities (14). Furthermore, balance impairments can hinder the development of communication and motor skills, limit the children’s integration into mainstream society, and adversely affect their social adaptation abilities (15).

Many studies indicate the presence of various motor impairments, including deficiencies in balance coordination, in children with ASD (16–19). Behavioral analyses clarify that children with ASD exhibit a significantly smaller center-of-pressure (COP) shift, a repetitive COP pattern, and less complex postural control compared to unaffected children. These impairments are evident in both static (18) and dynamic (19) balance states. Consequently, balance ability assessments of children with ASD are of paramount importance.

The one-legged standing test is a widely used assessment of balance (20–22). This test evaluates an individual’s ability to perform common everyday activities, such as walking, climbing stairs, and dressing; accordingly, the test is directly related to functional mobility and independence. Typically, measurements are taken twice for each leg, and the duration for which a subject can stand on one leg, along with maintaining postural sway and balance, is analyzed. The test can be administered in a short amount of time, thereby enabling the rapid screening of balance capabilities. Studies report that individuals with ASD exhibit significant static balance impairments while keeping their eyes open during the one-legged standing test (23, 24). However, there are limitations to the objective evaluation of these impairments.

Recent years have witnessed rapid advancements in machine learning technologies, with neural network technologies significantly affecting various domains, including video recognition. Since machine learning can effectively develop predictive models from movement data, the use of video recordings and machine learning algorithms to objectively evaluate movements during the one-legged standing test is feasible.

In this study, we conduct an experiment at a local preschool during the pupils’ medical examinations, which involve nearly all the 5-year-old residents (approximately 99% of the population of this age) of the selected city. Conducting research in this setting and focusing on a narrow age range (exclusively 5-year-old children) provided practical and relevant data. The objective of this study is to assess the effectiveness of using machine learning to evaluate movements during the one-legged standing test to predict high autistic trait group.




2 Materials and methods



2.1 Participants

This study was approved by the Ethics Committee of Nagasaki University, Japan (22051204). All participants were recruited from Sazacho, Nagasaki Prefecture, Japan. Nearly all the children residing in Sazacho participated in this study. All procedures involving human participants were conducted in accordance with the ethical standards of institutional and national research committees, as well as the 1964 Declaration of Helsinki and its subsequent amendments or comparable ethical standards. After receiving a comprehensive explanation of the study, all subjects and their guardians provided written informed consent to participate in the study. The participants satisfied the following inclusion criteria: All were 5-year-old residents of Sazacho.

To screen for clinically significant autistic symptoms, the participants’ mothers completed the Social Responsiveness Scale, Second Edition (SRS-2) (25). Higher the SRS score, higher the degree of autistic traits. Participants were classified into two groups, those having high autistic trait (High autistic trait group) and those having low autistic trait (Low autistic trait group), based on screening cutoff values (boys: 53.5, girls: 52.5), as described earlier reports on SRS score distribution in the Japanese population (26, 27). In this study, 64 boys and 62 girls participated. Table 1 depicts the participants’ characteristics. Figure 1 depicts the distribution of the SRS scores in the two groups.


Table 1 | Participant characteristics.

[image: Comparison table between high and low autistic trait groups showing mean age, male-to-female ratio, and Social Responsiveness Scale scores. High group (n=19): Age 5.13, ratio 9:10, SRS-2 score 69.79. Low group (n=107): Age 5.06, ratio 55:52, SRS-2 score 31.24. Statistical significance shown with t or chi-square values, degrees of freedom, and p-values, with p < 0.001 for SRS-2 scores.]


[image: Bar chart showing frequency distribution of SRS scores for low and high autistic trait groups. The low trait group, in maroon, has higher frequencies at lower scores, peaking at 27. The high trait group, in yellow, has lower frequencies spread across a broader range of scores.]

Figure 1 | The distribution of the SRS scores in the High autistic trait group and Low autistic trait group.






2.2 Apparatus

A 48-cm square pressure sensor (LL sensor, NEWCOM, Inc.) was used to acquire data on the pressure distribution in the sole of the foot while participants were standing on one leg. To estimate the participants’ body motions, full-body images were captured using a webcam (Logitech c615n, 640 × 480 pixels, 30 fps) placed in front of them. Further, the data from the pressure sensor and the body images were synchronously acquired at a recording rate of 20 Hz. Figure 2 depicts the configuration among the participant, experimenter, video camera, and pressure sensor during data acquisition.


[image: Diagram showing an experimental setup with an experimenter near a camera positioned 1 meter high. The camera is 2.1 meters away from a participant standing on a pressure sensor.]

Figure 2 | Spatial arrangement of the participant, experimenter, video camera, and pressure sensor during data acquisition.






2.3 Procedure

Participants stood on a pressure sensor while facing the experimenter, who directed them to start and stop standing on one leg. Each participant completed four one-legged standing tests, two on each leg, alternating between their right and left foot. Whenever a participant maintained the one-legged stance for more than 20 seconds, the trial ended. The trials were conducted consecutively. Each participant took 2 minutes or less to complete the entire experimental procedure.




2.4 Measurement

The data collected in the experiment were time-series data of the pressure distribution on the sole of the foot and full-body images of the participants standing on one leg. COP was estimated from the pressure distribution that was obtained when the participants were standing on one leg. The COP’s location was determined using an elliptical approximation of the foot region, with the X- and Y-axes serving as the minor and major axes, respectively. Supplementary Material A depicts the specific data estimation methods used in this study. The angles of each joint of the body were estimated from full-body images using OpenPose (28). The angles were estimated for 10 joints of each participant. Figure 3 depicts the estimated positions and names of the joints.


[image: Diagram illustrating various body angles in a human figure, including neck, shoulder, left elbow, right elbow, left trunk, right trunk, left hip, right hip, left knee, and right knee angles, with a horizontal plane indicated.]

Figure 3 | Estimated positions and names of various joints.






2.5 Classification using the Support Vector Machine

From the measured data, 16 variables were extracted; they are listed in Table 2. These variables include the movements and complexity of COP sway (Lentotal path, Mcop speed, COPentropy, and COPconvex hull), total balance ability (Lenmax trial), difference between body movement and COP variation (COM - COP), and relationship between body parts and COP movements (Corrneck, Corrshoulder, Corrright elbow, Corrleft elbow, Corrright trunk, Corrleft trunk, Corrright hip, Corrleft hip, Corrright knee, and Corrleft knee). Supplementary Material B clarifies the reasons for selecting each explanatory variable and calculation method.


Table 2 | Explanatory variables for SVM.

[image: Table categorizing variables related to balance and joint angles. Categories include COP sway, overall balance, and correlation between COP and joint angles. Each variable is described with a brief explanation.]

We examined the process of transitioning from standing on two legs to standing on one leg, since we consider it a feed-forward process that is necessary to achieve the one-legged standing outcome. Therefore, the inherent diversity of the transitioning process was noted by everyone. We computed these variables (excluding Lenmax trial) for the initial two seconds of each participant’s first trial.

Support Vector Machine (SVM) is a popular machine learning method used in many classification problems (29). We used 16 explanatory variables to perform classification learning using SVM to determine whether participants belonged to the High autistic trait group or Low autistic trait group. Subsequently, we simultaneously selected the 16 explanatory variables and optimized the hyperparameter to screen High autistic trait group and, thereby, improve the performance and generalization of all SVM classification models.

Further, classification models were built for the following three sets of explanatory variables:

1. Conventional variables: COP sway + overall balance (variables based on earlier studies (30–36).

2. Proposed variables: Correlation between COP and joint angles (variables added by the current study).

3. Combined variables: All the explanatory variables.

The probabilities of participants being classified into the High autistic trait group were calculated using an SVM model. The performance of the classification models was evaluated using leave-one-out cross-validation (LOOCV). Supplementary Material C presents more information on the construction and evaluation of these models.




2.6 Statistical analyses

Statistical analyses were performed using the SPSS software, version 27.0 (IBM, Armonk, NY). Accordingly, descriptive statistics were calculated for all samples. The differences in age and SRS-2 scores between the two groups were analyzed using an independent sample t-test. Further, the difference in sex ratio was analyzed using the χ2 test. We calculated the accuracy, sensitivity, and specificity of models based on LOOCV classification using the best classification model. Further, we used Shapley additive explanations (SHAP) to identify the important features of each set of explanatory variable categories (i.e., conventional, proposed, and combined variables). This indicated the impact of each feature on the classifier’s output and the range of each variable to increase the probability of participants being classified into the High autistic trait group or Low autistic trait group. Subsequently, we calculated Spearman’s rank correlation coefficients using the total SRS score and the participants’ probabilities of being classified into the High autistic trait group. For all statistical tests, a significance threshold of p <.05 was adopted.





3 Results

Table 3 presents the results of the best classification model for each set of explanatory variable categories. The accuracy, sensitivity, and specificity scores of all sets of all variables, except the accuracy and sensitivity scores of conventional variables, are 1.000.


Table 3 | The best results of LOOCV.

[image: Table comparing variables across three categories: Conventional, Proposed, and Combined. Accuracy, Sensitivity, and Specificity are shown as 0.976, 0.842, 1.000 for Conventional, and 1.000 for Proposed and Combined categories. Selected variables include combinations of COP, COM, and joint angles. Additional notes describe cross-validation, group classifications, and parameter settings.]

Figure 4 depicts the SHAP values of the selected variables of each SVM model and their impacts for all participants for three sets of explanatory variable categories. Among the 16 variables, 3–5 were selected from each SVM model. The classification model with conventional variables included variables such as the duration of the longest one-leg stand in trials (Lenmax trial), area of COP sway (COPconvex hull), and association between body movements and COP variations (COM - COP). The classification model with proposed variables included variables indicating the correlation between the shoulder angle and COP (Corrshoulder), correlation between the right trunk angle and COP (Corrright trunk), and correlation between the right knee angle and COP (Corrright knee). Finally, the classification model with combined variables included the variables for the area of COP sway (COPconvex hull), association between body movement and COP variation (COM - COP), correlation between the shoulder angle and COP (Corrshoulder), correlation between the right hip angle and COP (Corrright hip), and correlation between the right knee angle and COP (Corrright knee). Even when the same variable is selected from different sets of explanatory variable categories, its contribution to the classification differs across variable sets. Among conventional variables and combined variables, the COPconvex hull (which is related to the area of COP sway) and COM - COP (which is related to the association between body movement and COP variation) are commonly selected. Among conventional variables, Lenmax trial is selected as the more important variable compared to the two variables COPconvex hull and COM - COP. However, among combined variables, COPconvex hull is selected as the most important variable (Figures 4A, C). Further, among proposed variables and combined variables, the shoulder joint and right knee are commonly selected as the most important variables. Among proposed variables, both the smaller values of Corrshoulder and Corrright knee contributed to the categorization of the High autistic trait group. However, among combined variables, a larger value of Corrshoulder contributed to High autistic trait group categorization (Figures 4B, C).


[image: Three SHAP value plots show the impact of different variables on a model's output. Plot A, "Conventional variables," includes "Lenmax trial," "COP convex hull," and "COM - COP." Plot B, "Proposed variables," includes "CORR shoulder," "CORR right trunk," and "CORR right knee." Plot C, "Combined variables," includes "COP convex hull," "CORR shoulder," "COM - COP," "CORR right hip," and "CORR right knee." Each plot features a color gradient from blue (low value) to red (high value).]

Figure 4 | Each feature’s impact on the models quantified using Shapley additive explanation values.



The total SRS score was positively correlated with probability of High autistic trait group in each set of explanatory variable categories (conventional: rs (124) = 0.301, p = 0.002; proposed: rs (124) = 0.411, p < 0.001; combined: rs (124) = 0.316, p < 0.001). Further, the probabilities of high autistic trait group in the proposed variables category are relatively highly correlated with the total SRS score. However, the correlation between conventional variables and the total SRS score was low. Figure 5 depicts these distributions. Finally, the distribution of the conventional variables was very different from that of the other two variables.


[image: Three scatter plots showing probability versus SRS score. Plot A, labeled "Conventional variables," has a weak correlation with \(r_s = 0.301\). Plot B, "Proposed variables," shows a stronger correlation with \(r_s = 0.411\). Plot C, "Combined variables," indicates moderate correlation with \(r_s = 0.316\). Each plot features a best-fit line.]

Figure 5 | Relationship between the total Social Responsiveness Scale score and the probability of autism spectrum disorder in each variable.






4 Discussion

This study assessed the potential usefulness of machine learning in evaluating movements during a one-legged standing test conducted for predicting high autistic trait group. The LOOCV results computed using the best classification model indicated the high accuracy, sensitivity, and specificity of variables. We identified the shoulder, hip, and trunk to be important variables in explaining the balance status of children with high autistic trait. The probabilities of High autistic trait group, which were calculated using each set of explanatory variable categories (i.e., conventional, proposed, and combined variables) and the SVM model, were correlated with the autistic traits assessed by SRS. It is noted that the screening was completed in a very short time. These results demonstrate the potential of using the one-legged standing test and machine learning as autism screening techniques.

Eye-tracking is one of the most frequently applied machine learning technique in ASD screening. According to Wei et al. (37), machine learning classification using eye tracking has an accuracy of 81%, a specificity of 79%, and a sensitivity of 84% in distinguishing individuals belonging to ASD and TD groups. However, the proposed and combined variables in this study had 100% accuracy, specificity, and sensitivity. Since screening rarely achieves 100% accuracy, sensitivity, and specificity, the difficulty of the one-legged standing test is the core aspect of ASD. These data support the use of this test in ASD screening. Moreover, this study’s results are relevant in practice, since its participants were 5-year-old children and the task took only a short time to complete.

Traditional assessments of the balance ability of children with high autistic trait commonly involve examinations of the entire body, from the lower to upper body (38). However, this study revealed that, compared to other parts of the body, the shoulder joints, hips, and waist contributed more to the body’s balance ability. Although it is important to examine the entire body, the results suggest that paying specific attention to the feed-forward strategy to control the center of gravity using the shoulder and waist at the beginning of the one-legged standing test contributes to the efficient screening of children with high autistic trait. Further, in screening using the one-legged standing test, focusing on shoulder and waist movements can facilitate the efficient screening of children with high autistic trait.

The SRS was rated according to a subjective evaluation by mothers in this study. However, the assessment performed in this study (i.e., standing on one leg) was based on an objective evaluation. Since the methods for assessing SRS and standing on one leg are completely different, assessing both is potentially more useful for predicting children with high autistic trait.

This study has several limitations, and these should be addressed by future research. First, the sample size was relatively small; accordingly, the results may not be sufficiently comprehensive. Future studies on larger sample sizes can provide more meaningful data on the potential use of drawing skills in screening of children with high autistic trait. Second, we did not collect any information regarding participants’ intelligence quotient (IQ). However, all the participants attended mainstream preschools without any intellectual impairment. In addition, motor impairments were found in both children with ASD having comorbid intellectual disability and those with ASD having average or above-average IQ (39). Accordingly, the observed motor difficulties commonly co-occur with a diagnosis of ASD, are ASD-specific features, and are not entirely due to impaired intellectual functioning. Third, the SRS is clearly just a screening tool for ASD. In fact, a substantial proportion of children with SRS scores lower than the cut-off of 55 (about 20%) have ASD and vice versa a considerable proportion of children with SRS scores higher than 55 (about 20%) do not have ASD (26). While our model provides a useful screening tool, it should not be used in isolation for diagnosis. Instead, it should be considered as part of a comprehensive assessment process that includes clinical evaluation and other standardized measures. Based on the results of this study, we intend to consider developing a continuous SRS score prediction model as a next step. Moreover, integrating more robust diagnostic tools for ASD, such as clinical assessments or standardized behavioral tests, alongside the SRS-2, would improve the reliability of the screening process. There are also limitations due to the sample size of the above-threshold data (i.e., data of the High autistic trait group). With only around 20 above-threshold samples and highly imbalanced sample overall, we were forced to use LOOCV to avoid polarization of prediction toward the Low autistic trait group. Although LOOCV is suitable for small datasets, it has drawbacks. It is computationally expensive and time consuming, especially for large datasets or complex models. LOOCV can also produce optimistic performance estimates due to the small test set in each iteration. In addition, it can be unstable when the dataset contains noise or outliers, as individual data points can disproportionately influence the results. These limitations emphasize the need for cautious interpretation of our results. Future research using more balanced dataset with larger samples above the threshold might require model revisions and could potentially yield more robust and generalizable results. While the study focuses on the support vector machine (SVM), comparing its performance with other algorithms, such as random forests or deep learning techniques, could identify the most effective approach for this type of screening. Furthermore, validation using external datasets from different regions or institutions would help confirm whether the findings hold across different populations.

In conclusion, this study revealed the effectiveness of using machine learning to evaluate the balance ability of 5-year-old children standing on one leg as a means of predicting high autistic trait. In addition, we emphasize the significance of focusing specifically on the shoulder and waist movements during the one-legged standing test to facilitate the efficient predicting of children with high autistic trait. One of the greatest advantages that research in this field can provide is the potential of identifying additional biomarkers as potential predictors of ASD and ensuring new prospective for early diagnosis (40). Further studies incorporating a broader range of balance cues are necessary to comprehensively determine the potential usefulness of considering balance ability in screening procedures of children with high autistic trait.
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Anne Donnellan was a powerful advocate, researcher, educator, mentor, and friend to many, a pioneer for the rights and dignity of autistic people and others with disabilities. She started one of the first preschool programs for autistic children when the field tended to dismiss us as unable and unmotivated to learn and relate to people, publishing a guide on how to develop such programs (Donnellan-Walsh et al., 1977). While trained in behavioral psychology and initially promoting positive approaches to managing aggressive and self-injurious behaviors, she became increasingly alarmed about the potential harms of applied behavioral analysis (ABA). This led to an influential book against aversives called Progress without Punishment (LaVigna and Donnellan, 1986; Donnellan et al., 1988). She championed inclusion both in the classroom and the community, actively supporting deinstitutionalization (including successfully advocating for our friend Joaquin Carson: Carson, 2017). From her early days as a practitioner, Anne (Donnellan, n.d.) became acquainted with all the major advocates and writers in the field. She entered and advanced in academia to become a Professor at the University of Wisconsin-Madison. She exercised her privilege, for example, by co-editing the influential, original Handbook of Autism (Cohen et al., 1987). Ever the progressive thinker with a strong voice, she rocked the establishment. This led to some professional fallout with former collaborators, but she continued to rise, later becoming Provost of the University of San Diego and Director of its Autism Institute. A private Catholic university with a mission to foster ethical and compassionate leaders, the University of San Diego appealed to Anne—a child of Irish Catholic immigrants—because it kept her grounded with loved ones (her son John Walsh and his family lived nearby) while nurturing her feisty appetite for making life better for people (Wisconsin State Journal, 2024).

Frustrated with the use of restraints through behavior (including punishments and seclusion) and chemicals (overmedication), Anne became an advocate of augmentative and alternative communication (AAC). She valued that behavior can be a form of communication (Donnellan et al., 1984) but also that autistic people may struggle to control their bodies and need support (Donnellan et al., 1992). For example, with the support of quality relationships (Donnellan et al., 1992; Robledo and Donnellan, 2008, 2016), autistic people may manage their stress to initiate action (Donnellan et al., 2006).

Anne wrote about and discussed invented knowledge (Donnellan, 1999), pairing it with her critical idea of making the least dangerous (and most helpful) assumption so that the person has the most likely chance of functioning as well as they can (Donnellan, 1984). This means presuming competence (especially but not only about non-speaking people), and empowering people with the opportunity to relate and grow that patronizing interpretations might deny. Anne relatedly distinguished between the ability to speak and the ability to think, and actively opposed dehumanization, isolation or seclusion, and abuse. She valued the self-advocacy of autistic people and understood the true meaning of reciprocity, the role of communication partners in supportive relationships: working with people, not on them (as she put it: USD News Center, 2008). Together with Anne's work with Martha Leary on movement differences (Donnellan and Leary, 1995), Anne's body of work helped to explain how some autistic people may be unable to speak but can communicate in other ways (such as through language and typing).

Anne highlighted how the neurodiversity movement most urgently applies to non-speaking people and autistic people with high support needs including those who may have intellectual disabilities. I first encountered Anne's research efforts in 2007 shortly after learning about the neurodiversity and disability rights movements, through my research for a paper for an undergraduate anthropology class on Native Americans in American public life. Anne's study, led by her former PhD student Jeanne Connors, of people with developmental disabilities in Navajo society (Connors and Donnellan, 1993, 1998) greatly inspired my argument that their traditional inclusive, pragmatic approach may fare better for autistic people than Western society's medical model (this later developed into my first published paper: Kapp, 2011). From 2008 to 2013, I attended and was pleasantly surprised to present at Anne's autism conference, which she co-organized with her former PhD student Jodi Robledo; Anne respectfully welcomed speakers from ‘behind the scenes' at the conference and into her home. Anne's simple act of inviting me to be on the panel in 2008 marked my first academic presentation and felt authentic. Anne invited autistic and parent bloggers from the progressive Autism Hub along with leading presenters on the various aforementioned topics and beyond to combine important concepts with practical applications.

Twenty years after co-founding the first social justice organization for all autistic people (AutCom), Anne (with Martha Leary and David Hill) published her first main theoretical paper on the sensory-movement account of autism in 2010. This paper represented the only psychological or biological theory in the first special issue on autism and neurodiversity, primarily featuring leading activists, and scholars (Savarese and Savarese, 2010). Soon after in 2012 Anne and Martha published their second book on this topic (Leary and Donnellan, 2012). In 2013 she co-edited (Torres and Donnellan, 2015b) a Research Topic on Autism: The Movement Perspective (Torres and Donnellan, 2015a) in Frontiers in Integrative Neuroscience with Liz Torres. This special issue included her important contributions on theory (Donnellan et al., 2013) and perspectives (Robledo et al., 2012) of autistic people. This account encompassed not only motor and sensory issues, but also issues related to flexibility, attention, and emotion (differences or difficulties in starting, switching, and stopping). Of course, these differences can also bring strengths or joy, such as through stimming (Kapp et al., 2019) or appreciation for sensations such as colors and certain textures. It was a delight to present my related paper (Kapp, 2013) at Jodi's and her conference to further clarify such nuances, and to stand as just one of the countless lives she touched.

Anne Donnellan's expertise and values have proven to be ahead of her time, with science, policy, and practice helping autistic people to have fulfilling lives in the community.
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The long-standing practice of using manualized inventories and observational assessments to diagnose and track motor function in autism overlooks critical data invisible to the naked eye. This subjective approach can introduce biases and hinder the translation of research into clinical applications that rely on objective markers of brain–body connections. Meanwhile, we are experiencing a digital healthcare revolution, marked by innovations in the collection and analysis of electronic health records, personal genomes, and diverse physiological measurements. Advanced technologies, including current wearable devices, integrate both active and passive (sensor-based) data collection, providing a more comprehensive view of human health. Despite advances in sensors, wearables, algorithms, machine learning, and agentic AI, autism research remains siloed, with many tools inaccessible to affected families and care teams. There is a pressing need to merge these technological advances and expedite their translation into accessible, scalable tools and solutions to diversify scientific understanding. In response, this Perspective introduces the Move Initiative, a coalition spearheaded by the nonprofit 2 m Foundation, composed of self-advocates, families, clinicians, researchers, entrepreneurs, and investors who aim to advance and refine the measurement of movement in autism. Move will make motor screenings more dynamic and longitudinal while supporting continuous assessment of targeted interventions. By fostering cross-disciplinary collaboration, Move seeks to accelerate the integration of the expanding knowledge base into widespread practice. Deep, longitudinal, multi-modal profiling of individuals with Autism Spectrum Disorder offers an opportunity to address gaps in current data and methods, enabling new avenues of inquiry and a more comprehensive understanding of this complex, heterogeneous condition.
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1 The role of motor symptoms in enhancing autism diagnosis and care


1.1 Rising autism prevalence and unmet needs

Autism prevalence has risen significantly over the past two decades, with the CDC reporting that 1 in 36 eight-year-olds were diagnosed with Autism Spectrum Disorder (ASD) in 2020 (Maenner et al., 2023). Despite this growing prevalence, there are no FDA-approved treatments for autism or the motor challenges frequently associated with the condition (McGuinness and Kim, 2020). While improved awareness and screening have contributed to the increase in diagnoses, the steady rise in birth-year prevalence—beginning in the late 1980s and continuing into the early 1990s—suggests that additional genetic, environmental, and developmental factors may also be at play (Chang et al., 2023; Escher et al., 2022; Guo et al., 2022; Hicks et al., 2017; Kuja-Halkola et al., 2019; Li et al., 2022; Naviaux, 2020; O’Sharkey et al., 2024; Shenouda et al., 2022; Zahorodny et al., 2023). These trends underscore the need for continued research to unravel the complex mechanisms contributing to ASD.

The rising prevalence of autism also comes with profound societal implications. The economic impact of autism is equally staggering. Costs associated with the condition are expected to soar to $7 trillion by the year 2029, driven by the growing demand for therapies, education, and support services (Cakir et al., 2020). This financial burden, coupled with the lack of effective treatments, highlights the urgent need to adopt innovative approaches that address the overlooked components of autism, such as motor function.



1.2 Behavioral diagnosis and the role of the DSM-V

For the past 80 years, autism has been diagnosed based on behavioral criteria (Jackman and Zwaigenbaum, 2023; Qin et al., 2024). In the 1970s and early 1980s, autism was considered rare, with an estimated prevalence of 1 in 10,000 children (Jackman and Zwaigenbaum, 2023). During this period, the condition was often misclassified as other disorders, such as Childhood Schizophrenia, Childhood Affective Disorder, or Pervasive Developmental Delay (Genovese and Ellerbeck, 2022; Jackman and Zwaigenbaum, 2023). The subsequent evolution of diagnostic criteria—culminating in the broader classification of ASD in the DSM-V—reflected advances in understanding and recognition of autism’s heterogeneity (Jackman and Zwaigenbaum, 2023).

Despite advances in understanding autism, diagnosis still relies on observable behavioral symptoms, such as difficulties with social interaction, communication, and repetitive behaviors (American Psychiatric Association, 2013). This behavioral focus often overlooks the physiological underpinnings of autism, including motor and sensory differences, which are increasingly recognized as integral to its presentation (Torres et al., 2016; Licari et al., 2020). The continued reliance on subjective assessments contributes to delayed diagnoses and an incomplete understanding of autism’s complexity. With behaviors ranging widely—from severe physical and mental challenges to relatively mild traits that present as social quirks (Qin et al., 2024; Zwaigenbaum and Penner, 2018)—the underlying causes and most effective treatments remain elusive.

It is important to clarify that we do not advocate for abandoning the DSM-V. Instead, we propose enhancing its utility by incorporating objective, motor-focused data into the diagnostic framework. Motor symptoms, often observed alongside core behavioral characteristics, represent a quantifiable and overlooked domain in autism care. This integration could improve precision and consistency, while preserving the value of behavioral assessments. By adopting a more comprehensive, multi-dimensional approach that includes motor function and physiological data, the field can move beyond the limitations of purely behavioral diagnosis.



1.3 Motor function as a foundation for understanding autism

Motor challenges in ASD extend beyond physical impairments, influencing speech, sensory processing, and learning. Since speech itself is a motor activity, difficulties in motor planning and coordination likely contribute to language delays and communication challenges (Brignell et al., 2018). Research underscores the connection between sensory perception, motor skills, and cognitive processes, with many individuals with autism exhibiting deficits in fine and gross motor functions (Bhat et al., 2011; Kangarani-Farahani et al., 2024; Lim et al., 2021; Zampella et al., 2021). Sensorimotor integration difficulties—disruptions in perceiving, processing, and responding to sensory information through motor actions—are linked to sensory sensitivities, repetitive behaviors, and communication deficits (Torres et al., 2013; Whyatt, 2017; Donnellan et al., 2013). Variability in movement, including repetitive motions and motor planning difficulties, further compounds these challenges, affecting both verbal and nonverbal communication. (Torres and Whyatt, 2017) Many individuals with ASD remain minimally verbal, with 25 to 30% of children failing to develop functional language, highlighting the motor basis of speech impairments (Brignell et al., 2018; Torres and Donnellan, 2015; Whyatt and Craig, 2013).

With autism prevalence likely exceeding 2.78% of the population (Maenner et al., 2023), understanding and addressing the motor-related underpinnings of this condition is critically important. Given the strong link between motor function and other core symptoms of ASD, there is an urgent need for practical solutions that can comprehensively capture and analyze motor data to inform both diagnosis and treatment. Collecting and analyzing longitudinal movement and micro-movement data could shed light on precisely how motor function influences the cognitive performance and social behavior of individuals with ASD.

This quantified view of motor function would allow researchers to move beyond subjective behavioral assessments, offering an objective connection between motor skills and the broader range of symptoms currently classified as “autistic behaviors” (American Psychiatric Association, 2013; Genovese and Ellerbeck, 2022; Sellick et al., 2021; Wang et al., 2021). By addressing motor function as a foundational component of autism research and care, the field has the potential to improve diagnosis, enable earlier intervention, and develop targeted therapies that address an underexamined aspect of autism.



1.4 The complexity of autism comorbidities

Research consistently shows that ASD is frequently accompanied by a wide range of serious comorbidities, many of which significantly impact the daily lives of affected individuals. The literature supports the assertion that autism is frequently accompanied by serious comorbidities such as seizures, gastrointestinal issues, and allergies (Al-Beltagi, 2021; Burns et al., 2023; Kim et al., 2023; Saleh and Adel, 2019). More broadly, motor difficulties—including challenges with coordination, gait, and balance—are among the most common issues occurring alongside ASD (Matson et al., 2011; Papadopoulos et al., 2014; Vogindroukas et al., 2022). According to parent-reported data from the Simons Foundation, a leading nonprofit in the autism field, approximately 87% of children aged 5 to 15 years with ASD experience difficulties with gross and fine motor control, coordination, postural stability, and balance (Bhat, 2020). Despite these findings, much of autism research has focused on genetics and behavior, largely overlooking one of ASD’s most impactful symptoms—motor difficulties—that significantly autism quality of life.

As highlighted in a 2020 Spectrum article: “We describe what experts know about the causes, characteristics, and consequences of motor difficulties, which they say are ‘among the least understood and most neglected aspects of autism’” (Schenkman, 2020). Researchers studying motor function in ASD have long recognized that movement differences are both pervasive and fundamental to the diagnosis (Alsaedi, 2020; Bougeard et al., 2021; Licari et al., 2020; Melo et al., 2020; Nordin et al., 2021; Posar and Visconti, 2022). Notably, motor abnormalities are among the most common physical comorbidities in autism, with a prevalence as high as 79%, and motor impairments reported to range between 50 and 85% (Christensen and Zubler, 2020; Bhat, 2020).



1.5 The need for objective, longitudinal motor data

The long-standing reliance on manualized inventories and subjective observational assessments to evaluate motor function in autism overlooks subtle neuromotor differences that are critical for understanding the condition’s complexity. As Torres et al. (2023) highlights, these traditional methods often fail to capture the nuanced physiological underpinnings of autism, such as micro-movements and sensorimotor variability, which can provide valuable insights into brain–body connections. This subjective approach introduces biases and limits the ability to develop effective, individualized interventions.

Emerging tools such as wearable devices, motion sensors, and longitudinal data collection systems offer a pathway to address these limitations (Torres et al., 2023). By integrating objective motor data into diagnostic and care models, researchers and clinicians can better identify autism subtypes, tailor interventions, and track their efficacy over time. Shifting to precision-based approaches rooted in quantifiable data not only addresses the fragmented nature of autism research but also facilitates interdisciplinary collaboration, advancing our understanding of the complex, heterogeneous nature of ASD.



1.6 The fragmented nature of autism research

Historically, autism research has been siloed, with experts in genetics, behavior, environment, and physiology often working in isolation. This fragmentation limits the ability to create a cohesive, holistic understanding of autism’s complex presentation. While these focused efforts have led to important discoveries, this siloed approach has limited the ability to develop comprehensive solutions for the diverse challenges of ASD. The multifaceted nature of autism—spanning motor, sensory, cognitive, and environmental domains—demands a more integrated, collaborative approach across fields.

Pellicano and Stears (2011) argue that addressing these unmet research needs requires interdisciplinary collaboration, synthesizing knowledge and methods from diverse fields to tackle the complexity of autism. Similarly, Lord et al. (2022) emphasize the importance of multi-dimensional data and integrated care models to advance understanding and treatment. By combining insights from motor science, technology, and neurobiology, researchers can develop more holistic frameworks that recognize the interconnected nature of ASD symptoms. Addressing these silos is essential to uncovering new avenues for precision diagnosis and intervention.




2 Leveraging technology for precision autism care


2.1 Technological advancements in health tracking

The last decade has seen significant advancements in digital tools capable of collecting high-resolution, longitudinal health data. Devices such as wearables, environmental sensors, and health-tracking applications have fundamentally changed how we gather and analyze information about human activity. Gary Wolf, co-founder of the Quantified Self movement, introduces the concept of Personal Science, which emphasizes the use of empirical methods and real-world data to investigate personal health questions while uncovering patterns in behavior and well-being (Wolf and De Groot, 2020). These advancements have shifted self-tracking from anecdotal observations to systematic, data-driven insights, enabling individuals to uncover subtle quantitative patterns in their behavior and health.

For individuals with ASD, these same technological tools offer an unprecedented opportunity to monitor motor function. Devices such as smartwatches, accelerometers, and EEG wearables can capture nuanced motor behaviors and sensory-motor variability over time. This longitudinal data is essential for identifying motor-based subtypes of autism, understanding developmental trajectories, and personalizing care for individuals with diverse needs.



2.2 The case for precision autism care

Traditional, one-size-fits-all approaches to autism care have proven insufficient to address its variability (Lord, 2019; Torres, 2021). Instead, a precision-based model of care—which integrates real-time motor data and other objective metrics—offers the potential to provide personalized baselines for diagnosis, monitoring, and intervention. Dr. Catherine Lord of UCLA underscores this need for precision data, noting that while numerous interventions exist for autism, there is insufficient information about “which treatments or services should be offered, to whom, when, for how long, with what expected outcomes, and for what cost” (Lord et al., 2022). Digital health technologies are well-positioned to close this gap, allowing researchers and clinicians to integrate multi-dimensional datasets—including motor patterns, biometrics, and environmental exposures—into actionable care pathways.



2.3 Digital systems: capturing longitudinal motor data

The integration of “long and wide data,”—terms introduced by Wolf and De Groot (2020) —into autism care frameworks has the potential to reshape how we identify and track motor challenges. Longitudinal data—collected passively over extended periods through wearables and sensors—enables the detection of subtle changes in movement patterns that might otherwise go unnoticed. Simultaneously, wide data—which incorporates multiple dimensions such as motor function, EEG signals, environmental exposures, and genetic information—provides a holistic view of autism’s complexities. By combining these approaches, digital systems can transition from static, categorical assessments to dynamic, individualized baselines that reflect the evolving needs of individuals with ASD. This shift not only improves the precision of diagnostic and treatment protocols but also highlights the significant role of motor function in influencing broader developmental trajectories and behaviors (see Figure 1).
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FIGURE 1
 Motor protocol illustrates a comprehensive, technology-driven approach to assessing motor function in individuals with autism. The protocol incorporates tools such as wearables, webcams, ECG, and accelerometers to track metrics including heart rate variability (HRV), gait/balance, and intentional motion. Importantly, this approach emphasizes the collaborative interaction between the child and clinician, leveraging real-time data to inform interventions and enhance outcomes.


This iterative process is visually represented in Figure 2 Decoding Autism Cycle. The figure highlights how diverse data sources—including vitals, motor activity, EEG, DNA, longitudinal exposures, and external data—are integrated into a digital twin framework. Through personalized dashboards and real-time notifications, actionable insights enable targeted experiment modifications, fostering continuous improvement in motor function analysis and intervention strategies.

[image: Diagram illustrating an agent-guided experiment process. It shows various data inputs like vitals, EEG, environmental sensors, DNA, and more, surrounded by an outline of a human figure. The data flows into a data analytics system that connects to a dashboard and a digital twin. The process generates notifications, suggestions, and experiment modifications. Dotted arrows indicate data flow and connections between components.]

FIGURE 2
 Decoding autism cycle.


While advanced technologies offer immense potential for capturing longitudinal motor data, many tools remain inaccessible to affected families and care teams. Barriers such as cost, limited technical knowledge, and the absence of autism-specific design prevent widespread adoption of wearable devices and health-tracking platforms. For example, a meta-analysis by Xu et al. (2024) highlights that while digital interventions can support developmental skills in individuals with ASD, accessibility challenges and usability limitations hinder their effective use by families. Similarly, a study by Ning et al. (2019) identified significant limitations in access to autism-related resources, particularly for families in rural areas, highlighting the urgent need for accessible and intuitive digital health solutions. Developing cost-effective systems tailored to the unique needs of individuals with ASD and their families is essential to ensure these technologies can be seamlessly integrated into daily life and clinical care.



2.4 From data to action: harnessing machine learning and artificial intelligence

While collecting longitudinal data is an essential first step, its true value lies in analysis and interpretation. Machine learning (ML), artificial intelligence (AI), and natural language processing enable the real-time analysis of vast datasets, uncovering correlations between motor function and other developmental domains, identifying motor-based subtypes of autism, and generating actionable insights for clinical care. For example, ML and AI technologies have been instrumental in identifying motor patterns and predicting disease progression in neurological disorders such as Parkinson’s Disease and Multiple Sclerosis, using tools like wearables and advanced imaging (di Biase et al., 2024; Lonini et al., 2018; Zhan et al., 2018). These existing frameworks demonstrate how AI-driven tools can facilitate the recognition of subtle, individualized motor signatures and inform precision interventions.

Personalized health dashboards further enhance this process by providing user-friendly tools to visualize motor trajectories, monitor progress, and adjust interventions in real time (Snyder and Zhou, 2019). In autism, similar systems could aggregate fine and gross motor data to uncover critical patterns, such as micro-movements or postural shifts, that may correlate with behavioral or cognitive milestones. (Torres and Whyatt, 2017) These systems not only support individual-level care but also contribute to global, open-source datasets, enabling population-level studies that address the heterogeneity of ASD. By building on existing successes in neurological research, the application of ML and AI in ASD has the potential to revolutionize how motor function is understood, monitored, and managed.



2.5 Addressing accessibility and design considerations

While wearable technologies offer immense potential, it is essential to recognize the unique needs of individuals with ASD, including those with heightened sensitivity to sensory inputs or electromagnetic fields (EMFs). Research has suggested that individuals with autism may exhibit increased vulnerability to EMF exposures, potentially due to underlying biological susceptibilities, including oxidative stress, neuroinflammation, and mitochondrial dysfunction (Herbert and Sage, 2013a; Herbert and Sage, 2013b). These sensitivities can result in discomfort or exacerbate symptoms, highlighting the need to design wearable devices that mitigate non-native radiofrequency (RF) exposure and accommodate the sensory needs of individuals on the autism spectrum (Herbert and Sage, 2013b; Pall, 2016). This underscores the importance of designing wearable devices that mitigate non-native RF exposure and accommodate the specific sensory needs of individuals on the autism spectrum (Herbert and Sage, 2013b).

To address these concerns, it is critical for manufacturers to prioritize design features that reduce RF emissions, particularly for technologies that rely on constant data transmission. A practical solution is the inclusion of an ‘airplane mode’ option, which allows users to limit exposure to non-native EMFs by disabling wireless connectivity while maintaining local data collection capabilities. Such solutions have been recommended to reduce RF emissions, particularly for sensitive populations, including individuals with ASD (Sage and Burgio, 2018; Pall, 2016). This feature, already standard in many consumer devices, could be adapted to additional wearable technologies to promote accessibility for individuals who experience discomfort or adverse effects related to EMFs. By enabling individuals and care teams to control RF exposure on demand, airplane mode represents a simple yet meaningful modification that aligns with the sensory and biological considerations of the autism community.

In addition to RF considerations, wearable technologies must be designed with attention to physical comfort, ease of use, and adaptability. Features such as lightweight materials, adjustable components, and user-friendly interfaces are essential for accommodating motor and sensory challenges. Tailored approaches to wearable design can significantly improve usability and adoption in individuals with autism, particularly when end-users and their families are involved in the design process (Ning et al., 2019). Collaboration with individuals on the autism spectrum, as well as their families and care teams, is critical in refining these technologies to make them both functional and inclusive.



2.6 Toward a new era of autism research

The rise of wearable sensors, digital health platforms, and AI-driven analytics represents a pivotal opportunity for advancing autism care. By capturing longitudinal motor data and integrating it with other biological and behavioral metrics, current technologies allow for a more precise, data-driven understanding of ASD. This approach not only has the potential to improve subtyping and diagnosis but also to personalize interventions in ways that meet the evolving needs of individuals across the spectrum. Through the integration of technology, we can move closer to a future where autism care is informed by real-world, longitudinal evidence, empowering individuals and their care teams with tools for meaningful change.




3 The Move Initiative: advancing motor function analysis in autism


3.1 Introducing the Move Initiative

Building on the technological advancements and tools discussed in Section 2, the Move Initiative translates these innovations into practical applications that address critical challenges in autism motor research and care. Organized and led by the 2m Foundation, this collaborative project aims to advance the study and analysis of motor function in autism. As a nonprofit focused on patient-led, technology-driven solutions for chronic conditions, 2m Foundation has brought together an interdisciplinary coalition of self-advocates, families, care teams, clinicians, researchers, and technology developers to tackle disparities in motor research. The initiative emphasizes integrating motor data into diagnostic and care models while fostering collaboration across disciplines such as motor science, neurobiology, digital health, and artificial intelligence. By breaking down traditional research silos, Move establishes an open, collaborative platform for sharing data and developing practical tools.

Central to the Move Initiative is the development of an Autism Motor Signature (AMS)—a framework aimed at capturing individualized motor function profiles over time. While still in progress, the AMS aspires to analyze micro-movement patterns across a cohort of individuals on the autism spectrum, leveraging wearable devices, motion sensors, and digital health platforms to continuously collect fine and gross motor data. Similar to how tremor and dyskinesia signatures in Parkinson’s Disease have been identified using tools like the Apple Watch and Rune Lab’s StrivePD app (Larkin, 2022), the AMS seeks to uncover distinctive motor patterns indicative of ASD. These global analyses, powered by AI-driven tools, could lead to the identification of unique motor-based signatures for ASD, informing personalized interventions and enabling targeted care strategies. By integrating this data, the AMS framework supports actionable care models, allowing individuals and their care teams to refine interventions and monitor outcomes in real time (Mandelli et al., 2024; Iannone and Giansanti, 2023).



3.2 A data-driven approach to personalized care

Motor function exists within a broader biological and environmental mosaic, shaping autism’s developmental pathways. As Topol (2015) explains, “You have to be able to connect the dots, the whole mosaic.” This multi-omic approach integrates motor data with other variables such as sleep, diet, genomics, and environmental exposures, creating a holistic framework for understanding ASD.

The Move Initiative aims to leverage these interconnected data streams to generate actionable insights for precision autism care. By moving beyond one-size-fits-all therapeutic frameworks, this approach enables individuals to quantify motor symptoms, test interventions, and track progress. Personalized health dashboards provide user-friendly tools for visualizing motor trajectories, empowering caregivers and clinicians to make informed decisions in real time (Snyder and Zhou, 2019). Aggregated data further contributes to global, open-source datasets, advancing population-level studies and addressing the heterogeneity of ASD.



3.3 Future directions for motor function analysis

While the AMS is still in development, its potential to transform precision autism care is vast. Aggregated motor data, analyzed alongside biological and environmental factors, will contribute to identifying ASD subtypes and developing targeted interventions (Ferrari, 2021; Joudar et al., 2023). AI-driven tools and intuitive dashboards will ensure that motor data is accessible to families, clinicians, and researchers, facilitating real-world applications. Through its emphasis on collaboration, real-world data, and scalable solutions, the Move Initiative represents a significant step forward in addressing the motor challenges of autism. By advancing our understanding of how motor function shapes the developmental landscape of ASD, this effort lays the groundwork for more comprehensive and personalized care for individuals with autism.

As the Move Initiative progresses, its success depends on the collective expertise and shared insights of a multidisciplinary community. Researchers, clinicians, engineers, and advocates are invited to join this effort, contributing their knowledge to refine tools, expand datasets, and develop actionable solutions. By working together, we can accelerate progress toward a future where motor function analysis is an integral component of autism care, ultimately improving outcomes for individuals with ASD and their families.




4 Concluding remarks

The Move Initiative, coordinated by the 2m Foundation, exemplifies a transformative step in addressing the motor challenges of Autism Spectrum Disorder (ASD). By integrating tools such as wearable devices, sensor-based data collection, and AI-driven analytics, the initiative develops dynamic, longitudinal models of care tailored to the diverse needs of individuals with autism. Central to this effort is the Autism Motor Signature (AMS), a precision framework designed to quantify motor function and uncover ASD subtypes, fostering interventions that are both personalized and impactful.

This perspective article provides a framework for understanding how motor function analysis can be integrated into diagnostic and care models to advance both clinical and scientific understanding of ASD. By prioritizing accessibility and scalability, the Move Initiative unites self-advocates, families, clinicians, researchers, and technologists to break traditional research silos and translate insights into actionable, real-world solutions. Through innovation and collaboration, this work paves the way for a future of tailored, evidence-based support for individuals with ASD.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

AG: Conceptualization, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing, Supervision. EH: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the 2m Foundation with no external funding.



Acknowledgments

We thank the Members of Our Move Group Consortium: each of you has made invaluable contributions to our collective efforts. Special thanks to Stuart Sharpe, our graphic designer, whose creativity brought our vision to life. A heartfelt acknowledgment goes to Brigitte Rumie, our dedicated data analyst, for her meticulous work and insights that have been instrumental in guiding our progress. To Maria Harper and Tomás O’Connor of our Count Fitness Team, and to Sophia, whose willingness to be an n-of-1 participant has been pivotal in advancing our understanding of this condition.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 Al-Beltagi, M. (2021). Autism medical comorbidities. World J. Clin. Pediatr. 10, 15–28. doi: 10.5409/wjcp.v10.i3.15 
	 Alsaedi, R. H. (2020). An assessment of the motor performance skills of children with autism spectrum disorder in the gulf region. Brain Sci. 10. doi: 10.3390/brainsci10090607 
	 American Psychiatric Association (2013). Diagnostic and statistical manual of mental disorders: DSM-5. Washington, DC: American psychiatric association.

	 Bhat, A. N. (2020). Is motor impairment in autism spectrum disorder distinct from developmental coordination disorder? A report from the SPARK study. Phys. Ther. 100, 633–644. doi: 10.1093/ptj/pzz190 
	 Bhat, A. N., Landa, R. J., and Galloway, J. C. (2011). Current perspectives on motor functioning in infants, children, and adults with autism spectrum disorders. Phys. Ther. 91, 1116–1129. doi: 10.2522/ptj.20100294 
	 Bougeard, C., Picarel-Blanchot, F., Schmid, R., Campbell, R., and Buitelaar, J. K. (2021). Prevalence of autism spectrum disorder and co-morbidities in children and adolescents: a systematic literature review. Front. Psychiatry 12:744709. doi: 10.3389/fpsyt.2021.744709 
	 Brignell, A., Chenausky, K. V., Song, H., Zhu, J., Suo, C., and Morgan, A. T. (2018). Communication interventions for autism spectrum disorder in minimally verbal children. Cochrane Database Syst. Rev. 2018, no. 11: Art. No. CD012324. doi: 10.1002/14651858.CD012324.pub2 
	 Burns, J., Phung, R., McNeill, S., Hanlon-Dearman, A., and Florencia Ricci, M. (2023). Comorbidities affecting children with autism spectrum disorder: a retrospective chart review. Children 10:1414. doi: 10.3390/children10081414 
	 Cakir, J., Frye, R. E., and Walker, S. J. (2020). The lifetime social cost of autism: 1990–2029. Res. Autism Spectr. Disord. 72:101502. doi: 10.1016/j.rasd.2019.101502

	 Chang, Y.-S., Chen, L.-W., Tsung, Y., Lin, S.-H., and Kuo, P.-L. (2023). Preterm birth and weight-for-gestational age for risks of autism spectrum disorder and intellectual disability: a nationwide population-based cohort study. J. Formos. Med. Assoc. 122, 493–504. doi: 10.1016/j.jfma.2022.10.005 
	 Christensen, Deborah, and Zubler, Jennifer. (2020). CE: From the CDC: Understanding autism spectrum disorder. Am J Nurs. 120, 30–37.

	 di Biase, L., Pecoraro, P. M., Pecoraro, G., Shah, S. A., and Di Lazzaro, V. (2024). Machine learning and wearable sensors for automated Parkinson’s disease diagnosis aid: a systematic review. J. Neurol. 271, 6452–6470. doi: 10.1007/s00415-024-12611-x

	 Donnellan, A. M., Hill, D. A., and Leary, M. R. (2013). Rethinking autism: implications of sensory and movement differences for understanding and support. Front. Integr. Neurosci. 6:124. doi: 10.3389/fnint.2012.00124 
	 Escher, J., Yan, W., Rissman, E. F., Wang, H.-L. V., Hernandez, A., and Corces, V. G. (2022). Beyond genes: germline disruption in the etiology of autism spectrum disorders. J. Autism Dev. Disord. 52, 4608–4624. doi: 10.1007/s10803-021-05304-1 
	 Ferrari, E. (2021) Artificial Intelligence for Autism Spectrum Disorders In J. S. Kreutzer, J. DeLuca, and B. Caplan (Eds.) Artificial Intelligence in Medicine (pp. 1579–1593). Cham: Springer International Publishing.

	 Genovese, A., and Ellerbeck, K. (2022). Autism spectrum disorder: a review of behavioral and psychiatric challenges across the lifespan. SN Comprehensive Clin. Med. 4:217. doi: 10.1007/s42399-022-01302-1

	 Guo, B.-Q., Li, H.-B., Zhai, D.-S., and Yang, L.-Q. (2022). Prevalence of autism spectrum disorder diagnosis by birth weight, gestational age, and size for gestational age: a systematic review, meta-analysis, and meta-regression. Eur. Child Adolesc. Psychiatry 33, 2035–2049. doi: 10.1007/s00787-022-02078-4 
	 Herbert, M. R., and Sage, C. (2013a). Autism and EMF? Plausibility of a pathophysiological link–part I. Pathophysiology 20, 191–209. doi: 10.1016/j.pathophys.2013.08.001 
	 Herbert, M. R., and Sage, C. (2013b). Autism and EMF? Plausibility of a pathophysiological link part II. Pathophysiology 20, 211–234. doi: 10.1016/j.pathophys.2013.08.002 
	 Hicks, S. D., Wang, M., Fry, K., Doraiswamy, V., and Wohlford, E. M. (2017). Neurodevelopmental delay diagnosis rates are increased in a region with aerial pesticide application. Front. Pediatr. 5:116. doi: 10.3389/fped.2017.00116 
	 Iannone, A., and Giansanti, D. (2023). Breaking barriers—the intersection of AI and assistive Technology in Autism Care: a narrative review. J. Personal. Med. 14:41. doi: 10.3390/jpm14010041 
	 Jackman, A., and Zwaigenbaum, L. (2023). “The history of autism Spectrum disorder” in Neurodevelopmental Pediatrics. eds. D. D. Eisenstat, D. Goldowitz, T. F. Oberlander, and J. Y. Yager (Cham: Springer).

	 Joudar, S. S., Albahri, A. S., Hamid, R. A., Zahid, I. A., Alqaysi, M. E., Albahri, O. S., et al. (2023). Artificial intelligence-based approaches for improving the diagnosis, triage, and prioritization of autism spectrum disorder: a systematic review of current trends and open issues. Artif. Intell. Rev. 56, 53–117. doi: 10.1007/s10462-023-10536-x

	 Kangarani-Farahani, M., Malik, M. A., and Zwicker, J. G. (2024). Motor impairments in children with autism spectrum disorder: a systematic review and meta-analysis. J. Autism Dev. Disord. 54, 1977–1997. doi: 10.1007/s10803-023-05948-1 
	 Kim, Y. R., Song, D.-Y., Bong, G., Han, J. H., Kim, J.-H., and Yoo, H. J. (2023). Clinical characteristics of comorbid tic disorders in autism spectrum disorder: exploratory analysis. Child Adolesc. Psychiatry Ment. Health 17:71. doi: 10.1186/s13034-023-00625-8 
	 Kuja-Halkola, R., Larsson, H., Lundström, S., Sandin, S., Chizarifard, A., Bölte, S., et al. (2019). Reproductive stoppage in autism spectrum disorder in a population of 2.5 million individuals. Mol. Autism. 10, 1–10. doi: 10.1186/s13229-019-0300-6 
	 Larkin, H. D. (2022). Apple watch Parkinson disease symptom monitor is cleared. JAMA 328:416. doi: 10.1001/jama.2022.12641 
	 Li, Z., Yang, L., Chen, H., Fang, Y., Zhang, T., Yin, X., et al. (2022). Global, regional and national burden of autism spectrum disorder from 1990 to 2019: results from the global burden of disease study 2019. Epidemiol. Psychiatr. Sci. 31:e33. doi: 10.1017/S2045796022000178 
	 Licari, M. K., Alvares, G. A., Varcin, K., Evans, K. L., Bebbington, K., and Reynolds, J. L. (2020). Prevalence of motor difficulties in autism spectrum disorder: analysis of a population-based cohort. Autism Res. 13, 298–306. doi: 10.1002/aur.2230

	 Lim, Y. H., Licari, M., Spittle, A. J., Watkins, R. E., Zwicker, J. G., Downs, J., et al. (2021). Early motor function of children with autism spectrum disorder: a systematic review. Pediatrics 147:e2020011270. doi: 10.1542/peds.2020-011270 
	 Lonini, L., Dai, A., Shawen, N., Simuni, T., Poon, C., Shimanovich, L., et al. (2018). Wearable sensors for Parkinson’s disease: which data are worth collecting for training symptom detection models. NPJ Digit. Med. 1:64. doi: 10.1038/s41746-018-0071-z 
	 Lord, C. (2019). Recognising the heterogeneity of autism. Lancet Psychiatry 6, 551–552. doi: 10.1016/S2215-0366(19)30220-2 
	 Lord, C., Charman, T., Havdahl, A., Carbone, P., Anagnostou, E., Boyd, B., et al. (2022). The lancet commission on the future of care and clinical research in autism. Lancet 399, 271–334. doi: 10.1016/S0140-6736(21)01541-5 
	 Maenner, M. J., Warren, Z., Williams, A. R., Amoakohene, E., Bakian, A. V., Bilder, D. A., et al. (2023). Prevalence and characteristics of autism spectrum disorder among children aged 8 years—autism and developmental disabilities monitoring network, 11 sites, United States, 2020. MMWR Surveill. Summ. 72:1. doi: 10.15585/mmwr.ss7202a1

	 Mandelli, V., Severino, I., Eyler, L., Pierce, K., Courchesne, E., and Lombardo, M. V. (2024). A 3D approach to understanding heterogeneity in early developing autisms. Molecular Autism, 15, 41. doi: 10.1186/s13229-024-00613-5

	 Matson, M. L., Matson, J. L., and Beighley, J. S. (2011). Comorbidity of physical and motor problems in children with autism. Res. Dev. Disabil. 32, 2304–2308. doi: 10.1016/j.ridd.2011.07.036 
	 McGuinness, G., and Kim, Y. (2020). Sulforaphane treatment for autism spectrum disorder: a systematic review. EXCLI J. 19:892. doi: 10.17179/excli2020-2487

	 Melo, C., Ruano, L., Jorge, J., and Pinto Ribeiro, T. (2020). Prevalence and determinants of motor stereotypies in autism spectrum disorder: a systematic review and meta-analysis. Autism 24, 569–590. doi: 10.1177/1362361319869118

	 Naviaux, R. K. (2020). Perspective: cell danger response biology—the new science that connects environmental health with mitochondria and the rising tide of chronic illness. Mitochondrion 51, 40–45. doi: 10.1016/j.mito.2019.12.005 
	 Ning, M., Daniels, J., Schwartz, J., Dunlap, K., Washington, P., Kalantarian, H., et al. (2019). Identification and quantification of gaps in access to autism resources in the United States: an infodemiological study. J. Med. Internet Res. 21:e13094. doi: 10.2196/13094 
	 Nordin, M., Ashikin, J. I., and Nor, N. K. (2021). Motor development in children with autism spectrum disorder. Front. Pediatr. 9:598276. doi: 10.3389/fped.2021.598276 
	 O’Sharkey, K., Mitra, S., Paik, S., Chow, T., Cockburn, M., and Ritz, B. (2024). Trends in the prevalence of autism Spectrum disorder in California: disparities by sociodemographic factors and region between 1990–2018. J. Autism Dev. Disord., 1–9. doi: 10.1007/s10803-024-06371-w

	 Pall, M. L. (2016). Microwave frequency electromagnetic fields (EMFs) produce widespread neuropsychiatric effects including depression. J. Chem. Neuroanat. 75, 43–51. doi: 10.1016/j.jchemneu.2015.08.001 
	 Papadopoulos, Nicole, Rinehart, Nicole, Bradshaw, John Lockyer, McGinley, J., and Enticott, Peter. “Motor functioning in autism spectrum disorders.” (2014). “Motor functioning in autism spectrum disorders.” In V Patel, V Preedy, C Martin (Eds.) Comprehensive Guide to Autism (pp. 809–824). Springer.

	 Pellicano, E., and Stears, M. (2011). Bridging autism, science and society: moving toward an ethically informed approach to autism research. Autism Res. 4, 271–282. doi: 10.1002/aur.201 
	 Posar, A., and Visconti, P. (2022). Early motor signs in autism spectrum disorder. Children 9:294. doi: 10.3390/children9020294 
	 Qin, L., Wang, H., Ning, W., Cui, M., and Wang, Q. (2024). New advances in the diagnosis and treatment of autism spectrum disorders. Eur. J. Med. Res. 29:322. doi: 10.1186/s40001-024-01916-2 
	 Sage, C., and Burgio, E. (2018). Electromagnetic fields, pulsed radiofrequency radiation, and epigenetics: how wireless technologies may affect childhood development. Child Dev. 89, 129–136. doi: 10.1111/cdev.12824 
	 Saleh, M. M., and Adel, A. (2019). Autism: A neurodevelopmental disorder and a stratum for comorbidities. In M. S. Blumberg, J. H. Kaas, and G. J. de Vries (Eds.), Neurodevelopment and neurodevelopmental disorder. London: IntechOpen.

	 Schenkman, B. Y. L. (2020). Motor difficulties in autism, explained. Spectrum, 2–5. doi: 10.53053/OSZD5856

	 Sellick, T., Ure, A., and Williams, K. (2021). Repetitive and restricted behaviours and anxiety in autism spectrum disorder: protocol for a systematic review and meta-analysis. Syst. Rev. 10, 1–6. doi: 10.1186/s13643-021-01830-2 
	 Shenouda, J., Barrett, E., Davidow, A. L., Halperin, W., Silenzio, V. M. B., and Zahorodny, W. (2022). Prevalence of autism spectrum disorder in a large, diverse metropolitan area: variation by sociodemographic factors. Autism Res. 15, 146–155. doi: 10.1002/aur.2628 
	 Snyder, M., and Zhou, W. (2019). Big data and health. Lancet Digital Health 1, e252–e254. doi: 10.1016/S2589-7500(19)30109-8 
	 Topol, E. (2015). The patient will see you now: The future of medicine is in your hands. New York: Basic Books.

	 Torres, E. B. (2021). Precision autism: genomic stratification of disorders making up the broad Spectrum may demystify its “epidemic rates”. J. Personal. Med. 11:1119. doi: 10.3390/jpm11111119 
	 Torres, E. B., Brincker, M., Isenhower, R. W., Yanovich, P., Stigler, K. A., Nurnberger, J. I., et al. (2013). Autism: the micro-movement perspective. Front. Integr. Neurosci. 7:32. doi: 10.3389/fnint.2013.00032 
	 Torres, E. B., and Donnellan, A. M. (2015). Editorial for research topic autism: the movement perspective. Front. Integr. Neurosci. 9:12. doi: 10.3389/fnint.2015.00012 
	 Torres, E. B., Nguyen, J., Mistry, S., Whyatt, C., Kalampratsidou, V., and Kolevzon, A. (2016). Characterization of the statistical signatures of micro-movements underlying natural gait patterns in children with Phelan McDermid syndrome: towards precision-phenotyping of behavior in ASD. Front. Integr. Neurosci. 10:22. doi: 10.3389/fnint.2016.00022 
	 Torres, E. B., Twerski, G., Varkey, H., Rai, R., Elsayed, M., Katz, M. T., et al. (2023). The time is ripe for the renaissance of autism treatments: evidence from clinical practitioners. Front. Integr. Neurosci. 17:1229110. doi: 10.3389/fnint.2023.1229110 
	 Torres, E. B., and Whyatt, C. (Eds.) (2017). Autism: The movement sensing perspective : Boca Raton CRC Press.

	 Vogindroukas, I., Stankova, M., Chelas, E.-N., and Proedrou, A. (2022). Language and speech characteristics in autism. Neuropsychiatr. Dis. Treat. 18, 2367–2377. doi: 10.2147/NDT.S331987 
	 Wang, X., Zhao, J., Huang, S., Chen, S., Zhou, T., Li, Q., et al. (2021). Cognitive behavioral therapy for autism spectrum disorders: a systematic review. Pediatrics 147. doi: 10.1542/peds.2020-049880 
	 Whyatt, Caroline, and Craig, Cathy. (2013). Sensory-motor problems in Autism. Front. Integr. Neurosci. 7: 51.

	 Whyatt, C. (2017). The autism phenotype: physiology versus psychology? In E. B. Torres and C. Whyatt (Eds.), Autism: The movement sensing perspective (pp. 23–43). Boca Raton: CRC Press.

	 Wolf, G. I., and De Groot, M. (2020). A conceptual framework for personal science. Front. Comput. Sci. 2:21. doi: 10.3389/fcomp.2020.00021 
	 Xu, F., Gage, N., Zeng, S., Zhang, M., Iun, A., O’Riordan, M., et al. (2024). The use of digital interventions for children and adolescents with autism Spectrum disorder—a Meta-analysis. J. Autism Dev. Disord., 1–17. doi: 10.1007/s10803-024-06563-4 
	 Zahorodny, W., Shenouda, J., Sidwell, K., Verile, M. G., Alvarez, C. C., Fusco, A., et al. (2023). Prevalence and characteristics of adolescents with autism Spectrum disorder in the New York-New Jersey metropolitan area. J. Autism Dev. Disord., 1–7. doi: 10.1007/s10803-023-06058-8

	 Zampella, C. J., Wang, L. A. L., Haley, M., Hutchinson, A. G., and de Marchena, A. (2021). Motor skill differences in autism spectrum disorder: a clinically focused review. Curr. Psychiatry Rep. 23:64. doi: 10.1007/s11920-021-01280-6 
	 Zhan, A., Mohan, S., Tarolli, C., Schneider, R. B., Adams, J. L., Sharma, S., et al. (2018). Using smartphones and machine learning to quantify Parkinson disease severity: the mobile Parkinson disease score. JAMA Neurol. 75, 876–880. doi: 10.1001/jamaneurol.2018.0809 
	 Zwaigenbaum, L., and Penner, M. (2018). Autism spectrum disorder: advances in diagnosis and evaluation. BMJ 361:k1674. doi: 10.1136/bmj.k1674 


Copyright
 © 2025 Good and Horn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 06 February 2025
doi: 10.3389/fpsyg.2024.1496660








[image: image2]

Effects of group sports activities on physical activity and social interaction abilities of children with autism spectrum disorders

Yu Xing1,2*, Shuaibin Huang1, Yatong Zhao1 and Xueping Wu3*


1School of Physical Education, Hainan University, Haikou, China

2Hainan Provincial Key Laboratory of Sports and Health Promotion, Key Laboratory of Emergency and Trauma, Ministry of Education, The First Affiliated Hospital of Hainan Medical University, Hainan Medical University, Haikou, China

3School of Physical Education and Training, Shanghai University of Sport, Shanghai, China

Edited by
 Elizabeth B. Torres, Rutgers, The State University of New Jersey, United States

Reviewed by
 Chrystiane Vasconcelos Andrade Toscano, Federal University of Alagoas, Brazil
 Dursun Alper Yilmaz, Ağrı İbrahim Çeçen University, Türkiye

*Correspondence
 Yu Xing, xingyu@hainanu.edu.cn 
 Xueping Wu, wuxueping@sus.edu.cn

Received 15 September 2024
 Accepted 18 December 2024
 Published 06 February 2025

Citation
 Xing Y, Huang S, Zhao Y and Wu X (2025) Effects of group sports activities on physical activity and social interaction abilities of children with autism spectrum disorders. Front. Psychol. 15:1496660. doi: 10.3389/fpsyg.2024.1496660
 



Introduction: Group sports activities have been demonstrated to have an impact on the physical activity and social interaction abilities of children with autism spectrum disorder (ASD).
Methods: Thus, this work, taking different types of group sports as the primary variable, explored the impact of 12-week group sports activities on the physical activity and social interaction abilities of children with ASD. A quasi-experimental design was used to divide 21 children with ASD into Experimental group (N = 11) and Control group 1 (N = 10), while healthy children of the same age were selected as Control group 2 (N = 12). The experimental group performed group sports activities for 60 min/time, 4 times/week, for a total of 12 weeks, while the control group maintained the traditional sports activities of Peizhi School. Physical activity was monitored using a three-axis accelerometer (Model: ActiGraph GT3X+), and social interaction ability was measured using the playground observation of peer engagement (POPE) observation scale to evaluate the social interaction states of children in the experimental group after the physical activities.
Results and discussion: After the intervention, the sitting time of children in the experimental group was significantly reduced (t = −12.735, p < 0.001, Cohen d = 2.75), and the time of moderate and high-intensity physical activity was significantly increased (t = −8.79, p < 0.001, Cohen d = 1.82). In social interaction ability, the duration of loneliness was significantly reduced (t = −2.567, p < 0.017, Cohen d = 0.57), and the duration of joint participation (t = −3.009, p < 0.007, Cohen d = 0.02) and the regular game (t = −2.511, p < 0.026, Cohen d = 0.46) were significantly increased, respectively. 4 weeks after the intervention, the sedentary behavior and loneliness of the experimental group both continued to decrease. Group physical activities can improve the physical activity levels and social interaction skills of children with ASD and have a good effect on the maintenance.
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Introduction

Autism spectrum disorder (ASD) is a developmental disorder characterized by neuropsychological and behavioral defects, including autism, Asperger’s syndrome, and childhood disintegrative disorder. A typical presentation of the ASD symptom profile based on the DSM-V criteria, emphasizing two core characteristics: (1) persistent deficits in social communication and social interaction across multiple contexts, including difficulties in social reciprocity, nonverbal communicative behaviors, and developing, maintaining, or understanding relationships; and (2) restricted, repetitive patterns of behavior, interests, or activities, such as stereotyped movements, inflexible adherence to routines, highly restricted interests, or hyper/hyporeactivity to sensory input (Shultz et al., 2018; Kuo et al., 2022). Especially, ASD is often accompanied by a high prevalence of motor impairments, affecting approximately 70% of individuals diagnosed. Additionally, ASD often occurs before the age of 3, and the irreversible abnormal development of the brain leads to the inability to live independently in adulthood. According to a report by the Centers for Disease Control and Prevention (CDC) in 2023, one in 8-year-old children (2.76%) was diagnosed with autism (Hirota and King, 2023), while a study in the Chinese Journal of Reproductive Health in 2022 showed that the prevalence of ASD in children aged 0 to 6 in my country was 1.8% (Zhao et al., 2023). Due to the unknown cause of the disease, there is no specific clinical drug. With the surge in the number of children with autism and the increasing incidence rate year by year, their physical and mental health problems have attracted widespread attention from all walks of life at home and abroad. Finding effective intervention methods to improve autism is an important issue that needs to be solved urgently at home and abroad.

Sports are widely used in the rehabilitation of physical and mental diseases of children and adolescents due to their low cost, easy integration into the education system, and good effects. These motor deficits not only limit participation in physical activities but also exacerbate difficulties in navigating social environments, where physical engagement often plays a pivotal role. Furthermore, children with ASD are more likely to exhibit sedentary behaviors, which increase the risk of associated comorbidities such as obesity and metabolic disorders. They have also become one of the preferred non-drug interventions for ASD. Studies have shown that physical activity participation is an important factor affecting children’s physical health. Low physical activity levels in children with autism will also promote their sedentary behavior habits, which in turn aggravates their social isolation and shows the risk of social interaction and communication interaction disorders (Nguyen et al., 2021). However, these problems do not disappear with age. In recent years, more and more studies have begun to examine the impact of sports and health on the social interaction ability of children with autism. For school-age children with ASD, schools are the main venue for children’s physical activities. Group sports activities based on children’s motor development characteristics create an environment for ASD children to participate in physical activities and increase interaction and communication with peers. Physical activity levels have a positive impact on social interaction ability. At the same time, physiological mechanisms and learning/developmental mechanisms believe that sports intervention can not only change the functional connectivity of the brain’s motor neural network, but also change the activities of social and cognitive areas (Wang et al., 2021). In this context, promoting physical activity emerges as a critical intervention strategy, addressing not only the reduction of sedentary lifestyles but also mitigating the long-term health risks linked to these conditions. By focusing on physical activity, particularly in structured and socially interactive settings like group sports, we may uncover pathways to enhance both physical well-being and social integration for children with ASD.

Currently, group sports activities are widely used in children and adolescent health intervention. Zu Zeyuan implemented group intervention in the form of games and found that scientifically designed group games can cultivate children’s abilities to pay attention, imitate, interact, cooperate and compete, allowing them to learn and develop in a relaxed and pleasant environment (Zu et al., 2022) The results of a meta-analysis show that physical activities can significantly improve the social communication skills, motor skills, and loneliness of children and adolescents with ASD (Chen et al., 2023). Howells et al. used football intervention in a community environment and found that the football skills of children with ASD improved significantly, and the improvement of football skills of ASD children with poor social skills was more obvious (Howells et al., 2021). Qin Luxin and others conducted physical activity intervention on an ASD child and found that the child’s physical activity level and social interaction ability were improved after using peer intervention method (Qin et al., 2023). However, due to the limitations of children’s physical and cognitive abilities in many educational schools in China, the effectiveness of group sports activities is uneven. Therefore, more research is necessary to clarify how group sports activities affect children with ASD. Based on previous research, this study designed group sports activities suitable for children with ASD based on fundamental movement skills, combined with simple and interesting sports games and yoga exercises, aiming to explore the impact of group sports activities on the physical activity and social interaction ability of children with ASD, and further to provide new methods and theoretical basis for clinical sports rehabilitation intervention for children with ASD.



Participates

This study selected a special education school in Shanghai and a special education school in Wuhu City, Anhui Province as sample recruitment sites. After completing the double screening of the test, the recruitment criteria are as follows: (1) aged 7–10 years old, after child type (holding a medically certified autism diagnosis certificate, based on DSM-V criteria and confirmed through standardized assessments conducted by licensed medical professionals or clinical psychologists), and meeting the CARS diagnostic criteria; (2) no physical, visual and auditory disabilities; (3) no medication or other motor intervention during the intervention; (4) the guardian knew the content of the intervention before the intervention and signed the informed consent. The exclusion criteria are as follows: (1) other diseases that restrict physical activity (such as heart disease, hypertension, and asthma); (2) complex neurological diseases (such as Angelman syndrome and phenylketonuria); (3) the number of absences is less than 90%. Notedly, the detailed methods for both the recruitment and exclusion criteria were detailed in the Supporting Information. Based on these criteria, 24 (7 girls and 17 boys) children with ASD were selected. Among them, 3 children withdrew due to taking too long leave (less than 90%) or failing to complete the test. Finally, 21 children with autism (16 boys and 5 girls) were selected and randomly divided into the experimental group (N = 11) and the control group 1 (N = 10). At the same time, healthy children of the same age were selected as the control group 2 (N = 12). In addition, in order to ensure the personal privacy of each child, all children were uniformly numbered. The test content and process of this study have passed the human experiment ethics review of the Ethics Committee of Shanghai Institute of Physical Education, and the registration number is 102772020RT054.


Intervention implementation


Intervention content and arrangements

In order to ensure that the implementation of the intervention program does not affect the normal teaching order of the special education school (such as Chinese/morality and law/mathematics/painting and handicraft) and considering the similarity of daily teaching, the implementation of the intervention program was finally scheduled for September 2022 to January 2023. The characteristics of the exercise prescription refer to the American College of Sports Medicine. The duration of children’s exercise is 20–30 min/time or 45–60 min/time, 3–5 times/week, the intensity is 50–75% of the maximum heart rate, and the exercise heart rate is maintained within the range of 50–75% of the maximum heart rate (maximum heart rate = 220-actual age) (Geslak, 2017). At the same time, referring to Bahrami, Liu Yinghai and others for the program time, as the number of exercises of autistic children increases, the enthusiasm for exercise participation gradually increases, and the exercise time is adjusted (Bahrami et al., 2012; Liu et al., 2006). Finally, the exercise prescription of the experimental group and the control group was set at 60 min/time, 4 times/week, 4 times/week, for a total of 12 weeks. The details are shown in Tables 1, 2. The experimental group of this study adopted medium-to-high intensity intervention, setting the maximum heart rate per minute to 64% ~ 95%, and used the Bohaotong Polar scale (Beijing Bohaotong Technology Development Co., Ltd.) for full monitoring (Chen et al., 2023; Wang and Yang, 2023). The children did not participate in similar extracurricular courses.



TABLE 1 Time and content distribution of basic motor skills program for the experimental group.
[image: A table outlines a schedule with columns for number, duration, content, form, and target. Activities include classroom routine, warm-up, skills review, social story skills, skill games, and relaxation exercises. Each has durations ranging from four to fifteen minutes, with formats such as group, team, or individual sessions. Targets include awareness of rules, attention, social interaction, and motor skills learning.]



TABLE 2 Specific implementation content of the fundamental movement skills course for the experimental group.
[image: Table listing exercise activities with two columns labeled "Item" and "Subject." Activities include formations, walking and running, stepping, jumping, ball catching, bouncing, throwing, rolling, kicking, and hitting, each with detailed descriptions and variations.]



Intervention guidance


Social story method

American psychologist Carol Gray designed it based on teaching children to understand social situations (Liang and Yu, 2022). This study is based on the social story method, in which teachers write short stories and specifically tell the time, place and person of the event. The theme of the story is selected based on the intervention goal, describing appropriate behaviors and attitudes that may appear in different social situations (such as “obeying the rules,” “saying hello,” “learning to share”), and how others respond to these social behaviors.



Critical response teaching method

Proposed by Koegel et al. (1987) based on the learning characteristics of autistic children, it is a natural teaching strategy based on Applied Behavior Analysis (ABA) (Kim et al., 2019). In behavioral intervention for autistic children, classroom critical response teaching (CPRT) is rated as one of the most scientifically proven methods. This method has been widely used in language, behavioral and social training of autistic children, and has achieved remarkable results (Lei and Ventola, 2017). In this study, before the intervention, professional training researchers conducted theoretical training on “Classroom Critical Response Teaching” for the teachers who implemented the intervention. Before the specific implementation of each CPRT strategy, simulated teaching practice was conducted in a teacher-student 1:1 format, as shown in Table 3. The researcher scored the fidelity of the CPRT strategy, and the teacher’s implementation fidelity was evaluated during the intervention process, with weekly feedback and adjustments to ensure the quality of the intervention.



TABLE 3 Teaching strategy - overhand throw teaching example.
[image: A table detailing teaching strategies with three columns: "Teaching strategies," "Curriculum guidance," and "Implementation strategies." Strategies include children's attention, clear instructions, task difficulty combination, shared control, multiple cues, immediate reinforcement, outcome dependency, and attempt reinforcement. Each strategy is accompanied by corresponding curriculum guidance and implementation methods focused on improving children's learning and engagement.]




Intervention quality control

15 teachers of the school took turns to serve as the main teacher and assistant teacher to be responsible for the specific implementation of the program. Each intervention was implemented by 4 teachers (2 main teachers and 2 assistant teachers). Each teacher has many years of experience in teaching severely autistic children which refers to Level 3 severity based on the diagnostic criteria outlined in the DSM-V, indicating a need for very substantial support in social communication and restrictive, repetitive behaviors. The entire program implementation process was recorded. Two researchers observed the teaching execution of the main teacher and assistant teacher in class and recorded the children’s activities. After each observation, a summary observation report was made and filed, and the teaching implementation status was promptly fed back to the main teacher and assistant teacher. In order to ensure the quality of the intervention, the teachers were guided by the Shanghai Institute of Physical Education Adaptive Sports Team and the Shanghai Baoshan District Autism Rehabilitation Center.




Measurement


Symptom assessment

The Childhood Autism Rating Scales (CARS) was developed by Schopler et al. (1980). The scale has 15 assessment items and is accompanied by detailed evaluation rules (Pang et al., 2018). The scale is scored according to a four-level standard. The scale has a total of 60 points, and the scoring standards for each level are “age-appropriate behavior” (total score less than 30 points), “mild abnormality,” “moderate abnormality” (total score 30–36 points, and less than 5 items are less than 3 points) and “severe abnormality” (total score greater than or equal to 36 points, and at least 5 items are greater than 3 points).



Physical activity level

ActiGraph GT3X+ was used to assess the daily sedentary, low-intensity, moderate-intensity, and high-intensity physical activity time of children with autism. The measurement method was as follows: before the test, the researcher initialized the instrument and set the test time, then distributed the accelerometer to each subject, demonstrated how to wear it and explained the relevant precautions. Each subject was required to wear the accelerometer on the right hip for 1 week, and informed the guardian in the informed consent form that the accelerometer should be worn from waking up in the morning until the child fell asleep, except during bathing or swimming. After wearing, the data were collected uniformly. The researchers used ActiLife (Version 5.5.5) to export the original data, and screened the data according to the standard that each data included at least 5 school days and 2 weekend wearing days and the wearing time was not less than 8 h per day. Finally, Kinesoft software was used for analysis, and physical activity data were extracted and processed. After data selection, the relevant analysis mainly selected medium and high intensity physical activities.



Social interaction abilities

This study used the playground observation of peer engagement (POPE) scale to assess changes in the subjects’ social interaction skills. The POPE scale is an interval behavior coding system used to examine children’s interactions and social behaviors with peers on the playground. The POPE scale includes 7 social interaction states: loneliness (the participant is alone and has no peers within 1 meter), proximity (the target child plays alone within 1 meter and does not participate in activities), watching (the participant is aware of another peer 1 meter away, but does not participate in activities), parallel (the participant and peer are parallel), parallel perception (the participant and peer participate in the same activities and are aware of each other), joint participation (the participant and peer participate in social behaviors with each other), and games with rules (participating in game activities with other children according to specified game rules). This tool has been successfully used in various peer social observation studies on school playgrounds, sports rooms, and playgrounds. Independent observers continuously observed children with autism on the playground or in the exercise room for at least 15 min, recording every 1 min. The first 40 s were used to observe the state of social interaction, and the last 20 s were used to code and record the qualitative description of the students’ social behavior. Then, the time spent on the seven social interaction states within 15 min and the total observation time were statistically analyzed in percentage. The consistency and reliability of the observations of the two observers were tested by Kappa statistics, and the average was taken. Two raters randomly and independently coded 20% of the observation data, maintaining an average reliability of 0.89 (0.83–0.96) between raters. Two trained researchers used the POPE scale to conduct a 4-week follow-up assessment of the social behavior of children with autism in the first, sixth and twelfth weeks of the exercise intervention. The quantitative and qualitative data generated were used to describe the trend of changes in the social behavior of children with autism during the intervention.




Statistical analysis

Statistical analysis was performed using SPSS 23.0. The measurement data conforms to the normal distribution and satisfies the homogeneity of variances, expressed as (xˉ ± s). One-way analysis of variance is used for comparison between groups, pairwise comparison is performed using LSD test, and paired sample t test is used for comparison within the group. Use Cohen’s d to represent the effect size of the t test: 0.2 ~ 0.5 is a small effect, 0.5 ~ 0.8 is a medium effect, and d > 0.8 is a large effect, where significance level α = 0.05.



Physical movement

Figure 1 and Table 4 compare the physical activity levels of children before and after intervention. It can be found that there was no significant difference in physical activity levels between the experimental group and the control group (p > 0.05) before intervention. The sitting behavior of control group 2 was lower than that of experimental group and control group 1 (p < 0.01), and the level of moderate and high-intensity physical activity was higher than that of experimental group and control group 1 (p < 0.05). After the intervention, the sedentary behavior in the pre-test and post-test, mid-test and post-test of the control group 1 was higher than that of the experimental group and control group 2 (p < 0.01), and the level of medium- and high-intensity physical activity was lower than that of the experimental group and control group 1 (p < 0.05); the pre-test and post-test sedentary behavior of the experimental group (t = −12.735, p < 0.001, Cohen d = 2.75) was lower than before the intervention, and the moderate and high-intensity physical activity (t = −8.79, p < 0.001, Cohen d = 1.82) was higher than before intervention, the pretest and posttest sitting behavior of Control 1 (t = −2.874, p = 0.041, Cohen d = 0.47) and Control 2 (t = −2.513, p = 0.027, Cohen d = 0.64) were lower than before the intervention. 4 weeks after the intervention, the sitting behavior of the experimental group (t = −3.56, p = 0.034, Cohen d = 0.57) continued to decrease (Table 4).

[image: Bar chart showing physical activity levels of children in sedentary behavior (SB) and moderate to vigorous physical activity (MVPA). Three groups are compared: Experimental (gray, N=11), Control group 1 (red, N=10), and Control group 2 (blue, N=12). Activity levels are measured at pre, mid, post, and follow-up stages. SB levels are higher across all groups compared to MVPA, with slight declines over time. MVPA levels are lower but show slight increases. Error bars indicate variability.]

FIGURE 1
 Physical activity levels of children before and after intervention.




TABLE 4 Comparison of children’s physical activity levels before and after intervention.
[image: Table comparing F and P values for SB and MVPA at different stages: Pre-, Mid-, Post-, and Follow-up. SB: F values are 34.672, 15.027, 18.585, 17.172; P values are less than 0.001, 0.045, 0.037, 0.039. MVPA: F values are 2.875, 2.172, 3.585, 6.438; P values are less than 0.001, 0.043, 0.031, 0.02.]



Social interaction abilities

The POPE scale, as shown in Figure 2 and Table 5 was used to observe and record the social communication abilities of children with ASD in physical activities during the intervention period. After the intervention, the length of lonely state in physical activities of ASD children in the experimental group was significantly reduced in pre-test and post-test (t = −2.567, p = 0.017, Cohen d = 0.57), and the duration of the joint participation (t = −3.009, p = 0.037, Cohen d = 0.02) and the regular game state (t = −2.511, p = 0.026, Cohen d = 0.46) were significantly reduced, respectively. 4 weeks after the intervention, the duration of autistic state during physical activities in the experimental group continued to decrease (t = −2.57, p = 0.018, Cohen d = 0.37) (Table 5).

[image: Bar chart displaying POPE scale scores across six categories: Solitude, Approach, Observation, Parallel, Parallel Perception, Joint Participation, and Game with Rules. Scores are shown for four phases: Pre, Mid, Post, and Follow-up. Each category features bars with error bars, indicating variability. Highest scores are observed in the Parallel and Joint Participation categories, especially during the Follow-up phase.]

FIGURE 2
 Children’s POPE scale scores in the experimental group.




TABLE 5 Changes in POPE scale scores of children in the experimental group during the intervention period.
[image: Table displaying F and P values across different activities. Solitude has F value 7.43, P value 0.017. Approach: F 0.93, P 0.725. Observation: F 2.17, P 0.452. Parallel: F 1.72, P 0.427. Parallel perception: F 0.714, P 0.516. Joint participation: F 3.72, P 0.037. Game with rules: F 0.91, P 0.026. The asterisk indicates P values less than 0.05.]




Discussion

This study explored the impact of 12 weeks of group physical activity on physical activity levels and social interaction skills in children with ASD. The results found that 12 weeks of group sports activities significantly improved the physical activity levels (sitting and moderate-to-high-intensity physical activity levels) and social interaction abilities of autistic children. Dong and Ketcheson formed a structured exercise program by improving basic motor skills (Dong et al., 2019; Ketcheson et al., 2016). The final research results verified that exercise intervention based on basic motor skills can promote the motor skills, physical activities and social functions of children with ASD development, which is consistent with the results of this study.

Children with ASD are more likely to be overweight, obese, and physically inactive than their peers without disabilities (Curtin et al., 2010). Patients with ASD usually do not participate in sports activities, resulting in continued decline in participation in sports activities as adults (Garcia-Pastor et al., 2019). Therefore, children and adolescents with ASD are more likely to be overweight and less physically active than children and adolescents without disabilities (McCoy and Morgan, 2020). The group sports activities designed in this study are aimed at children’s movement development, combined with the characteristics of group activities, focusing on children’s physical activity participation and social interaction abilities. In each sports activity, the direction, route, speed, distance, strength and Changes in venue equipment allow children to learn fundamental movement skills, arouse children’s interest in “playing,” make children “move,” and provide the best environment for participation and practice in sports activities.

A lack of interest in social interaction is an inherent symptom of ASD and one of the most common symptoms involves reacting appropriately and responding accordingly to others. Children with ASD generally display characteristic behaviors, such as preferring to play alone, avoiding contact with others, reacting inappropriately to others, avoiding eye contact with others, lack of facial reactions, poor understanding of social cues, and inability to establish peers appropriately. Relationships, a lack of social–emotional reciprocity and shared enjoyment, and difficulties accepting other people’s perspectives and maintaining conversations with others. Judging from the results of this study, the duration of loneliness in children with ASD during sports activities was significantly reduced, and the duration of joint participation and rule-based games were significant. This shows to a certain extent that group sports activities can improve the social communication abilities of children with ASD. This is basically consistent with the research results of Dong and Bremer (Dong et al., 2021; Bremer et al., 2015). Through meta-analysis, scholars found that group sports activities have a significant positive impact on the social interaction ability, communication ability, motor skills and autism severity of autistic children (Huang et al., 2020). After conducting physical activity intervention on 50 autistic children, it was found that the social skills and social interaction of autistic children improved overall in the middle and late stages of training, and there were also significant improvements in communication, cooperation, social interaction and self-control (Zhao and Chen, 2018). Research in the field of neurochemistry shows that brain-derived neurotrophic factor (BDNF) plays a role in the acquisition of learning skills in autistic individuals (Chang and Kochel, 2020). The increase in BDNF levels after exercise intervention promotes neuroplasticity in ASD individuals, thereby improving the social interaction and cognitive level of ASD individuals. The brain organization hypothesis holds that physical activities require the joint participation of the visual, auditory, and proprioceptive cortices, which are all related to the function of the cerebellum. Therefore, it can be assumed that during exercise, the cerebellum of ASD individuals is fully stimulated and developed, promoting sports participation and ultimately improving their social interaction ability.

In team sports activities, the main teacher provides social stories and critical response teaching methods, introducing and encouraging children’s social behaviors (such as eye contact, nodding, clapping, speech) and orderly activities through social stories. At the same time, taking CPRT as the teaching guiding principle, CPRT focuses on the “core area,” which can include many development areas, such as communication skills, joint attention, etc. Once the intervention produces changes, secondary development areas will also have a chain effect. This intervention not only helps sports participation, but also has a positive impact on communication and social areas. During the intervention process, the 1:1 teacher-student ratio also enables timely feedback on the teaching effect. Exercise intervention is characterized by multi-sensory engagement, thus contributing to the occurrence of high levels of social motivation and socially engaged behaviors, especially in the areas of social skills, communication, timely response and frequency of expression. Movahedi et al. found that karate training significantly improved social dysfunction in children with ASD. It is worth noting that this effect can last for at least 1 month (Movahedi et al., 2013). In a follow-up study, Bahrami et al. from the same research team mentioned above examined the impact of karate training on communication deficits in children with ASD. The study also found that compared with the control group, the communication skills of children in the experimental group were significantly improved, and the effect. It can last for at least 1 month, while subjects in the control group did not experience the above effects (Bahrami et al., 2016). Overall, existing research supports that exercise can improve the social skills of individuals with ASD, and some intervention effects can last at least 1 month. At the same time, the medium-to-high-intensity group sports activities used in this study may further stimulate nerves and improve the intervention effect.


Research limitations and prospects

This study has some limitations, mainly including the following aspects: (1) Due to the large individual differences among children with ASD, the sample size of this study is small, which to some extent affects the statistical analysis effect, and the conclusions drawn have certain limitations. Later studies can conduct regular group sports activities on the basis of expanding the sample size. (2) After the intervention, there is a lack of generalization effect testing for children with ASD. Later studies can use “functional linkage-advanced development” as a practice paradigm to improve the acceptance of the intervention in this group, while paying attention to tracking the sustained and generalized effects of the intervention, strengthening school-family-community linkage, creating opportunities and environments for children with ASD to participate in sports, and constantly exploring sports patterns suitable for children with ASD.




Conclusion

Participation in group sports activities has a significant effect on reducing sedentary behavior, increasing the time of medium to high intensity physical activity, and improving social interaction skills in children with ASD. Compared with traditional sports activities in special schools, by improving basic motor skills, structured sports programs have a better effect on improving their physical activity levels and social interaction skills. In the future, special schools can provide targeted, operational, and regular adaptive sports activities for children of different categories, strengthen follow-up investigations on the effects of exercise intervention on individuals with autism, and ultimately achieve the goal of establishing guidelines for exercise intervention for individuals with ASD.
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Background: Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by social impairments, sensory processing issues, repetitive behavior patterns, motor abnormalities, and executive function impairments.



Objective: To systematically review and meta-analyze the effects of various exercise modalities on flexibility and cognitive control, social skills, behavioral problems, motor skills, and coordination in children with ASD, providing scientific evidence for clinical practice to guide effective exercise interventions for children with ASD.



Methods: Literature searches were conducted in PubMed, EMbase, Cochrane Library, EBSCOhost, and Web of Science databases, covering the period from database inception to February 15, 2024. Inclusion criteria included studies involving children with ASD, any form of exercise intervention, reporting at least one ASD-related outcome, and designed as randomized controlled trials (RCTs) or quasi-experimental studies. Exclusion criteria included reviews, conference abstracts, commentary articles, and studies lacking sufficient statistical data for meta-analysis. Study quality was assessed using the PEDro scale. Effect sizes were calculated using standardized mean differences (SMD). Heterogeneity was assessed with the I2 statistic. Multiple subgroup analyses were conducted, and publication bias was evaluated using Begg's Test and Egger's Test.



Results: 23 RCTs were included in this study, showing positive effects of exercise interventions in various domains.Upper grade students showed significant improvement in flexibility and cognitive control (SMD = −0.282, p = 0.161). Lower grade children showed the most significant improvement in motor skills and coordination (SMD = 0.475, p = 0.043). Preschool children showed significant enhancement in social skills (SMD = 0.312, p = 0.041). Behavioral problems improved significantly across all age groups (SMD = −0.674, p < 0.001). Martial arts and ball games were particularly effective in enhancing these domains, and appropriate periodic exercise interventions effectively improved various abilities in children with ASD. Results varied across different ages and intervention types.



Conclusion: Exercise interventions significantly improve flexibility, cognitive control, motor skills, coordination, social skills, and behavioral problems in children with ASD. This study supports exercise interventions as an effective method to enhance multiple abilities in children with ASD and emphasizes the importance of designing personalized intervention programs tailored to different ages and needs. Future research should focus on larger sample sizes and long-term follow-ups to confirm the sustainability and generalizability of intervention effects.
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Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder typically appearing before the age of three and potentially persisting into adulthood. It is primarily characterized by social impairments, sensory processing issues, and repetitive behavior patterns, which may also result in obesity (1), sleep disturbances, motor abnormalities and injuries (2, 3), and executive function disorders (4). According to the World Health Organization (WHO), children and adolescents aged 3–16 are the most affected by autism, with approximately 1 in 100 children diagnosed with the disorder (5), and the prevalence is rising. The poor prognosis and high disability rate of children with autism impose significant mental and economic burdens on society and families (6). Currently, there is no cure for autism, and the causes and mechanisms of the disorder are not fully understood. Factors such as genetics, parental age, maternal mental health during pregnancy, diet, and children's metal metabolism disorders are considered risk factors (7).

In clinical practice, treatment for children with ASD mainly includes pharmacological and various non-pharmacological interventions. Pharmacological treatments target brain function, Attention Deficit Hyperactivity Disorder (ADHD), and depression symptoms in children with autism (8), but not autism itself. Long-term medication use can cause adverse effects such as weight gain, sedation, and extrapyramidal symptoms (9). Non-pharmacological treatments typically include speech therapy (10), psychosocial therapy (11), and behavioral interventions (12). However, these measures require early intervention (13) and significant time, effort, and financial investment. Scientifically and efficiently intervening with children with ASD to aid their growth and recovery is a pressing issue in today's society.

In recent years, physical exercise has gained attention and recognition as an intervention for children with autism. Studies have shown that physical activity can improve social (14), communication (14, 15), and motor skills in children with autism. Other studies have indicated that individual sports such as swimming (16) and horseback riding (17), as well as team sports like basketball (18) and soccer (19), can effectively reduce shyness, and enhance physical fitness, social skills, and communication abilities in children with autism (20). Randomized controlled trials (RCTs) have shown that, after ten weeks of instruction in gross motor skills and object control skills, children with autism significantly improved in overall gross motor skills, object control skills, and physical mobility (21).

Although many RCTs have studied the efficacy of exercise interventions on flexibility and cognitive control, social skills, behavioral problems, motor skills, and coordination in children with autism, the results are inconsistent. Some studies have shown that water sports interventions in the experimental group did not significantly improve social skills in seven children with ASD (22). Additionally, a meta-analysis by Shimeng Wang et al. included non-randomized controlled trials (23), and a systematic review by Qun Fang et al. included only one randomized controlled trial among ten studies (24). Some systematic reviews and meta-analyses only covered social skills and motor skills without addressing cognitive control and behavioral problems.

Therefore, this study collects RCTs on exercise interventions for children with autism and conducts a systematic review and meta-analysis to summarize the effects of different exercise modalities on flexibility and cognitive control, social skills, behavioral problems, motor skills, and coordination in children with autism. The purpose is to provide evidence-based medical guidance for prescribing appropriate exercise regimens for children with autism.



Research methods

This meta-analysis involved randomized controlled trials and comparisons of physical exercise interventions on social, behavioral, and motor skills in children with autism. The protocol for this systematic review was retrospectively registered with INPLASY (INPLASY202510046).


Search strategy

Five major databases were selected in this study—PubMed, EMbase, Cochrane Library, EBSCOhost, and Web of Science—for literature retrieval to ensure comprehensiveness and authority of the search results. The timeframe for the literature search was set from the establishment of the databases to February 15, 2024. This timeframe was chosen to cover all relevant studies and provide the latest and most comprehensive literature.

Search terms were determined through Mesh headings, focusing primarily on two categories: T1 (autism-related terms) and T2 (exercise-related terms). For T1 included Autistic Disorder, Autism, Infantile Autism, and Kanner's Syndrome. For T2 included Exercises, Physical Activity, Activities, Physical, Acute Exercise, Isometric Exercise, Aerobic Exercise, and Exercise Training. In the literature search, P (Population) was children with autism, I (Intervention) was exercise, C (Comparison) was no exercise intervention (no restrictions during search), O (Outcome) was autism-related indicators (such as the Social Communication Questionnaire, Childhood Autism Rating Scale, Autism Behavior Checklist, Social Responsiveness Scale, Autism Diagnostic Observation Schedule, etc., no restrictions during search), and S (Study design) was randomized controlled trials (RCT, no restrictions during search). The search language was English to ensure accuracy and consistency of the search results (Table 1).


TABLE 1 Search terms.

[image: Table listing subject terms and mesh terms. ID T1 is "Autistic disorder" with related terms like "Disorder, Autistic" and "Autism, Infantile." ID T2 is "Exercises" with terms like "Physical Activity OR Activities" and "Exercise Training." T3 is "T1 And T2." Search language is English, with a search date of February 15, 2024.]



Inclusion and exclusion criteria


Inclusion criteria

The literature included in this study must meet the following criteria:


	1.The subjects must be children diagnosed with ASD to ensure the homogeneity of the study population and the comparability of results.

	2.The intervention must be any form of exercise, including but not limited to aerobic exercise, strength training, and coordination training, to assess the effects of different types of exercise interventions on children with ASD.

	3.The study must report at least one autism-related outcome measure, such as the Social Communication Questionnaire, Childhood Autism Rating Scale, Autism Behavior Checklist, Social Responsiveness Scale, and Autism Diagnostic Observation Schedule, to ensure the comprehensiveness and relevance of outcome measures.

	4.The study design must be a RCT or quasi-experimental study to ensure the scientific validity and reliability of the research design and results.





Exclusion criteria

The excluded studies include the following:


	1.Non-original research, such as reviews, conference abstracts, and commentary articles.

	2.Studies involving adults or non-ASD children as subjects, as these do not meet the target population of this study.

	3.Studies that do not provide sufficient statistical data for meta-analysis. The exclusion of these studies aims to improve the precision and validity of the analysis results.






Data extraction and quality assessment


Data extraction process

After literature screening, two independent researchers extracted data from the included studies. Data extraction used standardized forms designed by the Cochrane Handbook to ensure systematic and consistent data collection. Researchers read the full texts and filled out the data extraction forms, recording all relevant information. If discrepancies arose during data extraction, a third party made the final decision to ensure data accuracy and consistency. The extracted data covered various aspects of the studies, including authors, publication years, study designs, sample sizes, types of interventions, intervention durations, and primary outcome measures. These measures included social communication abilities, flexibility, cognitive control, motor skills, coordination, and behavioral issues. By thoroughly documenting these data points, we could comprehensively assess the impact of exercise interventions on children with ASD.




Quality assessment

To assess the quality of the included studies, this study used the Physiotherapy Evidence Database (PEDro) scale. The PEDro scale is a validated quality assessment tool widely used in evaluating the quality of randomized controlled trials in the field of physical therapy, with high reliability and validity. The quality assessment included multiple dimensions: random allocation, blinding, baseline comparability, intervention descriptions, reliability of outcome measures, and completeness of follow-up. Each study was scored based on these dimensions, with higher scores indicating higher quality. Through quality assessment, we could determine the risk of bias in the included studies, ensuring the reliability and scientific validity of the meta-analysis results.



Effect size calculation

In this study, effect sizes were calculated using standardized mean differences (SMD) to measure the impact of exercise interventions on children with ASD. The use of SMD allows comparison of results across different studies employing various measurement tools, ensuring comparability. The 95% confidence interval (CI) for each effect size was also calculated to provide a precise range for the effect size. By calculating SMD and 95% CI, we could quantify the overall effect of exercise interventions across different studies and assess their statistical significance.

To evaluate heterogeneity among the included studies, we used the I2 statistic. The I2 value quantifies the proportion of total variation due to heterogeneity. An I2 value exceeding 50% indicates moderate to high heterogeneity. In such cases, we used a random effects model for analysis to account for variability among studies. If the I2 value was below 50%, indicating low heterogeneity, we used a fixed effects model for analysis. This approach allowed us to accurately assess the impact of exercise interventions on children with ASD while considering differences among studies.


Subgroup analysis

To gain a deeper understanding of the impact of exercise interventions on different subgroups, we conducted multiple subgroup analyses. Participants were grouped by grade level (preschool children, lower grade students, middle grade students, and upper grade students) to evaluate differences in responses to exercise interventions among different grade levels. Interventions were also grouped by type (aerobic exercise, strength training, coordination training, ball sports, physical training, martial arts, etc.) to identify the effects of different types of exercise interventions. Participants were further grouped by severity of autism (mild, moderate, and severe) to assess responses to interventions among different levels of autism severity. Interventions were also grouped by duration (short-term <8 weeks, mid-term 8–12 weeks, long-term >12 weeks) to determine the impact of intervention duration on outcomes. Through these subgroup analyses, we identified differences in effects under specific conditions, providing more targeted intervention strategies.



Publication bias analysis

To evaluate the presence of publication bias in the included studies, we utilized Begg's Test and Egger's Test, as they provide complementary perspectives. Begg's Test, based on rank correlation analysis (25), is particularly suitable for small sample sizes, while Egger's Test, which employs regression analysis, is more sensitive to detecting subtle publication bias (26). The combination of these two methods offers a comprehensive assessment of bias risk and enhances the robustness of our findings, as their effectiveness and reliability have been validated in multiple studies (27, 28). The funnel plot was used for qualitative analysis, further strengthening the credibility of our results. This integrated approach ensures a thorough and reliable evaluation of publication bias.



Sensitivity analysis

To verify the robustness of the results, we conducted sensitivity analysis on all included studies. The specific method involved sequentially excluding each study and re-analyzing the data to observe changes in effect sizes. This process aimed to assess the impact of individual studies on the overall results and detect the robustness of the findings. By using this exclusion method, if the effect sizes and conclusions remained consistent, it indicated high robustness and reliability of the study results. This method helped validate the consistency of research conclusions under different conditions, ensuring the final conclusions' credibility.





Research results


Literature search and screening process

This study retrieved a total of 5,480 articles from multiple databases, including Pubmed, Embase, Web of Science, EBSCO host, and Cochrane Library, and identified 4 additional articles through other sources (reference tracking). After removing duplicates using EndnotesX20, 2,675 articles remained. At the title and abstract screening stage, 2,624 articles were excluded for reasons such as reviews or meta-analyses, conference abstracts, case reports, letters or guidelines, animal experiments, not meeting requirements, non-English articles, and non-relevant study types. Subsequently, 51 articles underwent full-text review, and 28 articles were excluded based on the inclusion and exclusion criteria due to reasons such as unavailability of full text, not meeting requirements, lack of control groups, and not studying risk factors. Finally, 23 articles were included for meta-analysis (Figure 1).


[image: Flowchart showing the study selection process. Initially, 5,484 studies were identified from databases such as PubMed, Embase, and others. After removing duplicates, 2,675 studies remained. Four additional studies were identified from other sources. 2,624 studies were excluded for reasons including review type, animal experiments, and language. From 51 titles and abstracts screened, 23 full-text articles were assessed. Ultimately, 23 studies were included in the qualitative synthesis.]
FIGURE 1
Flow diagram of study selection process.




Characteristics of included studies

The studies included in this research involved intervention studies on children with ASD and assessed multiple key indicators. These indicators included gender, age, sample size, intervention type, autism status, intervention duration, and control group intervention methods (Table 2). The intervention and control groups in the studies included both boys and girls, with roughly matched gender ratios to ensure the scientific validity and reliability of the results. The age of the subjects ranged from preschool children to adolescents, covering different developmental stages of children with autism. Sample sizes varied from as few as 13 to as many as 148, ensuring data diversity and representativeness. The studies detailed the specific conditions of children with autism, including mild intellectual disability, preschool autism, and anxiety-related autism, with some studies referencing standardized diagnostic tools (ADOS-2 and DSM-5).


TABLE 2 Characteristics of included studies.

[image: A detailed table compares various studies on interventions for individuals with autism. Columns include Author, Year, Gender, Age, Number of participants (N), Intervention Method, Autism Status, Intervention Period, and Control Group Intervention Method. The table lists different authors, years from 2012 to 2023, diverse interventions like cycling, sports, and various psychological and physical activities across multiple age groups. Autism statuses range from mild intellectual disability to specific diagnostic criteria. Control methods vary from no intervention to maintaining original rehabilitation plans.]

The intervention methods were diverse, including cycling, physical games, motor skill training, bilateral training, karate, trampoline training, stationary cycling, and comprehensive physical training, aiming to improve the motor skills and social abilities of children with ASD through various physical and sports activities. The intervention duration ranged from two weeks to six months, with most studies having an intervention period of eight to twelve weeks, ensuring sufficient time to observe intervention effects. Control groups typically maintained regular treatment or did not receive additional interventions, serving as a baseline for comparison. Some control groups continued with their existing rehabilitation plans without physical activity, while others engaged in routine daily activities or no interventions at all. This setup helped assess the actual effects of the interventions, supporting the effectiveness of physical activity as a rehabilitation means for children with ASD through these systematic intervention studies.



Quality assessment of included studies

All included studies met the inclusion criteria (Table 3) and employed random allocation, but there were some shortcomings in allocation concealment, with only a few studies using allocation concealment measures. Most studies ensured comparability of subjects at baseline. Regarding blinding, almost all studies did not blind subjects and therapists, with only a few studies blinding assessors. Most studies maintained an appropriately low attrition rate (<15%) during follow-up and conducted intention-to-treat analysis. In terms of intergroup comparison, most studies performed appropriate analyses and reported specific effect sizes and variability indicators. The PEDro scale scores indicated that the highest-scoring study achieved 9/10, reflecting good performance across various quality indicators, while the lowest-scoring study achieved 5/10, indicating deficiencies in several key quality indicators.


TABLE 3 Methodological quality evaluations of included studies.

[image: A table lists research studies with columns for serial number, author, year, and various criteria including eligibility, random allocation, and baseline similarity. Each criterion is marked by ones and zeros. The total score for each study is out of ten.]

The included studies performed well in random allocation, baseline similarity, low attrition rate, and intergroup comparison, but there is room for improvement in allocation concealment and blinding. The quality assessment using the PEDro scale provided a reliable basis for this meta-analysis and highlighted areas for improvement in the design and implementation of future studies.



Meta-analysis results


Impact of exercise on flexibility and cognitive control in children with ASD

This study examined the impact of exercise on flexibility and cognitive control in children with ASD. Overall results indicated that exercise interventions had positive effects on flexibility and cognitive control in children with ASD (SMD = −0.282, 95% CI = −0.676, 0.112, p = 0.161). Although the overall effect did not reach statistical significance, the results still suggested that exercise interventions had positive effects on flexibility and cognitive control across multiple studies (Figure 2).


[image: Forest plot displaying standardized mean differences (SMD) with 95% confidence intervals for various studies, from Andy (2023) to Choi Yeung Andy Tse (2019). The diamond at the bottom shows the overall effect size of -0.28 with a confidence interval of -0.68 to 0.11, based on random effects analysis with I-squared of 65.3% and a p-value of 0.005. Each study's weight ranges from 11.56% to 13.30%.]
FIGURE 2
Meta-analysis of exercises on flexibility and cognitive.


In the grade-level subgroup analysis, upper-grade students showed significant improvement, indicating marked enhancement in flexibility and cognitive control. In contrast, the effects in middle-grade students and preschool children were not statistically significant, with higher heterogeneity observed. Upper-grade students responded more consistently to exercise interventions, while there was greater variability in effects among other grades. Therefore, designing specific interventions for different grade levels may help improve overall intervention effectiveness. In the subgroup analysis of intervention forms and autism severity, physical training and exercise games did not show significant effects on flexibility and cognitive control in children with ASD, whereas martial arts interventions had significant positive effects. Moderate autism severity showed significant intervention effects, while effects in other autism severities were not evident. Analysis of intervention duration effects indicated that interventions lasting 8–12 weeks had significant effects, suggesting that an appropriate duration of exercise intervention could more effectively improve flexibility and cognitive control in children with ASD. These results emphasized the importance of intervention forms and duration, indicating that adjusting intervention strategies to meet specific needs is crucial for improving intervention outcomes (Figure 3).
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FIGURE 3
Subgroup analysis of the effect of exercise on flexibility and cognitive control in children with ASD. (a) Flexibility and cognitive control grade subgroup analysis. (b) Flexibility and cognitive control intervention type subgroup analysis. (c) Flexibility and cognitive control disease type subgroup analysis. (d) Flexibility and cognitive control intervention duration subgroup analysis.




The impact of exercise on motor skills and coordination in children with ASD

The results of this meta-analysis show that exercise interventions have a significant positive effect on motor skills and coordination in children with ASD (SMD = 0.475, 95% CI = 0.014–0.936, p = 0.043, I2 = 69.30%). This indicates that exercise interventions positively influence motor skills and coordination in children with ASD across multiple studies (Figure 4).
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FIGURE 4
Meta-analysis of exercises on motor skills and coordination.


In the grade-level subgroup analysis, the effects of exercise interventions were most pronounced in lower-grade students, showing significant improvements (SMD = 1.482, p < 0.001). The intervention effects were not significant for preschool children and upper-grade students, and heterogeneity was high; the intervention effects in adolescents also did not reach significant levels. This suggests that lower-grade students respond more consistently to exercise interventions, while there is greater variability in the effects on other grade levels. Therefore, designing specific interventions for different grade levels may help improve overall intervention effectiveness. In the subgroup analysis of intervention forms and disease types, ball sports showed significant positive effects (SMD = 1.521, p < 0.001), whereas physical training and rehabilitation training did not reach significant levels. Martial arts interventions also did not show significant effects. Among disease types, children with unspecified ASD showed significant improvement, while those with ASD and those meeting specific ASD criteria did not show significant intervention effects. Analysis of intervention duration effects showed that short-term (<8 weeks) and mid-term (8–12 weeks) interventions had better effects, but interventions longer than 12 weeks did not reach significant levels (Figure 5).
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FIGURE 5
Subgroup analysis of the effect of exercise on motor skills and coordination in children with ASD. (a) Motor skills and coordination grade subgroup analysis. (b) Motor skills and coordination intervention type subgroup analysis. (c) Motor skills and coordination disease type subgroup analysis. (d) Motor skills and coordination intervention duration subgroup analysis.




The impact of exercise on social skills in children with ASD

The overall results of exercise interventions on social skills in children with ASD indicate that the effects on social skills were not significant (p = 0.578), with moderate heterogeneity (I2 = 44.70%) (Figure 6). This suggests that, overall, exercise interventions do not significantly improve social skills in children with ASD, necessitating further detailed analysis of specific intervention effects.
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FIGURE 6
Forest plot of the effect of exercise on social skills in children with ASD.


In the grade-level subgroup analysis, preschool children's social skills significantly improved (SMD = 0.312, 95% CI = 0.013–0.610, p = 0.041). The intervention effects in middle-grade and lower-grade students did not reach significant levels, although the effects in lower-grade students were close to significance (SMD = −0.484, p = 0.017). These results suggest significant variability in responses to exercise interventions among different grade levels, particularly between preschool children and adolescents. In the subgroup analysis of intervention forms, ball sports significantly improved social skills in children with ASD (SMD = 0.312, p = 0.041), whereas physical training and martial arts interventions did not show significant effects. In terms of disease types, interventions for children with anxiety-type ASD and those meeting specific ASD criteria did not show significant effects. The analysis of intervention duration effects showed that interventions of different durations did not reach significant levels (Figure 7).
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FIGURE 7
Subgroup analysis of the effect of exercise on social skills in children with ASD. (a) Social skills grade subgroup analysis. (b) Social skills intervention type subgroup analysis. (c) Social skills disease type subgroup analysis. (d) Social skills intervention duration subgroup analysis.




The impact of exercise on behavioral problems in children with ASD

The meta-analysis results indicate that physical activity significantly improved behavioral problems in children with ASD (SMD = −0.674, 95% CI = −0.932 to −0.415, I2 = 0), showing consistent positive effects of various interventions across studies (Figure 8). This overall effect size indicates that the interventions have a significant positive impact in multiple studies, strongly supporting physical activity as an effective means to improve behavioral problems in children with ASD.


[image: Forest plot depicting results from six studies with corresponding standard mean differences (SMD) and confidence intervals. The overall effect is represented by a diamond, indicating a summary SMD of -0.67 with a 95% confidence interval of -0.93 to -0.41. Weights vary per study, with the highest weight at 44.61% for Wention Xu-A (2018). Heterogeneity is low with an I-squared value of 0.0%.]
FIGURE 8
Meta-analysis of exercises on behavioral problems.


Subgroup analysis results show significant improvements in middle-grade students and adolescents, with even more pronounced effects in preschool children. This indicates that the interventions have positive effects across different grade levels, particularly for preschool children. This finding supports the implementation of corresponding interventions at different grade levels to maximize their effects and ensure that children of all ages benefit. In the subgroup analysis of intervention forms and disease types, physical training and martial arts interventions showed significant effects, particularly in children with ASD and those with moderate ASD, while rehabilitation training had relatively weaker effects. The effects of different intervention durations were also significant, with interventions lasting 8–12 weeks showing particularly notable effects. This indicates that the form and duration of interventions significantly influence outcomes, necessitating the development of tailored intervention strategies based on specific needs to improve the effectiveness and specificity of the interventions (Figure 9).
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FIGURE 9
Subgroup analysis of the effect of exercise on behavioral problems in children with ASD. (a) Behavioral problems grade subgroup analysis. (b) Behavioral problems intervention type subgroup analysis. (c) Behavioral problems disease type subgroup analysis. (d) Behavioral problems intervention duration subgroup analysis.




Publication bias analysis

Publication bias analysis revealed no significant bias for flexibility and cognitive control indicators, as shown by both Begg's Test (z = 0.25) and Egger's Test (bias estimate = 1.63, 95% CI: −19.98 to 23.24), suggesting balanced data. However, for motor skills and coordination indicators, Egger's Test indicated a potential publication bias (bias estimate = 5.18, 95% CI: −0.35 to 10.70), corroborated by funnel plot analysis. While Begg's Test also suggested bias for these indicators, Egger's Test results reinforced this finding. For social skills indicators, Begg's Test results were near significance, but Egger's Test showed no significant bias. Similarly, both tests for behavioral problems indicators revealed no evidence of publication bias (Table 4).


TABLE 4 Begg's test and egger's test results.
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It can be seen that no significant publication bias was found in the analysis of flexibility and cognitive control, social skills, and behavioral problems indicators. However, motor skills and coordination indicators showed significant publication bias, indicating a certain risk of bias in this study, which needs further correction to improve the reliability and accuracy of the research results (Figure 10).
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FIGURE 10
Begg's test. (a) Flexibility and cognitive control publication bias analysis. (b) Social skills publication bias analysis. (c) Behavioral problems publication bias analysis. (d) Motor skills and coordination publication bias analysis.




Sensitivity analysis

In the sensitivity analysis of flexibility and cognitive control, motor skills and coordination, social skills, and behavioral problems indicators, the results showed that the effect sizes did not change significantly after the sequential exclusion of studies, maintaining overall consistency in trends. This indicates the robustness of the research results. Even after excluding individual studies, the significance and direction of the results remained unchanged, further verifying the reliability of the conclusions. These analyses validated the reliability of the research conclusions, showing that the results remained consistent even under different exclusion conditions (Figure 11).
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FIGURE 11
Sensitivity analysis. (a) Flexibility and cognitive control sensitivity analysis. (b) Social skills sensitivity analysis. (c) Behavioral problems sensitivity analysis. (d) Motor skills and coordination sensitivity analysis.






Discussion

The potential of exercise interventions in improving the condition of children with ASD has garnered widespread attention. ASD is a complex neurodevelopmental disorder that affects children's social, communication, and behavioral abilities and is often accompanied by cognitive and motor function deficits. Enhancing flexibility and cognitive control is important for the daily lives and social interactions of children with ASD. In recent years, an increasing number of studies have explored the effects of various exercise interventions on different abilities of children with ASD, but the results have been inconsistent. This study found that exercise interventions positively impact the flexibility, cognitive control, motor skills, coordination, social abilities, and behavioral problems of children with ASD. Significant improvements were observed in upper and lower-grade students in their respective areas, preschool children's social abilities significantly enhanced, and behavioral problems improved across all grade levels. Martial arts and ball sports showed significant effects in various areas, and appropriate periods of exercise interventions can effectively enhance the abilities of children with ASD.

Regarding flexibility and cognitive control in children with ASD, although the overall effect in this study did not reach significance (SMD = −0.282, p = 0.161), exercise interventions showed positive effects in multiple studies. Previous research has indicated that exercise interventions can improve executive functions in children with ASD, including working memory and cognitive flexibility. A meta-analysis found that exercise interventions significantly improved working memory and inhibitory control in children with ASD (SMD = 0.28, p = 0.19; SMD = 1.30, p = 0.0004) (29). Another study found that 6–9 weeks of virtual training and physical exercise improved executive functions in children with ASD (30).

In terms of motor skills and coordination, this study found that exercise interventions had significant positive effects (SMD = 0.475, p = 0.043), especially in lower-grade students, where the effects were most pronounced (SMD = 1.482, p < 0.001). Similar results have been reported in other studies. Melek (2022) found that ball sports significantly improved motor skills and coordination in children with ASD (SMD = 1.521, p < 0.001) (31). Another study using square-stepping exercises found significant improvements in balance and cognitive skills in children with ASD (32). Regarding improvements in social skills and behavioral problems, this study showed that the overall effects were not significant (p = 0.578), but preschool children's social abilities significantly improved (SMD = 0.312, p = 0.041), and behavioral problems significantly improved across all grade levels (SMD = −0.674, p < 0.001). These findings are consistent with some studies that have indicated that specific exercise interventions, such as ball sports and martial arts, can significantly improve social skills and behavioral problems in children with ASD (29). However, other studies did not find significant effects, suggesting that the improvement in social skills may depend on the specific form and implementation of the intervention (30). Overall, the results of this study align with previous research, highlighting the positive impact of exercise interventions on various abilities of children with ASD, while also pointing out differences across different ages and intervention forms.

Systematic physical and coordination training can significantly improve flexibility and cognitive control in children with ASD. Repetitive physical activities promote adaptive changes in the nervous system, enhancing neuronal plasticity and synaptic efficiency. This neuroplasticity enhances the brain's fine regulation of motor control, thereby improving flexibility. Situational settings and task-oriented activities in the retraining of children with ASD help improve attention, planning abilities, and working memory. Previous studies have shown that regular participation in physical activities such as swimming and ball sports can significantly enhance coordination and reaction time in children with ASD, thereby boosting cognitive control capabilities.

Exercise interventions not only promote physical health but also positively impact the psychological and social adaptation of children with ASD. Interaction and cooperative behavior during exercise provide valuable social contexts for children with ASD, helping them learn social skills and coping strategies, thereby enhancing cognitive control and flexibility. Coaches can create personalized exercise plans based on individual differences during interventions to ensure that each child trains in a safe and supportive environment. Sensory integration training and physical games can effectively improve the adaptability and independent living skills of children with ASD. The impact of exercise on flexibility and cognitive control in children with ASD is complex and far-reaching. Previous research has indicated that exercise can activate key brain regions such as the prefrontal cortex and hippocampus, which are closely related to cognitive function and emotional regulation. By increasing blood flow and oxygen supply to the brain, exercise promotes the secretion of brain-derived neurotrophic factor (BDNF), enhancing neuronal growth and survival. Additionally, exercise regulates neurotransmitter levels, such as dopamine and serotonin, which play important roles in emotion and cognitive control. Liang (2022) found that regular aerobic exercise significantly improved cognitive flexibility and sustained attention in children with ASD, which may be related to the increase in BDNF levels after exercise. These mechanisms work together to comprehensively enhance the cognitive and behavioral abilities of children with ASD (33).

Through systematic training, it is possible to significantly improve the motor skills and coordination of children with ASD by strengthening specific muscle groups, improving movement patterns, and enhancing neuromuscular coordination. Exercise forms such as balance training, strength training, and aerobic exercise can enhance muscle strength and endurance through repetitive and progressive training, thereby improving children's motor performance. Sensory integration training and occupational therapy within exercise interventions emphasize enhancing the brain's control over the body through multisensory stimulation, improving sensory processing and motor planning abilities in children with ASD. Previous studies have shown that balance board training and core muscle group training can significantly improve both static and dynamic balance in children with ASD, which is crucial for their motor control and coordination in daily activities.

The impact of exercise on motor skills and coordination in children with ASD can be explained by optimizing movement patterns and improving mechanical efficiency (34). Biomechanical research helps design more effective training programs by analyzing joint angles, muscle activity, and mechanical load during movement, maximizing exercise benefits and reducing injury risk (35, 36). Exercise biomechanics further reveal how adjusting posture and movement patterns can enhance movement efficiency (37). For example, running and jumping training can improve gait and landing patterns by enhancing lower limb strength and explosive power, thereby improving motor skills and coordination. Almeida (2021) demonstrated that specific jump training significantly improved vertical jump height and horizontal jump distance in children with ASD, indicating positive effects of exercise training on their explosive power and coordination (38).

The deep mechanisms by which exercise impacts motor skills and coordination in children with ASD are mainly reflected in neural plasticity and physiological adaptation (39). Appropriate training promotes adaptive changes in the central nervous system, enhancing synaptic connectivity efficiency and improving the coordination and integration of neural networks. Optimizing cardiopulmonary function and enhancing blood circulation increase muscle oxygenation and metabolic efficiency, thereby enhancing overall motor performance. Shahane (2024) found in a systematic review that regular aerobic and strength training can improve maximal oxygen uptake and muscle strength in children with ASD, leading to better coordination and motor skills across various tasks (40).

Teamwork and interactive games can significantly enhance the social skills of children with ASD (41). Team sports like soccer and basketball require communication and cooperation among team members, providing opportunities for children with ASD to practice social skills (42). Previous studies have shown that participating in team sports significantly improves cooperation, communication, and conflict resolution in children with ASD (43). Additionally, role-playing and situational simulation activities in exercise training help them understand and adapt to different social contexts, enhancing social adaptability. From a sociological and psychological perspective, exercise not only boosts self-esteem but also reduces social anxiety and promotes emotional expression (44). Exercise activities provide an inclusive environment where children with ASD feel a sense of belonging and recognition, thereby enhancing self-esteem. Psychological research further indicates that exercise can reduce social anxiety and improve emotional stability by releasing endorphins and other neurotransmitters. Activities like aerobic exercise and yoga have been shown to significantly reduce anxiety levels in children with ASD, improving their performance in social situations and promoting the development of emotional expression and empathy, helping them better understand and respond to others' emotions. Furthermore, participating in exercise training enhances physical control and coordination in children with ASD, boosting their confidence and initiative in social interactions, improving response speed and physical flexibility, and helping them perform better in dynamic social situations.

Participating in physical activities can significantly improve social skills and emotional regulation in children with ASD, thereby alleviating behavioral problems. Sociological studies have shown that team sports and interactive games provide rich social contexts, helping these children learn how to interact with others, reducing feelings of isolation and social frustration. Additionally, neurotransmitters like endorphins and dopamine released during exercise can improve emotional stability and reduce symptoms of anxiety and depression. By promoting brain development and enhancing executive functions such as attention, working memory, and cognitive flexibility, exercise can reduce impulsive behaviors and self-injury. From a neurological perspective, exercise enhances the plasticity of the central nervous system, promoting neuron growth and synaptic connectivity, improving brain blood flow and oxygenation levels, thereby enhancing behavioral regulation. Regular aerobic and strength training can significantly increase dopamine and serotonin levels, effectively reducing behavioral problems. These mechanisms work together to comprehensively enhance behavioral performance and quality of life in children with ASD.

The present study still has some research limitations: (1) High Heterogeneity: The high heterogeneity among the included studies may affect the reliability of the results. In this study, the effects differed significantly across different grade levels and intervention forms, leading to overall high heterogeneity. (2) Variation in Intervention Programs: Differences in the forms, frequencies, and durations of intervention programs among the included studies affected the uniformity and comparability of the meta-analysis results. Significant differences in intervention durations and forms in this study impacted the effect evaluation. (3) Sample Size Limitation: Some of the included studies had small sample sizes, reducing the statistical power of the meta-analysis. Insufficient sample sizes may lead to some subgroup analysis results not reaching significance levels. (4) Lack of Long-term Follow-up Data: Most studies lacked long-term follow-up data, making it difficult to evaluate the sustainability of the intervention effects. Although the 8–12 week interventions in this study showed significant effects, the long-term effects were not evaluated.



Conclusion

This study investigated the effects of exercise interventions on flexibility, cognitive control, motor skills, coordination, social abilities, and behavioral problems in children with ASD. The results showed positive effects of exercise interventions in multiple domains. Although the overall effect on flexibility and cognitive control did not reach statistical significance, upper-grade students showed significant improvement in these areas. The most notable improvements in motor skills and coordination were observed in lower-grade students. Preschool children exhibited significant enhancement in social abilities, and behavioral problems improved significantly across all grade levels. Martial arts and ball sports were particularly effective in these areas.

The findings support exercise interventions as an effective means to improve various abilities in children with ASD and emphasize the importance of designing personalized intervention programs tailored to different ages and needs. The results further confirm the broad positive impact of exercise interventions on children with ASD. Future research should focus on larger sample sizes and long-term follow-ups to further validate the sustainability and generalizability of the intervention effects.
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Background: Primary care is designed to co-manage health concerns, contribute to preventive care, and provide medical care coordination. Receiving primary care may be especially vital for autistic people, many of whom disproportionately experience psychiatric and physical health conditions. However, autistic adults often face barriers to receiving primary care, and first-hand accounts of these challenges are limited. Therefore, the purpose of this study was to describe barriers and facilitators to primary care encounters as reported by autistic adults.
Methods: Interviews were conducted with 34 autistic adults in Los Angeles and Philadelphia, lasted an average of 26 min, were transcribed verbatim, and analyzed using thematic analysis. This dataset is part of a larger study that interviewed autistic adults, caregivers, and primary care providers (PCPs).
Results: Participants were primarily White, non-Hispanic, and had a mean age of 32 years. Five overarching themes describing challenges and potential strategies to improve care emerged from the interviews: (1) finding a primary care provider, (2) the physical environment, (3) communication, (4) autism-specific knowledge, and (5) support for primary care encounters, while simultaneously highlighting the importance of tailoring care for autistic adults to improve primary care experiences. Results, specifically in the communication and autism-specific knowledge themes, were consistent with the neurodiversity model of autism, as participants highlighted stigma and mutual communication as key healthcare barriers.
Conclusion: Findings provide a nuanced understanding of autistic adult participants’ primary care experiences, highlighting their perception of barriers and facilitators to these healthcare encounters. These results offer valuable insights for improving the accessibility and quality of care for autistic people, many of which are practical, low/no cost, and easy to implement. Strategies also emphasized the diversity of experiences and preferences for autistic patients, highlighting the importance of tailoring accommodations in the primary care setting.
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1 Introduction

Primary care services are designed to be patient-centered medical homes that co-manage immediate health concerns, contribute to preventive health care, and coordinate care with other providers (1). The importance of this care may be especially vital for individuals who experience elevated health risks and co-occurring conditions. Autistic people1 comprise one such at-risk group. Autistic individuals exhibit great heterogeneity in their clinical presentations, abilities, support needs, and degrees of functional impairment (2). However, core autistic characteristics include: differences or challenges with social communication; strong preferences for routines; repetitive motor movements; sensory sensitivities; and focused interests of intense, persistent fixation (2).2 When compared to the general population, autistic people disproportionately experience psychiatric and physical health conditions (3–6), as well as premature mortality by 16–30 years (7).

Although our understanding of the healthcare experiences of autistic people across the lifespan has grown, past research has predominantly focused on the needs of children (8, 9), with reports of numerous obstacles to the receipt of primary care for autistic children and their caregivers (e.g., 10–12). However, autistic adults also commonly face barriers to receiving primary care at the patient-, provider-, and system-levels (e.g., 13). These include, but are not limited to: sensitivity to the physical environment; communication difficulties; anxiety due to waiting, sensory over-stimulation, and mutual communication challenges between patients and providers; autism-related stigma; lack of provider autism-specific knowledge; and problems with accessibility and the complexity of the healthcare system (e.g., 14, 15). Much of the current research centers non-autistic caregiver or provider voices (e.g., 16–22), with burgeoning research from the perspective of autistic adults (e.g., 23–25), or multiple informant groups (e.g., 13, 26). As the population of autistic adults continues to grow (27), a first-hand accounting of the factors hindering and promoting successful primary care encounters for autistic adults is essential. Therefore, the purpose of this study was to describe the barriers and facilitators to primary care as reported by autistic adults.



2 Methods


2.1 Design

This study was part of a larger mixed-methods study to explore barriers and facilitators to primary care for autistic adults from the perspective of autistic adults, caregivers of autistic adults, and primary care providers (PCPs). Reported here are the qualitative results from interviews with autistic adults; results from caregivers were reported in another publication (18). Ethics approval was received from the University of Southern California (HS-17-00477); written consent was obtained from participants at the time of data collection.



2.2 Participants and recruitment

Individuals 18+ years with at least one prior primary care visit were eligible to participate if they had a self-reported autism diagnosis [confirmed by medical documentation or Ritvo Autism Asperger Diagnostic Scale-Revised score (28)] and were able to communicate in English or Spanish, using verbal, written, or augmentative and alternative techniques.

Brochures/flyers were posted and presentations given at multiple sites in the Southern California and Philadelphia areas, including support groups, occupational therapy locations, and supported employment programs. In addition, two autistic collaborators posted on social media and invited autistic adults known to them. Individuals interested and eligible were enrolled consecutively.



2.3 Data collection

Following best practices in autism research, which recommend including autistic perspectives throughout every stage of the research processes (29), two autistic co-researchers helped develop semi-structured interview guides. Additionally, one expert in adult primary care and another in qualitative methodology also supported script development. Five autistic adults pilot tested open-ended narrative questions, with subsequent revisions made to improve clarity. The final guide included 10 questions, which inquired about primary care experiences and accommodation recommendations. Probes were used when appropriate to elicit additional information. Each interview was digitally recorded and professionally transcribed verbatim; field notes composed during interviews supplemented transcripts.

The interview team consisted of three team members with didactic and in vivo interview training, supplemented by study-specific training. All interviews were one-on-one, with the exception of two group interviews of participants already known to each other who requested to be interviewed together. Interviews were conducted at locations convenient to the participants (e.g., home, library); each participant was provided $30.



2.4 Data analysis

Inductive thematic analysis (30) was used to analyze and interpret interviews to describe autistic adults’ primary care experiences. First, two team members independently read and coded three transcripts to develop a provisional list of codes. After discussion and edits to the provisional codebook, three more transcripts were independently read and coded to identify additional codes. Following consensus, the codebook was formalized and all interviews were double-coded using QSR International’s NVivo software; discussion with a third team member occurred to resolve any discrepancies in coding. To bolster the trustworthiness of the results, multiple strategies were employed, including consensus-driven thematic development; analytic triangulation (independent co-coding); negative case analysis; establishing an audit trail, including memo writing; and fidelity checks for interview content and technique (31). Authors utilized the Standards for Reporting Qualitative Research [SRQR; (32)] for reporting; see Supplementary Table 1.



2.5 Positionality

The research team consisted of 10 team members, providing a diversity of perspectives and expertise. Three members identified as autistic; all others identified as non-autistic at the time the research was conducted. Seven members have experience working with autistic people, five are occupational therapists with clinical and research experience, one is a practicing PCP, and two have a background in public health.




3 Results

Thirty-four autistic adults enrolled in the study. Two participants were excluded when they verbally requested to end the interview after the first question (i.e., “I’m grumpy…No, mom, it’s over.”); to respect their preferences interviews were immediately concluded. Included participants were a mean age of 32 (±12) years and primarily identified as male, White, not Hispanic/Latino, spoke English in the home, and had completed college; see Table 1. Demographic information stratified by recruitment location (Los Angeles vs. Philadelphia) is provided in Supplementary Table 2.



TABLE 1 Descriptive characteristics of participants.
[image: Chart showing demographic and socioeconomic data of 32 autistic participants. Mean age is 31.8 years. Predominant sex is male (81.3%). Majority are White, Caucasian (71.9%), and not Hispanic, Latino (81.3%). Primary home language is English (87.5%). Highest education is mostly college level (56.3%). RAADS-R score mean is 119.1. Monthly income mean is $1,515. Notes clarify diagnostic criteria and language specifics.]

Over 75% of participants reported good-excellent overall health, had a current primary care provider, and brought a support person to appointments. Four participants requested their caregiver be interviewed, so a small number of dyads are present in the overall data (18).

Overall, five themes emerged: (1) finding a primary care provider, (2) physical environment, (3) communication, (4) autism-specific knowledge, and (5) support. See Table 2 for additional quotes.



TABLE 2 Additional and full-context supporting quotes.
[image: A detailed table outlining themes, sub-themes, and example quotes related to healthcare experiences. Themes include "Finding a primary care provider," "Waiting," "Communication-related challenges," and "Support." Each theme is divided into sub-themes like "Objective characteristics," "Sensory sensitivities," and "Desired provider communication styles," with corresponding quotes from individuals discussing their personal experiences and challenges in healthcare settings. The table is dense with text and structured in rows and columns to convey diverse perspectives.]


3.1 Finding a primary care provider

Multiple participants reported seeing the same provider for a significant length of time, ranging from 15 to 22 years, with one participant stating that “…once I found him, I stuck to him.” The number of years treated by the same provider contributed to patient satisfaction, based on the established relationship and trust that had developed, exemplifying the importance of long-term relationships in healthcare. This continuity of care was disrupted when participants had to find a new provider, most often due to the required transition from a pediatric to an adult PCP or the retirement of a current provider. Although many participants described how they “kind of got lost” when searching for a new PCP, they also noted the importance of considering objective and subjective characteristics when seeking to identify a new provider.


3.1.1 Objective characteristics

Objective characteristics included insurance, office location, and transportation-related factors. Participants noted that insurance was essential, albeit “a hassle,” describing that “It’s not the doctors, it’s the insurance that has been [causing] a lot of trouble lately.” Ease of transportation access and location of the office were also critical in finding and choosing a doctor.



3.1.2 Subjective characteristics

Subjectively, patients emphasized provider “reputation,” “experience,” and “good reviews,” often focusing on the desire to find someone who “understands me,” can “read me properly,” and who “I could build trust with.” However, it was often challenging to find a provider, with one participant explaining that “…we go through different doctors for different reasons. Either they did not understand me right or there was something not quite right…So it’s been a lifelong process I dare say all around.” In addition, participants emphasized the need to find a PCP who provided adequate care coordination, underscoring “how critically important it is to have a central medical person…to coordinate all the care,” explaining that “it’s really invaluable [having] one person kind of at the helm of what you are dealing with [to] kind of advocate for you.”



3.1.3 Strategies

When actively engaging in the search process, participants described being “…just kind of on my own to find the new [PCP]. There was really no help…,” leading the majority of participants to seek recommendations or support from others. For example, many participants relied on family support, with one participant describing that “…my parents tend to help me try to find [doctors]…it’s still really hard to figure out the system.” Recommendations from family often led to using a family member’s provider, as one participant described, “I just went to my mom’s doctor because [my mom] was able to do it for me; then I did not have to try to figure it out because it’s too confusing.” Although still a challenging and often complicated process, participants also elicited and used recommendations from non-family members. For example, one participant described that

 I talk to my typical developing friends…and if they did not like something that I know will trigger me, I avoid that one and then I keep asking. And then I’ll also begin to look online for reviews, and then once I find a set, I’ll ask my friends on the spectrum if they have heard anything about these doctors.



Utilizing the internet to identify a PCP was also challenging for participants due to the large quantity of information but dearth of details provided online, with one noting “there’s not really direct discussions of what you are looking for on websites or anything, so when you get there [the doctor’s office], it’s not what you expect.”

Once identified, participants described interviewing PCPs which “…did not always get me in the right place, but it eliminated a lot of bad apples.” One participant described how this process necessitated “…develop[ing] a format [of] how to question their office on the phone.” However, despite the perceived value of speaking with a provider prior to an initial visit, this strategy had its own challenges, including that “…I have not figured out how to interview a doctor without actually getting a medical appointment.”




3.2 Physical environment

Most participants reported that the physical space of the office, especially the waiting room, was “overwhelming,” “claustrophobic,” and “uncomfortable,” with the resulting discomfort causing one participant to “[not] get physicals for a while. I avoided the whole thing…Either the waiting rooms were chaotic, the wait times were chaotic, or I just wasn’t comfortable for any number of reasons.”


3.2.1 Sensory sensitivities

The sensory components of the office and waiting room environments were reported to be noxious across most sensory modalities. Participants linked overcrowding to tactile sensitivities and increased stress, with one explaining that “I do not like being touched and I do not like having people super, super close to me.” Other distressing tactile experiences included the “crinkly paper” on examination tables and disposable patient gowns. Many participants also described problems with “the harshness” of visual stimuli, noting that fluorescent lights “give me a headache.” One participant described,


When I’d get in the room, it was really overwhelming, all the lights and everything. And so I’d always turn them off…[My new PCP] just turns them all on and does not even ask me if that was what I wanted…Like there’s no effort to make things easier or to make it doable.
 

The loud volume of the office was also problematic, with one participant noting that “you hear every little stinking thing.” Another described difficulty attending to verbal instructions when “you hear the rubber glove going [squeaking sound of rubber glove] and he’s making all these noises.” In addition, the “humming” emitted from fluorescent lighting and the noise from the paper on examination tables were reported to be distracting and bothersome.


3.2.1.1 Strategies

Participants desired accommodations to navigate the sensory stimuli encountered during appointments. Informing medical professionals “in advance” about sensory preferences and/or discomfort with certain sensations allowed participants to request accommodations. While some felt reluctant communicating these suggestions to providers because “I know he will not change,” others were willing to “just tell them straight. It’s like, ‘Hey, this is what works for me, so just let me do this, and you do your job.’” Specific modifications suggested by participants included “dimmer” and non-overhead lighting, blue light to “help you relax and calm down a bit,” and/or wearing sunglasses. To mitigate auditory sensitivities, participants suggested headphones to drown out noises, or projecting white noise or “calming type nature music” in the office, but emphasized that “…it should not be very loud because loud would bother people on the spectrum…if it was too loud, it would overstimulate my sensory system.” To address tactile sensitivities, participants wanted PCPs to provide cloth gowns, permit participants to stay in their own clothing, and/or allow participants to sit in a chair instead of on the examination table. Additionally, a “sensory sensitive” quiet space in the primary care office that took “into account sensory triggers” was recommended; this did not have to be a separate space, but could be a “calming corner where it’s just quiet, kind of dimmer lights, and…separated off from the rest of the group.”




3.2.2 Waiting

Challenges with the physical office space were exacerbated when participants had to endure lengthy wait times, described as “torture” by multiple participants. For example, one participant stated that “already I was [in the waiting room] for like 40 min, and then it was 45 min inside [the examination room]. And by then I was just like ready to lose my mind!”


3.2.2.1 Strategies

When discussing their ideal primary care experience, almost every participant desired decreased wait times, with most considering 5–10 min to be reasonable. Participants often utilized scheduling-related strategies to minimize wait times and avoid crowded spaces. Participants also identified potential solutions to manage long wait periods. For instance, multiple participants suggested a notification system, “like when you go to those restaurants, and those things buzz when it’s your turn…[office staff could say] ‘You could go outside, and here’s this buzzer. Or even we’ll call you…do not worry. Go outside and I’ll call you.’ “The majority of participants valued “something just to distract you while you wait” to help “cope with anxiety and nervousness,” commonly utilizing technology to play games, watch videos and/or listen to music to support stress management and “kill time.” Participants wanted the office to provide items to support distraction, including reading material, TV, and/or “something like a fidget spinner…puzzle books…crosswords, Sudoku, that kind of stuff…Anything that passes time.”





3.3 Communication


3.3.1 Communication-related challenges

Participants highlighted expressive communication difficulties during healthcare encounters, describing that “I’ve had trouble voicing my frustrations in a way that other people might understand” and “it’s really hard to find the right words to say and how to say them and when to say them.” Another participant described how “It’s like I’m saying things to people in a language that’s misunderstood because it’s like a different language to them.” Describing symptoms was especially problematic, highlighting the intersection of expressive communication and interoception difficulties. For example, one participant described that “I’ll tell them I have pain, but I cannot explain is it stabbing or burning…they all feel similar to me and then I cannot just tell them where a pain is.” Expressive communication challenges were compounded when “…you add melting down…I do not even know what comes out of my mouth half the time when I’m like that.”

Receptive communication also posed a barrier to care, with some participants describing that information provided by the doctor often “fl[ies] over my head” and “I do not always understand everything I’m told.” Another participant explained that


Sometimes someone will say something, and even though they’ll say it in that neurotypical way…that’s perfectly understandable to that person saying it and to other people they say it to, it might not click in for me…It may take two or three times to understand it, or it may be something that it may take months and then one day I’ll be thinking about it and then it’ll just suddenly click in right.
 

Often exacerbated by expressive and/or receptive communication challenges, multiple participants characterized their experience scheduling appointments as confusing, overwhelming, and frustrating, with one participant describing that the back-and-forth with automated systems and speaking with multiple staff was “insanity…There has to be one way to bypass [this process] for people who have disabilities who cannot do all that crap.”



3.3.2 Desired provider communication styles

When describing qualities that were valued or desired in their PCP, participants predominantly focused on the importance of communication, with only a minority feeling comfortable asking questions and conveying their needs. Participants emphasized their need to feel listened to, with one explaining that, “…they listen to me when I say something. I mean they actually genuinely listen…I just want to be heard.” Participants wanted PCPs to communicate in respectful and nonjudgmental ways. For example, one participant noted “I’ve disclosed that I’m autistic…But they do not judge me any differently…they treat me with respect…I just ask to be treated like a human being and not dismissively.”

Participants valued their provider’s friendly and conversational approaches to communication, with one suggesting that this could prevent doctors from treating medical encounters “…like a business, and the patients are on a conveyor belt that leaves less room for a human connection.” Another explained that “I think a lot of it is just being more open and conversing…[before saying] ‘What’s bothering you today?’ “Similarly, participants appreciated gentle and patient communication styles, with one comparing his provider to Mr. Rogers and another recounting her provider’s response when she “melted down,” explaining that “I just felt like so like put at ease…he said, ‘Oh, do not cry. Let us try to figure this out.’ He was just so nice about it.” In contrast, another participant stated


I do not think [it’s too much to ask] for a doctor to just take a beat and be a little more patient when you are trying to choke out what’s wrong with you…Like they try to hurry, but then I never come back for my [next] appointment, so my healthcare suffers…It would’ve taken like 5 or 10 minutes extra just to be a decent person to have a successful appointment. Then I would not have to feel embarrassed, because I am.
 

Some participants valued “direct” communication, with one explaining that her PCP “does not sugarcoat” information. Another elaborated “I just need my doctor to give it to me straight. Yes, it’s an added perk if my doctor is empathetic…But my number one priority would be just give it to me straight. No filter.” In addition, most participants appreciated thorough and detailed explanations, with one participant valuing that “they really explain the details…he spelled out the steps…rather than me having me to figure [it] out.” However, a minority of participants reported that they “…bristle at too much detail” and would prefer providers to “simplify” communication.



3.3.3 Strategies


3.3.3.1 Identifying needed accommodations

To mitigate these mutual communication-related challenges, the majority of participants wanted providers to “automatically ask them, ‘What can I do to make your visit more comfortable?’” after the disclosure of their autism diagnosis. However, some participants reported they had not yet identified their own necessary accommodations, with one participant explaining that


…I did not know how to advocate for myself because I never had accommodations. So, I was used to just sucking it up and failing…Once I had accommodations a little bit, I started to realize, there’s ways that I could do this that could be successful, and I should try to find out what they are, and he kind of helped me reach that.
 

Because it was often “hard to know what you need,” multiple participants recommended that providers


…hand me a sheet [of possible accommodations to] help me be successful. And then I just check them off, and then they put that in my file, and they just work off that and then save me a bunch of torture and 3 years of trial and error. That would be great.
 

Although most participants desired their provider initiate these accommodations-related conversations, one participant recognized that their “doctor might not have the time for that in his head, but a client will make the time for that because we have to.” This participant emphasized the need to “empower every [autistic] person” to utilize publicly available lists of potential accommodations as a method to inform providers of their individualized needs prior to care. These types of tailored strategies were noted as especially important because “…each person has different needs and [providers need to] learn to explore that.” Provision of non-tailored strategies were reported to be problematic, with one participant describing that “cookie cutter accommodations do not help…[they] can just almost make things worse.”



3.3.3.2 Suggested strategies

Participants emphasized that providers should “answer things in that alternative way” or “phrase things a little differently” to enhance patient understanding. Providing visuals and/or written instructions also aided communication. For example, “My doctor knows that I think in pictures, so any time he’s trying to explain what’s wrong, he draws me a picture.” Participants also explained the benefit of written summaries because providers “in 30 s – tell you everything you need to do…For years I just would just smile and go, okay, all right, great, and then walk outside and say to the nurse, ‘What does he want me to do?’” When PCPs provided printed or written information “It was just so much easier. It was like he just kind of filled the gap, so that I could go and be independent and successfully have an appointment.”

Multiple participants also described the importance of providers preparing the patient for what was to come in the healthcare encounter. Without these “warnings,” participants felt “blindsided” which “results in more anxiety.” When providers “forget to tell me they are going to do something…[I] get upset, and then I miss half of what’s said.” These strategies often mitigated tactile-related sensory sensitivities, with participants appreciating when providers “warn me before they touch me…So then it does not feel like it’s sending my tactile system through the roof.”

Lastly, to alleviate scheduling-related challenges, participants appreciated when providers offered alternatives to communicating via telephone calls, including one-on-one assistance at the end of appointments, scheduling via text message, or utilizing online scheduling systems.





3.4 Autism-specific knowledge


3.4.1 Providers

Providers’ lack of autism-specific knowledge had the potential to contribute to problematic health care encounters. For example, following disclosure of his autism diagnosis, one participant recounted that his PCP had


…a pretty poor attempt at hiding his facial expression…[my symptoms were] legitimate, but I could tell I was not going to get through to him anyway. He made his formulation and opinion of me when I [disclosed my diagnosis]…I really wanted to say, “Doc, you are a shitty doctor,” and then just walk out.
 

Participants explained that providers’ understanding of how to best treat autistic patients is limited by the societal focus on autism which “is mostly about children. You know, let us face it. It really is. It’s now only maybe now a little bit about adults.” Participants wanted providers to have “a lot more understanding of the, of the people who are on the spectrum and their habits that they might have. Which they are not always bad…There’s some that are just different.” Without sufficient knowledge about autism, PCPs “…mostly do not know what they need to accommodate…[it’s] mostly out of ignorance.”



3.4.2 Office personnel

Non-physician personnel were frequently described as “insensitive” and “dismissive.” Multiple participants described feeling frustrated when they advocated for needed modifications and were met with “‘Oh, we do not need to do that’, and then they wonder why you react negatively toward them.” Another participant described that “I could not stop pacing…So [office staff] asked me to leave…[I said] ‘I need to leave the waiting room, because you do not allow me to pace here. Then I’ll be in the hallway’…[but they said] they were not going to call me outside,” negatively impacting his access to care. Other participants stated that after a positive encounter with their PCP, the office staff often “destroys it again when I leave…because people do not know how to communicate that aren’t trained.” This was further exemplified when one participant described an interaction with a nurse following a long wait,


…I just kind of flipped out…And the nurse just totally laid into me. She like completely had no clue what was my issue…it was something like definitely related to autism that I melted down. And I tried to tell her, and she just came at me like some cranky woman like, “You need to calm down.” Like I was being just a spoiled brat…It was just the conditions were like really overwhelming, and I think it was really loud…But she just was really insensitive and mean, and that just sucked.
 



3.4.3 Strategies

To address these challenges and problematic encounters, participants suggested that “…some sort of education to train everybody on how to deal with those on the spectrum would be good.” Participants asserted that education could prevent discriminatory behavior, support understanding of individualized needs, and improve healthcare encounters. While education was highlighted as essential, participants also underscored the importance of understanding that “no two people with [autism] are the same…even if you have all the training in the world, you are not going to know what one person from the next needs.” Another participant echoed this sentiment, explaining that “I do not think teaching [PCPs] how to do certain things is the answer. I think it’s teaching them how to ask what will be helpful” [emphasis added]. Patience, diligence, and trial and error were often required to “figure out over time what [was] getting in the way” in order to identify and then implement changes to improve healthcare encounters.




3.5 Support

Incorporating a support person – such as a family member, friend, and/or “supportive living service provider” – into primary care was most often utilized to support challenges with communication. Multiple participants described being “not very good at relaying verbal information” and requiring assistance to avoid giving their PCP “an incomplete picture of the story.” One participant elaborated that her support person is “better at explaining herself…Whereas I tend to clam up and think about it in my head, but I do not speak about it.” Another described that it was valuable to “have a second person to hear everything that they say so that when I get home, she can repeat it to me…because I cannot always process everything that’s said.” Other participants described benefiting from help filling out “overwhelming” paperwork or scheduling appointments, explaining that “I usually have someone else [schedule appointments] or I do not do it at all.” In addition, some reported feeling uncomfortable, anxious, and unable to advocate for themselves without a support person, with one participant describing that “I’ve decided that I’m not going if I have to go alone…I need backup so that they do not bully me in an appointment.”


3.5.1 Barriers to receiving support

However, incorporating a support person was not without barriers. For example, taking into consideration three busy schedules instead of two provided logistical challenges, especially when a PCP or support person (either family member or a hired support person) had to reschedule. For example, one participant described that after her PCP canceled her appointment, “I had to cancel childcare. I had to cancel the person coming with me. I had to – it just kind of like affects a lot of stuff.” Another participant reported that because the supportive living service provider industry “has a huge turnover,”


…I had one person, and then she quit. And then I had another person, and she walked off her job. And I had a third person, and she did not pass the background check…now I need to wait for a new person [before attending my appointment].
 

Once scheduling barriers were overcome, the most commonly reported challenge was when PCPs directed their attention to the support person instead of the autistic patient, with one participant describing that “…the doctor talked to her and not to me. And if I wasn’t so beaten down and depressed at the time, I would’ve probably said, ‘Excuse me, doctor. I’m over here.’…It was just incredibly disrespectful.” Others described privacy-related difficulties, due to either office regulations or their own desire for keeping personal health information confidential. In the office, one participant recounted how his doctor “was saying that adults could not have their parents with them.” Another described that scheduling difficulty “forces you to have to get help …It’s like a humiliation…And then they finally call for you, and then say ‘We cannot talk to [the person helping] you. We can only talk to [you] directly, like because of HIPAA and all that stuff.’” Participants also reported that incorporating a support person compromised their desired privacy, with one explaining, “I do not want to tell my whole life or whatever private thing is going on for me in front of a practical stranger that, yes, is helping me, but I do not even know who they are…I would not even want my mother to come with me…Like, you want to be able to share what’s happening with privacy.” Despite the value of a support person, it was “…a mixed bag. I’m glad that somebody’s there, but it’s also embarrassing to have somebody there.” Furthermore, participants expressed frustration that the healthcare encounter was not tailored for independent success, explaining that


I would rather have a private meeting with my doctor and have them be capable of helping me in a way that does not make it worse. And I do not think it’s asking too much…I would like to be able to do that myself and not have to be dependent on someone else coming with me.
 





4 Discussion

Findings suggest that autistic adults face multiple barriers to receiving and accessing primary care, with the most prominent difficulties relating to the physical environment and communication.


4.1 Physical environment

It is well understood that autistic people experience sensory processing difficulties across the lifespan (33, 34). Unfortunately, the primary care environment is often laden with sensory-based triggers across all modalities. Sensory stimuli have been reported to be problematic for autistic patients starting in the waiting room (23, 35) and persisting throughout the medical encounter, with our participants and those in previous studies emphasizing challenges with tactile, visual, and auditory stimuli (24, 26, 36–38), as well as olfactory stimuli (24, 36, 37) which was not described by our participants. These sensory challenges have been reported to have serious downstream implications, and are associated with untreated health conditions and the need for additional medical treatment (23).

Reducing stimuli may decrease stress and improve information processing for autistic adults (38). Many of our participants’ suggestions support this and align with those previously reported, including allowing patients to wait in a quiet area or outside and minimize overstimulating wait periods (13, 23, 24, 36, 38), use a white noise machine to dampen loud noises (24), and/or replace fluorescent lighting (13, 24, 38). Successful distraction techniques, emphasized by our participants and others, may include the use of sensory tools such as fidgets (23).



4.2 Communication

Communication-related challenges were also overwhelmingly endorsed by our participants, with the discordance between communication styles of autistic patients and non-autistic PCPs often at the forefront of problematic healthcare encounters. These findings are consistent with the double empathy theory, which frames communication challenges as mutually and interpersonally situated between autistic people and often non-autistic healthcare providers (39). Previous research has similarly described mutual communication challenges during healthcare encounters for autistic adults, specifically regarding difficulties making appointments (23, 36, 37), feeling understood by providers (23, 35, 40), answering open-ended questions (13, 36–38), and having adequate time to process information (36, 38). Similarly, 73% of surveyed physicians reported challenges communicating with their autistic patients (41). Communication difficulties are associated with multiple adverse health outcomes for autistic adults, including missing appointments, untreated health conditions, and requiring additional medical treatment (23).

Strategies implemented by providers to improve communication with autistic patients include using direct language (23), avoiding open-ended questions (13, 36), supporting written communication (24, 36, 38), providing time for patients to ask questions (36), warning patients about what is to come (36), and actively confirming patient understanding (36, 38). Despite supporting the majority of the above strategies, participants in this study expressed many opposing communication preferences (e.g., desiring thorough vs. concise communication). Due to this heterogeneity, our participants suggested tailored approaches to meet individualized needs and improve communication; this could be accomplished by utilizing interventions such as the Autism Healthcare Accommodations Tool, a web-based resource for autistic patients to generate a customized list of accommodations that can be shared with providers (42).



4.3 Sensory and communication

As described by our participants and supported by previous research, there exists a multi-directional interplay between sensory and communication-related healthcare barriers. For example, communication challenges can be exacerbated by sensory discomfort, impacting attention, language processing, language production, and social interaction, thereby potentially hindering a successful healthcare encounter (23, 25, 38, 40, 43). In addition, problems communicating symptoms to providers may be compounded by difficulties with interoception, one’s awareness of internal bodily sensations and cues such as pain (44). Although interoceptive challenges have been linked to eating disorders, alexithymia (i.e., difficulties with recognizing and expressing emotions), and anxiety (45), little attention has been paid to implications for primary care encounters.



4.4 Autism-specific knowledge and stigma

Beyond the highly endorsed challenges with the physical environment and communication, this study also reinforces the reports of autistic adults regarding providers’ lack of sufficient autism-specific knowledge (13, 24, 35, 37, 46), a perception that is corroborated by providers themselves (20, 21, 26, 46, 47). Autistic adults have linked this lack of knowledge to misconceptions and discrimination during healthcare encounters (14, 35, 37), potentially negatively impacting provision of care (46). For example, some autistic patients choose not to disclose their diagnosis to providers because of these concerns (37). In one study, almost half of autistic adults who disclosed their diagnosis were then questioned by providers regarding that diagnostic accuracy (38). These findings and problematic encounters highlight providers’ insufficient understanding of the heterogeneity in clinical presentations of autism. This is consistent with the neurodiversity model of autism, which frames autism as a marginalized minority identity and calls for addressing the discrimination and disparities autistic people widely experience (48).

Both autistic adults and PCPs have reported desiring autism-related training for providers (13, 20). One intervention to target this knowledge gap is the Extension for Community Healthcare Outcomes (ECHO Autism), in which physicians are educated by autism experts on the diagnosis and treatment of autistic patients (16, 49). However, many autistic adults have reported that as long as providers have a rudimentary understanding of autism, it is more important to understand how heterogeneous autism can be (38). Therefore, recognizing and respecting this diversity of needs and preferences is essential in providing effective support, in addition to further education.



4.5 Support

Many autistic adult patients desire involvement of a support person during healthcare encounters (e.g., 13, 37). In addition to the reports from our participants, previous research explicates that effectively incorporating supporters into care enhances accessibility, communication, visit success, and patient satisfaction (13, 18, 35). However, incorporating a support person is not without significant barriers. For example, our participants and autistic adults in previous research often reported that providers over-prioritized supporters in healthcare encounters, at the expense of attending to the patient (13, 18, 50).

Support people have also expressed barriers to their involvement in healthcare encounters, expressing frustration when prohibited from attending appointments or communicating with providers (18, 51). When permitted to attend appointments, support people often felt ignored and dismissed when advocating for the healthcare needs of autistic adult patients (18, 52). In addition, PCPs acknowledge the difficulty of managing the involvement of a support person, describing that having “two patients” instead of one is not something they are accustomed to (20).



4.6 Limitations and future research

While research paints an increasingly vivid picture of the barriers and facilitators that autistic patients face when receiving care, it is important to note that these results represent only the experiences of the recruited participants. This study collected only limited demographic and descriptive information from participants (e.g., did not collect information related to IQ, autism severity [i.e., DSM-5 three diagnostic levels of autism severity/support needs (2)], insurance/housing/employment status), which limits the contextualization of findings for potentially different cohorts as these factors have the potential to influence the primary care health experiences for autistic adults. In our efforts to obtain greater depth and breadth of information about primary care experiences, participants were not instructed to answer questions about only their current care; instead, they were allowed to reflect on both their current and previous primary care experiences in their answers.

Multiple gaps in this literature warrant further research. For example, the intersection of race/ethnicity and autism in healthcare for autistic patients has been insufficiently explored (53). Despite efforts to recruit a diverse sample, a limitation of this study is that only 22% of participants self-identified as an under-served race/ethnicity; these participants did not share any experiences about race/ethnicity impacting care, in direct contrast to our sample of caregivers of autistic adults (18).

Additional research is also warranted to support the development and testing of interventions to improve primary care for autistic adults. As the population of autistic adults continues to grow (27), the importance of prioritizing first-hand autistic perspectives throughout all phases of intervention development and evaluation cannot be overstated. Despite the inclusion of two autistic co-researchers in the development and execution of this study, neither chose to participate throughout the analytic phase, a limitation of our study, although another autistic co-researcher assisted with the study framing, language use, and manuscript writing. Gathering information from support people and providers may also contribute insight into the development of interventions. Interestingly, there are striking similarities between these three informant groups when describing barriers to primary care for autistic adults, shining a spotlight onto potential foci for intervention, including: patient-provider communication, the physical environment, providers’ autism-specific knowledge, and incorporating supporters in care (e.g., 13, 18, 20, 47), all while emphasizing the importance of individualization of care to maximize successful healthcare encounters (e.g., 13, 18, 20).

Challenges for autistic adults, such as those reported by our participants, are not limited to the primary care environment, but also pervade experiences in other settings, including hospitals (54), emergency departments (55), dental offices (56), and the workplace (57). Interventions to mitigate barriers in these other settings support recommendations from this study. Future research should harness information across these disparate settings to develop interventions that may be employed in multiple environments.




5 Conclusion

As described by autistic adults, there are significant barriers to accessing and receiving primary care, most notably the physical environment and communication. Participants suggested strategies to mitigate these challenges, many of which are practical, low/no cost, and easy to implement. Strategies also emphasized the diversity of experiences and preferences for autistic patients, highlighting the importance of tailoring accommodations in the primary care setting.
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Footnotes

1   We would like to acknowledge that there are various and evolving perspectives regarding the use of identity-first (i.e., autistic adult) versus person-first (i.e., adult with autism) language. While there is no consensus on this highly personal choice (58), research suggests that the majority of autistic adults, parents of autistic individuals, and autistic advocates prefer identity-first language (e.g., 59, 60), suggesting that identity-first language “de-pathologize[s]” autism (61, p.1) and does not separate autism from the individual, instead positioning autism as inextricably linked to one’s core identity (59, 62). For these reasons, the authors of this paper have decided to respect this expressed preference and use identity-first language.

2   In this definition, we refer to autism diagnostic criteria outlined in the Diagnostic and Statistical Manual of Mental Disorders-5 (2). However, in this manuscript we employ neutral terminology (e.g., autistic “characteristics” vs. “symptoms”), consistent with autistic community language preferences and emergent autism research best practice recommendations (29, 48).
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This article presents the theoretical foundation of two well established movement-based methods that represent a fundamental departure from most current interventions and are applied globally with children and adults experiencing diverse motoric, cognitive, and social challenges as well as with high functioning individuals: the Feldenkrais method and Anat Baniel Method® NeuroMovement®. These methods are based on leveraging neuroplasticity through the utilization of movement, not as “exercise” or externally imposed motor sequences, but as a means for effective, two-way felt communication with the recipient and their brain. Through connecting with the recipient, starting where they are–motorically, emotionally, and cognitively, we follow their unique responses, moment-by-moment, creating a dance-like dyadic process of self-discovery that mimics the spontaneous, organic way typically developing children play, learn, and grow. Practitioners in these methods, by joining and creating mutual connection with the recipient, help turn the subjective experience of the recipient into a reliable means of attaining spontaneous, mutually generated emergent learning in the recipient. In this process the autonomy of the recipient is respected and enhanced. Our work will be described through direct applications to autism seen as a neuro-motor-sensing disorder where those challenges can be transcended through the dyadic dance embodied in our techniques. Since 87% of children with autism spectrum disorder have significant movement challenges, we propose that movement, as a means for effective two-way communication with the child and their brain, needs to play a central role in autism intervention. In this article we outline how our interventions take place through case studies, vignettes and discussion, separately for each of the two methods. This article will also include recommendations for conducting investigations that characterize some of the basic components of these two methods, utilizing experimental designs and recently developed technologies and biometrics that generate unique individual profiles of both the receiver and the provider of the intervention, and of the interbrain synchrony, correlate them with changes in movement organization, cognitive functioning and coherence, and track changes in the signal-to-noise ratio. These methods should enable refinement and scalability of tracking and assessing the mechanisms and effectiveness of the interventions.
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1 Introduction

Currently autism spectrum disorder (ASD) is defined as a developmental disorder that primarily impacts the social, behavioral, and communication domains (Lord et al., 2000; American Psychiatric Association, 2013). Movement challenges, when noted, are generally considered comorbid, i.e., not a core part of the disorder. In recent years, however, research by the Simons Foundation involving thousands of children on the spectrum has shown that 87% of children who meet criteria for ASD have significant movement challenges (Bhat, 2020, 2021), and the severity of the ASD symptoms has been shown to correlate with the severity of the motor challenges (Bhat, 2021). These findings call for a re-evaluation of the role of movement in autism as a contributor both to the condition itself, and to intervention that leads to transformative outcomes.


1.1 Movement

We propose that movement is an important underlying component of autism, because (1) movement disturbances have been identified in children far earlier in development than when challenges in social, behavioral, and communication domains have been identified (Bauman, 1992; Teitelbaum et al., 1998; Posar and Visconti, 2022; Torres et al., 2023); and (2) as we will discuss in detail, movement needs to play a central role in interventions with the children on the spectrum: not as “exercise” or externally imposed motor sequences, but as a means for effective two-way communication with the child and with their brain. As we will describe in detail, this communication is done through connecting with the child starting where they are. We follow their unique responses continuously and introduce a process that mimics the spontaneous and organic way typically developing (TD) children learn and grow.

In this article we will present the foundations, practices, scientific implications, and some clinical applications of two related but distinct movement-brain-learning-based practices: the Feldenkrais method (FM) (Feldenkrais, 1972a,b,c) and Anat Baniel Method® NeuroMovement® (ABMNM®) (Baniel, 2012a; see Supplementary Table 1-Table of Contents and Supplementary File 1-ABMNM “From Fixing to Connecting”. Both methodologies operate under assumptions and ways of intervention that are very different from current and more conventional approaches. The goal of most movement interventions in the medical and rehabilitation therapies (for example, physical therapy), is to improve or correct impairment of some part of the body, caused by injury or medical conditions. The intention therein is to reduce dysfunction and dependency by trying to “make” the individual perform in more “normal,” “productive,” or “neurotypical” ways, mostly focused on the area of injury or dysfunction.

The functioning human, including their body, is however a highly dynamic, complex, interconnected set of linkages organized and managed by the brain, with many degrees of freedom (Bernstein, 1967; Feigenberg and Linkova, 2014), whereby motions of one segment affect the other segments, as well as thinking and feeling, in interdependent ways that the practitioner and the recipient need to discover together using a holistic approach. ABMNM and FM provide a holistic approach that aims to account for the whole system and its complexity in a dynamic way. Both the FM and ABMNM have been applied for decades, for enhancement as well as repair, across the entire range of human capabilities, spanning from major challenges such as autism and stroke, to enhancing peak performance in sports, music, intellectual development, and the arts.

Here we share with our readers our insights on ways of creating connection, coordination and togetherness of two bodies and two brains, that of the practitioner and that of the recipient, that generate new information for the recipient to work with. They share a common space and operate as “one system” during their dyadic interaction. Motions in that shared space reveal a process of exploration and self-discovery of movement and sensations that heighten self-awareness and offer new avenues for the recipient to spontaneously learn new ways of moving, thinking, and interacting with others.



1.2 Learning

Learning is profoundly intertwined with movement. Learning starts with movement in the womb, along with its associated sensations which provide information for the brain to form itself and expand its capabilities. Human beings are fully dependent on learning for the development of their voluntary motor, cognitive, emotional, and inter-personal functioning. When newborns enter and interact with the external world, they experience the pull of gravity separate from their mother for the first time. Their initial movements are utterly unskilled, mostly reflexive, and random. These movements, however, have continuous consequences related to the constant pull of the gravitational force, which the child experiences through sensations and outcomes. During a very lengthy process, unparalleled in the animal kingdom, the child organizes and integrates their sensory and proprioceptive experiences, and thereby learns to control their actions and to generate intentionality and awareness, a process Feldenkrais named “organic learning” (Feldenkrais, 1981b). This process typically leads to mastering uniquely human capabilities of upright balancing and walking on two legs, talking, abstract thinking and much more. In our experience, children on the autism spectrum often have significant challenges in forming a successful foundational relationship with the gravitational pull which we understand leads to later significant movement and other challenges common in ASD. This invites us to shift our attention, when working with the child with ASD, from trying to fix the behavioral and psychological symptoms (which may well be downstream of the movement challenges) to focusing on working with movement and its associated sensations, starting where the child is, as an avenue into the process of progressive differentiation and progressive integration–the way organic learning takes place with typically developing children. This organic learning process helps the child “learn how to learn” and it can then generalize to many other domains of functioning.

In the dyadic processes of FM and ABMNM, “organic learning” is an internal and spontaneous process generated by the learner that is created through connection and empathy between practitioner and learner (Feldenkrais, 2002; Feldenkrais and Doidge, 2019; Feldenkrais and Kimmey, 1985; Baniel, 2012b). Specific outcomes of each future learning event are not known or structured in advance. This kind of learning differentiates and emerges from the individual’s current level of skills in a progression, a layering, that has order to it and that emerges moment by moment from where the learner is. It is transformational in the sense that a 24-month-old child is remarkably different from their 12-month-old self, and even more different from their 6-month-old self; they arrive at these differences through a self-generated process involving a combination of wondering, exploration and trial-and-error (Torres et al., 2016; Thelen, 2001a,b).

It is uncommon for the central role movement plays in learning to be appreciated – particularly regarding the associated processes of differentiation and integration that are required for the emergence not only of movement skills but also of cognition and the breadth of human intelligence (Brincker and Torres, 2018; Trevarthen and Delafield-Butt, 2013; Delafield-Butt and Ciaunica, 2024). There may be other sources of early interference with the organic learning process of the child developing autism, such as heterogeneous biological processes, which are beyond the scope of this paper (Varia et al., 2024). An important early model for the impact of such interference was the proposal by Rubenstein and Merzenich (2003) of an increased excitation-to-inhibition ratio in the brain in autism. Disturbances of this sort could reduce the brain’s “signal-to-noise” ratio, leading to a “noisy brain” (Brincker and Torres, 2013; Torres et al., 2013b) that interferes with the brain’s ability to detect differences, making it harder to differentiate. This deprives the brain (and the child) from sufficient richness of new information and flexibility to enable successful learning.

We therefore propose, based on these frameworks and on clinical experience, that the overarching model of autism needs to include neuro-motor-sensing dysfunction so that it can make sense of both (1) the commonly observed early onset of atypical motor development (from “clumsy” to severe), which we suggest is a precursor to the later arising symptoms that meet the present criteria for autism, and (2) the significant positive changes we have consistently observed through the application of the ABMNM and FM approaches with children with autism that often surpass what was considered attainable. We suggest that the way these approaches use movement, connection, and empathy reduces the noise level in the brain and facilitates learning that was not possible before.



1.3 History and context

The core interpenetration of movement and learning in the practices we present resonates at the theoretical level with frameworks of enactive embodied cognitive science theorizing initiated by the 1991 book The Embodied Mind (Varela et al., 1991), which stated that “cognitive structures emerge from the recurrent sensorimotor patterns that allow action to be perceptually guided” (TEM, p. 173), and has been further elaborated (Di Paolo, 2005; Varela et al., 2017; Ward et al., 2017), including with regard to autism. De Jaegher (2013), for example, reviews research describing differences between ASD and neurotypical individuals regarding perception, movement, embodiment, sense-making, and salience.

We fully agree that the reality of cognition is inseparable from the phenomena of movement and its associated sensations, though we would add proprioception to perception. The work we are describing is grounded not in description and comparison of features in subgroups, even though our body of work also involves accumulations of observations, knowledge, and categories of phenomena. In terms of our practices, we look for and focus on the client’s dynamic uniqueness throughout the session, in the here and now, what we call “going with the system”. We interact with them on their “dance floor” - i.e., we join them in their reality and capabilities. We provide them with opportunities to experience that moment – and there to allow them to experience variations close to where they are at so they can spontaneously arrive at new configurations, perceptions, understanding, and actions.

The approach of “going with the system” derives from the work of Dr. Moshe Feldenkrais (1904–1984), a mechanical engineer, quantum physicist, and black belt in judo, who also extensively studied biology, anatomy, neuroanatomy, and physiology. Due to a serious sports injury, he launched extensive, subtle movement experimentations on himself, aiming to change old habits of movement. This led to enhanced awareness and organic learning that yielded new ways of moving and led him to regain previously lost function. In parallel he developed a holistic understanding of human learning and potentiality informed by his diverse domains of knowledge and presaged developments in neuroscience of the last half-century.

Both methods presented in this article evolved out of the work of Dr. Feldenkrais [Baniel (who developed ABMNM from FM) studied with Feldenkrais; Almagor (who practices FM) studied with Feldenkrais and Baniel]. Over time, our experiences in FM and ABMNM led each of us to realize that through empathy and by connecting with the child wherever they are in the process – not where we would like them to be – immediate, self-generated positive changes occurred in the child, i.e., we were enabling spontaneous organic learning. We find that this contrasts with many conventional therapies where the focus is often on the presenting behaviors and symptoms which are considered “undesirable,” and where the effort is instead to try to directly change or eliminate these undesirable manifestations, mostly through commands and rote repetition. When the autistic child is erroneously perceived as “resistant” to change, or when they plateau in their progress, there is a danger that these challenges will be attributed to their condition, ASD, rather than to the possibility that the intervention itself, and the way it is delivered, may in fact be limiting the child.

We suggest, based on our extensive empirical experience, that for the remarkable potentials of organic learning to be accessed, movement, connection and empathy – as will be described below and which are universally applicable – need to play central roles in any intervention program, and will have particularly great benefits for the child with ASD.

The specific ways in which our interventions take place will be outlined in this article separately for each distinct method through case studies, vignettes and discussion. We will begin with ABMNM, even though it emerged later than FM, because Anat Baniel’s highly granular case study and analysis will, among other things, prepare the ground for Eilat Almagor’s subsequent FM presentation.

In recent years sensitive technologies and research methods have emerged to measure with high precision the dyadic dance that takes place in our interventions and to characterize the subtle changes that occur during the ABMNM® and the FM interventions. It is our intention to utilize these new developments (Thelen and Corbetta, 1994; Whyatt and Torres, 2017; Kalampratsidou and Torres, 2018) to dynamically measure the learning that takes place, to characterize its relationship to changes in the signal-to-noise ratio in the brain as the intervention proceeds, and to richly describe the exploratory nature of the dyadic exchange. We will present here how such practice-based research might be conducted in collaboration with investigators who embrace the notion of the dyadic relationship between practitioner and recipient (Bermperidis et al., 2023; Torres, 2024) as a means for the recipient to become empowered through a greater sense of motor agency and autonomy.




2 Anat Baniel Method® NeuroMovement® and the anatomy of connecting


2.1 Part one: case study, Jonathan: first session

The following is a first-person description of my (Anat Baniel) first session, 22 min long, with “Jonathan,” (henceforth “J”), a 21-month-old boy with ASD. In what follows, I present some of the what, how, and why of what I did during excerpts of this ABMNM session. A 6-min video excerpt is available for viewing in ABMNM Supplementary Video 1.


2.1.1 Case presentation and discussion

In each of the following sections, an objective description of what was done and what happened is presented in boldface and followed by a non-bolded discussion of the rationale and other considerations.

J was brought to me after receiving an ASD diagnosis a few days earlier. His parents reported that he did not make eye contact, refused most foods, was non-verbal, and did not respond to his name. He did not play or relate with his twin brother or other children, and frequently hid under furniture.

J’s set of symptoms is consistent with a diagnosis of ASD.

I invited both parents to sit down, and I asked the father to have J sit in his lap, facing out, with J’s back leaning against his father’s chest.

I began the session by intentionally creating an environment where J would feel safe. This is of utmost importance for the child’s brain to be available to learn and change. For J, I was a total stranger in an unfamiliar setting. He had no reason to trust me, and there was plenty in this new situation that might cause him to feel unsafe. Therefore, I had him stay in his father’s lap for the whole session with me. Fear or stress during the intervention shifts the child’s attention from learning to self-preservation. When this happens, there is a risk that the observer will assign the child’s seemingly inappropriate behavior, or limited progress, to their ASD, when it is actually a manifestation of the child’s subjective experience of discomfort or fear during the intervention. With ABMNM, our intention is to generate a process that reduces the individual’s stress and fear and creates a safe and pleasurable learning experience for the child.

I (Anat) sat facing J. J abruptly and forcefully arched his back, throwing his head way back, then returned to leaning against his dad (Figure 1). I had observed him doing this arching earlier while his father held J in his arms before we all sat down and started the session.
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FIGURE 1
I (Anat) sat facing J. J abruptly and forcefully arched his back, throwing his head way back, then returned to leaning against his dad.


While arching was not specifically on the list of possible ASD related symptoms, it was a repetitive behavior, a category which is in the ASD criteria. It was obvious to me that the arching was a manifestation of a disruption in his brain’s functioning, which interfered with J’s ability to pay attention, let alone be present or responsive to any demands placed on him. That was where he was at that moment. And it is why I put his arching ahead of all other concerns. It was what I chose to focus on, and where I chose to join with him in his world.

Expecting J to arch again, I gently placed my hands on his pelvis – on his iliac bones – in a way that did not put any weight or pressure on his pelvis (Figure 2).


[image: An adult is holding a young child on a bench while another adult in a pink shirt sits on a stool facing the child, who is drinking from a cup. A partial view of another child holding a container is visible on the right side.]

FIGURE 2
Expecting J to arch again, I gently placed my hands on his pelvis – on his iliac bones – in a way that did not put any weight or pressure on his pelvis.


My intention was to make clear contact with J without causing him to feel that I was guiding him to move in a particular way, or that I had any expectations of him. My touch was intended only to communicate my presence and for me to connect with J and feel how he was doing his arching. J may or may not have felt or been aware that my hands were on his pelvis. The sensations may have been absorbed into the general “noise” in his brain (which was discussed in section “1.2 Learning”).

The importance of touch, especially for the infant and developing baby, is well recognized. However not all touch is equal from the point of view of the receiver. In most conventional movement-related interventions, touch is usually done in a “top down,” way, that is, the goal of the therapist is to get the recipient of their touch to respond in a pre-determined way. In contrast, by touching J fully, without applying weight, or other forces on his pelvis, I became attuned to him and could begin to receive information from J’s movements through this connection.

Then I waited.

As J, once again, began arching abruptly and forcefully throwing his head back, I joined with him in his movement by gently, yet clearly, pressing on his iliac bones, helping the top of his pelvis to roll forward. That is, I connected with J by feeling what he was doing and joining his action.

The Latin root of the word connection is connexionem, “a binding or joining together.” As I waited with my hands on J’s pelvis, I could feel when he began the involuntary arching movement again. While I supported what he was already doing, I also exerted just a bit of directed force, while making sure to not take over his action. This supported the action he was already doing without changing it, and at the same time added sensory input that might facilitate his beginning to notice what he was doing.

We call this activity of connection “Going with the system.” It may seem counter intuitive to “encourage” such involuntary, disruptive action that most likely the child is unaware of. It may seem like we might be doing something that could result in more of the unwanted arching. But on the contrary, in my experience, “going with the system” creates the conditions for the child to feel themselves and to notice what they are doing. This introduces freedom for the child to either stop what they are doing or do something different. Going with the system in this way is different from the common tendency to try to stop or inhibit what we consider to be the “undesirable” action through verbal commands, prompting and, in more extreme situations, exerting physical control.

Before the third arching, I began using my voice, “singing” in concert with the intensity of his movement. At the end of this arching cycle, he very briefly looked straight into my eyes.

During J’s third round of arching, after J had already arched and thrown his head back a couple of times, I felt an increasing intensity in his arching movement, so I added my voice, using it rhythmically, with added intensity as his movement intensity grew. This provided J with a second sensory input (auditory) that could be associated with the kinesthetic one; this created an opportunity (though not a certainty) for J to “wake up” and to notice something distinct within himself, or outside of himself. And he did. At the end of this third cycle, as he was bringing his head back up, he briefly looked straight at me, then quickly averted his eyes. He noticed me and I noticed that he noticed me. This is something that he hadn’t done before – a real change.

Having my hands on J’s pelvis and supporting it in rolling forward is not a “technique” which is supposed to get specific outcomes, such as getting a child with ASD to start making eye contact. Rather, I used it as an opportunity to connect with J, and to accentuate the movement of the pelvis in relation to what he was doing, thereby increasing the likelihood that he would feel his pelvis as part of his action.

I propose that I became a reliable part of J’s re-afferent input from his arching movement because of the way I stepped in—i.e., how I participated helped to bring the sensations from his movements to the foreground, making them less chaotic, and more distinguishable from the background “noise” that is always there (Brincker and Torres, 2013; Torres et al., 2013a). This opened the opportunity for J to feel himself and notice his own body more clearly. This emerging new ability spontaneously extended to his visual perception as he began to notice, perceive, and pay attention to his surroundings.

He then went into his fourth cycle of arching while I removed my hands from his pelvis and placed one hand on J’s back, supporting it, and my other hand on his sternum (chest) (Figure 3). I once again joined him in his arching movement by gently helping the sternum move up to facilitate the movement of his head backwards while at the same time supporting his back.
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FIGURE 3
He then went into his fourth cycle of arching while I removed my hands from his pelvis and placed one hand on J’s back, supporting it, and my other hand on his sternum (chest).


To further facilitate and amplify J’s feeling and sensing of his arching movement, I moved my hands away from his pelvis and placed them on his back and chest. This is a variation, something new, which gives another opportunity for J to feel and notice himself. I again joined him in his arching action by supporting his back and helping his chest move up as these are also integral parts of the arching movement.

In the process of arching, when J arched himself so far that he could be looking at his father’s face, I told J, “Look at Daddy.” As he began returning from the arching position, I told him, “Come back”.

By telling J to “Look at daddy,” I offered a context for J’s involuntary arching movement to open the possibility for it to become a voluntary, intentional movement. I did not know if J understood me. Even if he did not, the questioning tone of my voice might guide him to try to make sense of the communication.

While J’s head stayed way back for a while, I began to gently move his torso in slightly changing directions, thus creating variations in relation to his arching position. Very quickly the ease and mobility with which his torso moved greatly improved, and his pelvis spontaneously began moving in perfect coordination with the movement of his torso. Clear, harmonious, dynamic relationships between the different moving parts of his body emerged in a way that required minimum effort and produced maximum efficiency. J brought his head forward and leaned into his dad’s chest; from then on, J’s involuntary arching stopped and did not appear again.

Spontaneous variability in movement is central to the acquisition of new movement skills, and to all learning for newborns, babies, and children. J’s forceful involuntary arching was stereotypical with little variability, which is common in children on the spectrum. As J stayed for an extended time in the arched position, I did not try to bring his head back to place. I did not try to correct or inhibit his involuntary arching. Instead, I connected to him as he was at that moment by placing my hands on his ribs and beginning to introduce movement through many small variations. Variations are differences; they provide novelty which opens opportunities for the brain to notice, perceive, and create new neural connections, i.e., differentiation.

Next I moved my hands to his legs.

Rather than continue to repetitively move J’s torso in an attempt to “groove in” the recent changes, I got hold of his legs and began moving them, which introduced additional novelty. This also provided him with the opportunity to connect the movements of his legs to the previous movements of his pelvis and torso.

I got hold under J’s right leg and foot and immediately felt the stiffness in his right ankle.

I have observed that many of the children on the autism spectrum I have worked with who can walk, have stiff ankles and their backs are rigid, i.e., under-differentiated. They move their backs more like a “block.” I propose that this may be due to insufficient variability in the early spontaneous random movements of the child that continues as they develop. Movement in the gravitational field requires constant adjustments of the relationships between the head, back and pelvis to the legs and feet in order to not stumble and to maintain balance while walking. When the back is limited in its ability to change its organization in response to changing demands, the ankles become rigid in an effort to avoid falling.

As I began moving J’s right leg, I noticed that J was looking at me, then at his leg where I was holding his foot, then back at me with new and very great focus and interest.

This was a spontaneous new capacity for J, to notice and recognize his foot; to feel and notice that something is going on over there; to recognize I was there; and to make the connection between his experience and me being there.

J was paying attention and making sense of his experience. I cannot emphasize enough how important such moments can be! I immediately shifted my focus from moving his legs, to join J in what he was interested in, which was his foot. I then introduced a host of variations.

I pointed J’s right foot toward him, touching it, and telling him: “This is your foot.” Then I lifted his other leg and pointed to his other foot telling him: “you have another one of those here.” He followed what I was pointing to with his eyes, and intermittently also looked at me. I lifted his right leg again and began moving the foot and ankle gently in different directions. When I sensed he was about to go into another arching, I uttered clearly “ah, ah, ah,” which shifted his attention back to his foot, and his arching did not take place.

I then said “this is your foot, let me show it to you, and began taking the sock off, slowing way down and exaggerating the process” (Figure 4).
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FIGURE 4
I then said “this is your foot, let me show it to you, and began taking the sock off, slowing way down and exaggerating the process.


I blew on his bare foot. J smiled and looked at me intensely. I then did the same with the other foot and sock while narrating what I was doing. From this point, J was alternating between looking straight at me for long periods of time, to looking at the leg I was moving. He was fully and continuously attentive, indicating that he was aware, and was taking in the experience (Figure 5).
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FIGURE 5
From this point, J was alternating between looking straight at me for long periods of time, to looking at the leg I was moving. He was fully and continuously attentive, indicating that he is aware, and taking in the experience.


J was noticing! He was making eye contact! He was beginning to make sense of what was happening to him and of what he was doing. By shifting my focus to J’s focus, I joined him and thus maintained my connection with him. If I were to continue with what I was doing with J before I noticed him noticing his foot, we would have lost our shared space (Stern, 2010) and I would have been interfering with his spontaneous self-generated learning process. Instead, the gentle variations I provided in relation to his current interest further amplified the distinctions in what he was noticing, which facilitated for him to keep applying his attention to it. When I began blowing air on his feet, J looked at me intensely and smiled each time I did it. J was connecting to himself and to me as I was connecting to him. It is important to note the significance of such moments. J was exhibiting self-awareness and awareness of his environment. It has been my observation that this kind of change in the functioning of the brain can continue to be built upon, opening up a world of possibilities.

During the session J briefly tried feeding me the apple he was holding (Figure 6).


[image: A child sits on a man's lap while a woman in a pink shirt interacts closely with the child. The man looks on with a slight expression of concern or focus.]

FIGURE 6
During the session J briefly tried feeding me the apple he was holding.


He giggled with delight when I was “shaking” his arm; he responded with “ah” for “yes” when I asked him if he had like me to do it again, and he looked at me in anticipation, expecting me to do it (Figure 7).


[image: A man sits on a chair holding a small child in his lap. The child, holding a green container, faces a woman in a pink shirt. The setting appears to be indoors.]

FIGURE 7
He giggled with delight when I was “shaking” his arm; he responded with “ah” for “yes” when I asked him if he had like me to do it again, and he looked at me in anticipation, expecting me to do it.


Toward the end of the session, J noticed my hands and gently began touching and moving my fingers in different directions, exploring them with great interest.

During the session, as J’s involuntary repetitive arching dissipated and disappeared, his movements became progressively more fluid and harmonious. Concurrently, he spontaneously began noticing more and paying attention with increasing duration, while his eye contact and directed gaze at what was happening with him and around him spontaneously appeared and increased in conjunction with the motor progression. In tandem with all of the above, J emerged into being relational with me. Movement done in the ways I have described in the sessions with J generated positive, whole system shifts in J’s motor, perceptual, cognitive, emotional, and relational domains. Based on my experience, with many children, I propose that J’s changes point to two things: (1) movement can serve as a portal for significant gains in functioning of the child with ASD, and (2) the changes are multidimensional—not just about the movement itself, but also with broader ramifications that emerge from improvements in the brain’s ability to organize itself and make sense of the incoming stimulation.

The first ABMNM session was 22 min long. J got six additional sessions during the subsequent 2 weeks from my colleagues. The duration of each session is normally between 30 and 45 min. The mother reported the following changes after these 2 weeks:

“[Before we started ABMNM] Jonathan did not have (make) contact with his eyes. When we called him, he never came. He didn’t respond to us. And now he’s a completely different kid and he eats better, he sleeps better. He responds to what we have to say. And when we call him, he comes. Great eye contact. He can play with other kids, which is something we didn’t get to have before. So big improvements and talking a lot more, expressing himself. Words! And one more thing, he can fight with his brother, stand up for himself!”

J continued to receive 7–15 sessions every 3 months for a year and a half, then on a need-only basis–when any of the ASD symptoms seemed to reappear–until he turned 6 years old. By that time J was fully verbal and fully integrated into the classroom. Currently his mother describes him as a typical teenager.

It is important to note that every child with ASD is unique and has their own trajectory of progress depending on the age we start working with them, what interventions they had before, and their unique presentation of ASD. A commonality in progress we observe in the children we work with is their gain in agency.




2.2 Part two: commentary on case study of Jonathan

In the Commentary below we elaborate further on our approach to working with children on the spectrum.


2.2.1 Connection

In ABMNM we use the term “connection” to describe not just a caring feeling for the child, and not just the literal sense of connection through touch, though both are important ingredients. As we use the word here, “connection” refers to the practitioner’s ability to perceive and feel the child’s own subjective experience, motivations, intentions, and current capabilities, i.e., their reality. The practitioner is highly trained to continuously gather such information through all of their senses, and to a large extent from the child’s movement and its qualities. The practitioner uses this relational information as the key resource from which the intervention unfolds.

Once the practitioner has made this connection with the child, they use their highly trained capabilities to feel and perceive the finest variations in the child’s movements and expressions, so that they (the practitioner) can match the child through their own actions. In this way, they create a loop, a dance, a shared space (Stern, 2010) with the child that is within the child’s own reality. The practitioner chooses to initially join and follow the child, so the child is the leader, and the practitioner is the follower. Then the session flows, with the practitioner becoming the leader of the session by guiding the child’s movement into very subtle variations of what the child is doing at that moment. The practitioner is not “correcting” the child’s movements. The child feels these variations as part of themselves, and as their own spontaneous explorations, which is the process of organic learning. These variations lead to the child’s perception of differences and new neural differentiations, some of which may get incorporated into what the child will do next. (Jenkins et al., 1990; Nudo et al., 1996; Merzenich and deCharms, 1996). As the practitioner perceives these changes, or the lack thereof in the child, and again follows the child, they may then introduce new subtle variations emerging from what the child is doing at that moment. This dance continues until the session is over.

This process mimics and recreates the early—what some call “purposeless”—movements of infants, and it fosters the spontaneous, self-generated, exploratory nature of children’s development and learning. It is the essence of what Feldenkrais named “organic” learning. In the loop, the practitioner provides reafferent stimulation that greatly augments the signal. This opens a door of opportunity for the child to perceive differences and for their brain to have new information to work with. Just as with TD children, once the child with ASD experiences – through the intervention – spontaneous, exploratory movements, they begin to self-discover; as the “noise” level in their brain reduces, they are more able to make sense of their experience, with concurrent growing sense of agency. The learning and changes that occurred in the session with J were initiated by J, felt by J, and done by him.



2.2.2 Fixing

“Reality is made up of relationships between objects rather than the objects themselves.” (Rovelli, 2021).

From the moment a child is born, their bodies are subject to the laws of Newtonian physics. Early on they begin to associate their movements with specific outcomes. Infants knead the mother’s breast to enhance the flow of milk as they nurse. They hit hanging objects on their “baby gym” to get them to move. They hit stacked blocks to get them to tumble. As adults, when an object breaks or malfunctions, we can try to fix it. We can glue, nail, saw, shave, replace parts, stitch, etc. All are ways to interact with and repair physical objects. When a child has ASD, we may attempt to “repair” or “fix” the symptoms that they exhibit the same way we would approach fixing inanimate objects. Yet, while the human body is a mechanical structure that is bound by the laws of Newtonian physics, what changes everything is that it has a brain. The brain is what generates, organizes and forms all human actions. The brain is not a mechanical system; it is an information system that works by different “rules” - by probabilities of outcomes, not certainties (Varela et al., 2017). When the child with ASD is unable to perform desired actions, or performs them poorly, and when undesired behaviors are present, the “fixing” approach fails to provide what the brain needs in order to change and learn.



2.2.3 The “noisy” brain

The brain is an extremely dynamic, complex, self-organizing system that forms itself through its experiences. It is a massive “information-generating and processing machine” (Singer, 2009). For learning to occur, there needs to be sensory stimulation. However, stimulation alone is not enough. By itself sensory stimulation is just “noise.” For example, imagine you are in a very loud crowd and a friend is talking to you. No matter how hard you try, you cannot discern what they are saying. Your brain is unable to perceive the difference between your friend’s voice and the background noise of the crowd. “Noise can be defined as any kind of sensed phenomenon or change that cannot be interpreted as a signal.” (Brincker and Torres, 2013). Stimulation turns into information when your brain detects and perceives a foreground stimulation that is distinct from the always present background noise, what is called in science and in engineering, “signal (your friend’s voice) to noise (the crowd) ratio.”

The process of the perception of differences and the creation of new connections and patterns, i.e., learning, can be seen as having three main steps:


1.Discrimination: noticing something.

2.Differentiation: the creation of new neural connections in response to discrimination (Baniel, 2012b; see Supplementary File 2: ABMNM- “Your Child’s Amazing Brain”).

3.Integration: the spontaneous creation by the brain of new neural networks of movement, thought, feeling, and behavior. “The job of the brain is to put order in the disorder and make sense out of the non-sense.” (Feldenkrais, 1981a).



Through my experiences working with children with ASD, I gradually realized that they experience the world like a soup, a blur, which I refer to as a “noisy brain,” which interferes with the process of organic learning. “Expertise (or the lack thereof) in dart throwing, driving or any other muscle-involved action, is a sign of how well someone has learned to manage the noise.” (Wolpert, 1992). I propose that the challenges experienced by the child on the spectrum have nothing to do with their “intelligence.” Where they need help is in enhancing their brain’s ability to perceive differences. The “noisy brain” can be witnessed early in development on the motor level (Torres et al., 2013a), prior to discernable social or behavioral features.

When an external and repeated demand is placed on the child with ASD to perform in a way that they are unable to do, this demand is being placed on a brain that is challenged in its ability to perceive the necessary differences, i.e., the information to be able to make sense of the demand placed on them so they can learn. This promotes the “grooving in” of their limitation even deeper in the brain and further degrades their ability to learn.



2.2.4 Movement

“Nothing happens until something moves.” Albert Einstein.

Human beings are born completely dependent. At birth they have a brain that needs to grow and form roughly an additional 78% to reach its adult size (Dekaban and Sadowsky, 1978). Movement begins in utero; there and at birth the infant has no voluntary control over their movements. They initially move mainly through reflex and random movements. Once born, these movements are performed in the gravitational field, where the infant feels the weight of their limbs, head, and the rest of their body. The pressures on their body are now distributed unevenly, depending on the position they are in in relation to the gravitational field; and these pressures keep changing as the child moves or is being moved. Every movement of the body produces continuous change that generates a flow of associated sensations. These sensations call the child to attend to what they are feeling.

An additional constant companion to the movement is the interaction of the movement with the environment. Those interactions generate outcomes that also call on the child to attend to what they are experiencing. For example, when an infant lies on their back and randomly kicks the floor, they feel an unexpected pressure on the heel and a push upward through the spine toward the head. This reafferent experience drives the creation of multiple connections between the heel and the brain – what is called mapping of the body to the brain. As mentioned earlier, when the nursing infant is held on their side with one of their arms free to move, that arm, sooner or later, will unintentionally lift up, then “land” on the breast and press on it. This pressure, when sufficient, will increase the flow of milk. When this happens, the baby gets an unintended outcome to a random, unintended movement. When enough variations of the lifting movement of the arm and dropping it toward the breast have occurred, some of which were “successful” in enhancing the flow of milk, and others not, the child’s brain fills in the mapping of the arm in relationship to the outcome. With it, the brain hones in, decreasing the randomness of the movement and increasing the probability of success, until it becomes an intentional action on the part of the child.

This process consists of continually increasing complexity, refinement, and degrees of freedom through which new skills arise as the brain continues to self-organize. We suggest that emerging from this process are also awareness, thinking and cognition. The brain of the ASD child also self-organizes. The question is, at what level and quality of organization will it create? We further suggest that when we shift our focus from trying to “fix” the ASD symptoms by attempting to get the child to do what they cannot, to connecting with the child where they are, the child can get better outcomes and the brain itself can get better at learning – i.e., it learns how to learn. They will “improve their abilities and build a better, stronger brain” (Merzenich, 2009).




2.3 Part three: The Nine Essentials: mapping the way from Fixing to Connecting

In the ABMNM methodology we have defined what we call the nine essentials. We propose that when we bring the nine essentials to an intervention with a child who has ASD, a particular connection is created that greatly potentiates that child’s learning. We can bring the Essentials to the intervention process with children on the spectrum in a disciplined and intentional way, to generate what we have discussed as organic learning. Organic learning is naturally present for TD children, particularly in the early years of their lives, when the most potent and greatest amount of learning takes place. The nine essentials provide guidelines that help us over time to get better and better at generating the conditions where the child with ASD can learn and change. The nine essentials are particularly accessible for practitioners because each essential has its roots in experiences familiar to us all. Current neuroscience research supports our contention that the Essentials are drivers of neuroplasticity and positive brain change (Merzenich, 2011).

The nine essentials, briefly described here, are more fully described in Supplementary File 3: ABMNM-“The Nine Essentials”.


2.3.1 Movement with attention to the feeling of self

Movement is present in all action and behavior. However, movement by itself is not enough. Learning and positive change require that the child bring their attention to the sensations associated with their movements, to what they feel. Movement with attention is a way of communicating with the child that upgrades the functioning of their brain.



2.3.2 Slow

Fast, we can only do what we already know. To learn and master new skills, and overcome limitations, the first thing to do is to slow way down. Slow helps the brain to notice differences, to sense, and to feel. It requires that the practitioner, therapist, teacher, or parent slow themselves down, so they can feel and recognize more of what is happening in themselves and in the child. Slow allows true connection.



2.3.3 Subtlety

A powerful way to enhance the ability of the child’s brain to perceive differences is to reduce the force, or intensity, of stimulation with which we interact with the child. When we reduce intensity in our interactions with children, we are also training ourselves to shift from fixing to connecting.



2.3.4 Variations

Variation is a necessary ingredient for learning. Variations can be generated by varying speed, size, direction, content and intensity. They can come in the form of play, “making mistakes,” creativity, or exploration. They make learning possible and fun.



2.3.5 Enthusiasm

Enthusiasm is self−generated. It helps to bring the experience to the foreground where it is more likely to be noticed and learned. However, this is not about clapping, cheering, or telling the child how good they are. It is an internal, quiet and intentional process where one chooses to feel delighted about seemingly small changes in the child.



2.3.6 Flexible goals

Our society places great value on goal setting, including the expectation that goals need to be achieved within a particular time frame. To follow the dictates of rigidly preset goals, the practitioner disconnects from the child’s experience, from reality and from their own internal experience. This severs the connection and interferes with the child’s ability to learn.



2.3.7 The learning switch

At any given moment the brain is either in a learning mode – when the learning “switch” is on – or it is not. You know that the “switch” is on when the child spontaneously pays attention, shows interest, and initiates their own involvement.



2.3.8 Imagination and dreams

In ABMNM we often utilize imagination as part of the intervention. Imagination, like all other skills, can be developed and enhanced, contributing to the child’s ability to learn.



2.3.9 Awareness

When working with infants as young as a few days old, I noticed that the moment I connect with them in the ways described in this article they quickly stop doing what they were doing – i.e., crying, twitching, flailing – and become attentive to what they are feeling. By noticing and joining with the awareness of the child, a loop – a dance, if you will, is created that results in a vibrant process of learning and change.





3 The Feldenkrais method


3.1 Orientation to the Feldenkrais method

The FM is a learning process that takes place in the course of gentle movement lessons. It is aimed at enabling individuals to improve their abilities by developing their awareness of the self and their way of moving. The method uses movement as a natural learning process, similar to the way that infants come to know themselves and the world around them. Infants learn to roll over and crawl, to identify themselves and their limbs as they become familiar with their human and physical environment, and to stand and walk, all in the process of practice and play, errors, falling, and succeeding. Gradually, based on their senses and their rich collection of experiences, they choose the actions that serve them with the greatest efficiency and pleasure.

These learned actions develop others, and the nature of one action depends on the preceding one. For example, the way one crawls is influenced by how one rolls over, and the way of standing depends on how one crawls.

Infants develop habits based on exploration, in what Moshe Feldenkrais called “organic learning.” He created the Awareness Through Movement – ATM lessons in a way that promotes such organic learning. Thus, like infants, for adults, too, organic explorational learning becomes a tool for improvement. Feldenkrais defined improvement as something that emerges from one’s own abilities, through one’s own agency, where new information resonates with existing neural patterns (Edelman and Tononi, 2000), rendering a system more complex and more refined, in terms of possibilities and accuracy, than it was.

Teachers of the FM are trained by practicing and experiencing being students of these lessons themselves, either by ATM lessons guided verbally or by Functional Integration (FI) lessons guided by practitioner touch and manipulations. Feeling the human joy and satisfaction of being guided to promote their agency enables them to sense and connect to the others’ personal way of being and moving.

We work in the same way with all students – children with special needs, people experiencing pain, or highly skilled professionals who want to do even better. In every case, our connection through words, touch, and movement enables the student to be and to begin work from any starting point. In other words, they start from a place where their nervous system is well connected to their feelings, movement, senses, perceptions, and experiences. As a result, when they learn a new movement, it is integrated with what they could do before that, which is the organic process in which the nervous system evolves.

We assume that in these dyadic FI Feldenkrais lessons, the two nervous systems – that of the teacher and that of the student – act as one entity. A similar sensitive empathic skillful interaction happens naturally between animals, as in the Figure 8. If you look closely at the photograph, you will see an amazing synchrony of the legs and not just the tails. It is the teacher’s trained awareness and flexibility that allow this to happen, moment by moment. Awareness of the Feldenkrais teacher induces changes in neural resting state activity in the student’s brain (Verrel et al., 2015). A third, omnipresent element involved in the process of learning through movement is the force of gravity.


[image: A dog and a black cat walk side by side on a dirt path, their tails affectionately intertwined. The path is surrounded by dry grass and a stone border.]

FIGURE 8
Skillful empathy “Can two walk together, except they be agreed?” Amos 3:3 King James Version, Holy Bible.


As Elizabeth Torres put it, whether in FI or ATM modes, “There is another person who guides the process through voice and touch/pressure/kinesthetic senses. There is a closed feedback loop between the body-brain of both agents in the dyad. I can see two feedback loop scenarios; one is in the stand-alone mode of the person’s body sensing back its own self-generated motions. The other is the dyadic one, which contributes the guidance of the partnering agent.”

It is in this sense that one should see Feldenkrais as a very empowering method. It gives people an opportunity to self-discover their agency through this exploratory experience and to improve their bodily awareness through the spontaneous motions that are otherwise largely beyond awareness. Feldenkrais allows the awareness of these motions, akin to when we were infants.

“Organic learning begins in the womb and continues during the whole of the individual’s period of physical growth … other forms of learning directed by teachers take place in schools, universities and colleges” (Feldenkrais, 1981b, p. 29).



3.2 Learning through approximations

The natural learning processes take place through approximations. For example, skilled basketball players will get the ball into the basket most of the times they throw it. This ability is developed by numerous practice throws which only come near to the basket. Such approximations are not undesirable errors; rather, they serve as an important series of different experiences with different “orchestrations” of the senses, organization of the movements of limbs, and taking aim. The richness of these orchestrations enables improvement in getting the ball into a given basket, but the practice also enables making the basket under different conditions, from different positions and distances, or using a different ball or even a different object. The ability to apply the learning of one ability to learning other abilities is founded on approximations. In neonates and infants, movements are made almost randomly in different variations, even before there is a goal of succeeding or getting somewhere.



3.3 Case studies

In the following, two cases are presented to demonstrate the special teacher–student dyad in a Feldenkrais lesson, and the learning that results from it.


3.3.1 A Lesson with Gabriel

Gabriel was born prematurely and was diagnosed with cerebral palsy. Josipa Stipetić Irha, a Feldenkrais practitioner, has been working with him since he was 3 months old. In that time, he has learned to reach, roll, crawl, change from sitting to crawling, and then pull himself up to stand while leaning on the wall.

At the age of 2 years and 10 months he took his first steps independently (see Figure 9 and link to Video 2 in Supplementary File 6). The teacher walked in back of him, holding her hands on either side of him and providing support when he seemed to lose his balance, to help him regain stability. The child happily toddled across his room, but it was clear that he was not in full control of the speed and direction of his movement. At a consultation online meeting between Josipa and myself, we looked for conditions in which the child could experience and become aware of regaining stability.


[image: A woman kneels on a pink mat, assisting a child who is taking a step. The child wears a dinosaur-patterned shirt and yellow shorts. The room has a wooden floor and a window with partially closed blinds.]

FIGURE 9
Gabriel walking before the sitting ATM. See short Video 2.


We decided to work with him while he was sitting on the floor. The teacher sat behind him, holding his buttock, lifting it a little, and letting it fall back to the floor. She continued with variations of this movement, always lifting the pelvis but with small variations, thus changing the way he sat and the points he leaned on (see Figure 10 and link to Video 3 in Supplementary File 6).


[image: A woman sitting on a pink mat helps a young child in a gray sweater and plaid pants with an activity. They are in a bright room with a large window and minimal furnishings.]

FIGURE 10
Gabriel in sitting, Lifting and dropping his pelvis, he senses the interaction with gravity. First being guided by the teacher, then gradually becomes active in this exploration. See short Video 3.


It is clear that both the child and the teacher responded and adjusted their posture according to the lifting of the pelvis. We discern the three entities – the child, the teacher, and gravity – working harmoniously. The teacher was active in lifting the pelvis but allowed the child to experience the fall on his own and sense his regaining of stability.

Long before they stand or walk, infants fall frequently and in many different ways. This experience is essential for acquiring and adapting to an upright position.

It is important to consider standing as a dynamic state, in which there are constant oscillations. The body deviates from the center and then returns to the center. This is a steady state. It is similar to the state of equilibrium, but it requires the investment of energy each time it corrects itself back to the center. The deviations from the center are mostly caused by gravity; they are like small falls, and the return to the center is like getting up from a fall.

Thus, the minimal oscillations that occur when standing are a refinement of falling and getting up. It would be impossible to stand upright without the knowledge and experience of falling and getting up in primary postures such as sitting, crawling and, even earlier, postures like lying. In lying, when the baby lift parts of their body off of the floor and these parts fall back to the floor, the experience is a combination of sensing the pull of gravity but also of the interplay between parts that lean more and parts that lift more. This interdependency between one’s parts in the presence of and due to gravity seems to be an important part of the development of a sense of self and of agency. The level of interdependency between one’s parts increases ontogenetically, as the postures entail lifting more parts off the floor, and eventually standing upright. In standing upright, the neural organization must include readiness for the possibility of losing balance, responding either by falling safely or by regaining stability and returning to the center. Based on this theoretical line of thought, Josipa and I chose a lesson for Gabriel to experience falling, but in a less demanding state, when he was already on the floor (as shown in link to Video 3 in Supplementary File 6).

At the end of the lesson, the child seemed to be more in control and able to walk more slowly, stopping on the way and looking around, allowing his arms to hang down (see Figure 11 and link to Video 4 in Supplementary File 6). This indicates that he was walking with greater degrees of freedom, reflected in flexibility in movement, synergetic use of more joints and muscles, and greater differentiation. Specifically, while standing on the R foot he places his pelvis better on the hip joint to support the spine and the head. As a result, he was able to look sideways while he was walking forward. This, in turn, can be expected to enable other, more complex movements to emerge. Having more degrees of freedom facilitates regaining stability, which is essential for walking.


[image: A young child is walking on a pink play mat, assisted by an adult. The child wears a shirt with a monkey design. The room has large windows, allowing natural light in.]

FIGURE 11
Gabriel, walking after doing the sitting lifting/dropping pelvis. Walking is smoother with less wobbling and better dynamic regaining of stability in each step. See short Video 4.


This example shows how the FM uses basic positions and movements already known to the child. In performing them, the child recognizes and explores what they are able to do, and this can be expected to enable them to apply it to other actions, as well.



3.3.2 A lesson with Yochai

The video recording of the lesson with Yochai illustrates the strategies of being with the child according to the FM (see Figure 12 and link to Video 5 in Supplementary File 6).


[image: A man is assisting a child with an exercise on a blue mat in a room with tiled flooring. The child is lying on his back, bending his knees. Two chairs and a coat are visible in the background.]

FIGURE 12
Lesson with Yochai. The FM starts a learning process with what the student already knows. See Supplementary Video 4 which shows the entire lesson.


Yochai is a child with ASD. At the time when the described lesson took place, he rarely spoke at school, and never at his own initiative. He would sit for long periods almost without moving. However, at home with his mother, his linguistic and motor abilities seemed to be more manifest.

In the FM, learning starts with what the students already knows. The teacher began the lesson by introducing the basic movement of stamping one’s feet and then proceeded to a movement of opening and closing the legs, which he knew was familiar to Yochai. With both movements, he offered variations that might connect and relate to other movements as the lesson unfolded. For example, he began with stretching the legs and then bending and stamping, which developed into opening and stretching the legs (0:00–0:44), and later, holding the foot with a hand and stretching the leg (13:39). Similarly, opening and closing the knees (1:10) developed into tilting the knees from side to side (1:30, 2:15) while shifting their weight and later on, standing on his hands and knees (4:55).

Feldenkrais teachers only offer a movement but never force it. They are attentive to the students’ responsiveness and interest and respect each student’s autonomy. In the lesson presented here, after few movements of stretching and bending the legs, Yochai held back his legs; the teacher noticed this and immediately stopped (0:26).

By respecting the student’s autonomy, the teacher encourages their sense of agency and creativity. The student becomes involved in leading the lesson and offers their own variations. Thus, after stopping the stretching and bending of the legs, Yochai started opening and closing his legs.

In order to connect with a student in this way, the teacher must be involved in the movement with their entire body. This enables them to be more receptive to slight changes in the dynamic of the student’s movement and better transmit their own intentions to the student. This might be called “skillful empathy” (Figure 8). In this state of mind, everything becomes part of the lesson, which becomes a total experience; nothing is considered an interruption. If the student’s attention is distracted, the teacher follows the student’s new focus of interest. For example, when Yochai suddenly lost interest in what they were doing and focused on his plastic dinosaur, the teacher did not try to draw his attention back, but rather asked him about the dinosaur (3:26). Similarly, when Yochai was bothered by a loose sock, the teacher helped him straighten it out (12:30). Other aspects of this totality are the use of different modalities like sound and voice, locations and orientations, images (e.g., walking like a cat, 5:45), and more. All of these constitute the context of the lesson.

The complexity of the lesson and of the two systems make it a dynamic process in which the dyad behaves as one system. The teacher does not lead it exclusively. Instead, both the teacher and the student lead it. In fact, it is more accurate to say that the process leads itself spontaneously. There is a flow of occurrences and relations. Some moments are intensive and clear; others seem vague or meaningless. All of them are equally important parts of the process.

As in other dynamic processes, phase shifts might occur. The lesson can lead to unpredictable outcomes. The teacher must remain open and ready for such surprises, and recognize such shifts. They might start with small variations that, once recognized and made available, can lead to new possibilities. Such a shift occurred at the end of the lesson with Yochai, when he exchanged roles and started moving the teacher’s legs, first with his own legs, then adding the use of his voice to give verbal orders (for the first time during a lesson), and eventually using only his voice (27:20). The new abilities emerged spontaneously out of the whole process.




3.4 Summary: being with the child according to the Feldenkrais method

As described in the Introduction and demonstrated in the two lessons described above, key principles and strategies guide the dyadic Feldenkrais lesson with a child. Note that many of the principles outlined here are also manifestations of the nine essentials of the Anat Baniel Method (ABMNM).


1.A Feldenkrais lesson is an exploratory learning process, in which both the teacher and the students learn, with no strict predetermined goal, but rather discovery of achievements and possibilities during the process. These are related to the Flexible Goal essential in ABMNM.

2.The learning starts with what the students already knows.

3.A trained teacher is familiar with many associated movements, enabling them to offer variations and approximations of the movement and envision possible connections to other movements. This corresponds to the Variation Essential in ABMNM.

4.The teacher only offers a movement but never forces it.

5.The respect for the student’s autonomy and the attentiveness of the teacher encourages the sense of agency of the student, and their own creativity.

6.To be able to connect with the student in such a way, the teacher must also be totally involved in the movement, including the way they move, think, and imagine. The goal is one of holistic empathy, or as some call it, embodied empathy.

7.Everything becomes part of the lesson; it becomes a total experience, and nothing is considered an interruption.

8.The complexity of the lesson and of the two systems make it a dynamic process that leads itself spontaneously. There is a flow of occurrences and relations. Nevertheless, the teacher must take responsibility for the quality of attention, the relationship, and leading.

9.Phase shifts might occur, and the lesson might lead to unpredictable outcomes. The teacher must remain open and ready for such surprises.






4 Recommendations for research


4.1 ABMNM research

An initial research study has already taken place in a Catholic School District in Lloydminster, Canada. The administrative data collected by the schools shows many improvements; this is summarized in Supplementary File 4: ABMNM Research in a document titled Report from the Director of Education where the ABClassrooms (Anat Baniel Classrooms) program was implemented. There is sensor data from this study pending analysis in Dr. Torres’ laboratory. A second document in Supplementary File 5: Research titled Researching a Ground-Breaking Novel Approach to Learning and Education in Schools and in Children with ASD outlines the background, preliminary outcomes, and technical features of planned work.



4.2 Feldenkrais method research

The complexity of a dyadic Feldenkrais lesson, the subtlety of the changes, the learning that takes place, and the exploratory nature of the process pose challenges to efforts to conduct scientific research of the method. Nevertheless, the development of new technologies and research methods now makes such study possible.

Professor Elizabeth Torres of Rutgers University has developed an approach that might guide such research. Together with her colleagues, Torres suggested a method for characterizing movement, based on its moment-to-moment micro fluctuations relative to the empirically estimated mean activity of the person. This innovative approach differs from the traditional perspective, which assumes a theoretical distribution to obtain the theoretical mean and variance of the behavioral processes under consideration. The traditional approach ignores fluctuations that do not fall within two standard deviations from the a priori theoretical mean. This “one-size-fits-all” model, which employs set averages of the fluctuations, fails to consider the nuance in the behavioral stream, which, as it turns out, contains important information about the individual’s variations.

Torres’ approach aims to characterize such variability using a truly personalized approach that empirically estimates the continuum of probability distributions that, according to a maximum-likelihood estimation, best fit the data stream generated by a given person. These distributions and their shifts from moment to moment are like a fingerprint; they describe the person’s natural motions and define stochastic parameter ranges that span from memoryless random with high noise-to-signal ratio to Gaussian predictive with high signal-to-noise ratio.

According to Torres, when using this approach it is possible to obtain a personalized statistical signature of variability for each person and thus characterize the degree to which the impending movement’s consequences are predictable. Greater predictability of a movement’s consequences indicates a larger degree of motor control in the individual’s self-generated actions (Torres et al., 2013b). This, in turn, establishes cause and effect of the person’s actions and their consequences – a form of kinesthetic reafference (Bernstein, 1996; von Holst and Mittelstaedt, 1950) that acts as a continuous stream of sensory feedback, aiding the brain in building internal models of action (Kawato and Wolpert, 1998), action ownership (Torres et al., 2013b) and, together with the motor systems’ autonomy, supporting an overall sense of motor agency (Bermperidis et al., 2023; Torres, 2024).

Using motion detector sensors and video recordings, Torres and her colleagues measure what they call micro movements, which are standardized fluctuations of the movement along a given trajectory, and analyze their accumulation from moment to moment, thus tracking their shifts in stochastic signatures over time. In this way they can characterize movement, identify and quantify a motor learning process, and extend the framework from the individual agent to a shared space between two or more agents of a dyad or a social group. These extensions of the work could include, for example, dancers dancing together (Kalampratsidou and Torres, 2018), a child and a clinician interacting during a diagnostic test like the ADOS (Bermperidis et al., 2023; Whyatt and Torres, 2017), or any other scenario in which two agents interact and communicate.

In earlier research, Torres et al. (2013b) showed that children with ASD responded well to a motor-learning task in which the goal was self-discovered through spontaneous naive exploration, but did not respond well to directed motor tasks with explicitly prompted commands. During the exploratory process, they generated a more reliable set of anticipatory motor statistics; this suggests that evoking the sense of agency acted as a noise-cancellation mechanism that enabled a predictive code in their voluntary motions and bridged their mental intent to the physical volition realizing the intent (Torres et al., 2013b).

This research suggests that interventions that are based on spontaneous exploratory learning might be especially effective with some children, and specifically children with ASD. Such learning lies at the heart of the FM; as mentioned earlier, Feldenkrais (1981b) referred to it as organic learning and defined it as a natural ability by which all the basic skills are learned. In dyadic Feldenkrais lessons, the teacher facilitates the exploratory learning process of the student and provides the conditions necessary for organic learning to flourish. Such lessons conducted with children with ASD at Yad Hamore School in Jerusalem seemed to be successful beyond the expectations of the school staff.



4.3 Proposed clinical research

Research of Feldenkrais lessons based on Torres’s method might shed light on the process of exploratory (or organic) learning, as well as the unique relationship and communication between a teacher and a student in such a lesson. In addition, such an investigation could inform the development of an alternative approach for therapeutic intervention for children with ASD children. The first goal of such a research project would be to establish measurable parameters, extracted from the sensor data, that would capture in a rigorous, scientific and quantitative way the subjective experiences of important learning events or processes reported by Feldenkrais teachers and students. As a first example, the research will develop such a method based on the sensor data to identify instances of high-quality learning, connection or empathy, which we will refer to as “organic learning moments,” in a measurable and quantitative way.

In such a research project, both the teacher and student will wear motion sensors during the lesson and will be recorded on video. Before the lesson, both will be asked to perform a simple motor task, which will be repeated at the end of the lesson. The lesson will be observed by a trained Feldenkrais teacher who will watch the child and teacher and mark what we will refer to as “organic learning moments” – that is, moments in which there is a high quality of connection or empathy. An analysis would then be performed to test the correlation between the organic learning moments identified by the Feldenkrais teacher observer and the periods of spontaneous exploratory learning or other parameters identified by Torres’ sensor measurement and analysis. Two other important dimensions to address are the dyadic relation between the teacher and the student and the synchronicity between them that is enhanced by the lesson and greatly contributes to its effect. The quantitative identification of such synchronicity was studied by Torres in lessons involving parents and children. Such research will be conducted to verify that it is indeed enhanced during lessons in both methods and also that its presence indeed contributes to “organic learning moments.”

Subjective documentation by both teacher and observer will describe the lesson as they remember it, highlighting significant occurrences such as high-level communication, enhanced learning, or other breakthroughs. These markings will be matched to the timestamps of video recording. The notes of the teacher and the observer will then be compared to and possibly integrated with Torres’s data set.




5 Summary, implications, and conclusion

The FM and ABMNM® are based on leveraging neuroplasticity through the utilization of movement, not as “exercise” or externally imposed motor sequences, but as a means for effective, two-way felt communication with the recipient and their brain. Through connecting with the recipient, starting where they are–motorically, emotionally, and cognitively, we follow their unique responses, moment-by-moment, creating a dance-like dyadic process of self-discovery that mimics the spontaneous, organic way TD children play, learn, and grow.

As we observe the limited success of most current ASD interventions, there are two aspects to consider. The first is the way the intervention is done, which we have addressed. The second is the timing of the intervention. Technologies and metrics are emerging to identify autism risk very early in life, and even potentially in utero. Large-scale analysis of perinatal auditory brainstem response (ABR) data has been shown to detect high risk of autism from birth (Torres et al., 2023). The presently dominant interventions focused on social, behavioral, and communication challenges cannot be initiated until divergences in those capabilities emerge and can be detected, which occurs far later in the child’s lifespan. The two interventions we have discussed in this article can be applied shortly after birth and during early infancy. This is because these interventions communicate with the infant and their nervous system directly through touch and movement; they neither rely on the use of language nor require the infant or toddler to generate specific actions or functions which no child can do at that age. We propose, based on our experience, that very early intervention using these two approaches will help avoid having the child go down the full cascade of developmental challenges and failures. Our understanding of why this is possible is that these methods potentiate the emergence of a more successful organic learning process for the child.

The research technologies we will deploy and our practice methods share the qualities of flexibility, nuance, and responsiveness to the uniqueness of the individual. As such they can be deployed to study both the effectiveness of the interventions and the accuracy of the theory and assumptions underlying both the FM and the ABMNM.
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Background/objectives

The current deficit model of autism leaves us ill-equipped to connect with persons on the spectrum, thus creating disparities and inequalities in all aspects of social exchange in which autistic individuals try to participate. Traditional research models also tend to follow the clinical definition of impairments in social communication and emotions without offering personalized therapeutic help to autistic individuals. There is a critical need to redefine autism with the aim of co-adapting and connecting with this exponentially growing sector of society. Here, we hypothesize that there are social and emotional competencies hidden in the movements’ nuances that escape the naked eye. Further, we posit that we can extract such information using highly scalable means such as videos from smartphones.





Methods

Using a phone/tablet app, we recorded brief face videos from 126 individuals (56 on the spectrum of autism) to assess their facial micro-motions during several emotional probes in relation to their resting state. We extracted the micro-movement spikes (MMSs) from the motion speed along 68 points of the OpenFace grid and empirically determined the continuous family of probability distribution functions best characterizing the MMSs in a maximum likelihood sense. Further, we analyzed the action units across the face to determine their presence and intensity across the cohort.





Results

We find that the continuous Gamma family of probability distribution functions describes best the empirical face speed variability and offers several parameter spaces to automatically classify participants. Unambiguous separation at rest denotes marked differences in stochastic patterns between neurotypicals and autistic individuals amenable to further separate autistic individuals according to the required level of support. Both groups have comparable action units present during emotional probes. They, however, operate within parameter ranges that fall outside our perceptual umwelt and, as such, do not meet our expectations from prior experiences. We cannot detect them.





Conclusions

This work offers new methods to detect hidden facial features and begin the path of augmenting our perception to include those signatures of the autism spectrum that can enhance our capacity for social interactions, communication, and emotional support to meet theirs.





Keywords: facial micro-expressions, autism spectrum disorders, emotions, stochastic analysis, motor control, automatic screening




1 Introduction

The current societal perception of individuals with autism spectrum disorders (ASD) inherently depends on the diagnostic criteria and the research narrative that such criteria advance (1). Every paper on autism starts with the description of ASD as deficits in social interactions and communication (2, 3). There are no metrics indicative of readiness potential to socially interact or to communicate, despite the recognized plasticity of the developing nervous system (4).

The screening and diagnostic process of neurodevelopmental disorders relies exclusively on observation, so it remains a challenge to identify any potential competencies for social and emotional exchange. Surely, the system survived a developmental insult and learned to function in the world over the period of 3–4 years that, on average, takes to receive such a diagnosis (5). During this time, it is possible that coping mechanisms developed without the type of support that would be required to gradually learn to bridge the mental intent of a person to the physical execution of a person’s goal-directed thoughts into congruent actions under volitional control (6, 7). The disconnect that autistic individuals report between mental intent and physical action may mislead us, as we have already built-in certain expectations and biases from interactions with others whose actions match their intended consequences.

Because large portions of these aspects of motor control constitute behavioral nuances that transpire largely beneath awareness, we tend to miss them when relying on visual observation alone. Blurred among our expectations and biased subjective experiences may be those competencies of the autistic system longing to build social rapport (8). We may be missing the opportunity to truly help and connect with autistic individuals by relying exclusively on observation.

Observational instruments in the USA, like the Autism Diagnostic Observation Schedule (ADOS; currently in version 2; 2) and the Diagnostic and Statistical Manual of Mental Disorders (DSM; currently in version 5, from the American Psychiatric Association (9)) are built upon subjective opinion. Both instruments are consistently and broadly used in basic research to drive research questions that would eventually be translated into practice. They are also used in clinical practices to recommend services and to drive funding and societal support for this exponentially growing sector of the population.

These tools, which rely exclusively on observation (10), have led to several prominent theories of autism (11, 12), which in turn, have resulted in stigma and even denial of basic education rights to some autistic individuals in the USA. The very notion that autistic individuals lack empathy (13, 14), lack the social desire to communicate (15, 16), are deviant or do not have a theory of mind (12, 17), and, more generally, are deprived of human emotions (18–20) has systematically contributed to a narrative that negatively impacts these people’s lives (1, 8). The science behind such opinions is grounded in subjective observational techniques. It merely exposes the tip of the iceberg in a rather misleading way (Figure 1A). The physiological underpinnings of what we observe and interpret are starting to reveal a different picture of autism (8). New computational techniques are emerging to complement the observational instruments. Indeed, they promise to help advance diagnosis and screening tools to a new generation of a more dynamic, objective, quantitative science of autism, a science that would help uncover the readiness potential for social, emotional, and communication exchange (8, 21).


[image: Young child covering their face with hands, representing stress. Next to it, a diagram contrasts subjective screeners versus objective reality in atypical development screening, highlighting misconceptions. Graphs show facial expression data for control, ASD, and ASD apraxia groups across different expressions, indicating variations in expression mapping.]

Figure 1 | Current deficit model of autism (A) is the tip of the iceberg. New advances in computer vision amid a digital revolution begin to reveal a new picture of autism (B) whereby the child needs personalized help and objective science-based support to thrive. Here, 5 seconds of video data captured at rest; smiling and surprised show the dysregulated facial micro motions of the child, surely impacting visual perception of others in the social scene and having heightened uncertainty from a brain that is receiving excessive random noise as reafferent input. Under such uncertain world, anxiety and dysregulated states of pain and hypervigilance are not uncommon in ASD. ASD, autism spectrum disorder.



The new digital tools reach beyond the limits of the naked eye and can get to a micro-level of social and emotional nuances critical for conveying gestural communication and building rapport and trust among humans (22, 23). Bringing awareness of such nuances could then make them more accessible to diagnosticians and significantly improve the current clinical methods. Examining people through a new digital lens may shed new light on the social and emotional competencies of autistic individuals. What if we have been wrong all along and, in fact, autistic individuals do have empathy, do have emotions, and do want social interactions, but we cannot see it through the traditional lens that relies exclusively on visual observation?

Quantitative biometrics are beginning to become more ubiquitous in our behavioral sciences. They include methods based on eye tracking (24, 25), facial expressions (26), reaching movements (22, 27–29), gait (30), neural correlates from Electroencephalography (EEG) (31–33), Magnetoencephalography (MEG) (34), and functional Magnetic Resonance Imaging (fMRI) resting-state motion (35–39), among others. Nevertheless, most of this basic research heavily depends on instrumentation that is much too invasive for autistic individuals who suffer from hyper- and hypo-sensitivity to touch (40), movement (41–48), temperature-pain (49–51), and self-generated involuntary motions (39) that tend to keep the autonomic systems highly dysregulated (52, 53).

New non-intrusive data acquisition techniques amenable to capturing biological motions embedded as nuance in our behaviors are now becoming available thanks to recent advances in computer vision (54, 55). Among them are facial recognition and facial tracking methods that can extract behavioral states from video data (54, 55). They hold promise to identify differences between autistic individuals and controls (24, 26, 56). The few methods that exist are nevertheless still too taxing on autistic individuals. They may require a long time to acquire the data, which requires focus—a challenge for some autistic individuals. They may also heavily rely on heuristics and manual setting of threshold values required to reduce and analyze the large amounts of data that lengthy assays produce.

In this work, we combine a brief assay requiring merely 5 seconds per task to acquire video data in non-intrusive ways using commonly available means such as a webcam, an iPhone, or a tablet. We combine this brief data acquisition assay with new analytics that maximize data extraction and permit a direct personalized assessment of the micro-movements of the face as a person makes facial gestures on command. We seek to identify commonalities across the autistic and neurotypical facial coding ranges at a micro-level to characterize facial nuances beneath awareness that could nevertheless play a key role in building social rapport between autistic individuals and neurotypicals. We posit that by bringing those nuances to awareness, both groups could better co-adapt and coexist while minimizing judgmental opinions and rather presuming that competencies do exist across the human spectrum at a level that we can now make accessible to share.




2 Materials and methods



2.1 Participants

The data set comprised individuals on the autism spectrum and typically developing or typically developed controls (TDs). The broad spectrum included non-speakers with mid to high support needs (ASD-HS) who have a diagnosis of ASD and within this group a subgroup with a diagnosis of apraxia. The ASD group also comprised individuals with low support needs (ASD-LS) who can communicate through spoken language. Among the TDs are also adults who are parents of the non-speaker ASD-HS participants and of those with apraxia. Some of the moms reported diagnoses of acquired autoimmune disorders, depression, bipolar disorder, and attention deficit hyperactivity disorder (ADHD), which we have generally grouped under TD MomM. Other moms reported healthy aging (denoted TD Mom). TD dads did not report any neuropsychiatric disorders. Table 1 reports on the various participating sites. These included a school of children with special needs, two clinics, and one social event.


Table 1 | Participants recruitment and demographics.

[image: Table showing participant demographics for various locations with columns for the number of participants, participant type, age range, and task assays. The table includes different settings such as schools and social events, with participant types including ASD (autism spectrum disorder) with low or high support, and TD (typically developed). Task assays involve emotional responses like anger, happiness, and surprise. The footer summarizes total participants and specific demographic notes.]



2.1.1 Strategies for recruiting participants

Participants were recruited through word of mouth, using Institutional Review Board (IRB)-approved flyers distributed across the various Rutgers University campuses. Furthermore, non-profit organizations were contacted, and the IRB-approved flyers were distributed at conferences and various events, schools, and clinics. The Principal Investigator (PI) and students traveled to various events, schools, and clinics to record participants. Clinicians and school principals distributed IRB-approved letters to parents to further assist in student enrollment. Those who expressed interest in participating in the study were recruited.





2.2 Data acquisition and processing

We acquired the data using video cameras embedded in iPhones, tablets, or webcams. We also used a research app that facilitates doing so at home, clinics, or schools without having to come to our lab (see picture in Supplementary Figure 1A). Upon IRB consent, the app guided the person to a session of practice (5 seconds), then resting (5 seconds), and then a series of micro-expressions from instructed emotional gestures, each also lasting 5 seconds. In some participants, we only used smiling (as in happy) and opening of the mouth (as in surprised) (see picture in Supplementary Figure 1B). In other participants, we used those micro-expressions and other emotional gestures such as anger, disgust, contempt, fear, and sadness. The latter combined with the former formed seven facial micro-expressions popularized by Paul Eckman (57) and other researchers. We used the instructions by Vanessa Van Edwards (see Note 1) to provide guidance (to the caregiver) on how to produce motions of a facial expression to instruct the participant. In some cases, we directly instructed the participant.

The purpose of the experiment was not to identify emotions but rather to capture micro-movements of the facial action units (AUs) and facial grid points that we can extract from the videos using the OpenFace software (54). Figure 1B shows examples of the grid that we can extract from brief videos in different populations (neurotypical, ASD-HS, and ASD-HS with the additional diagnosis of apraxia). Importantly, we can see the motion trajectories of the pixels’ positions as they change during resting vs. other states of smiling or surprise. Figure 2 explains the pipeline of data parsing. Upon collecting the videos, we ran OpenFace (see Note 2, https://github.com/TadasBaltrusaitis/OpenFace/wiki) and retained the facial grid and AUs (see Supplementary Figure 2 and Note 2). We then used the trigeminal nerve (cranial nerve V) regions shown in Figure 2C to parse out three subregions of the face (ophthalmic, maxillary, and mandibular), which we named V1, V2, and V3, respectively. These were colored differently to map those grid points of Figure 2B in correspondence with the regions in Figure 2D innervated by the trigeminal nerves. These are important for sensing movement reafference throughout key facial regions that enable social and emotional communication (e.g., the eyes, ears, mouth, lips, tongue, and mandibular regions).


[image: A series of panels illustrating facial and data analysis: A shows a child's face with facial tracking points and blue boxes; B displays an open face model with numbered points; C depicts trigeminal ganglia regions V1, V2, V3 in a face diagram; D visualizes data points color-coded for V1 (red), V2 (blue), and V3 (black); E presents a graph of raw position over time; F shows a smoothed position graph with X and Y axes; G displays a graph of grid point speeds; H illustrates a density plot fitting various distributions such as Gamma and LogNormal.]

Figure 2 | Pipeline of data acquisition and pre-processing. (A) Sample grid from OpenFace was extracted from 5 seconds of video data captured using a research app. (B) OpenFace grid was used to track the 68 markers numbered from 0 to 67. (C) The trigeminal ganglion-inspired parcellation of the face grid points into three facial subregions of V1, V2, and V3 to analyze the data according to subregions. (D) The 5-second positional pixel trajectories across the subregions. (E) One grid point 5-second positional trajectories of the X and Y coordinates converted from pixels to mm. (F) The smoothed position to enable proper differentiation to obtain the velocity with scalar values (speed) in panel G obtained by gluing all segments of the region (V1 in this case) and (H) obtaining the frequency histogram of the peaks (red dots) in panel (G) Multiple fitting distributions were examined and the continuous Gamma family of probability distributions selected as the best fit in a maximum likelihood sense. Written informed parental consent was obtained from the parents of the individual.



The 5 seconds of the assay during the resting state is shown in Figure 2E for the positional X and Y pixel coordinates (normalized to adjust for discrepancies in distance from the face to the camera). Please see the subsection below. We smoothed out the facial grid points’ trajectories using in-home developed software that employs the spline interpolation toolbox MATLAB version R2023b. We then obtained the speed quantities by proper differentiation and glued all segment trajectories in each point of the grid corresponding to the subregions spanned by 68 points on the grid of Figure 2B. These are 26 points of the grid in Figure 2B, V1 (17:30 33 36-47); 17 points of the grid, V2 (31 32 34 35 48 49:53 54 68:64); and 25 points of the grid, V3 (0:16 55:59 65:67).

Figure 2G shows the speed points corresponding to the speed segments of the 26 grid points of V1. We focused on the peaks (marked as red dots in Figure 2G) to obtain the frequency histogram of their distribution across all these points of the grid during the 5-second task. This is shown in panel Figure 2H. We were not interested in the temporal component at this point, and for that reason, we did not treat this sequence as a time series but rather focused on the set of variations in the amplitude of the speed signal. Shuffling the points in each region to glue them in a different order did not impact the shape of the histogram. The overall result of the work remained, and the analysis produced similar parameter ranges. However, for consistency, to glue the speed segments, we set a fixed order of the points in the grid and used that order for the entire data set. This order is as explained above in V1, V2, and V3 based on the proximity of the grid points because of inherent synergies and co-dependencies of their motions. These co-dependencies are influenced by allometric effects of the distance between points, with lengths that vary across the population due to anatomical and size differences.

A sampling at 30 Hz and 5 seconds worth of data gave us 150 frames per grid point for a total of 3,900, 2,550, and 3,750 frames for V1, V2, and V3, respectively. These in turn provided over 100 peaks of the speed amplitude, such that empirical estimation of the stochastic signatures of speed variability provided enough statistical power and tight 95% confidence intervals. We caution that if the analysis were to focus on the temporal dynamics of the time series data, one would need to double the lower bound of data time to 10 seconds and focus on the individual time series. For other types of temporal analysis, one can use the series of peak width (ms) and analyze the stochastic signatures of the glued data. However, here, we focus on the speed amplitude variations rather than on the temporal information. These are different aspects of the problem, but the methods provided here for analyses of the variations in speed amplitude can also be used for temporal dynamics-related data (see, for example, 30, 58).



2.2.1 Distance normalization

To account for the translation of the subject along the optical axis, we performed the following z-score normalization: for each frame, we took the mean and standard deviation of each positional coordinate component, x and y, and performed a transformation like a z-score calculation:

[image: Formulas show the z-scores for variables x and y. \( z_x \) is \((x - \mu_x) / \sigma_x\), and \( z_y \) is \((y - \mu_y) / \sigma_y\), representing standard deviations from the means \( \mu_x \) and \( \mu_y \).]	

This transformation thereby produces a time series of normalized faces (collections of 68 points), each with a mean of 0 and a standard deviation of 1. While this normalization does not prevent distortions from head rotations or lens compression, it nonetheless is an essential preprocessing step to create invariance to the distance from the camera.




2.2.2 Micro-movement spikes and distribution fitting

The distribution of the peaks’ amplitude is subject to distribution fitting, yielding the continuous Gamma family of probability distributions as a good fit to capture both the autistic and neurotypical stochastic ranges. This is so because the autistic sample also includes the memoryless exponential distribution, which has a shape parameter [image: The image shows the equation \(a = 1\).]  in the Gamma family.

We then empirically estimated the Gamma mean in each subregion [image: The equation Gamma sub mu equals a times b.] , and for each point on the ordered series of grid points in the subregion, we obtained the absolute deviations from the empirical [image: Greek letter Gamma with a subscript Greek letter Mu.] . This is shown in Figure 3A with the peaks of the absolute deviations from the [image: Gamma symbol with subscript mu in Greek letters.]  marked red dots. For each peak, we normalized the value using the formula in Figure 3B to scale out neighboring effects related to anatomical differences and disparities in distances between the grid points across the participants (59). Figure 3C then shows the data from the normalized peaks, which we named micro-movement spikes [granted US patents (60–63) filed in 2012] and for which we obtained the frequency histogram and Gamma fitting. These are also expressed in Figure 3E as spikes ranging in the real valued interval from 0 to 1 across the original number of points in the series of Figure 3A. Compare these to Figure 3C with fewer points of non-zero absolute deviations from the empirical Gamma mean of the region (V1 in this case). The micro-movement spike (MMS) comprising all frames can be turned into binary spikes and other sets of information theoretical tools employed (as in recent work from our lab; 64) when we used time series data of a longer time range. In the present work, since we deliberately chose the lowest possible time range (5 seconds) that still enables statistical power, we focused on stochastic analyses instead.


[image: A series of scientific graphs labeled A to I displays analyses of micro-movement spikes and speed segments. Graph A shows absolute speed deviations. Graph B highlights peak and minimum deviations with the formula for MMS. Graph C presents normalized micro-movement spikes. Graph D is a histogram of spike density. Graph E visualizes normalized spikes. Graph F depicts parameter planes for ASD and TD. Graph G compares empirical PDFs. Graph H shows a 3D plot of trigeminal sites. Graph I relates \( \Gamma_{NSR} \) and skewness, differentiating between ASD and TD data points.]

Figure 3 | Pipeline of data analysis. (A) Absolute deviations from the empirically estimated Gamma mean ( [image: Greek capital letter Gamma (Γ) with subscript lowercase Greek letter mu (μ).] ) were obtained for each point of the set, and the peaks were extracted for local scaling. (B) Local scaling to normalize the speed amplitude and dampen effects of anatomical differences and lengths across faces. The local peak was scaled by the sum of the peak value and the average value of its neighboring local minima. (C) The micro-movement spikes (MMSs), considering only the frames with the speed deviation peaks above 0 value. (D) The histogram of the MMSs and the fitted Gamma probability distribution function. (E) The full MMSs inclusive of 0-valued entries in (A) retaining all original frames distributed bimodally between small and larger deviations and can be used in other analyses beyond the scope of this paper. (F) The Gamma parameter plane spanned by the shape and the scale values and 2 representative values derived from the empirical speed’s MMSs with 95% confidence intervals. (G) Empirical Gamma PDFs corresponding to the representative values in panels (F, H) Parameter space spanned by the Gamma scale (NSR) obtained from all points in V1, V2, and V3, also for the representative participants of panels (F, I) Parameter plane spanned by the norm of the V1, V2, and V3 Gamma NSR and the norm of the V1, V2, and V3 Gamma Skewness from the example in panel (F).



Upon estimation of the best fitting distribution to the peaks of the non-zero deviations from the empirical [image: Greek letter Gamma with a subscript mu, commonly used in mathematical and scientific contexts.] , we found once again that the continuous Gamma family of probability distributions best fits the data (in a maximum likelihood estimation sense). We then plotted the Gamma shape (a) and the Gamma scale (b) parameters of the Gamma family thus obtained on a parameter plane with 95% confidence intervals. In Figure 3F, we show an example of an ASD vs. a TD participant, and in Figure 3G, we show the empirical Gamma Probability Density Function (PDFs) for each of the three facial regions, V1, V2, and V3, that we have defined in this study. Figure 3H shows another parameter space spanned by the Gamma scale (the noise-to-signal ratio [image: Mathematical equation: Gamma subscript NSR equals Gamma subscript alpha over Gamma subscript mu equals a times b squared over a times b squared plus b equals b.] ) of each subregion. We then used the scalar value of the vectorial representation of these respective noise levels (V1, V2, and V3), i.e., the Gamma Noise to Signal Ratio (NSR) and the Gamma skewness of each of the empirical distributions, to plot the scalar quantities as points on a parameter plane. This parameter plane spanned by these two dimensions of the data is shown in Figure 3I for the example of ASD and TD representative participants.

Lastly, we measured, pairwise, the distances between the distributions of the MMS peaks for each face region and participant. To that end, we used the Earth Mover’s Distance (EMD) (65, 66) and plotted the color maps for each of the facial gestural assays. We used the resulting matrices as input to a tree classifier, and given the number of subtypes of interest, we then quantified the percentage of ASD vs. TD participants in each cluster that the algorithm found. These were reported on each leaf of the branches denoting emerging subtypes in the tree structure.





2.3 Action unit identification

The OpenFace interface reveals universal AUs present (as a binary matrix of N frames by 18 columns) in each facial expression. This is in the form of an N × 18 matrix, where N is the number of frames collected at 30 Hz and 18 are AUs defined in the OpenFace GitHub site (see Note 2). The intensity of the AUs is also defined in an N × 17 matrix.

Across frames, we used the edit distance (67) of the column-wise binary vector denoting the presence of the AU to measure its frequency across the 5 seconds of motion yielding approximately 150 frames per point in the grid (plus/minus two frames upon OpenFace estimation). Then, we obtained the most common pattern present (the mode) to denote the presence of the AU. This pattern was saved along with its corresponding intensity values. We saved intensities equal to and above the 0.001 level. We did this for the individuals of the ASD and TD control groups. We then pooled across the intensity values and thus identified and reported on the frequency histograms of intensity values for the AUs that are present in each group.





3 Results



3.1 Stochastic differences between ASD and TD are captured at rest

At rest, TD individuals produced separable patterns of facial micro-movements from ASD participants. Each one of the facial regions showed separable patterns, expressing more variability in the ASD participants across all subregions. Figures 4A–C show the patterns of Gamma shape and scale parameters along with the empirical PDFs that shift in ASD relative to controls, with the standardized absolute deviations from the Gamma mean corresponding to the micro-movements’ spikes of the facial subregion.


[image: Graphs compare resting facial parameters in autism spectrum disorder (ASD) and typically developing (TD) individuals. Panels A, B, and C show gamma shape and scale relationships for V1, V2, and V3 with inset probability density functions. Panel D is a 3D scatter plot of trigeminal sites. Panel E compares normalized gamma scale and shape. Panel F is a heatmap of Earth Mover's Distance (EMD) across conditions. Panel G shows a dendrogram comparing facial resting states between ASD and TD groups. Red and blue dots represent ASD and TD data respectively.]

Figure 4 | Results from the analysis of resting state data, whereby 5 seconds of the face at rest was captured on video, and the pipelines in Figures 2 and 3 were executed. (A–C) Gamma plane results for each of the V1, V2, and V3 facial regions. Inset corresponds to the empirical Gamma PDFs showing shifted density and differences in dispersion and skewness. Notice the span of the ASD scatter with broader variability (along both dimensions) at rest than that of the TD controls. (D) Gamma NSR parameter space also reveals differences in the scatter between ASD and TD groups, with higher noise for the mandibular region V3 in ASD-HS apraxia subgroup. Lower skewness in TD is also evident. Higher skewness in ASD points at heavier tails in the empirical Gamma PDFs with higher speed deviations from the empirical Gamma (MMS speed peaks) mean. These represent rare events relative to controls with lower skewness tendencies. (E) Parameter plane spanned by the norm of the Gamma distributions' NSR (scale parameter) from the (V1, V2, V3) vector and the corresponding  norm of the Gamma distributions' skewness of V1, V2, V3). (F) Color map of the EMD taken pairwise for ASD and  TD participants across all regions V1, V2, V3. (G) Corresponding tree with cluster composition. (F) Pairwise EMD obtained for both groups, and each of the face subregions separate ASD from TD and provide structure denoting differences in distributions of the normalized speed peaks at rest. (G) Tree clustering of (F) outputs with different compositions in the 6 subtypes (3 face regions × 2 groups). ASD, autism spectrum disorder; TD, typically developed; HS, high support; EMD, Earth Mover’s Distance.



Along the dimensions of the Gamma NSR in Figure 4D, we observed orderly patterns, suggesting that this projection of the high-dimensional data may produce an embedding of contiguous points distinguishable between ASD and TD. These are conserved in Figure 4E along the parameter plane that focuses on the scalar quantities. In Figure 4D, elevated NSR in V3 for a subset of participants on the spectrum revealed correspondence with those with the ASD-HS subset with the diagnosis of apraxia. These patterns expressed statistically significant differences in the Gamma scale (NSR) and higher skewness parameter (indicative of heavy-tailed distributions with more frequent appearance of high-speed motions in the MMSs). Please see Supplementary Figure 3 showing pairwise Wilcoxon rank-sum test statistics (equivalent to the Mann–Whitney U-test) for ASD vs. TD inclusive of micro-expressions during the resting state vs. micro-expressions for anger, happiness, sadness, and surprise. Area V1 was consistently significantly different between TD and ASD participants across the resting state and all other micro-expressions (taken pairwise, p < 0.01). Furthermore, in V1, within each of the cohorts, the resting state micro-expressions were significantly different from those in all other states. In the ASD group, happiness and surprise also differed significantly from all other micro-expressions (p < 0.01). In the TD group, anger vs. surprise was significantly different at p < 0.01, and sadness vs. anger was significantly different at p < 0.05. In areas V2 and V3, statistical differences followed more complex patterns.

In V2, TD at resting state differed from all ASD micro-expressions but only significantly for resting and happiness at p < 0.01. TD anger and surprised differed significantly from ASD happiness at p < 0.01. Within the TD group, resting differed from happiness and sadness, as did happiness and sadness relative to surprise, all at p < 0.05. Within the ASD cohort, anger differed from happiness and happiness from anger at p < 0.01. Surprise in ASD differed from all micro-expressions with significance relative to rest and happiness, p < 0.01.

In V3, the resting micro-expressions in ASD differed from all micro-expressions in TD (p < 0.01). ASD happiness differed significantly from TD anger and TD happiness (p < 0.01). Within the ASD cohort, ASD happiness differed from resting, anger, sadness, and surprise (p < 0.01). ASD surprise differed from all micro-expressions with significance at p < 0.01 for happiness and p < 0.05 for resting, while anger and sadness did not reach significance relative to surprise.

In Figure 4D, we compare the Gamma NSR along each of the facial subregions. The patterns separate participants with ASD-HS apraxia along the V3 (mandibular region) from other ASD participants and TD controls. All ASD distributions from the resting condition showed higher skewness than those from the TD controls and broader ranges of the Gamma NSR, with heavier right-tailed distributions for the ASD-HS participants. This can be appreciated in Figure 4E. Furthermore, there is a visible structure in the EMD matrix of Figure 4F denoting the pairwise differences in distributions according to the similarity metric (EMD) across the participant’s three facial subregions. Within the TD group, we saw similarities in the distributions of standardized speed MMSs in the lower values of the EMD. Furthermore, clear differences between the ASD and TD groups were captured with automatic clustering using six groups (ASD vs. TD and three face regions) that break down the composition of each subtype in Figure 4G.




3.2 Facial micro-movements during expressions of anger, happiness, sadness, and surprise show significant stochastic differences between ASD and TD

In the subset of individuals where, upon resting, we measured anger, happiness, sadness, and surprise micro-expressions as instructed by the person taking the measurements (as in Note 2), profound differences were captured in the Gamma NSR (along all three facial subregions) and Gamma skewness by the empirical distributions’ shifts. Figures 5–8 show these patterns for each of the parameter spaces of interest. Statistically significant differences were found across all pairwise comparisons using the rank-sum (Wilcoxon) test. For the scalar quantity of the Gamma scale, TD anger vs. ASD anger was significantly different at the alpha 0.05 level, p < 0.02, resting p < 8.4 × 10−8, sadness p < 5.7 × 10−4, surprised p < 7.57 × 10−6, and no significant differences in the [image: Text reads: "Γ_NSR".]  micro-expressions for happiness between TD and ASD. The skewness scalar quantity also showed significant differences across all micro-expressions with p << 0.001.


[image: Charts illustrating analysis of anger in ASD and TD groups with parameters: Gamma Scale and Shape in three versions (V1, V2, V3). Insets show probability density functions. A 3D scatter plot (D) contrasts trigeminal sites. Another plot (E) compares normalized scales. A colorful matrix (F) visualizes EMD facial anger data, and a dendrogram (G) shows differences between subgroups.]

Figure 5 | Results from the analysis of anger micro-expressions, whereby 5 seconds of the face was captured on video upon instruction of how to enact facial micro-expressions of an angry face. The pipelines in Figures 2 and 3 were executed to appreciate the shifts from resting state in Figure 4. (A–C) Scatters on the Gamma plane show broader ranges of motion in TD signaling more variability in the two dimensions across the TD population. (D) The ASD scatter on the Gamma NSR space separates from the TD scatter, which spans broader ranges of noise (variability in speed MMSs) across all facial subregions. (E) Higher skewness scalar quantities in ASD signal heavier-tailed empirical Gamma PDFs during anger expressions, denoting more rare events of faster deviation peaks from the empirical Gamma mean. (F) Pairwise EMD metric shows more similarity among controls (blue tones with low EMD values) than ASD and differences in normalized speed deviations (MMSs) across all regions. ASD group is more similar in V1 (comprising the eyebrow and eye micro-expressions). (G) Different clusters and their composition for the 6 subgroups (2 groups × 3 subregions of the face). TD, typically developed; ASD, autism spectrum disorder; MMSs, micro-movement spikes; EMD, Earth Mover’s Distance.




[image: Seven graphs analyze "Happiness" across different conditions. Graphs A, B, and C display Gamma scale versus shape for conditions V1, V2, and V3, with ASD and TD groups. Graph D is a 3D plot of Gamma NSR across conditions. Graph E shows norm Gamma NSR versus Gamma Sk. Graph F is a heatmap of EMD Facial Happiness across conditions. Graph G is a dendrogram comparing Facial Happiness between ASD and TD groups.]

Figure 6 | Results from the analysis of happiness micro-expressions, whereby 5 seconds of the face was captured on video upon instruction of how to make a happy face by smiling. The pipelines in Figures 2 and 3 were executed to appreciate the shifts from resting state in Figure 4. (A–C) Gamma plane scatters show marked differences in the V3 mandibular area engaged in motions to produce a smile. Subregions V1 and V2 show more overlapping patterns, apart from outliers with higher noise, which correspond to the ASD-HS apraxia subgroup. (D) Separation between the scatters of TD and ASD show higher ranges of speed MMS variability in TD motions and outliers (ASD-HS apraxia subgroup) span broader ranges of noise. (E) The ASD scatter shows higher Gamma skewness ranges indicating heavier right tails of the distributions as with resting and anger, with more rare events (higher deviations from the Gamma speed mean boasting faster changes in position of the points). (E) Parameter plane spanned by the norms of the Gamma probability distributions' NSR and skewness from (V1, V2, V3) showing the higher skewness values for ASD (denoting the accumulation of more rare events on the right tail (higher speed fluctuations away from the empirical Gamma mean) (F) Color map  from pairwise EMD across ASD and TD face regions V1, V2, V3. (G) Corresponding tree cluster with compositions from each group. (F) Pairwise EMD shows similarity within V1, most of the groups in V2 and V3 in ASD across the group, and differences in V1–V2 and V2–V3 comparisons with ASD. The TD group boasts more similarity across regions. Pairwise comparisons show V2 as the most similar region between TD and ASD. ASD, autism spectrum disorder; HS, high support; TD, typically developed; MMS, micro-movement spike; EMD, Earth Mover’s Distance.




[image: Multiple graphs analyze sadness expression patterns, comparing Autism Spectrum Disorder (ASD) to Typical Development (TD). Graphs A, B, and C show linear relationships between \(\Gamma\) scale and shape variables for different sadness versions (V1, V2, V3). Graph D is a 3D scatter plot of trigeminal sites. Graph E compares norm \(\Gamma_{NSR}\) to \(\Gamma_{SK}\). Heatmap F displays Earth Mover's Distance for facial sadness across versions; color bar indicates value levels. Dendrogram G shows hierarchical clustering of facial sadness between ASD and TD with distance measures.]

Figure 7 | Results from the analysis of sad micro-expressions, whereby 5 seconds of the face was captured on video upon instruction of how to make a sad face (as in Note 1). The pipelines in Figures 2 and 3 were executed to appreciate the shifts from resting state in Figure 4. (A–C) Gamma plane scatters and insets showing the empirical Gamma PDFs. Notice the marked shifts in each case with V3 at the highest differentiation. (D) Both scatters on the Gamma NSR parameter space showing the departure of ASD from TD scatter. (E) The Gamma NSR scalar quantity vs. the Gamma skewness scalar quantity also separates the groups. (F) The pairwise EMD matrix showing differentiation within the ASD group and higher similarity within the TD group. Highly structured patterns of EMD across the three regions are marked between the two groups. (G) The tree clustering analyses and reporting on the composition of each subgroup. ASD, autism spectrum disorder; TD, typically developed; EMD, Earth Mover’s Distance.




[image: Graphs and plots analyze facial surprise expressions in autism spectrum disorder (ASD) and typically developing (TD) individuals. Panels A, B, and C show scatter plots of Γ scale versus Γ shape for surprised expressions in regions V1, V2, and V3. Panel D depicts a 3D plot of Γ NSR values across trigeminal sites. Panel E illustrates a scatter plot comparing Norm Γ NSR and Γ SK. Panel F presents a heat map of facial surprised expressions for V1, V2, and V3. Panel G displays a dendrogram measuring distances between ASD and TD subtypes.]

Figure 8 | Results from the analysis of surprise micro-expressions, whereby 5 seconds of the face was captured on video upon instruction of how to make a surprised face (as in Note 1). The pipelines in Figures 2 and 3 were executed to appreciate the shifts from resting state in Figure 4. (A–C) Gamma plane scatters with insets showing the corresponding empirically estimated Gamma PDFs. (D) Gamma NSR parameter space with separated groups. (E) Gamma NSR scalar quantity vs. skewness scalar quantity of the two groups. Notice the overlap with some of the members of the TD group along both axes and the separation of most TD participants along the NSR axis due to more uniformity in facial patterns across the TD group. (F) The pairwise EMD matrix showing structure within the ASD group indicative of V1–V2 similarity vs. V1–V3 differentiation. TD group also shows high structure within the group and highest departure in distributions from the ASD group for area V3. ASD, autism spectrum disorder; TD, typically developed; EMD, Earth Mover’s Distance.



The EMD matrices and automatic cluster analyses across these emotional gestures also revealed the composition of the different subtypes amenable to visualizing their differences. In all cases, the patterns clearly showed broad ranges of variability in the Gamma NSR of the ASD participants and higher skewness ranges for ASD. The latter corresponded to higher MMS speed peak deviations from the empirical Gamma mean of the group, estimated for the anger activity. Infrequent events of faster speed peaks in ASD than those in the TD distributions showed in the ASD group, thus resulting in higher skewness. The summaries of these parameter ranges are depicted in panels D and E of each of Figures 5-8. Likewise, the EMD matrices and tree clustering revealed the differentiation and inner similarities of the groups across the face subregions under study.




3.3 Action units reveal facial emotions in ASD at the speed micro-movement level

The analysis of AUs revealed that most AUs present in TD participants are also present in ASD participants albeit with different distributions of intensities. At rest, TD did not show the lip corner puller present in ASD but showed upper lid raise absent in ASD participants. All other AUs present in TD were also present in ASD (brow lower, lid tightener, dimpler, and lip tightener). This can be seen in Figure 9 for all AUs across the V1–V2–V3 facial subregions. There we also appreciate the differences in the intensity values and their distributions.


[image: Chart displaying facial action units, the associated muscles, and bar graphs comparing these actions between individuals with ASD and typically developing (TD) individuals. Features include: Brow Lower, Upper Lid Raiser, Lid Tightener, Lip Corner Puller, Dimpler, and Lip Tightener. Graphs illustrate differences in frequency or intensity between the groups for each action unit.]

Figure 9 | Action units (AUs) engaged during resting state. Overlapping AUs between ASD and TD participants in brow lower and lid tightener show different ranges of intensity but common presence in both groups. Upper lid raiser only appeared in the TD group. These are AUs corresponding to area V1. In V2 and V3 areas, lip tightener was commonly present in both groups albeit with different distributions of intensities. The AU lip corner puller was present in ASD but absent in TD, whereas the dimpler was present only in TDs. ASD, autism spectrum disorder; TD, typically developed.



Anger (Figure 10A) reveals the presence of the brow lower for both ASD and TD, with higher intensity across ASD participants and different intensity distributions relative to TDs. The TD group showed upper lid raiser, which was absent in the ASD group. Lid tightener was also more intense in ASD than TD and had a different distribution of intensities than TD. Cheek raiser was less intense in the ASD group than in the TD group, with significantly lower intensity range and values. Inner brow raiser was present in both ASD and TD but was far more intense in ASD than in TD. ASD had an eye blink AU present, which was absent in TD.


[image: Comparison of facial action units (AUs) in individuals with Autism Spectrum Disorder (ASD) and Typically Developing (TD) individuals. Panel A shows expressions related to anger with specific AUs, muscles involved, and corresponding bar charts for ASD and TD groups. Panel B illustrates similar data for happiness expressions. Each panel includes close-up images of facial features and associated muscle movements, with red and blue graphs indicating the prevalence in ASD and TD, respectively.]

Figure 10 | Action units for anger and happiness were also commonly present in both groups, but the ranges of intensities and their distributions differed between groups. The ASD group had AU eye blink present, but this was absent in the TD group for both (A) anger and (B) happiness. Upper lid raiser was absent in anger for ASD but present for TD. In happiness, brow lower (a common AU for anger) was present in ASD but absent in TD. ASD, autism spectrum disorder; AU, action unit; TD, typically developed.



In subregions V2 and V3, anger speed motions from the facial expression revealed nose wrinkling and lips apart in ASD but not in TD. All other AUs were present in both groups, with differences in the range of intensities. Lip corner puller and lip tightener had comparable intensities in TD and ASD, but the dimpler AU was more intense in ASD than TD.

Happiness (Figure 10B) speed micro-motions revealed the presence of brow lower in ASD (commonly present in anger micro-expressions) but absence in TD. Upper lip raiser was present in both groups but expressed with higher intensity in ASD. Likewise, lid tightener was present in both but far more intense in ASD than TD, with fundamentally different distributions of intensities across the two groups’ participants. Cheek raiser, a prominent AU in micro-expression of happiness (see Note 1), was present in both groups but more intense and with broader ranges of values in TD than ASD. As with anger, blinking was present during happiness gestures in ASD but absent in TD.

Sad micro-expressions (Figure 11A) revealed in V1 the brow lower AU with much higher intensity values in ASD. Upper lid raiser was absent from ASD, but both groups had lid tightener with comparable distributions of intensity values across participants. In ASD, the cheek raiser was present with low intensity and absent in TD. Subregions V2 and V3 showed the lip corner puller and chin raiser in ASD, but these AUs were absent in TD. The outer brow raiser was absent in ASD but present in TD. In subregions V2 and V3, upper lip raiser was present but much less intense in ASD than in TD. The dimpler was more intense in ASD than in TD, and the distribution of intensities across participants was different, with a much narrower and lower value range in TD.


[image: Grid chart comparing facial action units (AUs) for expressions of sadness (A) and surprise (B) across two versions (V1, V2/V3). Each section lists action units, related muscles, and includes graphs for Autism Spectrum Disorder (ASD) and Typically Developing (TD) groups. Facial expressions accompany each action unit.]

Figure 11 | Action units (AUs) for sad (A) and surprise (B). As with the other micro-expressions and resting state, several AUs in V1 were commonly present in both groups, yet their intensity differs in ranges and distribution shapes (see text). In the sad micro-expression, the upper lid raised, and outer brow raiser was absent in ASD, but the cheek raiser (key to the happiness micro-expression) was instead present in ASD but absent in TD. For V2 and V3 subregions, in the sad micro-expression, the TD did not have AUs for the lip corner puller and chin raiser, which were both present in ASD. All others were common to both groups but differed in intensity distribution and ranges. The lip tightener common to both groups had comparable intensity. For the surprise micro-expression, more AUs were present in ASD than TD for V1 with complementary patterns. Lid tightener was present in ASD but absent in TD, while brow lower, inner brow raiser, upper lid raiser, and cheek raiser were activated in ASD but not in TD. Subregions V2 and V3 had overlapping AUs for lip corner puller, dimpler, and lip tightener, yet their distributions of intensity differ. ASD had AUs for upper lip raiser and chin raiser present, but these were not present in TD. Lastly, jaw drop, which is common in the surprise micro-expression, was present in TD but absent in ASD, which instead activated chin raiser. ASD, autism spectrum disorder; TD, typically developed.



Surprise (Figure 10B) in subregion V1 had brow lower, inner brow raiser, upper lid raiser, and cheek raiser in ASD, but these AUs were absent in TD. TD showed lid tightener, but this AU was absent in ASD. For regions V2 and V3, jaw drop (common in surprise micro-expressions) was present in TD but absent in ASD, along with upper lip raiser. Other AUs were present in both groups but with different levels and distribution ranges of intensities. The lip corner puller was far more distributed in TD than ASD, but ASD had some outliers with high-intensity values, a trend also observed in the lip tightener. The dimpler was present in both and had a comparable distribution of intensity values. Chin raiser was only present in ASD (complementing jaw drop that was only present in TD).




3.4 In non-speakers, ASD-HS with apraxia is separable from ASD-HS

Across resting, anger, happiness, sadness, and surprise, the subset of non-speaker participants with apraxia diagnosis differed significantly from the subset of non-speaker participants with the ASD diagnosis alone. This can be appreciated in Figure 12A where we depict the Gamma NSR corresponding to V1, V2, and V3 facial regions and in Figure 12B where we show the parameter plane of the Gamma NSR scalar vs. the Gamma skewness scalar obtained from the three subregions. Figure 12C shows the empirical Gamma PDFs for selected subregions in each of the facial micro-expressions. In each case, the non-speakers with ASD-HS with apraxia separate from the non-speakers with ASD-HS. Supplementary Figure 5 shows the pairwise statistical comparisons significant at the 0.01 alpha level for the Mann–Whitney test.


[image: A set of scientific plots depicting data on individuals with ASD (in red), ASD with apraxia (in blue), and typically developing individuals (in cyan). Panel A shows 3D plots of Resting, Anger, Happiness, Sadness, and Surprised conditions with axes labeled V1ₙₛᵣ, V2ₙₛᵣ, and V3ₙₛᵣ. Panel B displays 2D scatter plots comparing Γₙₛᵣ and Γₛₖ during the same conditions. Panel C illustrates probability distribution functions for each condition, showing MMS V values on the x-axis and probability density on the y-axis. Each panel includes a legend for identification.]

Figure 12 | Comparison between non-speaker ASD-HS and those with the additional apraxia diagnosis. (A) The Gamma NSR parameter space for resting, anger, happiness, sadness, and surprise tested in this subset of the groups. (B) The Gamma NSR scalar quantity vs. the Gamma skewness scalar quantity parameter plane with the scatters colored coded according to the three groups. Notice the departure of the apraxia subgroup from the others. (C) Selected empirical Gamma PDFs for different subregions of the face. ASD, autism spectrum disorder; HS, high support.






3.5 Differentiation between ASD-LS and TD across the seven facial universal micro-expressions

The empirical distributions of speed MMSs derived from the positional pixel trajectories in the points of the V1, V2, and V3 regions in ASD-LS (participants requiring a lower level of support and having speaking abilities) were compared to those of TD controls close to their age. The results are shown in Figure 13A using the normalized EMD metric values for each pairwise comparison. The structure of this matrix reveals the differences between regions and participating groups. Within each group and facial region, we appreciated the structure of the matrix and saw the self-emerging boundaries of higher values of standardized EMD (denoting higher differences in distribution) with an overall higher similarity within the TD group than within the ASD-LS group (see the more prevalent blue hues denoting similarity in distributions of speed peaks in the standardized MMSs). Figure 13B shows the subtypes emerging from the 14 clusters spanned by the two groups and seven facial micro-expressions according to the cluster analysis. The composition of the 14 clusters grouping ASD or TD participants across the leaf of each tree branch was also reported according to the higher percentage of the group for each leaf.


[image: Panel A depicts a heatmap labeled "EMD Facial FUME V1-V2-V3" comparing emotional expressions across ASD and TD groups, with color gradients indicating similarity. Panel B shows a dendrogram titled "Facial 7FUME ASD vs TD" illustrating hierarchical clustering of subtypes based on distance metrics, highlighted in red and black.]

Figure 13 | Pairwise EMD for the seven recognized facial universal micro-expressions (anger, contempt, disgust, fear, happiness, sadness, and surprise) (A) showing more uniformity (similarity) of distributions in the TD groups and distribution differentiation between ASD-LS group and TD. (B) Tree clustering according to 14 subtypes (2 groups × 7 micro-expressions) with the percentage composition of each cluster. EMD, Earth Mover’s Distance; TD, typically developed; ASD, autism spectrum disorder; LS, low support.






3.6 TD composition and non-speaker ASD-HS parental differences

We compared the Gamma NSR ( [image: The image shows the mathematical symbol for the gamma function, denoted as an uppercase Greek letter gamma followed by the subscript "NSR."] ) across each of the facial subregions in Figure 14A for all TD controls and color-coded the TD parents of non-speaker ASD-HS participants. This comparison revealed that most parents lie within a different subregion of this parameter space, away from most other TD participants of comparable age. Their speed peaks from the standardized MMSs showed lower levels of noise (lower variability), denoting some commonality among this random draw of this population. Furthermore, they self-clustered into dads, moms, and moms with neuropsychiatric conditions (MOMsM). When superimposing the non-speaker ASD-HS and non-speaker ASD-HS with apraxia on the [image: The image shows a mathematical notation, represented by the symbol Γ with a subscript "NSR".]  vs. the Gamma Skewness parameter plane of Figure 14B, we appreciated that the NSR levels of the ASD-HS apraxia were comparable to those of their parents. There were higher skewness values for 6/9 participants in this ASD-HS apraxia group, denoting higher speed (faster) deviations from the Gamma mean, a feature that seems to be within a uniquely higher range for this subset of the group.


[image: Two scatter plots labeled A and B. Plot A is a 3D graph showing resting Γ_NSR with axes V1, V2, and V3; data points in blue, green, yellow, and pink represent TD, DADs, MOMs, and MOMsM respectively. Plot B compares resting Γ_NSR and Γ_Skewness with data points in cyan, red, blue, green, yellow, and pink representing ASD Apraxia, ASD, TD, DADs, MOMs, and MOMsM respectively. A legend identifies the colors and categories.]

Figure 14 | Analysis of TD group labeling the parents of ASD-HS and ASD-HS apraxia (A) On the [image: The image shows the mathematical notation for gamma, subscript N-S-R, denoting a specific parameter or function in a given context.]  space, according to moms, dads, and moms who reported autoimmune disorders and other neuropsychiatric conditions (acquired as adults). Notice the separation and clustering of each subtype departing from other TDs including those of comparable ages. (B) Parameter plane of [image: Mathematical symbol of an uppercase Greek gamma (Γ) followed by a subscript "NSR".]  scalar quantity vs. skewness quantity also shows the ASD-HS and ASD-HS apraxia relative to other TDs. Notice the uniqueness in patterns of some participants with ASD-HD apraxia. TD, typically developed; ASD, autism spectrum disorder; HS, high support.







4 Discussion

This work aimed at characterizing the nuances of facial emotional micro-movements using a brief and simple assay under the guidance of instructed emotional facial movements in micro-expressions. Using new personalized methods that do not a priori assume theoretical distributions, we wanted to better understand hidden aspects of facial motor control in autistic individuals. These participants spanned from lower to higher levels of support. The study included ASD-HS non-speakers who communicate through various augmented communication methods. To that end, we designed a research data acquisition app that requires very little effort and is brief. The acquisition step offers instructions amenable to being deployed outside the lab during natural activities. These included activities at their school, at a social event where we randomly sampled people in both the TD and ASD groups, and at various clinical settings (studios) where they received therapies.



4.1 Highly dysregulated patterns in ASD at rest

The resting state activity had elevated levels of noise across the ASD group, with increasing trends for ASD-HS non-speakers and highest ranges for non-speakers of ASD-HS with a diagnosis of apraxia. The latter is an interesting subset because most if not all ASD-HS participants have a disconnect between the movement plan and the execution of their intended motions. However, in the subgroup with the specific apraxia diagnosis, their baseline dysregulation must be visible to the extent that it reaches the level of visual detection and be diagnosed as an additional disorder. In this sense, resting state noise in facial micro-movements derived from the speed parameter seems to be informative of increasing levels of support across ASD. This result, in the realm of facial micro-movements, is congruent with prior results from our lab involving body micro-movements. Specifically, it is consistent with results concerning excessive motor noise during resting state fMRI reflected in the head motions’ variability (35), including increasing trends with the use of psychotropic medications (36) and general involuntary motions at rest in ASD (29, 38). It is also consistent with increasing random noise in the speed’s micro-movements of voluntary motions increasing with the level of clinical ASD severity in the context of pointing to communicate a decision and/or pointing to a visually prompted target (22, 29). In both bodies of work, we found that the higher the level of support needed in ASD, the higher the Gamma noise level in the micro-movements of the speed kinematic parameter, with increasing trends as the population ages (29, 38, 39).

Within the framework of facial micro-movements, this is the first time that we saw the Gamma noise profiles and can further appreciate the correlation of increasing levels of random noise in the speed motion variability with increasing levels of needed support that have visible apraxia at the highest end. Although evaluating the 3D gaze data from OpenFace outputs will be reserved for a future study, prior work in the field has revealed elevated oculomotor randomness in ASD with increasing trends in noise levels that, as in the pointing case, increase with the level of severity (68). Under these conditions, the type of eye–hand coordination required to deploy the arm linkage (with high degrees of freedom to control) forward to bring the finger to accurately point to a visually prompted target, and then backward to rest, must be very challenging for these individuals. We know, from studying goal-directed movements in the context of deafferentation, that in the absence of reafferent feedback sensation from micro-movements, the neural (surface EEG) correlates of directional motion intent reflect a much higher cognitive load than controls who have proper micro-movement reafferent feedback (69). It is likely that with excessive random noise in the reafferent feedback code, the participants with ASD also experience a higher cognitive load in that they would have to pay attention and be highly aware of activities that typically transpire largely beneath awareness. In this sense, the facial micro-movements activity may reflect the type of dysregulation that a system overburdened with such taxing states is bound to experience.

The present results were derived using the same unifying statistical platform for individualized behavioral analysis that we have used in previous work involving biorhythmic activity data from wearable devices and pose estimation using computer vision techniques (Statistical Platform for Individualized Behavioral Analysis (SPIBA); 70, 71), which have the potential to link, across the population, multiple levels of micro-movements’ noise speed with levels of facial apraxia. They can also reveal issues with eye–hand coordination during pointing behavior to communicate a decision or to point to a visually prompted target. Together, these results have implications for the design and deployment of augmented communication methods. Any communication technique developed for ASD individuals will need to consider these elevated noise levels in the speed parameter to design regulatory support aimed at dampening the motor noise during their clinical therapy and/or school-teaching sessions. Of the activities that we examined under this digital lens, we found that the resting state maximally captured disparities across the cohort. This simple assay may indeed provide the type of information that we need to estimate how regulated a system is, in the precise sense of assessing its level of volitional control. The level of control of the facial and body micro-movements at rest may be informative of individualized levels of overall motor control in flux. It may also help us derive individualized indexes of motor control reflecting the level of agreement between mental intent and physical execution of the intent—an aspect of motor control that is uniquely different in ASD.

The motor noise, which shifts dynamically at the output level as activities of daily life carry on (30, 64), may also serve as a proxy of the quality of feedback that a person’s Central Nervous System (CNS) is receiving from the Peripheral Nervous System (PNS), informing the CNS of ongoing activity, even at the sub-second time scale. As such, the level of regulation of the system and the level of smoothness in action execution (matching the intended plan of the action) may be reflected, at a micro-level, on the facial activity. At one extreme, we have levels of noise and speed MMS distribution skewness that correspond to neurotypical levels. In stark contrast at the other end, we have the largest departure from neurotypical levels on the visibly detectable apraxia. In such cases, the intended plan visibly mismatches the action execution, and even an observer, like a speech therapist giving this diagnosis of apraxia, can detect the mismatch relative to the expected neurotypical levels. Based on these results and the body of knowledge that we have accumulated over a decade of work, we posit that the stochastic signatures of the facial speed micro-movements data may indeed provide a window into the levels of feedback noise, the level of dysregulation, and the associated levels of needed support in ASD.




4.2 Presence of action units in ASD but differences in intensity ranges and distributions

Across ASD, we found AUs present underlying the speed micro-movements derived from positional trajectories of the 68 points in the grid that we extracted from videos using OpenFace algorithms. Contrary to the assumption that ASD individuals do not have emotions or lack empathy, we found that they indeed engage (on command) the universal AUs across the face, across subregions V1, V2, and V3 of the digital grid. They, however, do so with different ranges of intensity than those captured in the TD group. As such, the variations in speed amplitudes of the micro-movements from facial universal micro-expressions associated with emotions operate at unexpected stochastic ranges. We posit from these results that folks observing these ranges to screen social engagement and emotions seem to miss these ranges amid rapidly changing social dynamics. It is possible that the expected values of such ranges in neurotypicals do not overlap with those of ASD. Since our visual perception largely depends on our sensitivity levels to visual motion and is biased by that prior experience, we may fail to systematically detect such ASD facial speed ranges. In other words, the ASD facial speed ranges may not intersect with our “detection priors” for the ranges of speed that we typically expect. These results suggest that reliance on observation alone is bound to fail in capturing the emotional capacities of the ASD system and miss an opportunity to engage a person in social exchange.

Across all emotional states probed with the standardized micro-movement data type for true personalized assessment, we saw fundamental differences in the ASD facial micro-expressions but the presence of AUs, nevertheless. This suggests systematic engagement with the person providing the instructions to perform the assay and automatic recruitment of AUs on command. In all those brief 5-second tasks, the ASD participant, across all levels of support and spoken abilities, showed the potential to engage in emotional contexts as the facial system recruited relevant AUs, albeit doing so across different levels of intensity and different distribution ranges of intensity values than TD controls. As with the variations in facial speed micro-movements, under those unexpected ranges, the naked eye of an observer, trying to discern emotional states, will surely miss them. This is so because of inherent statistical learning biases and expected values acquired through interactions with other TD people who are most likely operating within those TD ranges.




4.3 Potential for discovery of social–emotional communication in ASD

Given the bidirectional nature of facial micro-expressions, namely, the type of close reafferent loops that engage emotions, it is possible that through training of TD diagnosticians, they can learn to better detect these unexpected ranges of both ASD facial speed micro-movements and ASD AUs’ intensities. It appears that clinicians can detect the two extremes, namely, neurotypical ranges and visible apraxia. They would then engage the ASD individual with greater success than currently done. The results from this investigation are indeed encouraging because they bring a new level of awareness about ASD emotions. Although these levels of intensity and noise are shifted from our perceptual radar, they are present nonetheless in the ASD face. Contrary to the current assumptions and subjective opinions, here, we clearly see that the standardized speed micro-movements present in ASD faces can serve to engage TD controls. As the ASD participants engaged the underlying universal AUs across the different regions of the face grid, we were able to capture these ranges with new analytical means. Moreover, we did so by merely using off-the-shelf instruments that most of us carry around these days.

Our work does not require training large models through machine learning algorithms. Instead, we took direct measurements of speed variability across facial regions evoked by simple, brief assays. Through these unobtrusive, highly scalable means, using commercially available tools on the go, we can further explore other avenues to engage the ASD facial system in unprecedented ways. Bringing these (up to now hidden) ranges of ASD emotions to awareness may make it easier for diagnosticians and therapists engaging with ASD fellows to detect them. Co-adapting our ranges and the ASD ranges is indeed possible now under our new personalized statistical techniques.

This approach to autism is a large departure from trying to impose our neurotypical ways on the ASD person while neglecting the capabilities that their coping systems had already developed by the time that they received the ASD diagnosis. Instead of “normalizing” the ASD individual by imposing our ranges of motion and emotions, here, we propose to expand our perceptual umwelt. By learning to identify the ASD perceptual world and augmenting ours with new expected values, we can also improve our detection systems to operate in a truly diversified humanity. Furthermore, mutual awareness of both our ranges of AUs’ intensity and theirs can bring us closer to building social rapport with the ASD person rather than stigmatizing ASD fellows as social outcasts lacking empathy by assuming that they do not have the desire to engage and communicate with others.

The flip side of augmenting our perceptual umwelt is training ASD individuals to become more aware of their own ranges of micro-motions in the first place. Doing so could help them build self-awareness of their facial micro-expressions and, in this way, own them, learn to control them, and then learn to project desirable configurations at will. Connecting the intent to move with the actual speed of micro-movements could thus become a form of therapeutic intervention mediated by the persons themselves rather than top-down imposed externally by another agent. Owning the action and its consequences can bring the autistic individual to a much-needed level of motor autonomy. Achieving this goal of motor autonomy from the bottom up in autism rather than imposing change from a form of top-down control, e.g., through the currently promoted behavioral conditioning/modification stance, would bring to the autistic person the balance between self-autonomy and self-control (8, 64, 72). In turn, this would enhance their socio-motor agency during social and communication exchanges.

This approach to ASD emotions and social potential is in tune with what autistic individuals themselves want, according to interviews conducted in our lab using the ADOS instrument (40, 73). These observational instruments (the ADOS and the DSM), which deem the ASD person incapable of social communication and boasts a deficit model of social interactions, could in fact benefit from pairing the subjective observational criteria with the type of personalized objective quantification techniques that we show here. Training the diagnosticians in ADOS and DSM settings could significantly improve the diagnostic criteria and help eliminate the stigma that subjective opinion creates across research, clinical settings, and society at large (74–76).




4.4 Implications for sensory motor differences related to the brainstem in ASD

The present methods could be applied to screen for signs of brainstem neurodevelopmental differences because the facial regions (ophthalmic, maxillary, and mandibular) are innervated by the trigeminal nerves, which, in turn, connect to the brainstem. In this sense, visual, touch, and auditory stimuli could be used to probe the functioning of such regions in the processing of light, light touch/pressure/movements/pain/temperature, and sound, respectively. Indeed, with respect to sound processing, for instance, retrospective studies have suggested that prolonged auditory brainstem response (ABR) latencies are prevalent in neonates who go on to receive a diagnosis of ASD by 3–4 years of age (58). Furthermore, using clinical observation, the earliest sign predictive of autism is motor delay (77, 78) missed by traditional scales (79) but asserted in 87% of those diagnosed with ASD. These could now be probed non-invasively through the facial involuntary, reflexive, and spontaneous motions.

The facial micro-motions captured here on brief videos could help us track, from a very early age, the development of attention (80, 81), reorienting the head and body for motor control and coordination. Throughout the facial structures and functions involving sensory processing by sensory organs in the eyes, ears, nose, and mouth, we could screen the infant system for unexpected differences indicative of early derailment from the neurotypical developmental path. These sensory organs located on the head sample sensory inputs from different modalities and help form spatio-temporal maps required for the development of proper somatic-sensory-motor integration. These are needed during early dyadic social interactions that develop differently in autism (82). Starting with absent or severely distorted body maps and body schemas (83) and following with delayed milestones in reaching, grasping, postural control, gait, and overall social timing (84–88), ASD, which is an umbrella term for many neurodevelopmental disorders (89–92), could be screened with the help of non-invasive digital means such as those used in this study.

Another area of importance in autism is pain. States of pain could be ascertained through facial micro-movements, a feature that we have recently found present in autistic individuals at rest (52, 53). Sensory hyper- or hypo-sensitivities are common in ASD (90%) and affect all senses (93), inclusive of kinesthetic, pain and temperature reafference, proprioception (6), interoception, and vestibular integration (94, 95). Some are recognized by the diagnostic criteria, and many can be traced to malfunctioning of the brainstem (96), including sensory motor integration, centrally organized by the superior colliculus, the locus coeruleus, the raphe nucleus, and the olivary systems (97–100). Prolonged sensory processing delays are consistent with the findings of extensive literature documenting ABR abnormalities in ASD at various ages. Histological study has found the auditory hindbrain (including the superior olive and inferior colliculus) to have significantly fewer neurons, while surviving neurons have smaller and dysmorphic cell bodies (101, 102). Furthermore, white matter volume in the brainstem of children with ASD is inversely proportional to motor performance (103, 104). Facial features, including the eyes’ gaze direction, head orientation, and mouth-voice analysis, are part of our current studies involving non-speakers requiring high support and deploying the means presented in this paper. These new technologies enable remote use, doing assessments from the comfort of their homes within a participant-centered paradigm. Indeed, the face can be a proxy of states of dysregulation ubiquitous in this population and help us identify ways to regulate the system and relieve it from the cognitive load of having to consciously monitor all aspects of motor control, coordination, and sequencing in activities of daily living that typically occur automatically and largely beneath awareness.




4.5 Caveats and future steps

The subset of participating parents was modest. However, their signatures across the facial universal micro-expressions probed in this study revealed unique characteristics. Their features were closer to the stochastic signatures of their offspring than to those of controls around their age. This result is consistent with prior work in motor control biomarkers involving the upper body, during voluntary pointing behavior (28, 29). In those previous studies from our lab, parents of ASD participants showed motor signatures that separated them from age- and sex-matched TD adult controls—as their standardized speed micro-movement signatures were closer to those of their offspring. As with this previous work, here, we point out the possibilities of genetic overlap and/or motor mimicry. The latter could emerge from the efforts by parents to communicate and build rapport with their children over years of interactions.

The study of 126 participants may seem adequate, but given the broad spectrum of variability in ASD—as shown here for the stochastic ranges that we unveiled—it will be important to considerably scale up this research. The present study provides proof of concept that we can do so using simple and brief apps. In future iterations of this study, we plan to gamify the interactions, so we can collect brief data samples in more naturalistic settings, particularly making it more attractive for children of school age.

Our work offers new analytics that do not require machine learning but rather sample directly the empirical distributions corresponding to a person’s individual levels of facial speed noise. Indeed, we see a whole family of PDFs for each participant, starting with the resting state and sweeping through other distributions for anger, disgust, contempt, happiness, sadness, and surprise. With the exponential rise of autism and its absorption of other developmental disorders, we may have to altogether create more emotions to cover those of the autism spectrum. The universality of those micro-expressions, which Paul Ekman helped define, stops with this side of the human spectrum. As such, we do fail to recognize autistic emotions and have profound deficits in socially engaging and communicating with autistic individuals. How can we close this gap?





5 Conclusions

Discerning such important research questions in future studies may lead us to learn more about new ways to successfully connect and co-adapt with the autistic motor system—as most parents likely have done. Such an approach to autism would also help broaden our own perceptual ranges and build the proper perceptual umwelt to communicate at a very basic level with the ASD world, particularly the world of non-speakers, which remains such a mystery to science.

The means that we introduced in this study can certainly help us deploy large-scale studies to expand on our results and to pursue new questions involving the fascinating world of ASD social communication and emotional exchange.

	Note 1. Vanessa Van Edwards’s facial micro-expression description.

	Note 2. GitHub site for OpenFace.

	Note 3. Action units used in the study from OpenFace.
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While the autism diagnosis emphasizes “deficits” in social communication, the article advances that sensory–movement differences underpin autism through a review of the following sources of evidence. This account critically challenges “autistic regression”, with evidence that sensory–movement features appear by birth as the earliest signs of autism and underlie the behavioral differences used for diagnosis, which may reflect adaptations to inherent differences and misunderstandings from others. Sensory and motor differences are salient to autistic people, but they often go underrecognized by others. They cause cascading effects in infancy on behavior and communication through differences in sensorimotor learning, automatic imitation, eye contact, sensory perception, and interests. The article then explains how sensory processing differences may influence reduced perceptual narrowing, which involves a bottom-up information processing style grounded in the surrounding environment. Furthermore, this bottom-up processing may grow from reduced sensory integration in feedback loops potentially involving the cerebellum of the brain. The article then moves into implications for the widespread consequences of these inherent differences on quality of life. The article closes with implications for autism as a construct (including underestimated empathy and pain), testing the theory, providing sensory-sensitive support and acceptance of autistic people, and applications to diverse autistic people. The theory may apply particularly well to autistic women and girls, autistic people with speech divergence, autistic people with ADHD, and autistic people with co-occurring sensory and motor-related neurodivergences. Throughout the article, the theory also provides clinical, neurological, and experiential evidence for sensory and motor differences as lifelong, challenging the notion of “losing” (an) autism (diagnosis) as instead reflecting (risky and not necessarily “successful”) camouflaging.
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Introduction

Non-autistic people's definition of autism as based largely in social behavioral deficits within autistic people overlooks many things, including that neurological differences precede when people meet criteria (Dawson et al., 2023) and persist after some people learn to mask autism (Eigsti et al., 2016). The autism diagnosis is based on accounts by largely non-autistic people, yet only autistic people possess the expertise of direct lived experience, and many autistic people demonstrate enhanced scientifically based understanding of autism as well (Gillespie-Lynch et al., 2017). The diagnosis is defined by behavior, yet autistic people are more likely than non-autistic people to define autism internally (as related to cognition or biology: Gillespie-Lynch et al., 2017). It is defined pathologically on a deficit-only basis, whereas autistic people are more likely to define autism holistically (Gillespie-Lynch et al., 2017). Finally, the emphasis of diagnosis on social communication means it places social dysfunction within individuals, yet anything social happens between people (Kapp, 2013). Instead, the only measure of autistic traits developed in equal partnership with the autistic community recently reported extreme sensory processing and enjoyment of repeated actions as the only universally endorsed parts of autism (Ratto et al., 2023). Similarly, experiences of autistic adults have informed a view of autism as based in a “sensorium” affecting perception generally, with a drive toward relationships but the development of these is affected by others' misunderstanding of their needs (Murray et al., 2023; Milton and Green, 2024). This paper argues that neurologically based sensory–movement differences underpin autism from birth and remain for life, through mechanisms such as reduced perceptual narrowing of repeatedly encountered sensory experiences (Lewkowicz and Ghazanfar, 2009; Hadad and Yashar, 2022), which help explain why autistic people may find comfort in familiarity. This theory challenges notions that people “regress into” or “lose” autism, and has implications for supporting autistic people to leverage their differences and disabilities positively, as socially different rather than deficient.



“Autistic regression” or autistic resilience? Coping with sensory–movement differences

Development is dynamic rather than continuous regression—a “loss of previously acquired skills not caused by brain injury or other traumatic events” (Zhang et al., 2019, p. 4)—is generally part of the human experience, even in infancy (Thelen and Spencer, 1998; Thelen, 2005; Brignell et al., 2017; Zwaigenbaum, 2019). For example, newborns generally have instincts for stepping motions that they seem to lose after a few months, explained because they cannot support the weight of their legs before they learn to walk (Thelen, 1995; Thelen and Fisher, 1982). Evidence and explanation for this come from Esther Thelen's dynamic systems theory (development as emergent and discontinuous in interaction with the environment: Spencer et al., 2006), from which Donnellan et al.'s (2010, 2013) sensory–movement account of autism borrowed. The latter defined autism as involving “sensory movement differences in starting, stopping, executing, combining, and/or switching actions, thoughts, emotions and speech” (Donnellan et al., 2010). It served as the only neurocognitive theory of autism in the first special issue on autism and the neurodiversity concept that featured an array of frontline activists and researchers (https://dsq-sds.org/index.php/dsq/issue/view/43). Inspired by “internal” components of evidence such as autistic people's lived experience and neuroscience, this account recognizes that behaviors may not reflect individuals' intent or may be misunderstood and seeks to practically apply ideas to accommodations for and supportive relationships with autistic people (Leary and Donnellan, 2012; Kapp, 2024). At the same time as recognizing the nuances of development, Donnellan (2008) arguably considered autism—or at least its underlying mechanisms—as present from birth, showing the coordination and timing needed for newborns to interact. Indeed, spontaneous movements in 2-day-old babies predict autism-related behavior in toddlers (Doi et al., 2023). Similarly to relatively recent evidence suggesting infants still have the stepping reflex but may not usually show it because of limited visual control (Barbu-Roth et al., 2015), even autistic infants or toddlers who seem to lose skills may have been autistic all along, especially as seen through differences in integrating sensory perception and movement.

The current empirically grounded framework of autistic people as—as Lady Gaga eloquently put it—“born this way” does not deny the appearance of (often temporary) developmental declines that many autistic people experience. Rather, it suggests that many of the behaviors that become more noticeable serve as coping mechanisms that show resilience in response to challenging (yet often vibrant) sensory inputs. It builds from long-standing evidence that sensory, motor, and general attentional differences (arguably themselves related to visual or eye-movement differences: Bellocchi et al., 2017) emerge as the earliest manifestations of autism (Gliga et al., 2014; Gallagher and Varga, 2015; Sacrey et al., 2015; Tanner and Dounavi, 2021), challenging “social-first” theories that posit differences in socially specific attention, motivation, or cognition cause autism (Rogers, 2009; Johnson, 2014; Falck-Ytter and Bussu, 2023). Indeed, autistic newborns do not show differences in social attention (Karmel et al., 2010; Cleary et al., 2023) but do show behavioral, physiological, and neurological differences related to sensation and movement if not also general attention such as hyperfocus (Cohen et al., 2013; Lucas and Cutler, 2015; Pineda et al., 2015; Miron et al., 2016; Ure et al., 2016; Liu et al., 2019; Cook et al., 2023; Doi et al., 2023; Tsang et al., 2024).

Rapin (1995) advanced the term “autistic regression” in the current sense, noting autism as reflecting differences that emerge over time, while notably singling out any poor motor skills as persistent. Some parents have instead conceived of “autistic regression” as meaning “typically developing” children suddenly acquired autism (Rapin, 1995), such as from environmental exposures like vaccines (Davidovitch et al., 2000). This constitutes one of many areas where parents and scientists have disagreements about the causation of and treatment for autism (Fischbach et al., 2016). Parents' narratives have borne little relationship to evidence from home videos, direct examination of the child in question, and prospective longitudinal research (Ozonoff et al., 2011; Pearson et al., 2018). Parents also often miss subtle early differences or delays (Ozonoff et al., 2010, 2015), which may include sensory and movement differences observable in home videos (Zappella et al., 2015; Paolucci et al., 2023). For example, autistic infants at 6 months may smile at least as much as non-autistic peers, but their smiling may be less contingent on the parents' communicative behaviors (Lambert-Brown et al., 2015). Similarly, early home videos suggest enhanced social responsiveness (Kaufman et al., 2022); overtly diminished early eye contact or responsiveness predicts failing to meet diagnostic criteria for autism (Clifford et al., 2013; Wagner et al., 2018). Instead, research suggests that most autistic people appear to show less normative behavior (e.g., less eye contact, gestures, or speech, or more social withdrawal or repetitive sensorimotor behaviors/“stimming”) in infancy through toddlerhood or early childhood, but that any changes happen gradually (Ozonoff et al., 2015; Bacon et al., 2018; Ozonoff and Iosif, 2019).

A history of early speech regression does not necessarily predict more challenges long term for autistic people than autistic peers without that history either. By middle childhood or at least young adulthood, autistic children with developmental regression histories often gain skills in understanding speech comparable to their autistic peers without that history (Pickles et al., 2022; Prescott and Ellis Weismer, 2022). Furthermore, over adolescence and young adulthood autistic people with a history of early speech regression demonstrated a greater increase in IQ in a population-based study (Simonoff et al., 2020). Nevertheless, while autistic people without intellectual disability but with early speech regression mostly attain fluent speech before adulthood (Gagnon et al., 2021), their production of speech may lag behind their understanding of speech, at least as older children (Pickles et al., 2022). This may hint at potentially greater apraxia of speech among some of them (oral-motor problems in speech production: Tierney et al., 2015; Vashdi et al., 2021; oral-motor problems occur in most autistic people: Maffei et al., 2023). Motor challenges like apraxia of speech may particularly affect non-speaking autistic people (Belmonte et al., 2013; Chenausky et al., 2019; Chen et al., 2024b; Maffei et al., 2024). Augmentative and alternative communication (AAC) systems such as speech-generating devices may help minimally speaking autistic people to gain speech and other communication (Kasari et al., 2014; Almirall et al., 2016; Logan et al., 2017), through their strong visual design and empowerment of fine motor control. Indeed, perceptual strengths in autistic people with speech-onset divergence may help them develop control over their vocal pitch (Sharda et al., 2010), arm (Barbeau et al., 2015; also see Fuentes et al., 2010), and eye (Takarae et al., 2004) movements, contributing to language and sometimes speech gains. They may sometimes also contribute to selective cognitive advantages over other autistic and non-autistic people Kapp and Gudknecht (Under review)1.


Conceptual and empirical foundations of sensory–movement differences: the origins of autism

Sensory and movement differences appear to set autistic people on a divergent path by life's first moments. Piaget's 1930s seminal theory of cognitive development classified a child's first 2 years as the sensorimotor stage (Beilin and Fireman, 1999; Mostofsky and Ewen, 2011; see Bussu et al., 2021). Autistic infants appear to have relatively enhanced sensory if not movement skills followed by what observers commonly call stagnation or declines as autism becomes more apparent as toddlers (Nyström et al., 2018; Bussu et al., 2021; Fish et al., 2021; Tan et al., 2021; also see Wolff et al., 2012, 2015). While Piaget proposed needing mastery before being able to move on to the next stage, autistic people generally can learn new movements similarly as well as non-autistic people, but through different (less intuitive) mechanisms that require more focused attention (Mostofsky and Ewen, 2011; Lidstone and Mostofsky, 2021). Furthermore, autistic people with intellectual disabilities (e.g., associated with conditions linked to rare de novo genetic mutations) do tend to have more motor challenges than other autistic people and non-autistic people (Denisova, 2024). However, these motor differences transcend intellectual challenges (Buja et al., 2018), which may suggest that others may underestimate their cognitive capacities because of their movement-related behavioral or performance difficulties. Indeed, lacking speech for autistic toddlers may only challenge the ability to produce language (at least without access to AAC support), even in those with low cognitive performance (Delehanty et al., 2018). However, for peers with developmental disabilities, limited speech relates to worse visual cognition alongside difficulties producing and understanding language (Delehanty et al., 2018). Moreover, peers with and without developmental disabilities' but not autistic people's ability to understand language may draw from their visual perceptual skills (Delehanty et al., 2018; Hannant, 2018). Even autistic people with minimal expressive language tend to have autism-typical visual perceptual strengths, which may support their non-verbal cognition (Courchesne et al., 2015).

The earliest accounts of autism explicitly included sensory hypersensitivities (Sukhareva, 1925; Ssucharewa, 1927; Kanner, 1943; Asperger, 1944, 1991) and motor challenges (Sukhareva, 1925; Ssucharewa, 1927; Asperger, 1944, 1991), yet diagnostic manuals have usually and always omitted them respectively from autism's historical definitions (Rosen et al., 2021). The latest edition's addition of sensory features helped reduce false negatives without necessarily resulting in false positives (Frazier et al., 2012), suggesting their importance to the hallmark behaviors used for diagnosis. While the autism diagnosis, the phenomenon of regression, and indeed non-autistic people's definitions of autism tend to depend on observable behaviors or skills, autistic people tend to define autism as based on neurocognitive differences (Gillespie-Lynch et al., 2017). These include aspects historically excluded from the autism diagnosis, such as differences in sensory processing, information processing, and emotion regulation (Chamak et al., 2008). Sensory differences have long dominated autistic people's accounts and illustrate their widespread impact (Cesaroni and Garber, 1991; O'Neill and Jones, 1997; Jones et al., 2003; Keane, 2004; Davidson and Henderson, 2010). These narratives tend to emphasize hypersensitivity and difficulties with integration (e.g., simultaneously looking and listening: Robledo et al., 2012; Sibeoni et al., 2022), but they may manifest differently depending on variables such as energy and stress (Robertson and Simmons, 2015). Indeed, autistic people's sensory hyperreactivity and sometimes sensation seeking (which can relate to enhanced enjoyment related to hypersensitivity) show validity in psychometric measurement, unlike hyporeactivity (Williams et al., 2023). The same individual may show heightened or reduced biophysiological responses to the same stimuli, possibly reflecting awareness and ability to tune out aversive sensations (Khan et al., 2015a; Failla et al., 2018) or shutdown due to stress related to sensory overload (Mazefsky et al., 2014; Phung et al., 2021). Nevertheless, lacking the ability to filter out background noise may leave an autistic person unable to understand speech (Schwartz et al., 2020). This may necessitate a lack of distractions or presentation of language or symbols in other modalities (e.g., words on screen or printed: Ostrolenk et al., 2017). Indeed, among sensory modalities the auditory domain may most interrelate with autistic traits, although others (such as the more embodied tactile domain and sense of one's position) also prove important to social communication (Bang and Igelström, 2023).

Hypersensitive autistic people (including those with intellectual disability: Elise et al., 2025) may experience the ability to perceive higher perceptual loads of visual and auditory stimuli (Foss-Feig et al., 2013; Manning et al., 2015; Brinkert and Remington, 2020). This shows evidence in primary sensory cortices (e.g., visual cortex), related to more autistic traits (Ohta et al., 2012). This enhanced perceptual capacity can have benefits but may feel overwhelming (Irvine et al., 2024), in part, because autistic people may also notice more irrelevant stimuli (Tyndall et al., 2018).

Motor differences arguably often form the output to sensory input (especially for more movement-related senses such as vestibular [balance/movement] and proprioceptive [body position]: Ornitz, 1974; Gowen and Hamilton, 2013; Torres et al., 2013a). Indeed—like sensory processing—autistic people describe within-person variability in motor functioning (Gowen et al., 2023). They have detailed how motor difficulties pervasively affect life and require conscious attention or effort (Gowen et al., 2023). Approximately 90% of autistic people may have functionally impactful movement difficulties (Zampella et al., 2021; Bhat, 2023). Autistic people overlap with (Miller et al., 2024) and often struggle more than people with a neurodivergence defined by them (developmental coordination disorder/dyspraxia). They may have more significant differences in early motor development than dyspraxic peers (Bowler et al., 2024) and more difficulties with some movement-based skills such as gestures (Abrams et al., 2024). Compared with dyspraxic peers, autistic children and adolescents display lower motor anticipation (Martel et al., 2024) and body awareness (Hannant et al., 2018) alongside greater sensory hyper-reactivity (Hannant et al., 2018; Harrison et al., 2021; Ringold et al., 2022). Hence, so many autistic people experience motor difficulties that autistic people without a dyspraxia diagnosis tend to experience as so motor challenges (Hannant et al., 2018) and autism as deeply (Cassidy et al., 2016) as those with one, even though abundant evidence suggests motor difficulties help account for autistic people's executive functioning and communication challenges (Bhat, 2023; Estrugo et al., 2024; Gu et al., 2024). Nevertheless, few autistic people receive a formal dyspraxia diagnosis nor support for motor challenges (Cassidy et al., 2016; Zampella et al., 2021; Bhat, 2024).

Furthermore, non-autistic people tend to promptly form negative first impressions of autistic people's movements (Plank et al., 2023). Non-autistic people (e.g., children) particularly may stigmatize averted eye contact even beyond stimming behaviors such as hand-flapping (Sargent and Jaswal, 2022). Autistic children showed enhanced motor and social synchrony (including engagement and social awareness) with one another compared with pairs of non-autistic children (Glass and Yuill, 2024), illustrating the importance of social context for movement and other autistic differences. Compared with autistic peers, non-autistic people may require higher levels of social motor synchrony (Efthimiou et al., 2025) and their own social understanding (Morrison et al., 2020) for interactions with autistic partners to go well, which adversely affects autistic people (Kapp, 2018b; Caron et al., 2022).

In response to inherent differences and social experiences, autistic people develop so-called restrictive and repetitive behaviors and interests (RRBIs) that—according to their own reports and other evidence—help them navigate an often unpredictable, overwhelming world (Wigham et al., 2015). They help provide calming self-regulation and a sense of flow through engaging in interests and pleasurable activities (Collis et al., 2024; Long et al., 2024; Lung et al., 2024).



Sensory and movement differences as underpinning diagnostic criteria for autism and remain across the lifespan

According to an emerging consensus based on empirical evidence, sensory–movement differences (e.g., visual perception as well as eye-movement and motor challenges) in infancy precede discernible communication differences associated with autism (Zhang et al., 2019). At 6 months, only reduced motor control and hand–eye integration distinguish autistic people from non-autistic infant siblings of autistic people, despite both sharing motor differences or delays, and both having more motor challenges than non-autistic peers (LeBarton and Landa, 2019; Zwaigenbaum et al., 2021). Lower hand–eye coordination at 12 months predicts the social communication of autistic toddlers via sensory differences (Capelli et al., 2024). Adding sensory features to autism assessment in infancy helped enable it predict autism earlier than ever (from 6 months: Zwaigenbaum et al., 2021). Similarly, the addition of sensory regulatory behavior to screening among children who meet preliminary criteria for autism at 12 months predicts more specific identification (fewer early false positives) of autism in children at the age of 30 months. It identifies children with greater and more persistent developmental difficulties, particularly in social communication (Ben-Sasson and Carter, 2013). Indeed, fine motor skills (Sutera et al., 2007) and lack of hyper-reactivity to (Troyb et al., 2014) and perception of (see Eigsti and Fein, 2013) sounds as toddlers predicted autistic children appearing non-autistic. Suggesting their cascading effects, these reduced sensorimotor differences in young autistic children were associated with fewer concurrent differences in repetitive behavior (Troyb et al., 2014) and communication (Fein et al., 2013). Similarly, reductions in stimming during toddlerhood predicted autistic people no longer meeting current behavioral diagnostic criteria in young adulthood (Anderson et al., 2014). Conversely, more significant motor challenges as toddlers predicted a major autism screener falsely missing autistic children (Shuster et al., 2024). Greater stimming at 12 months particularly predicts autism (Elison et al., 2014). In autistic toddlers stimming best predicted social communication differences, although all repetitive behaviors contributed to all the social interaction subdomains (Chaxiong et al., 2022).

Sensory sensitivities reduce tolerance of uncertainty in autistic people (see “Reduced perceptual narrowing”), helping explain soothing repetitive behaviors and anxiety (Wigham et al., 2015; Neil et al., 2016; Hwang et al., 2020; Powell et al., 2025). Greater behavioral reductions in social communication differences than in repetitive behaviors for autistic children and adults (Kapp, 2016; Waizbard-Bartov and Miller, 2023) hint further at the foundation and persistence of sensory differences. Autistic people report enduring sensory challenges and that they intensify by older adulthood (Chen et al., 2024a). Similarly, motor difficulties may hardly improve with age except fine motor skills in girls without intellectual disability (Biscaldi et al., 2014; Bhat, 2023). From middle age autistic people's involuntary movement differences tend to diverge further from non-autistic people's movements (Torres et al., 2020).



Sensory and movement differences according to different reporters: often underestimated by non-autistic people

Autistic people's sensory and movement differences are difficult for other people to understand and may help explain why parents may perceive sudden “autistic regression”. Parental reports on their autistic infant's sensory responsiveness uniquely lacked reliability (Del Rosario et al., 2014). Similarly, parental reports on their autistic toddlers' sensory-related behaviors did not align with clinical observation (Ben-Sasson et al., 2007). Brain activity involving auditory, visual, and tactile processing shows a significant association with manifestations of autism or divergences from non-autistic peers even when parent reports or clinical measurements do not (Brandwein et al., 2015; Green et al., 2019). Autistic people's brain activity shows high within-person variability to the same stimuli in these domains (Haigh, 2018), and observers may struggle to interpret autistic people's inconsistent reactions (see Geurts et al., 2008). Fortunately, clinical interviews help parents recognize lifespan sensory differences they often miss (Leekam et al., 2007; Kent, 2014). Trends between parent and child reports on sensory processing suggest that parents may struggle to interpret sensory differences as their children become more aware of social reactions and begin to mask their differences. They show minimal agreement in their reports (MacLennan et al., 2020). Parents tend to report increasing sensory over-responsivity and activity until ages approximately 6 to 9 years and decrease thereafter through adulthood (Kern et al., 2006; Ben-Sasson et al., 2009). However, autistic boys without intellectual disability ages 6 to 18 years reported greater sensory difficulties with increasing age even as their mothers showed the opposite trend, with higher scores by self-report overall (Bitsika et al., 2016). Studies have consistently found the persistence of self-reported sensory sensitivities within adulthood (Crane et al., 2009; Kent, 2014). In contrast to parental reports of a relationship between sensory behaviors and autistic traits in children but not adolescents or adults (Kern et al., 2007), autistic adults have reported sensory and motor behaviors as most interrelated with the rest of autistic traits (Andersen et al., 2011). Similarly, autistic adults without intellectual disability report higher sensory differences and needs than caregivers or support staff of autistic people with intellectual disability report on their behalf (Bradshaw et al., 2024).

Autistic women's and girls' sensitivities may be particularly underrecognized, in part due to greater camouflaging (Lai et al., 2011; Harstad et al., 2023; see Pagán et al., 2024; Taylor et al., 2024). Autistic females have greater sensory sensitivities than autistic males (Kumazaki et al., 2015; Lai et al., 2011; Osório et al., 2021; Kose et al., 2025; Saure et al., 2023), whereas relatively greater motor skills over time (Bhat, 2023) may enable them to mask their autism. Sensory processing difficulties may grow in adulthood, especially for autistic women (Chen et al., 2024a), contributing to distress and chronic illness with increasing age (Grant et al., 2022, 2025; Chen et al., 2024a). They appear to be a primary driver of an autism diagnosis, especially for females (Fry, 2024). However, white, non-Hispanic males with highly educated mothers are disproportionately represented among those with clinician-documented sensory features (Kirby et al., 2022).



Cascading impacts of sensory and movement differences in infancy

All behavior at a basic level stems from movement (Adolph and Berger, 2015), while motor delays tend to grow for autistic people over infancy (West, 2019; Lim et al., 2021). The following marked the earliest predictors of autism in studies that followed up over multiple time points: (a) atypical visual tracking alongside weak arm motor tone at 1 month (Karmel et al., 2010), (b) less advanced visual reception and gross motor skills at 6 months (Estes et al., 2015), and (c) little grabbing at toys or throwing them to the floor in addition to lacking the postural ability to sit on a lap with a straight back also at 6 months (Lemcke et al., 2013). These provide evidence of divergent early perception and action that constrains the ability to explore the environment within the first 6 months of infants later diagnosed with autism: hypotonia (Samango-Sprouse et al., 2015), lack of oral-motor anticipation (Brisson et al., 2012) or ability to stop sucking without support (Lucas and Cutler, 2015), less symmetrical and more basic postures (Esposito et al., 2009), delays in the development and spontaneous initiation of new postures (Nickel et al., 2013), head lags when pulled to sit (Flanagan et al., 2012; also see Bradshaw et al., 2023), greater observation of but less oral and manual engagement with objects (Kaur et al., 2015; Focaroli et al., 2024), increased perceptual sensitivity (Clifford et al., 2013), shorter spontaneous visual fixations to static stimuli (Wass et al., 2015), suspected vision problems such as squinting (Bolton et al., 2012), and atypical general movements (Zappella et al., 2015). They may manifest as less “liveliness” and subtler bids for attention (Wan et al., 2013), and passivity with decreased activity and intensity (Zwaigenbaum et al., 2005; Bolton et al., 2012; Del Rosario et al., 2014).

Infants may already manifest early sensorimotor development of autism (enhanced perception and movement challenges) even before diagnostic instruments recognize them as autistic, through a lack of flexible face scanning (see “Eye contact”) and little motor initiation (also see Bryson et al., 2007). This includes low activity and high perceptual sensitivity at the time infants typically begin to vocalize but nevertheless exhibit average to high social responsiveness in terms of attention to faces of their mothers (Rozga et al., 2011) or examiners (Ozonoff et al., 2010); smiling, cooing, and laughing (Clifford et al., 2013; Del Rosario et al., 2014) alongside enhanced perceptual sensitivity (Clifford et al., 2013); atypical general movements (Zappella et al., 2015); and low activity (Del Rosario et al., 2014). The following may indicate a self-regulatory function of stimming in individuals too sensitive for soothing from touch and who lacked the motor coordination to self-produce the rhythmic movements in early infancy: (a) low activity in socially responsive infants at 6 months that precedes high activity and autism diagnosis at 2 years (Bolton et al., 2012; Del Rosario et al., 2014), and (b) high perceptual sensitivity and apparently typical social responsiveness in infants at 6 months that precedes reduced pleasure from rocking by parents and more negative affect driven by less “cuddliness” in 2-year-old autistic toddlers (Clifford et al., 2013). Indeed, poorer sensory–movement skills in infancy predict autism via difficulties with self-regulation of attention and emotion (Perry et al., 2024). Focused repetitive movements and behaviors may help to self-regulate attention and emotion (Kapp et al., 2019b; see McKinnon et al., 2019). For example, an autistic infant experienced problems with oral motor coordination and muscle tone in the first 6 months of life, and his pattern of tactile and startle sensitivity alongside poor self-regulation predicted problems in social interaction despite early smiling and cooing (Dawson et al., 2000). Similarly, infants sleeping more at 5 months and less at 14 months predicted a diagnosis of autism (Begum-Ali et al., 2023), as the infants became more physically independent and potentially experienced more sensory overload (see “Reduced perceptual narrowing”).


Sensorimotor learning

Autistic people demonstrate lifelong slower movement and related executive functioning that contribute to their manifestations of autism (Cho et al., 2022; Jertberg R. et al., 2024; Wilson et al., 2024). Autistic children's differences in action planning and control become greater with age (Chua et al., 2022). Autistic children's dyspraxia entails poor manual dexterity to command (e.g., gesture), use tools (e.g., control and share objects as in playing), and consciously imitate (Dziuk et al., 2007). These difficulties distinguish autistic children from the motor difficulties of attention-deficit hyperactivity disorder (ADHD; MacNeil and Mostofsky, 2012) and even developmental coordination disorder (Kilroy et al., 2022b). Indeed, imitation abilities reflect not only motor skills in autistic children (Vanvuchelen et al., 2007) but also a closer interrelationship between motor and imitation skills than in ADHDers and comparison groups (Biscaldi et al., 2015). Significant challenges in imitating facial movements and hand and finger gestures improve somewhat over time (Biscaldi et al., 2014) but even speaking adults tend to have less accurate imitation and rely on goals to consciously emulate (Wild et al., 2012; see Hamilton, 2008; Edwards, 2014), while robust difficulties with timing of motor performance and movement quality remain (Biscaldi et al., 2014).

Autistic people may learn to move by focusing on their own body both during infancy (e.g., looking at one's lower body and the floor when learning to walk) and well after infancy. Despite early motor delays, autistic people often fare relatively well in learning to walk (Bowler et al., 2024; Wilson et al., 2024) compared with others with significant developmental disabilities (Bishop et al., 2016) and other motor difficulties (Ming et al., 2007). This may occur in part because of attention to their proprioception. For example, autistic infants may shift their attention from eye contact (Jones and Klin, 2013; Rutherford et al., 2015) to their movement and the floor to learn to crawl (see Kretch et al., 2014). A pattern of motor learning and control typical of autistic children involves visual attention to their body's position in space rather than looking outward (Masterton and Biederman, 1983; Morris et al., 2015; Sharer et al., 2016), related to difficulties with imitation and general manifestations of autism (Haswell et al., 2009). This may form an adaptation to differences in visual–motor integration (Linkenauger et al., 2012; Nebel et al., 2016; Lidstone and Mostofsky, 2021) and postural stability (Travers et al., 2013; Lim et al., 2017; Oster and Zhou, 2022) that also relate to challenges participating in many interactions. Others may misperceive why autistic people may need to actively focus on their bodies, as clinicians rated autistic children who had a more accurate sense of body ownership as displaying less empathy (Cascio et al., 2012). Autistic people's sense of their body may require conscious attention, as they may not automatically incorporate proprioceptive feedback (Shafer et al., 2021).

Indeed, a micro-movement model aligned with the sensory–movement theory has found evidence of more variable and random-looking signatures of fluctuations in pointing movements, reflecting a lack of automatic proprioception among autistic people. It contrasts with typical development by preschool age of intuitive proprioception built from experience that enables flexible, timely, and spontaneous gestures (Brincker and Torres, 2013; Torres et al., 2013a,b; also see Simeoli et al., 2019). Gestures that point at objects or hold them help build vocabulary in both autistic and non-autistic children (Özçalişkan et al., 2016). However, gestural divergence uniquely distinguished autistic children from language-impaired and developmentally disabled peers in infancy and toddlerhood (Veness et al., 2012; West et al., 2024). This may reflect weaker manual dexterity in autistic children than in children with language disability even though they experience some motor challenges (McPhillips et al., 2014).

Motor skills help autistic children with minimal speech understand speech and language. They may be the largest contributor to a gap between (higher) understanding than expression of language (Chen et al., 2024b). However, motor problems contributing to a lack of gestures or pointing may also lead to an underestimation of these children's intellectual and communicative abilities (Krueger, 2013; Courchesne et al., 2015; Girard et al., 2022; Kapp, 2023). For example, the children may make clear but unreciprocated bids for communication (Krueger, 2013). Fine motor skills play a role in common routes to joint engagement (Bhat et al., 2011; Jaswal and Akhtar, 2019), which promotes language development with a supportive partner (Adamson et al., 2019). In minimally speaking autistic preschoolers, fine motor skills most strongly predicted expressive language in young adulthood (Bal et al., 2020).

Grasping difficulties may affect speech or communication development. For example, limited fine motor skills contributed to autistic children's lack of (neuro)typical shape bias for word learning (Potrzeba et al., 2015), a unique finding that may occur because of difficulties grasping objects or gesturing. Furthermore, weak handgrip is associated with more obvious communication differences in autistic people across age, regardless of history of “regression”, and across IQ (Kern et al., 2011; Travers et al., 2015). Autistic people tend to have difficulty executing reaching and grasping actions that transact with others' responses to cascade into affecting interactions (Sacrey et al., 2014b). In contrast to gross motor skills' relationship to general language (including understanding) and communication in autistic people (Bedford et al., 2016; Hannant, 2018), poor oral-motor and fine motor skills in people in infancy through early childhood particularly relate to speech production (Iverson and Wozniak, 2007; Gernsbacher et al., 2008a; Belmonte et al., 2013; LeBarton and Iverson, 2013). This is especially the case among autistic people with minimal speech (Chenausky et al., 2019; Butler and Tager-Flusberg, 2023).



Echopraxia and echolalia: Automatic imitation

Autistic people often struggle with volitional but usually not automatic actions, such as eye movements (Minshew et al., 1999), gaze following (Kirchgessner et al., 2015), bimanual lifting (Martineau et al., 2004), locomotion, balance control (Vernazza-Martin et al., 2005), and grip (Stoit et al., 2013). The ability to spontaneously and precisely match another's movements in young autistic children predicts spoken language growth (Stone and Yoder, 2001; Miniscalco et al., 2014).

The typical or high social responsiveness as conventionally understood in infants later diagnosed with autism may partially reflect automatic hyperimitation of others' actions, or echopraxia, in association with more obvious autism and developmental disability. In autistic adults (a) automatic hyperimitation of hands and (b) (on a “theory of mind” task) not pretending that triangles have mental states ironically relates to others' perception of them as lacking in social and emotional reciprocity (Spengler et al., 2010). Indeed, automatic hyperimitation in autistic people especially applies to a greater bias toward copying human over robot hand movements (Bird et al., 2007). Similarly, automatic hyperimitation of fingers relates to more obvious autism (Sowden et al., 2016). Other studies consistently find evidence of at least typical levels of automatic imitation in autistic people (Hamilton et al., 2007; Press et al., 2010; Schunke et al., 2016).

Autistic people's differences in self-other distinction in automatic imitation appear to be at a sensory-motor level (Cracco et al., 2018). Increased within-person sensorimotor variability in autistic individuals challenges higher level integration of information for efficient motor planning and control (Gowen and Hamilton, 2013; Torres et al., 2013a; Fourie et al., 2025). This may contribute to the reduced impact of experience on an implicit sense of one's own actions that most people rely on for quick perception of others' behaviors as in joint attention (c.f. Mundy et al., 2010; Mostofsky and Ewen, 2011; Donnellan et al., 2013). Autistic children of various abilities and support needs demonstrate high responsiveness to adults' imitation of their behavior (Nadel, 2015), as they may raise self- and other awareness and incorporate greater reciprocity from the other (Gernsbacher, 2006). Similarly, when parents synchronize or match their behavior (e.g., mirroring the child's rhythm or pace) in response to their autistic child's, this arguably reflects a form of the adults' imitation of the child, and predicts higher joint engagement and child language (Gulsrud et al., 2016).

Similarly, speech apparently lost may have been echolalia (Clarke, 2019): imitation of another's language (Jaswal and Akhtar, 2019). Speaking single words earlier but later development of more flexible and complex language may reflect echolalia and relates to autistic children appearing to regress (Gagnon et al., 2021). Higher echolalia in response to direct communication relates to poorer adaptive functioning among institutionalized autistic adults with low language (Grossi et al., 2013). Echolalia may help autistic and non-autistic people learn language (Haydock et al., 2024), and almost all autistic children and youth may engage in it (Maes et al., 2024). However, if communication partners regard it as a repetitive behavior (American Psychiatric Association, 2013) rather than a form of communication, they may miss opportunities to connect.



Eye contact

Autistic infants tend to at first make at least as much eye contact as non-autistic peers (Falck-Ytter, 2024); challenges at the oculomotor (eye movement), auditory filtering, and oral motor levels for sensory integration appear most relevant for declines in eye contact in response to speech. Infants later diagnosed with (Young et al., 2009; Jones and Klin, 2013; de Klerk et al., 2014) or who screen positive for (Pineda et al., 2015) autism tend to look at others' eyes at least as much as peers in the first few months, but looking more at the eyes predicts more problems with face recognition (de Klerk et al., 2014), speech (Young et al., 2009; Pineda et al., 2015), and motor (Pineda et al., 2015) abilities. Lack of involuntary drifts of eye movement in newborns who screen positive for autism at the age of 2 years similarly predicts not only worse language but also poorer cognitive and motor development (Pineda et al., 2015). Similarly, in autistic newborns differences in functional connectivity between brain regions related to auditory–motor integration (Perani et al., 2011; Liu et al., 2019, 2020) provide an exceptionally early brain-related sign of autism (Morrel et al., 2023). Speech impairs face scanning in 6-month-old infants later diagnosed with autism (Shic et al., 2014), but at this age, attention to faces often fares in the average range but begins to decline in autistic infants as other make more of it (Jones and Klin, 2013; Rutherford et al., 2015; Gangi et al., 2021). It appears autistic infants turn away to better listen, like autistic adults (Garvey et al., 2024; for autistic children also see Doherty-Sneddon et al., 2012; Falck-Ytter, 2015).

Autistic infants also turn their attention to mouths, arguably to try to integrate speech sounds with lip motion (lip-read: Kapp, 2016), yet they show challenges with sensory integration (Zhou et al., 2025). Autistic people experience lifelong audiovisual challenges (including filtering out background noise) that affect speech perception and far beyond (Feldman et al., 2018; Callejo and Boets, 2023; Choi et al., 2023; Jertberg R. M. et al., 2024). Autistic children continue to need time to turn their attention to mouths to lip-read because of difficulties processing the speech sounds at the same time as a moving face (Newman et al., 2021; Polzer et al., 2024). Lipreading provides helpful lifelong audiovisual integration (see Kapp et al., 2019a; Newman et al., 2021).

Eye contact between caregivers and infants or children is uncommon for both autistic and non-autistic peers and is not required for joint attention between them (Adolph and West, 2022; Yurkovic-Harding et al., 2022; Thorup et al., 2024). Autistic children with hypersensitive perception alongside motor differences may exhibit enhanced covert attention: the ability to see with little eye movement (Gernsbacher et al., 2008b,c). However, the caregiver not understanding this and “seeing the world through their child's eyes” to understand their bids for joint attention, may contribute to why such children often have lower language skills (Amso et al., 2014; see Kapp, 2018b). Some autistic people acquire language (such as the ability to read and write if not speak), regardless of joint attention (Kissine et al., 2023).



Social responsiveness: autonomic differences in sensory perception

Autistic infants' difficulties in processing motion may increasingly (in combination with other developmental demands) challenge their ability to respond to typical social interactions. Autistic infants show differences in global motion processing associated with later language (Nyström et al., 2021; Hardiansyah et al., 2023; Hedenius et al., 2023), paralleling the lifelong challenges autistic people have with processing motion (Van der Hallen et al., 2019). Others' movement (rather than sociality per se) may challenge perception in autistic infants, as unusual neural response to shifts in but not static eye gaze in infants predicts autism diagnosis at the age of 3 years (Elsabbagh et al., 2012). Infant processing parallels neurological differences (Weisberg et al., 2014) and spontaneous attention (Hanley et al., 2013) in how autistic adolescents and young adults process dynamic representations of social stimuli (video clips) but not static images.

Furthermore, autistic infants show differences in global form processing associated with later visual cognition (Nyström et al., 2021; Hedenius et al., 2023), paralleling autistic people's capacities with processing static images and strengths with visual-spatial tasks. Enhanced visual search at 9 months predicts higher autism manifestations at 15 months and 2 years (Gliga et al., 2015), demonstrating developmental continuity with superior visual search related to more obvious autism in autistic children and adolescents (Joseph et al., 2009; Keehn and Joseph, 2016). This group difference primarily occurs for trials with absent goals (Keehn and Joseph, 2016), again suggesting differences in relatively involuntary perceptual processes. Indeed, perceptual peaks in cognition in autistic people do not necessarily relate to their interests but draw from innate processes (Meilleur et al., 2015; Courchesne et al., 2020).

Autistic infants may experience heightened arousal and perception in response to growing sensory and other demands. Greater pupil size in reaction to emotional faces in infant siblings of autistic children at 9 months predicts greater social communication differences at 18 months (Wagner et al., 2016). This finding mirrors an enhanced pupillary reflex to light in infancy, the size of which predicts their autism diagnosis and autistic traits in toddlerhood (Nyström et al., 2018). This reflex declines in the second year around the time “developmental regression” tends to occur (Fish et al., 2021; Tan et al., 2021). While dysregulated pupil dilation for sensory (or attentional) reasons may interfere with this reflex for many autistic children (de Vries et al., 2021; Zhao et al., 2022), when autistic youth show an enhanced pupillary light reflex at sensory-perceptual and attentional levels, it relates positively to social cognition performance (with the opposite pattern for non-autistic peers: Bast et al., 2019). This may suggest that enhanced perception can help autistic people perceive non-verbal cues through faces and body language when not too overstimulating. Indeed, allowing more time to process movement (Robertson et al., 2014) such as slowing down the presentation of facial expressions (Gepner et al., 2001, 2021) or offering color filters of autistic people's choice helps them read (words and people: Ludlow et al., 2006, 2012, 2020; Whitaker et al., 2016) or imitate them (Tardif et al., 2007; Lainé et al., 2011).

The auditory modality further demonstrates these basic perceptual processes. It illustrates support for classic theory on autism as arising from physiological overarousal (Hutt et al., 1964) and sensory and motor differences related to the vestibular function of the brainstem (Rimland, 1964; Ornitz, 1974; Ornitz et al., 1985), which continue to accumulate evidence (Delafield-Butt and Trevarthen, 2017; Dadalko and Travers, 2018; Burstein and Geva, 2021). Among the evidence of autism-related auditory hypersensitivity in infancy, only for those with elevated auditory brainstem response as newborns did a higher preference for stimulation at 4 months predicting signs of autism (especially social ones) and difficulty with speech at the age of 3 years. These findings across the three time points predicted an autism diagnosis and more obvious autism (Cohen et al., 2013). Those results parallel prolonged, narrow auditory brainstem responses in autistic newborns (Miron et al., 2016; Torres et al., 2023), and similarly slow responses in autistic children (Rosenhall et al., 2003). They also dovetail with evidence of expanded windows of time for multisensory perception in autistic people (Foss-Feig et al., 2010; Baum et al., 2015) and broader challenges with the timing of processes within autistic people and between them and communication partners (Murat Baldwin et al., 2022).

While attention plays a role in perception, evidence suggests bottom-up processing grounded in the surrounding sensory (and social) environment occurs through relatively automatic processes not necessarily driven by interests (as much as they may add joy to life). An earlier adaptation (Kapp, 2013) of Donnellan et al.'s (2010, 2013) sensory–movement account suggested the importance of the salience network, which integrates external sensory stimuli with one's own bodily, emotional, and mental states (Uddin et al., 2013). Hyperconnectivity in this network in 6-week-old babies recently predicted autism-related behaviors, and greater connectivity with sensory regions related to parent-reported sensory behaviors, within the first year (Tsang et al., 2024). This parallels brain patterns in autistic children (Green S. et al., 2016).

Studies like those suggest greater attention to sensory stimuli (because of distraction, pleasure, or pain) and indeed lack of attentional disengagement may stem from sensory sensitivities beyond eye-movement difficulties. For autistic infants, larger pupil dilation when listening to a nonsocial sound (running water) predicted autism diagnosis and related to “stickier attention” (less shift in gaze), whereas their response to baby-talk did not differ from “comparison groups' response” (Rudling et al., 2022). Various autism-typical features such as a strength in resistance to distraction or difficulty at the level of eye movement control may contribute to hyperfocus in some infants (c.f. Gernsbacher et al., 2008c). A lifelong lack of attentional disengagement often occurs for some autistic people (Keehn et al., 2013; Sacrey et al., 2014a), related to greater hypersensitivity and sensory seeking (Sabatos-DeVito et al., 2016). It also may relate to poor oculomotor control that contributes to language-impaired status among autistic people (Kelly et al., 2013) and may relate to more obvious autism (Ziv et al., 2024). Furthermore, co-occurring ADHD may contribute to difficulties controlling attention (Dupuis et al., 2022).



Interests

For all these reasons and more, autistic people and their communication partners may struggle to understand or interact with one another (particularly those more dissimilar from themselves, Milton, 2012). As described by the autistic-designed monotropism account, when this happens young autistic people might withdraw to immerse in other interests (Murray et al., 2005). Parent memoirs that describe children they perceived as typically developing “regress into” autism shared successes with helping the autistic child immerse in their interests and use them as a learning opportunity (Isaacson, 2009; Barnett, 2013; Suskind, 2014). One might consider encouraging their child's “spark” (passionate interests: Barnett, 2013) a good developmental principle rather than “affinity therapy” (Suskind, 2014), as they can support learning words (Arunachalam et al., 2024) and promote flourishing in education (American Psychiatric Association, 2013; Gunn and Delafield-Butt, 2016), communication and interaction or play (Gunn and Delafield-Butt, 2016; Harrop et al., 2019), and employment (American Psychiatric Association, 2013).

Autistic people's task immersion may also stem in part from movement differences of getting relatively “stuck” in action. It has elements of both strengths in hyperfocus or resistance to distraction (e.g., from goal-based or interest-driven attention: Dupuis et al., 2022; Gernsbacher et al., 2008c) as well as difficulties in initiation and disengagement (Hill and Bird, 2006; Buckle et al., 2021), or a mixture (Russell et al., 2019; Dwyer et al., 2024; Heasman et al., 2024; Rapaport et al., 2024a,b). This area forms part of the sensory–movement account, which also emphasizes the role stress can play (Donnellan et al., 2006).





Bottom-up processing: reduced perceptual narrowing

Autistic people's brains seem to process repeatedly encountered sensory stimuli as relatively “new”. This may relate to both unimodal perceptual strengths (e.g., in the visual and auditory modalities) and reduced integration (Heffler and Oestreicher, 2016). It may form part of a larger pattern of reduced perceptual narrowing in autistic people (Hadad and Yashar, 2022), which requires multisensory integration for frequently encountered stimuli (Lewkowicz and Ghazanfar, 2009; Maurer and Werker, 2014; Schwarzer, 2014). Instead of perceptual narrowing becoming accelerated late in the first year (Lewkowicz, 2014), autistic infants' differences with processing more of their surroundings as uncertain may overwhelm their senses and distress them, resulting in challenges in self-regulation and reduced social approach (Garon et al., 2016).

Autistic people's brains show evidence of compensation while they take in more sensory information. Neural hyperconnectivity at approximately 6 months of age that precedes reduced brain connections in those areas and autism diagnosis (Wolff et al., 2012, 2015; also see Liloia et al., 2024), may indicate transitory neural compensation as the amount of information becomes overwhelming. Similarly, autistic infants show unusually accelerated brain growth in the cerebrum around the time (6 months and especially 1 year) autism starts to become more noticeable (Dawson et al., 2023), and larger brain size in relation to apparent developmental regression (Nordahl et al., 2011). Early accelerated growth of the amygdala (Dawson et al., 2023), the novelty and emotional salience center of the brain, further aligns with the notion that autistic infants (like older autistic people) become less habituated to prior experiences that perceptual narrowing facilitates. Reduced sensory (e.g., visual and auditory) habituation in autistic people relates to more obvious autistic traits (Jamal et al., 2021). Reduced sensory habituation occurs more in autistic than in other neurodivergent people (Merchie and Gomot, 2023).

Reduced perceptual narrowing relates to theory and evidence of autism as involving strengths in bottom-up processing (grounded in the surrounding sensory experiences) or disincline toward or difficulties with top-down processing (filtered by prior experiences and expectations). Historic accounts of autism and more recent evidence suggest autistic toddlers and children may perceive physical details in the environment peers and adults do not notice (Kanner, 1943; Asperger, 1944, 1991; Losh and Capps, 2006; Klin et al., 2009). Autistic people have reduced susceptibility to a variety of optical illusions (Simmons et al., 2009), most directly “inattention blindness” of failing to see something in their visual field (Swettenham et al., 2014). This relates to visual perceptual strengths that distinguish them from others with realistic visual processing (Bölte et al., 2007). Similarly, autistic adults tend to show a visual perceptual style of processing the environment on a case-by-case basis (Johnson et al., 2010; Yechiam et al., 2010; Solomon et al., 2015), and sharper performance for nearby stimuli related to the degree of autistic traits (Robertson et al., 2013). Such tendency toward visual details does not necessarily impair holistic processing, but integration may require conscious attention (Happé and Frith, 2006; Mottron et al., 2006; Koldewyn et al., 2013), time (Van der Hallen et al., 2015) or the presence of global and local cues (Johnson et al., 2010). Realistic visual processing and visual hypersensitivity to complex motion do continue to connect to difficulties with movement (including imitation) and autism manifestations across age and intellectual abilities (Freitag et al., 2008; Price et al., 2012; Cook et al., 2013), challenging the perception of inconsistent stimuli whether of objects or people. As related again to eye contact and face processing (but extending far beyond), autistic children, adolescents, and adults process faces over a large window of time (Stevenson et al., 2016), including reduced habituation in the amygdala (Kleinhans et al., 2009; Swartz et al., 2013; Wiggins et al., 2014; Green et al., 2019). The latter means less calming over time despite repeated exposure, which suggests processing familiar faces as “new” and intense, as supported by studies that include eye-tracking (Dalton et al., 2005; Tottenham et al., 2014; Stuart et al., 2023).

Paradoxically, a bottom-up processing account of autism predicts that sometimes non-autistic people have more resistance to change. Autistic infants may exhibit reduced habituation to frequently heard sounds (Guiraud et al., 2011), which would suggest processing repeatedly encountered words as relatively new and an advantage when presented with a sound outside the pattern. Indeed, 1-year-old infants later diagnosed with autism showed a greater understanding and production of unexpected words when controlling for their lower language skills (Lazenby et al., 2016). This parallels how autistic children's performance when learning a new movement showed less adverse impact than typically developing peers and those with ADHD when presented with an alternative pattern (Gidley Larson and Mostofsky, 2008). Indeed, autistic adults recently performed better in an unpredictable task compared with non-autistic people, contrary to researchers' expectations (Lacroix et al., 2025). Similarly, although autistic adults self-reported lower intuition, they responded more intuitively (Bastan et al., 2024). Research generally finds that autistic people rely more on new evidence than prior experiences when making decisions (Van der Plas et al., 2023), which may enable them to “jump to conclusions” more so than non-autistic peers (Sahuquillo-Leal et al., 2020).



Integrative neuroscience: perception–action decoupling and feedback loops

Such bottom-up processing may itself grow from lifelong reduced sensory integration in feedback loops involving the cerebellum of the brain. Among brain regions, the cerebellum may particularly illuminate autism as a permanent neurodivergence, as it has the most neurons (Fiez and Stoodley, 2024) and evidence for a lifelong (smaller) pattern (Liloia et al., 2024), especially through direct testing in post-mortem studies (Fetit et al., 2021). Therefore, it may best substantiate autistic people's tendency (unlike non-autistic people) to think that only biology causes autism (Kapp et al., 2013). Belief in autism's innateness and neurobiological “hard-wiring” relates to the rejection of the possibility of curing autism (VanDaalen et al., 2025). While this view might reflect biological essentialism (Russell, 2020), growing evidence shows that neurological differences in infancy predict meeting diagnostic criteria for autism (Ayoub et al., 2022; Dawson et al., 2023; Morrel et al., 2023). Those autistic people who manage to engage in tasks typically difficult for autistic people like understanding figurative language (Herringshaw et al., 2016), or apparently no longer meeting current behavioral criteria for autism (Eigsti et al., 2016), may engage more of their brain across hemispheres to do so compared with non-autistic people and other autistic people. This may suggest compensation (or camouflaging) rather than normalization (see Eigsti et al., 2016). Indeed, the brain activity of autistic adolescents and adults who may not necessarily still appear autistic relates to their behavior in early childhood rather than the present (Ecker et al., 2012, 2013); such camouflaging contributed to the allowance of diagnosis of autism by history (American Psychiatric Association, 2013; Kapp and Ne'eman, 2020).

Thus, the cerebellum may help illustrate the relative stability of the underlying autism even as expressed skills may fluctuate. A researcher focused on “regression” into autism emphasized the cerebellum for multisensory feedback loops (Kern, 2002), as does the much different sensory–movement account of autism (Donnellan et al., 2010). The region integrates signals between other brain regions and the sensory systems of the spinal cord for muscular activity, and evidence continues to grow for its roles in perception and social cognition beyond sensorimotor learning and control in autistic people (Rice and Stoodley, 2021; Biswas et al., 2024) and in the general population (Olson et al., 2023; Fiez and Stoodley, 2024).

A smaller cerebellum predicts autism in newborns (Ure et al., 2016) and shows exceptional lifespan stability in lobules VI-VII (Courchesne et al., 2011; Crucitti et al., 2020; Liloia et al., 2024; Mohammad et al., 2024a but see Sussman et al., 2015; Laidi et al., 2022; Klaus et al., 2024). This reduced size relates to the decoupling of perception and action for motor learning (Marko et al., 2015) and reduced motor memory (Neely et al., 2019). It relates to the visibility of autistic traits across domains (D'Mello et al., 2015), such as reduced exploration of the environment alongside greater stimming (Pierce and Courchesne, 2001). A smaller cerebellum applies especially to autistic people with lower daily living skills (Duan et al., 2024), higher support needs (Riva et al., 2013), and a history of speech onset divergence (Kevin et al., 2011) even when matched for IQ as children (D'Mello et al., 2016) and adults (Lai et al., 2015). It distinguishes autism from ADHD and dyslexia (associated with larger volume: Stoodley, 2014) and inversely also intellectual disability (Kaufmann et al., 2003), developmental delay (Webb et al., 2009), and developmental language disorder (Hodge et al., 2010).

The cerebellum in autistics has also shown patterns of high and low connectivity with other brain regions (Stoodley, 2014; Hanaie et al., 2018), which may help classify autism (Yi et al., 2024). These pathways in newborns predict autism, motor, and language challenges (Cook et al., 2023); in autistic infants, they predict sensory responsiveness (Wolff et al., 2017) and social manifestations (Okada et al., 2022). The nerve tracts of the cerebellum in autistic people distinguished it from dyspraxia, related to greater social differences (Kilroy et al., 2022a). In autistic people, the cerebellum has exhibited enhanced connectivity with sensory and motor networks (Khan et al., 2015b; Oldehinkel et al., 2019; Wang et al., 2019) that grows over time (Lepping et al., 2022). It also shows reduced connectivity with error monitoring, socioemotional, or language regions (Verly et al., 2014; Arnold Anteraper et al., 2019; Wang et al., 2019; Unruh et al., 2023), such as related to social cognition (Igelström et al., 2017) or attention to others' eyes (Laidi et al., 2022). Hyperreactivity to sensory stimuli and involuntary attention explain these cerebellar connectivity patterns that relate to greater manifestations of autism (Lidstone et al., 2021; Alho et al., 2023; Cakar et al., 2024).

The cerebellum also helps account for gender differences among autistic people. It shows unique gender structural differences within different subregions (Supekar and Menon, 2015), with smaller size related to more obvious autism for males and more RRBIs for females (McKinney et al., 2022), and unusual changes in size over time that differ by gender (Sussman et al., 2015). Greater cerebellar activity in autism-associated visual-spatial strengths has been studied more with males (Thérien et al., 2022, 2023). Among males, autistic people uniquely showed higher cerebellar activity during visual-spatial tasks (Manjaly et al., 2007), including as related to faster response times (Thérien et al., 2023; also see Hayes et al., 2018) and higher visual-spatial complexity (Thérien et al., 2022). Nevertheless, opposite patterns of cortical–cerebellar connectivity in autistic females (high) and males (low) may help explain why some studies have failed to find unusual connectivity in mixed-gender samples of autistic people (Smith et al., 2019; Linke et al., 2020; Gaudfernau et al., 2023; Hawks et al., 2023). This might result from greater social camouflaging in autistic females despite their greater sensitivities (Lai et al., 2011; Eigsti et al., 2016).

Contrasting patterns for the connectivity or size of the cerebellum in autistic people who differ by possessing (or not) common co-occurring neurodivergences such as ADHD (Surgent et al., 2024) and depression (Dhar et al., 2024) suggest replications are needed for how the region helps “get a grip” on diversity among autistic people. Furthermore, autistic people's sensory responsiveness may also relate well to other regions such as the brainstem (Surgent et al., 2022), suggesting the need for a whole-brain approach.



Grasping the implications: consequences of sensory differences and social contexts

Sensory and movement differences impact autistic people's daily lives, with often heightened recognition by autistic people. Autistic children have long identified movement-relevant challenges such as low athleticism alongside social differences (Capps et al., 1995; Bauminger et al., 2004; Williamson et al., 2008). Autistic young people and adults have similarly long reported worse or equal physical quality of life than their parents reported, with other domains such as social relationships in the opposite direction (Shipman et al., 2011; Sheldrick et al., 2012; Hong et al., 2016). To the extent that autistic traits impact quality of life (Kim and Bottema-Beutel, 2019), they may impact school achievement and physical health (Oakley et al., 2021). Reactivity to sensory stimuli may have this consequence, as it challenges classroom learning (especially in the auditory domain: Ashburner et al., 2008; Howe and Stagg, 2016), and uniquely predicts both poor physical and psychological health (Lin and Huang, 2019). For example, hypersensitivity challenges supermarket visits (MacLennan et al., 2023), comfortable clothing (Kyriacou et al., 2023), healthy eating (Nimbley, 2024), dental care (McMillion et al., 2021; Chauhan et al., 2024), menstruation (Steward et al., 2020; Fearon et al., 2025), sex (Barnett and Maticka-Tyndale, 2015), childbirth (Gardner et al., 2016), and menopause (Moseley et al., 2020; Karavidas and de Visser, 2022; Brady et al., 2024). Autistic people (especially those assigned female at birth) with less expressive language may struggle to have their needs met and become so physically overwhelmed with pubertal changes that their bodies may at times take hold of them, possibly helping explain the unusual onset in adolescence of epileptic seizures (Rutter and Pickles, 2016) and catatonic motor freezes (Dell'Osso et al., 2022) disproportionately affecting them. Sensory overload may result in uncontrollable meltdowns (Lewis and Stevens, 2023). While arranging environments and routines may reduce overwhelm (Daly et al., 2022), even “autistic space” cannot always resolve competing sensory access needs (Sinclair, 2010).


Moving (further) toward sensitive understanding of autism: underestimated empathy and pain in autistic people

It appears that people have internalized views about autism such that autistic people and their families may endorse stereotypes even where the evidence points to the contrary. Ongoing (mis)conceptions of empathy in autistic people may lead to its under-recognition, even as sensory overstimulation in non-autistic people is long established to positively relate to empathy (Aron and Aron, 1997; Gubler et al., 2024). Autistic people's hypersensitivities significantly overlap with this “highly sensitive person” (HSP) construct, helping account for their tendencies toward introversion and vulnerability to stress (Schwartzman et al., 2015), yet the author may have sought to avoid making an HSP–autism association because of the stigma of diagnoses (Edenroth-Cato and Sjöblom, 2022). Parents tend to under-report their autistic children's demonstrated empathetic responsiveness, in association with more obvious autism (Scheeren et al., 2013). Similarly, autistic adults tend to under-report their own empathy compared with their tested empathic response (Trimmer et al., 2017), although many autistic people report high empathy (Kimber et al., 2024). Similarly, families may under-recognize sensitivity to pain, which forms part of tactile or somatosensory processing (Moore, 2015; Zhang et al., 2021). Parents under-report their autistic children's pain (more so than parents of non-autistic children) even when their children have observable facial expressions displaying it (Nader et al., 2004). Again similarly, autistic youth may under-recognize or under-report their own pain (Duerden et al., 2015).




Moving forward: testing the theory and applications to support for autistic people

This theoretical model raises questions about whether the autism diagnosis adequately explicitly covers sensory and in particular movement (and related) differences when they so often form such a central role in autistic people's experience of autism; arguably, motor challenges merit addition to the diagnostic criteria (Miller et al., 2024). Meanwhile, this account raises concerns about the dangerousness of placing social dysfunction within single people. It also raises issues with the limitations of a behavior-based diagnosis despite the lack of reliable biomarkers (Loth, 2023). It is limited by the scarcity of research on the perspectives of autistic people with intellectual disability (Gibbs et al., 2024). Further participatory research with diverse autistic community members and researchers on autism as a construct and diagnosis would help (Ratto et al., 2023). It also could strengthen measurements and approaches to sensory processing (Nicolaidis et al., 2020; Gunderson et al., 2023; Williams et al., 2024; He et al., 2023), which lacks good measurement even for non-autistic people (Greven et al., 2024).

The theory of autism as a lifelong sensory–movement neurodivergence is testable through prospective longitudinal research on whether sensory, motor, and domain-general differences continue to appear as the earliest signs of autism, especially neurologically from birth. For example, studies may focus on neurological differences in autistic newborns in the cerebellum, such as whether it relates to (a) differences in learning and movement during sleep that predict an autism diagnosis (see Fifer et al., 2010; Denisova and Wolpert, 2024), (b) within-person differences in sensation and movement in autistic people via “idiosyncratic” network connections (see Vakorin et al., 2017), and (c) differences in perceiving (social) action that predict challenges learning higher-order rules like the social “hidden curriculum” (see Balsters et al., 2013; Olson et al., 2023; Myles et al., 2024). Other relevant regions include the somatosensory cortex involved in touch and proprioception, which showed particular potential for distinguishing between autistic and non-autistic children's and adult's brains at rest (Chen et al., 2015). Further fine-grained research on early developmental regression in autistic people may try to distinguish between losing and not showing skills consistent with nuances in “older” autistic children and adults, for example, whether young children who seem to lose access to their speech may still express inner speech (see Alderson-Day and Pearson, 2023). Selective mutism (Muris and Ollendick, 2021) may apply to apparent lost speech or language, which may have prolonged episodes if children struggle to communicate or do not feel comfortable speaking. Early-arising autistic burnout (Raymaker et al., 2020)—if not autistic inertia (difficulties with starting and stopping consistent with the sensory–movement account: Buckle et al., 2021; Donnellan et al., 2006) or even catatonia (Smith et al., 2025)—may account for more general declines (Baggs, 2005).

Longitudinal research might investigate the relationship between “developmental regression” and these forms of pause or regression usually more associated with later development. For example, a measure of autistic traits in adulthood co-produced with autistic people defines within-person variability and the at least temporary loss of skills as part of autism (Ratto et al., 2023). Similarly, after high school or by their 30′s, many autistic people experience declines in daily living skills (Smith et al., 2012; Clarke et al., 2021; Tomaszewski et al., 2025), to which the reduced sensory tolerance in autistic burnout may contribute (Raymaker et al., 2020).

The extent to which subtle early differences reflect a form of “camouflaging” merits further study (Petrolini et al., 2023). Autistic people's brain differences that precede more obvious behavioral differences draw some parallels to people who may no longer appear to meet diagnostic criteria still showing autism-related neurological (Eigsti et al., 2016), cognitive, and experiential (Lai et al., 2011) differences. They may still actively repress hand-flapping (Padawer, 2014) and have distressing sensory differences (Thomas, 2023). This has practical relevance because they are still visibly different (Canale et al., 2024), and subtler autism relates to more risk of victimization (Kapp, 2018b; Libster et al., 2022), especially as they show poor social judgment alongside extreme friendliness and approachability (Orinstein et al., 2015). These phenomena may help explain why autistic people whose diagnoses are removed may not be happier (Pickles et al., 2020).


Sensory-sensitive support for autistic people in and beyond interactions

Sensory and movement difficulties have implications for supporting young autistic children, including slowing down body language (Lainé et al., 2011; Gepner et al., 2022), and giving them color filters that help them read words and people (Ludlow et al., 2012, 2020; Whitaker et al., 2016); encouraging AAC and language (Almirall et al., 2016; Logan et al., 2017), lip-reading (Kapp et al., 2019a; Habayeb et al., 2021; Newman et al., 2021), interactive stimming (Sinclair, 2005; Chen, 2024; Morris et al., 2025); imitating their movements (Nadel, 2015), and taking a more responsive than directive approach when interacting (Kapp, 2018b). However, speech (Chazin et al., 2024; Schuck et al., 2024) and eye contact (Stuart et al., 2023; Garvey et al., 2024) should not necessarily be encouraged.

Future research may explain whether tactile hypersensitivity mediates (or at least moderates) the impacts of developmental interventions adapted from positive parenting programs that encourage parents to follow their child's lead. Tactile processing develops first among sensory systems and differences in it relate to various neurodivergences (Cascio, 2010), with exceptional (among the traditional five modalities) near-universal frequency in young infant siblings of autistic children (Van Etten et al., 2017). Aversion to social touch, whether naturally in the home (Baranek, 1999) or experimentally tested by parents (Mammen et al., 2015), in infants late in the first year predicts autism manifestations and diagnosis. Conversely, seeking touch in infancy reduced the likelihood of showing signs of autism in toddlers, even among infants with reduced neural habituation to tactile input (Piccardi et al., 2021; also see Narvekar et al., 2024). Reduced parental affectionate touch toward autistic infants in response to crying (Esposito and Venuti, 2009) or in interaction (Apicella et al., 2013) may reflect an adaptation, as tactile-hypersensitive autistic children show a defensive behavioral reaction to touch, regardless of whether a person does the touching (Cascio et al., 2016; Riquelme et al., 2016). Quality, reliable relationships may benefit tactile-hypersensitive autistic people (Robledo and Donnellan, 2008, 2016), as autistic people struggle with unexpected touch (whether or not it is social: Cascio et al., 2015; Duerden et al., 2015; Khan et al., 2015a). The particular benefit (vs. comparison peers) of responsive as opposed to directive parenting on positive social engagement in infant siblings of autistic children (Harker et al., 2016) and on language development in autistic toddlers (Baker et al., 2010), across relationship context (parent, teacher, or therapist: Goods et al., 2013; Mohammadzaheri et al., 2014b; Patterson et al., 2014; Pellecchia et al., 2015), may in part reflect less intrusive touch. Indeed, hyper-responsiveness to touch mediated social inhibition and more struggles in groups among institutionalized autistic adults with intellectual disability (Lundqvist, 2015).

Different beliefs about autistic people's development have historically caused anguish among families of autistic people, and threaten to repeat harm if caregivers think of autism as foreign to a child (Broderick and Ne'eman, 2008; Sarrett, 2011). The false belief that cold “refrigerator mothers” cause autism destroyed families and put autistic people in institutions (Kapp, 2022). Ironically, children raised in deprived orphanages (Rutter and Sonuga-Barke, 2010) or adopted after caregiver maltreatment (Green J. et al., 2016) are much more likely to meet behavioral criteria for autism, although leaders in the autism field have described this as “quasi-autism” because of this history and belief in autism as relatively organic (Rutter and Pickles, 2016). Many of those children may have environmentally induced tactile defensiveness from social deprivation (a lack of reliable, calming touch), but their signs of autism decline when adopted into a loving home (Rutter and Pickles, 2016). Similarly, congenitally blind people disproportionately meet diagnostic criteria for autism but many have unusual or subtler presentations that often substantially disappear over time (Hobson and Lee, 2010; Jure et al., 2016), perhaps reflecting learning effective tactile processing through relying on it as blind people often do (Legge et al., 2008; Wan et al., 2010). Autistic children's innate tactile differences may resemble these other neurological or environmental states, but their different cause and function arguably require accommodation.

With the rise of extremely early interventions based on positive parenting models before infants show many signs of autism, the autism field risks returning to a “quasi-refrigerator mother” era (see Kapp, 2018a). These studies have found little impact (McGlade et al., 2023), despite a headline-grabbing study that falsely implied autism could be prevented (Whitehouse et al., 2021; see Dwyer et al., 2021). Many autistic people and parents do not want these or later interventions to try to reduce autistic traits or apply certain behavioral approaches (Bent et al., 2024; Sulek et al., 2024), although many parents do see them as beneficial even for non-autistic children (Washington et al., 2024) and wish for genetic testing because of stigma (Fischbach et al., 2016).

The neurodiversity movement tries to help parents unnecessarily guilt-ridden about the cause of their child's autism accept and support their children to leverage their autism positively and authentically (Kapp, 2022). Its co-founding leader Jim Sinclair encouraged parents to learn their child's language (Sinclair, 1993; Pripas-Kapit, 2020), which has near-universal support in the autism community (Kapp et al., 2013). Autistic people support early diagnosis if it helps parents accept their child (Vanaken, 2023; Riccio et al., 2021). Certainly, parental acceptance of the autism diagnosis and seeing things from the child's perspective helps parents engage with and relate to their child (Kapp, 2018b; Di Renzo et al., 2020). Furthermore, caregivers of autistic infants may not show reduced responsiveness as a group (Wan et al., 2019). They are more likely to be responsive to infants with greater sensory and movement differences (Campi et al., 2024; Ke et al., 2025), perhaps because they recognize signals from sensory hyperresponsiveness.



Applications across autistic people (e.g., non-speaking, multiply neurodivergent, majority world)

While autistic people form a diverse group, this account works best for people who meet all four RRBI criteria of the current autism diagnosis (as well as all three social communication criteria as standard), who likely have sensorimotor differences (Miller et al., 2014; Lord et al., 2015). For autism to be a valid and cohesive construct, its total main components need to meaningfully interrelate for some people. This model also likely works better for autistic people with speech divergence1, who the sensory–movement account has prioritized (Kapp, 2024). Autistic people with genetic syndromes and often co-occurring intellectual disabilities may appear to show less hyperresponsiveness (Hudac et al., 2024), but whether this reflects shutdowns, inertia, or catatonia merits further investigation. The theory applies to multiply neurodivergent autistic people. Autistic people with ADHD may have more sensory differences than autistic people without ADHD, with autism explaining enhanced perception, sensory hyperresponsiveness, and worse motor skills (Skaletski et al., 2024; also see Surgent et al., 2024). Autistic people with and without cerebral palsy overlap in showing patterns for muscular hypotonia yet relatively strong ambulatory skills (Ming et al., 2007; Kirby et al., 2011; Christensen et al., 2014; Bishop et al., 2016). Deaf autistic people overlap with hearing autistic people in showing visual strengths (Maljaars et al., 2011) and possible fine motor weaknesses (Seal and Bonvillian, 1997; Shield and Meier, 2012), alongside underestimated social cognitive competencies (Shield et al., 2016).

Furthermore, the details in these studies reflect a synthesis of mostly Western, Educated, Industrialized, Rich, and Democratic (WEIRD) societies (Henrich et al., 2010), reflecting both the state of the autism field and the neurodiversity movement establishment (Nair et al., 2024). Developmental “milestones” and social norms are culturally relative even for motor development (Karasik and Robinson, 2022), and children in societies with strikingly different practices may acquire motor skills and experiences at different times while resulting in similar functioning (Karasik et al., 2023).




Toward understanding, accepting, and supporting autistic people

While no theory can fully explain autism (Happé et al., 2006), this paper has attempted to synthesize how sensory–movement differences may help provide evidence for autism as a lifelong neurodivergence rather than a social communication disorder, even as its manifestations may dramatically change over time. While deep engagement with this literature exceeds the scope of the present paper, the theory is consistent with autistic people not only having an interest in relationships but also more inherent struggles such as sensory overload and misunderstandings from others (especially non-autistic people), which at times challenge engaging with them (Kapp, 2013; Murray et al., 2023). Further understanding (especially neuroscientifically) may increase our ability to provide the recognition and support autistic people need.
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Entropy AUC

Characteristic Beta 95%CI° p-value 95% CI? p-value Beta 95%CI? p-value
(adjusted)® (adjusted)® (adjusted)®
Attention to detail 006 | 003,010 <0001(0018) | -0.17 =027, 0.001 (0.1) ~020 | =027, | <0.001(<0.001)
-007 ~0.12

Sex

Female - - - - - -

Male 012 -027,003 0.12(>0.9) 026 | —0.25,0.76 03 (>0.9) 0.18 | -0.19,0.54 03 (>0.9)
Age 000 -002,001 0.7(>09) 005 001,011 0.12(>09) 002 -002,007 03(09)

Attention to detail * ROI

Attention to detail * head ~005 | —006,-004  <0.001(<0.001) 009 | 006,011  <0.001(<0.001) 010 | 007,012 <0.001(<0.001)
Attention to detail * LH -009 | -010,-0.08  <0.001(<0.001) 036 | 034,039  <0.001(<0.001) 037 | 035040  <0.001(<0.001)
Attention to detail * RH -000 | -011,-0.09  <0.001(<0.001) 036 | 033,038  <0.001(<0.001) 037 034,040  <0.001(<0.001)

Attention to detail * task
Attention to detail * anger 000 -0.02,001 0.7 (09) 002 002,006 03(>09) 000 | -0.03,0.04 0.8(>09)

Attention to detail * happy 000 001,002 0.7 (>0.9) 0.00 | 004,004 09(>09) 000 | -0.03,0.03 0.9(>09)

"Cl=Confidence Interval.
“Holm. AUC=area under curve, MAX = maximum acceleration (MAX), ROI = region of interest, LH =left hand, RH = right hand. Reference level, ROI =lower extremities (LE) and Task = fear,
is the row with AQ as feature. Reference factor levels not labeled in the table.
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Entropy AUC MAX

Characteristic Beta 95%CI® p-value 95% CI? p-value Beta 95% CI* p-value
(adjusted)® (adjusted)® (adjusted)®
Attention switch 005 002,008 0.002(021) 023 033, <0001 (0.004)  -020 028, <0.001 (<0.001)
~0.12 ~0.13
Sex

Female - - - - - -

Male 012 -026,0.03 0.12(>09) 024 -026,074 0.3 (>09) 017 | —0.19,0.53 0.4(>0.9)
Age 0.00 -0.02,0.01 0.7 (>0.9) 004 -0.01,0.10 0.14(>0.9) 002 —0.02,0.07 03 (>0.9)
Atention switch * ROT

Attention switch*head | ~005  —0.06,-0.04  <0.001(<0.001) | 009 007,012 <0001(<0001) 0.0 007,013  <0.001(<0.001)

Autention switch * LH ~009  -010,-007  <0001(<0001) 037 034,039  <0.001(<0001) 038 035041 <0001 (<0.001)

Attention switch * RH ~010  -011,-008  <0001(<0.001) 036 034,039  <0.001(<0001) 038 035041 <0001 (<0.001)

Autention switch * task

Attention switch *anger | 000 ~0.02,001 0.7 (>0.9) 001 ~003,005 0.6(>09) 001 ~0.04,002 06 (>0.9)

Attention switch * happy 001 —0.01,0.02 0.4(>0.9) 000 -004,003 08(>09) 001 004,003 07(>0.9)

Cl= Confidence interval.
"Holm. AUC=area under curve, MAX = maximum acceleration (MAX), ROI = region of interest, LF = left hand, RH = right hand, LF = eft foot, and RF =right foot.
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Entropy MAX

Feature Beta 95% CI* p-value 95% CI? p-value 95% CI” p-value
(adjusted)® (adjusted)® (adjusted)®

010 005,014 <0001 (0.003)  -048 | 061, <0.001(<0.001) 044 ~054, <0001 (<0.001)
~034 -033
Sex

Female - - - - - -

Male 012 027,003 0.11(>09) 022 -027,071 0.4(>0.9) 0.17 —0.19,052 04 (>0.9)
Age 0.00 ~0.02,0.01 0.7 (>0.9) 004 -001,010 0.13(>09) 0.02 -0.02,0.07 03(>0.9)
Imagination * ROT

Imagination *Head ~ —0.09 | —0.1,-0.06  <0.001(<0.001) | 016 | 010,021 | <0.001(<0.001) 017 011,023 <0.001(<0.001)

Imagination * LH ~0.15  -0.18,-0.13  <0.001(<0.001) | 066 | 060,071 | <0.001(<0.001) 068 | 062,074 <0.001(<0.001)

Imagination * RH ~0.17 | -0.19,-0.14  <0.001(<0.001) | 066 060,071 | <0.001(<0.001) 069 | 063,075 <0.001(<0.001)

Imagination * Task

Imagination *anger  —0.01  —0.04,0.02 0.6(>09) 003 | -004,011 0.4(09) 000 | -006,006 >0.9(>0.9)

Imagination *happy 001 —0.02,0.04 05(>09) ~001 | 008,007 09(09) ~001 | 007,005 07(09)

CI=Confidence interval.
"Holm. AUC=area under curve, MAX = maximum acceleration (MAX), ROI = region of interest, LH =left hand, RH = right hand. Reference level, ROI =lower extremities (LE) and Task = fear,
s the row with AQ as feature. Reference factor levels not labeled in the table.
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BAP features (predictors) kinematic measures (targets)

AQuotal Entropy
Communication Area under curve (AUC)
Social skills Maximum acceleration (MAX)

Attention to detail

Attention switch

Imagination

Each feature was fitted to each of the three targets in separate models. This resulted in 21 different models.
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Entropy MAX

Feature 95% CI? p-value 95%ClP  p-value 95%ClP  p-value
(adjusted)® (adjusted)® (adjusted)®
AQ 001 000,002 0,013 (0.9) ~0.05 ~0.08, 0.002 (0:021) -005 ~008, <0.001 (0.005)
-002 -003
Sex

Female - - - - - -

Male —0.12 ~0.27,0.03 0.10 (>0.9) 023 —0.27,073 0.4(>09) 0.17 —0.19,053 03(>09)
Age 0.00 ~0.02,0.01 0.7 (>0.9) 0.05 001,011 0.13(>09) 0.02 ~0.02,0.07 0.3(>0.9)
AQ*ROI

AQ*head ~001 | -002,-001  <0.001 (<0.001) 0.02 002,003 <0.001 (<0.001) 003 002,003 <0001 (<0.001)

AQ*LH ~002 | -003,-002  <0.001(<0.001) 0.10 009,011 <0001 (<0.001) 0.10 010,001 <0001 (<0.001)

AQ*RH ~003 | -003,-002  <0.001 (<0.001) 0.10 009,011 <0001 (<0.001) 0.10 010,001 <0001 (<0.001)

AQ*task

AQ* anger 0.00 ~001,0.00 0.4(09) 0.01 0.00,0.02 02(09) 000 -001,001 09(09)

AQ* happy 0.00 0.00,0.01 0.6(>09) 000 ~0.01,001 09(09) 000 ~001,001 07(>09)

Cl=Confidence interval.

“Holm. AUC=area under curve, MAX = maximum acceleration (MAX), ROI= region of interest, LH=left hand, RH = right hand. Reference level, ROI = lower extremitis (LE) and Task = fear
is the row with AQ as feature. Reference factor levels not labeled in the table.
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Feature

Communication

Female
Male

Age

Communication * ROI
Communication * head
Communication * LH
Communication * RH
Communication * task
Communication * anger

Communication * happy

CI=Confidence interval.
“Holm. AUC:

Beta

0.07

~0.06

—o011

~001

0.00

Entropy

95% CI?

0.04,0.10

~027,002

—0.02,001

—0.08,~0.04
—0.13,-0.09

—0.14,-0.10

~0.03,0.01

~0.02,002

p-value
(adjusted)®

<0.001 (0.005)

010 (>0.9)
0.7 (>0.9)

<0.001 (<0.001)
<0.001 (<0.001)

<0.001 (<0.001)

05(>0.9)

09 (>0.9)

-018

027

005

045

044

004

~0.01

AUC

95% CI*

-027,
-009

~0.21,076

~0.01,0.11

0.07,0.16
040,050

039,049

~0.01,0.10

~0.06,005

p-value
(adjusted)®

<0.001 (0.014)

03 (>0.9)
0.084 (>09)

<0.001 (<0.001)
<0.001 (<0.001)

<0.001 (<0.001)

0.12(>09)

0.8(>09)

-020

012

0.46

045

0.02

-002

MAX

95% CI?

~027,
-013

~0.15,0.56

—0.02,0.07

007,017
041,051

040,050

—0.03,0.06

~0.06,0.03

p-value
(adjusted)®

<0.001 (<0.001)

02(>0.9)
02(>0.9)

<0.001 (<0.001)
<0.001 (<0.001)

<0.001 (<0.001)

05(>09)

04(>09)

rea under curve, MAX = maximum acceleration (MAX), ROI = region of interest, LH =left hand, RH = right hand. Reference level, ROI =lower extremities (LE) and Task = ear,
s the row with AQ as feature. Reference factor levels not labeled in the table.
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Feature

Social skills

Female
Male

Age

Social skills * ROI

Social skills * task

Social skills * anger

CI=Confidence interval.

“Holm. AUC:

Entropy

Beta 95%CI°

0.06 0.03,0.08
012 -026,003
0.00 —002,001
—005 | —0.07,-0.03
009 | —0.11,-007
—010 | —0.12,-0.08
—001 | —0.03,000
0.00 —0.02,002

p-value

(adjusted)®

<0.001 (0.003)

0.12(>09)
07 (>09)

<0.001 (<0.001)
<0.001 (<0.001)

<0.001 (<0.001)

0.12(>09)

09 (>0.9)

s the row with AQ as feature. Reference factor levels not labeled in the table.

-023

022
0.05

010
0.40

039

0.04

0.00

AUC
95% CI?

-0.32,
-0.14

~0.28,072

~0.01,0.11

0.06,0.14
0.36,0.44

0.35,0.43

0.00,0.09
~0.05,0.05

p-value

(adjusted)®
<0.001 (<0.001)

0.4 (>0.9)
0.13(>0.9)

<0.001 (<0.001)
<0.001 (<0.001)
<0.001 (<0.001)

0.074 (0.96)

>0.9 (>0.9)

-0.22

0.02

~001

MAX

95% CI°

-029,
-0.16

~0.20,0.52

—0.02,0.07

0.06,0.15
037,045

037,045

~0.02,0.05
~0.05,0.03

p-value
(adjusted)®

<0.001 (<0.001)

04 (>0.9)
03 (>0.9)

<0.001 (<0.001)
<0.001 (<0.001)
<0.001 (<0.001)

04 (>09)
0.6 (>09)

rea under curve, MAX = maximum acceleration (MAX), ROI = region of interest, LH =left hand, RH = right hand. Reference level, ROI =lower extremities (LE) and Task = ear,
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Characteristic
Age
Sex
Female
Male
Autism Spectrum Quotient (AQ)
AQ: Communication
AQ: Social skills
AQ: Attention to detail
AQ: Attention Switch

AQ: Imaginat

‘Mean, Median, SD, Range; 1 (%)

N =58
(220,21.0,33,18.0,33.0)

47 (81%)
11(19%)
(20.3,205,6.10,4.00,32.0)
(3.26,3.50, 2.34, 0.00, 9.00)
(3.91,4.00, 245,000, 9.00)
(5.38,5.00,1.99, 100, 9.00)
(5.36,5.50,197, 2.00,10.0)

(259, 2,00, 1.55, 0.00, 6.00)
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Percent-change in BOT-2  Parentratingof  # of sensory areas1 # of sensory areas 2

SF score from pre-test to sessions SD outside normal  SD outside normal
follow-up range range
Fl ] 192 8 3/19 0/19
P2 9 293 N/A 419 019
P3 5 133 5 419 6/19
P4 6 a2 10 119 0/19
P5 10 36 10 79 3/19

The scale for parent rating of sessions is as follows: (10 = extremely beneficial and 0= not beneficial).
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Gender

Male
Female

Race/Nationality (self-described)
Sri Lankan - Canadian
Indian - Canadian
Caucasian (Armenian)
Asian/Indian
Asian American

Participant age range was 5~ 10 years.
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20
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Classifier Specificity

KNN 0.90
LDA 0.90
NB 091
SVM 0.89
RF 0.85

0.78

0.83

0.81

0.84

84%

88%

85%

85%

0.89

0.90

091

0.90

0.89

KNN, k-nearest neighbors; LDA, linear discriminant analysis; NB, naive Bayes; SVM, support vector machine; RE, random forest.
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Total Rotation

Variables . . . Symmetr
rotation time amplitude y y

PEP3-CVP 0.36* 0.18 -0.35*

PEP3-EL 0.47* 0.16 -0.30

PEP3-RL 0.39* 0.13 -0.36*

PEP3-FM 0.33* 023 -0.19

PEP3-GM 028 0.33* 0.31*

PEP3-VMI 0.16 023 -0.18
Gesell-

ok ]
AATDG 0.17 0.45 028
Gesell- 026 0.40% 0.33*
GM-DQ ’ : i

11-

Gese 0.17 0.41% -0.29*
FM-DQ
Gesell-

0.28 0.48* 020
La-DQ

Gesell- 0.10 0.41% -0.20
PSB-DQ

CARS score 0.12 -0.12 0.09

*: p<0.05; **: p<0.01; PEP3, Psychoeducational Profile-3; CARS, Childhood Autism Rating
Scale; CVP, Cognitive Verbal/Preverbal; EL, Expressive Language; RL, Receptive Language;
FM, Fine Motor; GM, Gross Motor; VMI, Visual Motor Imitation; DQ, developmental
quotient; Ad, Adaptability; La, Language; PSB, personal-social behavior.
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Population Groups

Age Groups
ASD(n) TD(n)
3.5-4.5 yr. (48.9 + 3.82 month) 15 19 34
4.5-5.5 yr. (59.3 + 3.21 month) 15 20 35
5.5-6.5 yr. (71.5 + 3.82 month) 19 | 20 39
Total 49 59 108
o 0.29, 0.87 -
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Record Participant ID Age Visit 1 Visit 2 Visit 3 Visit 4

number module module module module
(total score)  (totalscore) (total score) (total score)

1 NTOL 8 ¥ 30 - - -

2 NT02 10 F 30 = = s

3 NTO3 9 ¥ 30 - - -

4 NTO4 12 ¥ 30 - - -

5 NT06 7 M 3 - - -

6 NTO8, 9 ¥ 30 - - -

7 NT09. 7 ¥ 3 - - -

8 NTI0 1 M 3 - = =

9 NTIL 15 M 40 - - -

10 NTI2 n ¥ 4 - - -

n NTI3 13 M 40 - - -

12 EPOL 4 M 310 2) 309) 2(8)*X
13 EPO2 8 M 309 28)*X - -

i EPO3 10 M 302 203 3020 %X 200X
15 EPO4 13 F 30 4(8)*X 330X 4(8)*X
16 EPOS 6 M 309 20 38X -

17 EPO7 n M 3012 209X 3018 *X 203) %X
18 EP09 5 M 1(18) *X 1(16) - -

19 EP10 9 M 1(13) 1(17) = -

20 EPI3, 6 M 3017) = - -

2 EP14 1 M 1(8) 210 1014) 2015 *X
2 EPIS 10 M 1017) 105)*X 1(26) 12D *X
2 EPI6 1 M 301 201 3(22)*X 2(20)*X
2 EPI7 n M 1016) 1318) "X 108) 109)*X
25 EPIS 9 ¥ 3010) 201) 306) 200)
2 EP19. 7 M 3(8)*X 2(8)*X 36) B

27 EP20 7 M 3an 20X 337)*X 2016)*X
28 EP21 n F 3an 209)*X 38X 200 *11
2 EP22 1 M 1(6) 129*X - -

“X denotes that the participant came for the viit, but his/her data could not be used either because it was not available/lost/corrupted or the information available was incomplete. NT stands
for neurotypical participant, and EP stands for expected ASD participant, The latter were confirmed by the clinician to have an ASD diagnosis at the end of the session.
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Nol ttistic Autistic t-value

n=70 n=68
Age (years), Mean (SD) 834(136) 840(1.36) -03 050
Sex, % Female 34% 19% 35 006
Average head motion (AVD), Mean (SD) 053 (042) 067(049) -17 010
Hand preference, % Right-handed 85.7% 79.4% 16 019
Maximum gep, kg (bilateral average), Mean (SD) 1335 (375) 1285 (434) 08 043
Maxinum gip, kg (rght hand), Mean (SD) 1374 (3.99) 13.18 (451) 08 039
Maximum Grip, kg (ef hand), Mean (SD) 1296 3.77) 1252 (437) 07 050
1, Mean (SD) 441 1214) 106.64(19.11) 238 oo
SRS totalscore, Mean (SD) 2194 (13:55) 97.13 (2689) ~08 <0001
SCQ total score, Mean (SD) 145 (188) 1971 (6.46) 25 <0001
SEQ total score, Mean (SD) 1385 (21.3) 254 (43.0) 150 <0001
RBS-R totalscore, Mean (SD) 243(:67) 3269 (2298) 108 <0001
NICHQ-VAS total score, Mean (SD) 94(60) 203(113) 135 <0001
ADHD status o% 0% 27 <0001
Taking centrally activating medication, % 1% 36% 25 <0001

Mndicates 7*value instead of t-value. ADHD status determined by meeting cut off on the NICHQ-VAS inattention or hyperactivity subscals.

AVD, Average Volume Displacement (Bastiani ¢t al., 2019), SRS, Social Responsiveness Scale (Constantino and Gruber, 2012), SCQ, Social Communication Questionnaire (Rutier et al,, 2003),
RBS-R, Repetitive Behavior Scale-Revised (Bodfish et al, 2000, NICHQ-VAS, National Initiative for Childrens Healthcare Quality Vanderbilt Assessment Scales (American Academy of
Pediatrics and National Institute for Childrens Health Quality, 2002), SEQ, Sensory Experience Questionnaire (Baranek et al, 2006)
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The lower lefi partof the table was the pair comparison results of social interaction disorders, and the upper right part was the pair comparison resultsof the repeition of the stereotyped

behavior. **": Indicates satistcally significant difference (p<0.05). The grouping in Table 3 is shown in Figure 4
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Moderator variable ? n (ES) SMD, 95%Cl

Social interaction disorder 59 27 ~0.43[-0.62, ~0.24] <0.001
Exercise types 68.1 6 <0.050°
Dance sports 2 3 0.18~0.29, 0.66] 0.450

Ball sports 0 4 ~0.92[~1.29,~0.54] <0001
Equestrian sports 0 4 ~0.38[~0.65,~0.11] <0.050
Martial arts 74 4 ~0.24[~0.96,0.47) 0.500

Water sports 74 4 ~0.24(-0.84,035) 0420

Comprehensive physical exercise 3 8 ~0.64[-091,-0.38] <0.001
Intervention time (min/time) 541 3 0110°
<45 61 i ~0.40 [~0.60, ~0.20] <0.001
45~60 77 7 ~032(-0.55,~0.09] <0.050
>60 0 7 ~0.64~0.85, ~0.42] <0001
Intervention cycle (weeks) 746 3 <0.050"
<8 0 8 ~0.12[-036,0.12] 0.330

8~12 56 10 ~0.66 [~0.95, ~0.36] <0.001
12 68 9 ~0.43[~0.78, ~0.09] <0.050
Frequency of intervention (times/week) 815 3 <0.050°
< 7 13 ~0.13[-0.47,021] 0470

3~5 0 8 ~0.84[-1.11,-0.57] <0.001
>5 0 2 ~0.69 [~1.03,-0.35] <0.001
Ages of patients (years) 715 3 <0.05*
36 0 5 ~081[-1.10,-052] <0001
6~12 62 15 ~0.39 [~0.65,~0.14] <0050
>12 59 7 ~0.22[-0,60,0.17) 0.270

Repetition of the stereotyped behavior 61 2 ~0.53~0.76, ~0.29] <0001
Exercise types 398 6 0.140°
Dance sports ~0.24(~1.03,0.56] 0.560

Ball sports 0 5 ~0.70 [~1.04, ~0.36] <0.001
Equestrian sports 76 4 ~0.18 [~0.45,0.09) 0.190

Martial arts 70 2 ~0.46 [~0.93,0.02) 0.060

Water sports 0 3 ~0.15[~0.69,0.40] 0.600

Comprehensive physical exercise 0 7 ~0.56 [~0.80, ~0.33] <0.001
Intervention time (min/time) 537 3 0.120°
<45 16 12 ~0.43 [~0.63, ~0.24] <0.001
45~60 82 5 ~0.43[~0.77, ~0.09] <0.05

>60 0 3 ~0.83 [~1.17, ~049] <0.001
Intervention cycle (weeks) 40.6 3 0.190°
<8 67 8 ~0.36 [~0.63, ~0.09] <0.050
8~12 52 9 ~0.37[~0.58, ~0.15] <0.001
>12 2 4 ~0.68 [~0.97, ~0.39] <0.001
Frequency of intervention (times/week) 732 3 0.020*
< 47 10 ~0.26[~0.58,0.07) 0.120

3~5 60 7 ~0.98 [~1.45,~0.50] <0.001
5 0 2 ~0.75[~1.09,~0.41] <0.001
Ages of patients (years) 692 3 0.040°
36 0 7 ~0.64(~0.90, ~0.38] <0.001
6~12 72 1 ~0.59 [~1.01,-0.17) <0.050
12 0 3 ~0.15[~0.45,0.14] 0310

The age of the subgroup analysis was d
The p-value of the regulating factor.

ided according to Erikson'seight-stage theory: Early school age (3-6 years old), School age (6-12 years old), Adolescence and above (12-years old). *":
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Yang etal. (2021) (33) China 1515 5032055 4675070 | MBTP+ Routine rehabiliation Routine rehabiltation 2 s w0 srs2
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THR, therapeutic riding, MBTP, mini basketball training; DMT, DMP, dance movement training; CPT, comprehensive physical training; AT, aquatic trainings SIT, sensory integration training; NYG, Chinese Traditional Mind-body Movement Inner Yang Gong in the
Zen form; MMAT, mixed martial arts trainings KD, karate training; NR, not reported; SRS-2, Social Response Scale 2nd Edition; RBS-R, Repetitive Behavior Scale Revision; FBT, Bipolar Exercise Therapy Questionnaire; SCQ, Social Ineraction Questionnaire; VABS,
Adaptive Behavior Scale; VABS-1I, Adaptive Behavior Scale 2nd Edition; SANS, Negative Symptom Assessment Scale, SIS, Social Skills Improvement System; CBCL, Childrens Emotional and Behavioral Functioning: ABC, Autism Behavior Checklist; SRS2, Social
Response Scale 2nd Edition; GARS-2, Autism Rating Scale; CARS, Autism Rating Scale.
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at we say/do Why we say/do it

First of all thank you for agreeing to take part in this study. We hope you'll ind it interesting.  Introduce ourselves.
We're going to be asking you some questions, but remember,there are no right or wrong
answers. We just want to hear what you think. We'llbe glad to answer any questions you have,

now or later.

You'll notice we are using 2 camera to video-tape this session. We use it because we do not Make participants comfortable; et them understand their rights.
want to miss anything you say: Ifat anytime you wish not to be recorded, please et us know

and we'll turn off the camera.

How old is your child? Better understand the relationship of child and family.

‘What are some activities your child enjoys doing by themselves?

‘What are some activities you enjoy doing with your child?

‘What are some activities your child enjoys doing with other family members?
‘What would you tell a teacher or new person meeting your child about how they canavoid  Identify signs and cues of distress in case they come up in the course of the
upsetting them? study.

What are your child' triggers?

What does your child do when they are upset?

How frequently does your child produce repetitive behaviors? Better understand the nature of the childs repetitive behaviors

‘What types of repetitive behaviors does your child produce?

How long does your child typically engage in repetitive behaviors for?

When does your child stop stimming?
Does your child listen to music? Better understand the childs relationship with sound.
What genres of music does your child listen to?

What are some of your child current favorite songs/pieces/sounds?

Does your child play a musical instrument?

‘What textures does your child like and dislike touching? Better understand the child’s touch preferences.

Does your child like or dislike touching others (e.g., holding hands, hugging)?

How can we tell if your child is uncomfortable interacting in this environment?
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Author

Andy

Year

Gender

Excl: 20B3G,
Exc2: 13B6G,
Con: 19B3G.

Excl: 9.61 = 141,
Exc2: 10,16  1.38,
Con: 10275 + 1.39

[]

Intervention
method

Ride a bicycle

Autism status

mild intellectual disability

Intervention
period

Control group
intervention
method
| Walking

Hao Chen

Exc: 12B3G,
Con: 10B5G

Exc: 5.27 2070,
Con: 5.07 + 1.10

Play sport games

Age range of 3 10 6 years
and an 1Q 2 70; Absence of
hearing and visual

| Maintain original
| rehabilitation plan

AdrianaKaplinovi

2022

Exc: 9B1G,
Con: 882G

Exc: 6,78 134,
Con: 825+ 1.44

Use the TGMD-2 to
improve locomotion

ADOS-2 Autism
Diagnostic Observation

Sweeks

| Maintain original
| rehabilitation plan

Yu-Ru Jin

2023

Exc: 7B,
Con: 6B

mean age 491
years

Eight 90-min sports
sessions

8weeks

Maintain original
rehabilitation plan

Amir Hossein
Haghighil

2023

Exc: 5B3G,
Con: 4B4G

Exc: 9.00 =131,
Con: 813+ 1.36

Combined physical
training (CPT)

Sweeks (three
sessions per week).

110 minutes of

| stationary cycling, 5

| minutes warm-up and
| cool-down

MUHAMMAD
SAAD SHAFIQ

26B, 4G

mean age:
1273+ 1.62

Perform stationary

cycling

Autistic child

| LEGO/Minecraft

Jean-G. Gehricke

Exc: 84%B,
Con: 83%B.

Exc: 9.3(20),
Con: 9.7(2.2)

Physical exercise

anxious ASD children

Walking

Sixin Yang

Exc: 12B3G,
Con: 13B2G

Preschool children

12-week mini-
basketball training
program

preschool children
with autism spectrum
disorders

|
!Only receive routine
behavioral
| rehabilitation

ANDY C. Y. TSE

2021

50B12G

Mage: 9.89 + 1.53

Leamning to ride a
bicycle, stationary
cycling

general children with ASD

| Not cycling

Janice N. Phung

2021

Exc: 14B,
Con: 14B6G.

Exc: 9.10 = 110,
Con: 9.10 = 110

Mixed Martial Arts
(MMA)

mild intellectual disability

13weeks

Not participating in
| martial arts activities

Chinmoyee Nanda
Panigrahy

2021

Exc: 6B4G,
Con: 7B3G

Exc: 13.2£27,
Con: 14.1 =29

Bimanual exercises

children with autism
spectrum disorder

6 months

| Normal treatment

Soleyman Ansaril

2020

Excl: 10B,
Exc2: 10B,
Con: 10B

Excl: 10,60 2,50,
Exc2: 10.80 = 2.14,
Con: 1080 +2.44

Land based and

ASD from Guilan Autism
Society Institute

10weeks

|No intervention

Jin-Gui Wang

2020

Exc: 15B3G,
Con: 13B2G

Exc: 5.11 %065,
Con: 470 = 0.70

Mini-basketball
training program

meeting the Diagnostic and
Statistical Manual of
Mental Disorders, 5th
edition, criteria for ASD

| Maintain daily
activities

Ke-Long Cai

2020

Exc: 14B1G,
Con: 12B3G

Exc: 4.56 084,
Con: 5.03 = 0.64

Mini-basketball
training program

Childhood Autism Rating
Scale 2

12weeks

| No intervention

Kelong Cai

2020

Exc: 13B1G,
Con: 12B3G

Exc: 4.68 072,
Con: 513 =061

Mini-basketball
training

ASD via DSM-5

12weeks

No intervention

Choi Yeung Andy
Tse

2019

Exc: 14B5G,
Con: 18B3G.

Exc: 10.11%120,
Con: 981 +1.17

Exercises

12weeks

No intervention

Wenxin Xu

Chien-Yu Pan

2018

2016

Exc: 40B12G,
Con: 42B12G
Exc: 11B,
Con: 11B

Exc: 148611,
Con: 155 5.1
Exc: 10.3£21,
Con: 11219

Exercise-based
rehabilitation model
Physical activity

a diagnosis of ASD based
on Diagnostic and
Statistical Manual of
Mental Disorders, 4th
edition

4months

12weeks

| No intervention

[ No intervention

Fatimah Bahrami

2016

Exc: 13B2G,
Con: 13B2G

Exc: 920332,
Con: 9.06 +3.33

Karate techniques
training

Autism severity
42531865

| No intervention

Carla Lourengo

2015

Exc: 1B5G,
Con: 4B7G

Exc: 5.125% 1,552,
Con: 8 +2.190

Trampoline training

mild/moderate ASD, have a
lower engine performance

Not participating in
| exercise

Agnes S. Chan

2013

Exc: 19B1G,
Con: 17B3G

Exc: 11.28%3.90,
Con: 1242325

Nei Yang Gong
(traditional Chinese
mind-body exercise)

| No intervention

Fatimah Bahrami

2012

Exc: 13B2G,
Con: 13B2G

Exc: 920332,
Con: 9.06 +3.33

Kata techniques
training

Autism severity
42531865

|
| Not participating in
exercise

Margaret M. Bass
&

2009

Exc: 2B17G,
Con: 3B12G

Exc: 6.95 % 167,
Con: 7.73 + 1.65

‘Therapeutic horseback
riding

meet criteria for DSM-IV-
TR(American Psy-chiatric
Association 2000)

| Not participating in

exercise
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Chloe

Touch

sensitivities.

Hypersensitive to
touching others and
heavily textured
objects.

Hyposensitive to
touch. Seeks out
deep pressure
massages and
constant close
proximity to his

mother.

Neutral sensitivity to
touch, although she
enjoys handling
small objects like

laminated pictures.

Sound
sensitivities
Hyposensitive to
sound. Displays.
strong musical
preferences towards
piano sounds and
certain nursery

thymes.

Neutral sensitivity to
sound. Displays.
strong musical
preferences towards
piano sounds and
certain nursery

thymes.

Neutral sensitivity to
sound, with very
strong preferences
towards certain

songs.

Frequent
stims.

Produces haptic
stims. Taps
various surfaces
(floor, boxes,
table) with
utensils and toys.
Matt also jumps
and flaps his
hands.

Produces
vestibular stims.
Sways, rocks, and
swings frequently.
Shakes noisy
items
continuously;
such as shakers.
Produces musical
stims. She plays
songs like “Ode
tojoy” on the her
mother’s phone
again and again.
She also
repetitively
vocalises and

hums.
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ID| Subject
terms
Autistic disorder

Mesh terms

isorder, Autistic; Disorders, Autistic; Kanner's Syndrome
Kanner Syndrome; Kanners Syndrome; Autism, Infantile
Infantile Autism; Autism, Early Infantile; Early Infantile
Autism; Infantile Autism, Early

Exercises.

Exercises OR Physical Activity OR Activities, Physical OR
Activity, Physical OR Physical Activities OR Exercise,
Physical OR Exercises, Physical OR Physical Exercise OR
Physical Exercises OR Acute Exercise OR Acute Exercises
OR Exercise, Acute OR Exercises, Acute OR Exercise,
Isometric OR Exercises, Isometric OR Isometric Exercises
OR Isometric Exercise OR Exercise, Aerobic OR Aerobic
Exercise OR Aerobic Exercises OR Exercises, Aerobic OR
Exercise Training OR Exercise Trainings OR Training,
Exercise OR Trainings, Exercise

T3 | T1 And T2

Search language:
English

| Search Date: February 15, 2024
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Day2

Day3

Daya

Matt

Sound palette:
Marimba

Mat placement:

On the floor, under
the living room fan.
Sound palette:
Marimba

Drums

Mat placement:

On the floor in front
of the sofa.

Sound palette:
Marimba

Mat placement:

On the floor in front
of the sofa.

Nathan

Sound palette:
Marimba

Mat placement:
On the floor, under
the living room fan.
Sound palette
Sustained-chords
Drums

Marimba

Mat placement:
On the floor.

On the swing.
Sound palette
Sustained-chords
Marimba

Mat placement:

On the floor:

On the sofa.

On the floor:

Chloe

Sound palette:
Marimba

Mat placement:
On the floor, under
the living room fan.
Sound palette:
Marimba

Odeto Joy

Drums

Mat placement:
On the floor, under

the living room fan.

Sound palettes
OdetoJoy

Star Wars.

Odeto Joy

Mat placement:
On the floor, under

the living room fan.
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Chlos plays with left hand Chloa plays with the tip of her
index finger. right hand index finger.

Chloe curls and flicks her right
hand finger
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Nathan and Ellie hold
the rubber ban
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Chloe and Lin hold hands and tap together.
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Baseline - MMM

Day 1 Day2 Day 3

Video documentation
of home life
Ethnographic interview
with parents

Day 4

1.

2.

Debrief
Day5
Closing interview with

parent
Showing of videos
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Motor Measures

Communication Variables

(Clinical Measure) VMI VMI-Motor

Diadochokinesis -0.05 -0.047 0.322 -0.326
Articulation (GFTA-3) 0.255 0.061 -0.023 0.252
Oromotor Sequences (NEPSY-II) 0.036 0.157 -0.145 -0.034
Rapid Naming (NEPSY-II) ‘ 0.400 0.090 -0.085 ; 0.367
Auditory Naming Response Time (AVNT-C) 0.097 0.045 -0.005 ‘ 0.048
Visual Naming Response Time (AVNT-C) 0.118 -0.128 -0.063 -0.144
Expressive Vocabulary (EVT-3) 0.180 0.013 0.004 -0.019
Receptive Vocabulary (PPVT-5) 0.211 0.186 0.155 0.069
Expressive Language (CELF-5) 0.056 0.104 0.082 -0.128
Receptive Language (CELF-5) | 0.369 0.205 0.281 0.035
Functional Communication (BASC-3) 0.059 0.056 -0.122 0.135
Parent Reported Social Communication (SCQ) 0.002 0.081 -0.132 -0.064

* Significant after Benjamin-Hochberg correction for multiple comparisons.

GFTA-3, Goldman-Fristoe Test of Articulation, Third Edition; EVT-3, Expressive Vocabulary Test, Third Edition; AVNT-C, Auditory and Visual Naming Test - Children; BASC-3, Behavior
Assessment System for Children, Third Edition; CELF-5, Clinical Evaluation of Language Fundamentals, Fifth Edition; PPVT-5, Peabody Picture Vocabulary Test, Fifth Edition; SCQ, Social
Communication Questionnaire; DGPT, Dominant Hand Grooved Pegboard Test; VMI, Beery-Buktenica Developmental Test of Visual-Motor Integration; VMI-Motor, Beery-Buktenica
Developmental Test of Visual-Motor Integration - Motor Coordination; DFTT, Dominant Hand Finger Tapping Test.
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Studies identified through database
earchi =5480)

Pubmed (n=590)
Embase (n=678)
Web of Science (n=1951)

No. Studies identified through
other sources (n=4)

EMBSCOhost (n=1869)
Cochrane Library (n=392)

removed (n=2675)

Studies after duplicates ‘

Number of studies excluded (n=2624)

Review or meta-analysis or Conference

Abstract or Case report or Letters or
Guidelines (n=414

Animal expenment (n—71)

Not meetin (n=1738)

v Non-English therature (n=7)

Titles and abstracts screened Not meeting the study of type (n=394)

for eligibility (n=51

Number of studies excluded (n=28)
Unable to get full text (n=5) *

Not meeting the requirements (n=12)
No control group (n=

Risk factors not studied (n=9)

A4

A 4

Full-text articles screened for
eligibility (n=23)

Studies included in qualitative
synthesis (n=23)
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Motor Measures

Communication Variables

(Clinical Measure) VMI VMI-Motor

Diadochokinesis -0.267 -0.216 -0.223 -0.411%
Articulation (GFTA-3) -0.402* -0.381* -0.388* -0.232
Oromotor Sequences (NEPSY-II) » 0212 ‘ 0.446* 0.452% 0.248
Rapid Naming (NEPSY-II) 0.253 0.378* 0.339* 0.162
Auditory Naming Response Time (AVNT-C) 0.341 0.290 0.289 0.021
Visual Naming Response Time (AVNT-C) 0.200 0.249 0.303 0.161
Expressive Vocabulary (EVT-3) 0.238 0.384* 0.472% 0.101
Receptive Vocabulary (PPVT-5) 0.333* 0.397* 0.411% 0.062
Expressive Language (CELF-5) 0.371% 0.521% 0.502% 0.124
Receptive Language (CELF-5) 0.332* 0.475* 0.456* 0.107
Functional Communication (BASC-3) 0.163 0.439* 0.315 0.275
Parent Reported Social Communication (SCQ) -0.236 -0.367* -0.291 -0.191

* Significant after Benjamin-Hochberg correction for multiple comparisons.

GFTA-3, Goldman-Fristoe Test of Articulation, Third Edition; EVT-3, Expressive Vocabulary Test, Third Edition; AVNT-C, Auditory and Visual Naming Test - Children; BASC-3, Behavior
Assessment System for Children, Third Edition; CELF-5, Clinical Evaluation of Language Fundamentals, Fifth Edition; PPVT-5, Peabody Picture Vocabulary Test, Fifth Edition; SCQ, Social
Communication Questionnaire; DGPT, Dominant Hand Grooved Pegboard Test; VMI, Beery-Buktenica Developmental Test of Visual-Motor Integration; VMI-Motor, Beery-Buktenica
Developmental Test of Visual-Motor Integration - Motor Coordination; DFI'T, Dominant Hand Finger Tapping Test.
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ASD

Stat

up s

Age 1241 + 2.7 [8-17.42] 12.48 + 2.52 [8.42-16.83] 2202.50

Race (N [%])

Caucasian 55 [56.7%) 21 [45.7%]
Asian 14 [14.4%] 7 [15.2%)
African American 1 [1%] 0
Native American 1[1%)] 0
Multiracial 24 [24.7%] 18 [39.1%]
Other 2 [2.1%)] 0
Ethnicity (N [%])
Hispanic 19 [19.6%) 7 [15.2%]
Non-Hispanic 78 [80.4%) 39 [84.8%]
Sex Assigned at Birth (N [%]) 7 ;
Male 59 [60.82%)] 22 [47.82%)
Female 38 [39.18%] 24 [52.17%]
Gender Identification (N [%])
Female 32 [32.99%)] 24 [52.17%)
Male 59 [60.82%) 21 [45.65%)]
Nonbinary 3 [3.09%) 1[2.17%]
Transgender 3 [3.09%] 0
Handedness (N [%])
Left 12 [12.40%) | 4 [8.70%]
Right 80 (82.50%] 41 [89.10%]
Ambidextrous 5 [5.20%] 1 [2.20%)
WISC-V
FSIQ 98.33 + 23.21 [42-138] 115.63 + 10.76 [85-129 1051.50**
GAI 102.08 + 23.14 [43-143 117.33 + 11.22 [86-133 1224.00**
VI 101.88 + 25.97 [45-139 115.76 + 13.59 [81-150! 1445.50*
VSI 101.82 + 20.99 [45-138 114.52 + 12.94 [89-141 1362.50**
FRI 101.38 + 19.69 [55-140; 113.7 £ 11.4 [91-140] 1279.00**
PSI 88.06 + 19.9 [45-123] 104.02 + 15.23 [69-155 1135.50**
WMI 94.59 + 22.98 [45-146] 107.15 + 14.38 [79-142 1414.50*
TONI-4 102.19 + 14.55 [63-138 108.02 + 9.28 [88-126] 1607.50*
CELE-5
ELI 97.13 + 25.15 [45-139] 112.78 + 12.62 [85-135 1397.00*
RLI 96.39 + 25.43 [45-141] 112.76 + 10.26 [92-133 1330.00*
*p <00l
**p £0.001.

WISC-V, Wechsler Intelligence Scale-Fifth Edition; FSIQ, Full-Scale Intelligence Quotient; GAI, General Ability Index; FRI, Fluid Reasoning Index; PSI, Processing Speed Index; VCI, Verbal
Comprehension Index; VSI, Visual Spatial Index; WMI, Working Memory Index; TONI-4, Test of Nonverbal Intelligence, Fourth Edition; CELE-5, Clinical Evaluation of Language
Fundamentals-5" Edition; ELI, Expressive Language Index; RLI, Receptive Language Index.
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Solitude Approach Observation Parallel Parallel Joint Gam

perception participation with rules
P 743 093 217 172 0714 372 091
P 0017% 0725 0452 0427 0516 0.037% 0.026*
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DFTT NFTT NSOG DGPT NGPT VMI VMI-Motor  Any Mecasure

N 42
% Impaired 10.9% 13.3% 2.3% 2.3% 8.7% 24.4% 4.3% 17.8% 47.6%
N 94 94 93 93 93 94 93 93
% Impaired 26.6% 22.3% 7.5% 8.6% 45.2% 43.6% 31.2% 37.6% 80.9%
z -2.126 -1.256 -1.213 -1.375 -4.302¢ -2.189 -3.585¢. -2.358 -3.890"
B Intact
B Impaired

+ Impaired scorc on at least onc measure of motor functioning

* Significant after Benjamin-Hochberg correction for multiple companisons

DFTT = Dominant Hand Finger Tapping Test; NFT'I' = Non-Dominant Hand Finger Tapping Test; DSOG = Dominant Hand Grip Strength: NSOG
= Non-Dominant Hand Grip Strength; DGPT = Dominant Hand Grooved Pegboard Test; NGPT = Non-Dominant Hand Grooved Pegboard Test:
VMI = Beery-Buktenica Developmental Test of Visual-Motor Integration (Visual-Motor Integration Subtest); VMI-Motor = Beery-Buktenica
Developmental Test of Visual-Motor Integration (Motor Coordination Subtest)
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MVPA

Post- Follow-up Post- Follow-up

F 34672 15027 18.585 17172 2875 2172 3585 6438

3 <0001 0.045 0,037 0039 <0.001 0043 0031 0.02
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Teaching strategies

Children's attention When children arrive at the designated location,
teachers use stories or situations that are of interest
to children or close to daily life, and embed the
learned skills.

Clear and appropriate instructions Teachers and children use task cards, with clear

instructions, simple and easy to understand, and

intonation.
n of easy and difficult tasks Keep the skilllearning part and the improvement
part at 50%.
Shared control “Teachers provide children with opportunities to

choose independently.

Multiple cues Teachers use different pictures, videos or stories to
prompt teaching points.

Immediate reinforcement of outcome strategies  Provide immediate feedback based on the actual

performance of children.

Dependent on outcome Motivate children to strengthen with positive
feedback.
Reinforcement of attempts Provide meaningful feedback immediately based on

childrens behavior.

Implementation strategies

Establish children's awareness of rules and improve their attention.

By standing at a fixed point, tellstories close to daily lfe, and show

pictures or videos to attract children's attention.

‘The teacher demonstrates, prompts the key words of the action,
repeats the key words during the practice, and the instructions are
dlear.

Provide tasks of different difficulty levels according to children’s
abi

s and actual performance, and adjust the difficulty level

from bare hands to object control, distance, and time.

Children choose the materials they like and choose which task to

start with.
Post pictures in the children's practice area for observation and
learning.

If children respond correctly, encourage them to continue
practicing.

If children respond correctly; lead them to participate in their

favorite games.

If children follow instructions and complete the task, reward them

in time to reinforce their attempts,
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Metric of Tract of 95% Confidence interval p (FDR-

interest interest adjusted)
Lower Upper

FWE-FA

Proprioception input network

ML 0.0000 0.0001 —~00001 0.0001 015 038
'VPL Thal-S1 0.0002 0.0001 0.0000 0.0003 159 0.19
S1-SMG 0.0001 0.0001 —0.0001 0.0002 117 035
Lateral grasping network
SMG-PMC 0.0002 0.0001 0.0000 0.0004 2.08 0.08
PMC-M1 0.0003 0.0001 0.0001 0.0005 325 0.01

Cerebellar modification network

MI-PN 0.0003 0.0001 0.0001 0.0004 3.86 0.001

MCP 0.0002 0.0001 0.0000 0.0003 237 0.04

SCPCT 0.0001 0.0001 —0.0001 0.0001 0.40 085

VL Thal-M1 0.0003 0.0001 0.0001 0.0006 251 0.04
Corticospinal output

st 00000 0.0001 ~00001 00001 ~030 085
R1

Proprioception input network

ML 0.0000 0.0001 ~0.0001 0.0002 029 084
VPL Thal-S1 00002 0.0001 ~0.0001 0.0005 149 028
SI-SMG 00001 0.0001 ~0.0002 0.0003 052 084

Lateral grasping network
SMG-PMC 00002 0.0002 ~00002 00005 101 053
PMC-M1 0.0004 0.0002 0.0001 0.0007 255 0.04

Cerebellar modification network

MI-PN 0.0004 0.0001 0.0001 0.0006 3.16 0.02

MCP 0.0000 0.0001 00002 00002 026 084

SCPCT 0.0002 0.0001 0.0000 0.0003 213 0.04

VL Thal-M1 0.0004 0.0001 0.0001 0.0007 3.08 0.02
Corticospinal output

st 00000 0.0001 ~00002 00002 ~020 084

Al post-hoc analyses controlled for age, and sex.
FWE-FA analyses additionally controlled for head motion during the DWI scan.
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Walk and run

Step

Jump

Catch the ball

Bounce the ball
“Throw the ball
Roll the ball
Kick the ball
Hit the ball

® Fixed-point standing position + upper limb movement; ® Horizontal team changes + upper and lower limb movement; ® Vertical team + waiting task

inturn

® Complete the specified distance walking or jogging on the marking line; ® High-leg running; © Relay running; ® Circle running; ® “Z” line running;

@ Cross the mark Cross the small hurdles with

ng Continuously cross the markingline; ® Cross the small hurdles with one foot alternately;

one foot alternately and continuously

@ Simple opening and closing jumps; ® Alternate standing on one foot; ® Alternate high jumps with one foot; @ Fised-point jump relay; ® Alternate

running and jumping

@ Catch the ball thrown by yourself or others; ® Catch the ball that bounces 1-2 times after landing; @ Catch the ball thrown by yourself or others.

Different distances of balls; ® Alternate catch and throw

©Two-handed pat; @ Two-handed continuous pat; ® One-handed alternating pat; ® One-handed alternating continuous pat
©Two-handed chest throw; @ One-handed hand throw (distance, position); ® One-handed hand throw against the wall
©Two-handed chest throw; @ One-handed ground roll (distance, position); © One-handed wall roll

®Kick the ball barehanded in place; ® Kick the ball in place; ® Run-up kick; ® Run-up kick (distance, position)

© One-handed barehanded single-handed hit in place; ® One-handed lead-up hit + follow-through; ® Two-handed barehanded hit in place; ® Two-
handed lead-up hit + follow-through
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RI

Grip strength

ADHD features

Sensorimotor tract

Age

Sex

Head motion

Grip strengthx ADHD features
Grip strength x Tract

ADHD features x Tract

Grip strengthx ADHD features x Tract

Grip strength

ADHD features

Sensorimotor tract

Age

Sex

Grip strength x ADHD features
Grip strength x Tract

ADHD features x Tract

Grip strength x ADHD features x Tract

Sum of squares

0.004
0.000
0434
0.008
0001
0021
0011
0028
0011

0028

0.003
0001
0211
0.006
0.000
0.009
0047
0011

0044

Mean square

0.004
0.000
0.048
0.008
0.001
0.021
0011
0.003
0.001

0.003

0.003
0.001
0023
0.006

0.000

0.005
0.001

0.005

369
023
48.53
7.76
070
2116
1138
33
121

313

196
033
1466
382

020

328
078

3.06

006

064

<0.001

0.007

041

<0.001

0.001

0.001

029

<0.001

017

<057

0.001

006

066

002

0.001

064

0.001
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No. Content Form Target
1 4min Classroom routine Group. Awareness of rules, social
interaction
2 10 min ‘Warm-up activities Group ‘Warm-up, attention, social
interaction
3 Skills review (Line up, walk, run, jump, catch, throw ~ Team Attention, social interaction
and bat)
4 15 min Social Story skills (Stories about motor s Group/team/individual Attention, classroom environment
adaptation
5 15 min Skill games (Line up, walk, run, jump, catch, throw, Group/team/individual Basic motor skills learning, social
bat) interaction
6 6min Relaxation exercises (yoga/meditation) and review o Group Attention, social interaction

teaching
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Voluntary
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A f seneral movement patterns [ENCY
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Movements technological
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statistical/qu
methods
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. CT—
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DATA RETRIEVAL

Search:  “seneralmovementasessment” OR “general movements assssment” |

Bibliographic
data source:

Records sreencd  Rofined o Hefed Refed o
(by search engine 224 Anicls 199 Aricls 278 Arices
automation) 15 Conference Papers. A Mecting Abscacts 20 Mecting Absracts |

203 publicatons

Rofined o the sarch dtabase b xcdin e papers ke

299 publicatons

PRE-PROCESSING |

Duplicate items removed
@=279)

v

340 publications
asscssed for cligibility
1

—

i
v

295 publications
used in this review

* The full bibliographic records of publications and their cited references from all three
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Example quotes

“Its like, my barber just passed away. I mean, he’s the only one that’s touched my hair for 30-some years, you know? ...Same way with a

doctor”

“Its not the doctors, it the insurance that has been [causing] a lot of trouble lately...insurances have been changing a lot of regulations
the recent years. Its been making it very difficult”

“Without my ability to drive...transportation would've been a problem.”

itsalitle far [to get to the doctor’s office]...because we go by walking”

“...alot of doctors do not understand that it gets cold out there and you cannot go out there....you cannot get on a bus.”

“He got good reviews, so  just picked him.”

“Finding one who's competent and knows how to read me properly”

*...xecommendations from others [non-family members] tends to be how I find the doctors I end up with”

“I'had to, basically, interview a lot of them...I had to do it myself”

“{My PCP] helped me finally find a really good one who worked with kids on the spectrum before she became a gyncologist, so she
knows sensory really,really well and is super gentle and really good with me?”

“[The paper gown] envelopes you. Its not soft. I like it got a texture to it that really rough...1 do not like the feeling of it,do not like
the sound of it”

“They always have the brightest spotlights on your face?

“The I

ts are fluorescent...they give me a headache”
“I can feel the harshness of the fluorescent bulbs.”
“When Td get in the room, it was really overwhelming, all the lights and everything. And so Id always turn them off... [My previous

PCP] would always say, ‘Oh, its dark in here. You want those off2...[But] the new guy; he just turns them all on and does not even ask

me i that was what I wanted. When T try to tell him, he just kind of like ignores it... It just feels careless and like it just does not really.

matter. Like there’ no effort to make things easier or to make it doable’”
Fluorescent lights “bother me when they emit a sound...any humming”

“De

g things like temperature or touching without saying you are going o o that results in more aniety for me and I flinch or I jump”

“Ido not feel comfortable [asking for accommodations] because I know he will not change.”

“In the waiting room, I think they need like...dimmer lights."

ke they could have like a blue light in there because I know blue light usually helps you relax and calm down a bit”
“I think that it would be better to have like a white noise or a calming type nature music in there so that you were not hearing
everything they were telling everybody else and then you would not be worried about everybody else hearing what you were telling the
doctor... But it should not be very loud because loud would bother people on the spectrum, including me; i it was too loud, it would
overstimulate my sensory system and that would do no good”

“Definitely make [being in the physical office] a sensory sensitive experience””

Twould like *...a waiting room that took into account sensory triggers like lighting and noise and air conditioning and, you know;
things like that”

“Negative experiences I've had are particularly the waiting time, both on the phone and in the waiting room, in general, and then, of
course, waiting to be seen””

*...the waiting room is, of course,its boring, but as long as you are entertained with the magazines you are good. But waiting for the -

once you get into the room and waiting for a doctor its ke torture. Its because you are like ‘When is he coming?...a good 10 to 20 or

“Itry to make my appointment as best as possible, even if it means delaying it...|in order to have] the shortest wait time in the office””
“Ialways go either first thing in the morning or last thing in the afternoon.”

“They let me tell the front desk if 've been waiting more than 15 min, and then his nurse will sometimes get me and put me ina
room...she always tells me how many people are in front of me, but shell sometimes put me in a room if I'm getting too stressed....And
sometimes, like, if I need labs or x-rays or something...she'll have them come get me during that wait time so that I do not have to
spend even longer there”

“T'm not a huge fan of TV, but thatd be nice, like something just to distract you while you wait, anything”

“I guess its like, for me, it like, using the cell phone to kill tim
“Ialways having an escape plan or somerwhere where I can step away for a second.”

“I guess I just breathe as best as I can and deep breathe now and realize that i’s going to be okay”

“The good doctor T had, he had all the pictures of his families and letters and stuff It was so entertaining. Sometimes I hated getting
seen too quick because it was like, I wasnit done reading that”

1 like I'm saying things to people in a language that's misunderstood because its like a different language to them. I'm trapped ina

no-signal zone. Its like I'm a cell phone thats working so properly but the signal is blocked, so that' what it feels like™

I might not know until after T leave that, ‘O, T did not have this whole piece of informati
“Imean, that’s often where I run into trouble is I'll tell them I have pain, but I cannot explain is it stabbing or burning o that kind of
thing because they all feel similar to me, so and then I cannot just tell them where a pain is, but then they will not give you an answer
whats wrong because it’s not a description of pain. .. They just do not look at it, o it comes off as its not a big deal. They just move on to
the next thing”

“S0 if they send me a test result back and it says theres a problem and I call to clarify what the problem is and they try to explain it, but
they seem - like they scem to be raising their voice to me, I decide they are mad, and then T get upset with them that they are mad at me
for asking questions and not - I'm not able to figure out the answer to my question””

“The most difficult part of primary care is “Trying to get an appointment to just meet [the doctor] face to face because there’s all these
barriers of like, what number do you call? Or you get an 800 number that just feeds you into 1,000 directions, and talking on the phone
is really hard for me. When I send [an online] message, they say; "Well, we cannot make the appointments. You have to call the

appointment line... Then you call the number....[and the automated phone line] gives you like three or four choices... And, honestly,

you do not really know what [number] you are...if you think of probability and how many choices there are that you could possibly
‘make, i’ like infinite....and then you get through, and then you are on hold for like 25 to 40 min waiting for a person to pick up...You
talk o 10 people, and you give all your information 100 times. And then they try to fit you in, and its always 6 months past the date

that you have even been sick. And you have to somehow verbalize something specific, and I do not know those words... And then they

hang up, and you startall over again. So, it ke this s insanity... There has to be one way to bypass for people who have disabilities who
cannot doall that crap”

“He just does not seem to care...[its] hard to try when you feel like no one reall lstening, and it does not really matter anyway.

He does not really worry about follow-up. He does not care if I never come back. He does not really care about getting to the root of the
problem...it does not feel personal”

‘The doctor “Just came in and started a conversation. . I've never had a conversat

n with a healthcare provider...1 feltlike wow.

[Without this type of conversation, medical care s]...like a business, and the pat

nts are on a conveyor belt that leaves less room for a
human connection.”

“There was this one doctor who was very calm and reassuring and buddy-like?
“Sometimes it was difficult to share what was wrong. And he would say, I'sfine, take your time; and [he would] just st down and...be
really chill”

“I'want a doctor who is assertive.”

I think if [your provider is] being upfront with you the whole time, it easier to be honest with yoursel and honest to your doctor”
“I.do not need the doctor to be warm and fuzzy. I do not need the doctor to be nice. I just need my doctor to give it to me straight, Yes,
its an added perk if my doctor is empathetic and sympathetic and sensitive...But my number one priority would be just give it to me
straight. No filier”

“I would need for them to break it down for me to make sure that I get it...simplify terms””

.1 did not know how to advocate for myself because I never had accommaodations. So, I was used to just sucking it up and failing
And [my doctor] actually came up with ideas originally...Once I had accommodations alitte bit, I started to realize, theres ways that
I could do this that could be successful, and I should try to find out what they are, and he kind of helped me reach that”

“Like you might not be able to affect every doctor out there, but if you could empower every person and somehow make it available. .

like download these accommaodations and questions, then you at least empower the person to do it themselves. Because while a doctor

might not have the time for that in his mind, a client will make the time for that because we have to.”

“My doctor knows that I think in pictures, so any time he’s trying to expl

n whats wrong, he draws me a picture so that I can see the

picture, and then he draws whats happening on the picture for me”

My provider says “Every time you come in, you bring alist of complaints and things that has happened to you in the past 2 weeks.

Everything that has gone on, I want all written down... And he tells me to just give it to him, and he goes through complaint to

complaint with me, and also through concerns and positive things, and things that can change”

Post-visit printouts *...would be useful. Because a lot of times when I do take notes, like, T'm busy writing notes when I could be talking.

You know, so that’s, like, missed time."

“He spends as longas I need to with him...Last time T went to see him, he spent over an hour with me. Even though he was already an
hour behind, and it was 6:00 at night, he stil stayed for an hour trying to figure out what was wrong...he did not care that it was going
to make him go home late or that all the other medical staff had left”

After I disclosed my autism diagnosis to my provider *...it was a pretty poor attempt at hiding his facial expression. And I felt like

saying - said, Tm not one of these people that just milks stuff? I mean, this

[his symptoms] was legitimate, but I could tell 1 was not
going o get through to him anyway. He made his formulation and opinion of me when I [disclosed my diagnosis). And I basically
wanted - I really wanted to say, ‘Doc, you are a shitty doctor! and then just walk out”

“There’s a commonality [among autistic people] to have certain types of dermatological problems, certain types of anxiety issues...GI
issues, and the list goes on.. [no] doc that I've talked to - including the current primary guy - is aware that my being on the spectrum,
given my specific set of symptoms of things that T have going on, fits a pattern...So, T do not get that he’s going to be attuned to what

other tl

gs might be going on that I'm not even aware of...if [ were to tell the doctor, or the staff, that I'm on the spectrum, they do not

get that T could have focus issues. They do not get that T could have balance or high eye-hand coordination issues.”

“I think he has a close family member that is on the spectrum. . it makes me feel good that they might know about me more.”

“He did not really have much experience on my diagnoses ...on my autism, or nothing - and he went out and educated himself, it looks
like?”

“She's very kind of dismissive and brisk”

“The people were behind...the proverbial glass shutter instead of [being] open and feeling accessible”’

“My doctor understands me very well, but I do not think the staff overall understand autism, especially ke, front desk... o] the staff
that does blood pressure...they just kind of take you back like they take any patient and then expect things to go smoothly... I ahways
tell people what I need, but some of them go, ‘Oh, we do not need to do that} and then they wonder why you react negatively toward

them."

“Ljust kind of flipped out...and the nurse just totally lid into me. She like completely had no clue what was my issue. Like she was just

like, Everybody has to wait.Its too bad”” She just like totally missed it..it was something like definitely related to autism that I melted
down. And I tried to tll her, and she just came at me like some cranky woman like, “You need to calm down’ Like I was being just a

spoiled brat,like having a tantrum for w;

ing, and that wasn't it at all. I did not mind being patient for [the doctor]. It was just the

conditions were like really overwhelming, and I think it was really loud. . But she just was really insensitive and mean, and that just
sucked”

"..watch the instructional videos. Read the books. Listen to the audiobooks, the instructions. Go to meet with people who either are

the autistic people or those that work with them”

“[My PCP] spoke to my psychiatrist, he spoke to my neurolog

...and he just started educating himself [sbout autism]... [Usually they]

tell you Sorry, I do not really handle this condition [au

“I often take my mom with me just so that I have a second person to hear everything that they say so that when I get home, she can
repeat it to me and then I can translate it back into what I need because I cannot always process everything thats said.”
“I getalttle overwhelmed by paperwork. But if had somebody at the hospital or the office or the doctor break it down for me step-by-

step, just to explain what everything is, then I'll et used to it”

“Because I do not have a lot of support...1just have not gone...I used to see [my previous PCP] like every 3 or 4 months...[but] I've
decided that I'm not going f  have to go alone...1 need backup so that they do not bully me in an appointment””

“The supportive living service provider industry *..has a huge turnover...I had one person, and then she quit. And then I had another
person, and she walked off her job. And I had a third person, and she did not pass the background check. And now I have no one until

they put someone els

place. So, I had someone for that appointment. Then they canceled that appointment. And then the person
was pulled off the job, and now I need to wait for a new person [before atiending my appointment)”

“The most challenging part of primary care is “Like its trying to get an appointment to just meet them face to face because there' all
these barriers of like, what number do you call? Or you get an 800 number that just feeds you into 1,000 directions, and talking on the

phone is really hard for me. When I send ... message, they say; well, we cannot make the appointments. You have to call the

appointment line... There’ no alternative... It forces you to have to get help from someone else, and then that - in some ways it like -
embarrassing. Its like a humiliation. Like you are a capable adult. You just need this accommodated. But because they will not
accommodate it, you then have to like ask for help, and it makes you feellike crap. You do not feel - you lose just a litle bit of
independence in that moment, and you are at the mercy of whether that person will cll for you or not... And then they call for you,
and then they say, we cannot talk to you. We can only talk to the person directly like because of HIPAA and all that stuff. And I'm like,
Till waive all my HIPAA rights. Where do T sign? Like I do not even care about that. So that access, I think, just actually getting to the

person that you are trying to interact with or to find out what to do from there or something
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Mean(SD) ge

Sex (% female) 1222%
Age (in years) 11.58(3.46) 6.22-17.85
WASI-21Q 102.29(16.72) 62-136
ADOS-2 Module 3 overall 12.64(5.17) 3-27
total
ADOS-2 Module 4 overall 13.43 (5.48) 1-28
total
SRS-2T-score 75.17 (10.42) 48-90
SCQ Total raw 18.96 (7.27) 6-37
BOT-2 SF Standard score 38.45(6.94) 24-68
BOT-2 Balance T-score 10.20 (4.66) 224
VABS-II DLS Standard score 8864 (16.11) 54-121
Hispanic 6.67%
Race
White 8111%
More than one 5.56%
Asian 5.56%
Black/African American 667%
American Indian/Alaskan L11%,
Native
Grade

ndergarten 333%
Ist 8.89%
2nd 8.89%
3rd 8.89%
4th 17.78%
sth 10.00%
6th 0.00%
7th 667%
8th 6.67%
9th 6.67%
10th 14.44%
1ith 5.56%
12th 222%

1Q=intelligence quotient; WASI-2 = Wechsler Abbreviated Scales of Inteligence, 2nd
edition; ADOS-2= Autism Diagnostic Observation Schedule-2nd editions SRS -2 = Social
Responsiveness Scale-2nd edition; SCQ=Social Communication Questionnaire; BO'
ruininks-Oseretsky Test of Motor Proficiency, 2nd edition; VABS-1= Vineland Adapive
Behavior Scales, 2., edition.
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Age
RAADS-R Score®

All sources considered, how much money do you have access to monthlyz"

Sex
Male
Female
Race®
White, Caucasian
Black or African American
Asian
American Indian or Alaska Native
Not Reported
Ethnicity
Not Hispanic, not Latino
Hispanic, Latino
Primary language spoken in the home
English
Spanish
More than one primary language*
Highest level of education earned
High School or GED
College
Graduate Degree or above

RAADS-R, Ritvo Autism Asperger diagnostic Scale-Revised.
“Autism diagnosis confirmed either by medical documentation or RAADS-R; 1 = 23 RAADS-R scores included here.
“Missing data (n =9),

Participants instructed to markall that apply.

‘English and Spanish (n = 1); English and Cantonese (1 = 1),

stic participants (n = 32)

Mean (SD) / Range

31.8(12.2)/ 18-67 years

119.1(51.0) / 65-224
$1,515.00 (1,261.00) / $0-$5,000

N (%)

26(81.3)
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23(71.9)
4(125)
4(125)
3094)
13.1)

26(81.3)
6(18.8)

28(87.5)
2(63)
2(63)

11(344)
18(56.3)
3094)
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z
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—1.297556, 0.0769599
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t
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Behavioral problems

adj. Kendall's Score (P-Q)

Std. Dev. of Score

0370726

Number of Studies

-1

z

t

Pr>
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2 (continuity corrected)

038
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Pr>
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Number of participants (N)

Participants with complete data ()

Age range: 17-27
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Participants taking atleast one medication
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Discontinuous trial, with auditory Discontinuous trial, without auditory

feedback feedback

Atpptarent o o . . Participant
strategy Mean (SD)  Timein  %oftimein Mean(SD)  Timein % of time

IRI (ms) target (ms) target IRI (ms) target (ms)  spent in target
Aiming for 800 ms IRI 783 (36) 71 20 816 (44) 186 29 P10
Aiming for 800 ms IR 987 (55) 180 177 885 (47) 156 171 6
Aiming for 800 ms IR 1071 (48) 275 256 975 (41) 349 346 P2
Aiming for 800 ms IRI 1343 (73) 384 29 1281 (94) 354 271 i
‘Taking more time 1710 (127) 562 326 2779 (329) 797 302 s
Taking more time 1552 (116) 589 382 1803 (102) 540 29 P9
‘Taking more time 1984 (155) 618 320 2476 (190) 449 194 3
Half target, half circle 1633 (58) 760 464 1573 (65) 787 496 Ps
Half target, half circle 1762 (130) 940 550 NA NA NA Pl
Hybrid between taking 2362 (256) 992 05 2713 (269) 977 329 »7

more time and half
target/half crcle (1/3
target, 2/3 circle)
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Stimuli and task

Findings

Autistic Non-autistic
Pearson et al. N 18(1) 18(1)
(20149) Age 19774495 18.44+3.43
1Q 97.61219.11 1015541833
Conson etal N 20 220)
@015) Age 133514 135215
Q 100252 100438
Pearson etal N(f) 30027) 3018)
(2016) Age 9.03£245 683£1.66
1Q 655£2.19 6685212
Ringetal. 2018)* | N(f) 2(3) 18(8)
Age 38811182 21251214
1Q 1102187 10£17.9

Computer generated 3D images of
person with one extended arm
presented at different angles (0-160°)

Egocentric tas

: Judge whether lef/
right arm of person is extended
Mental rotation task: Judge whether
two images are the same/different
Response for both tasks: right or lft
hand index finger key press.

Line drawing of human figure from
front or back view in 4 different
angles.

Judge whetherleft or right hand
marked

Response: index or middle finger key
press of right hand

Photos of an actor in different
postures. Participants point to which
one of two photos matches the

exemplar photo shown

Image of man presented as right way
up or standing on his head with his
front or back to the participant
Judge whether disk in lef or right
hand

Response: unspecified

Egocentric task:
o RT greater and accuracy lower for

autistic group

°

Significant angle effect for accuracy
with no group differences

°

Significant angle effect for RTs for

both groups, larger for autistic

group (steeper slope)

Mental rotation task:

o Significant angle effect for accuracy
with no group differences

o Significant angle effectfor R, no.
group differences in
slope.Increased KT for
autistc group

Accuracy:

o Nosignificant angle effect

o Non-autistic group more accurate

for back facing then front facing

figures and more accurate than

autistic group for back facing.

Reaction time

°

Significant angle effect for

both groups

°

Non-autistic group faster for back
facing then front facing figures,
reverse for autistc groups
Non-autistic group slower than
autistic group for front facing and

reverse pattern for back facing.

No group differences in accuracy

No significant group differences in

accuracy or Rls

N(f), number of participants, with number of females in brackets. Mean age and IQ are given together with standard deviations. *Note that authors report that 4 participants did not complete
the tasks or were excluded, but the remaining participants were sill matched on age, gender and FSIQ. RTs, reaction times.
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Study

Gowen etal. (2022)

David etal. (2010)

netal. (2015)

Gauthier et al. (2018)

Piedimonte et al

(2018)

Xieetal. (2022)

Autistic
N 20012)
Age 321463
Q Hs£127
N 19(8)
Age 364293
Q 131214
N(f) 22(2)
Age 13314
Q 1002£52
N 26(5)
Age 1265366
Q 94.33£30.6
N Adolescents
Age 16(14)
Q 13829
N(f) 102.06+5.22
Age Adulis
Q 1201)
283448
97+16
N() 2004)
Age 106269
Q 60£1257

Non-autistic

2201
28475
114£176

15(11)
312463

130£10

20)
135515
100438

38(15)
1203338

Adolescents
18(16)
14529
1012268
Adulis
11(10)
24128
10218
204)
10882239
612541276

Stimuli and task

Questionnaire: KVIQ-20

Perspective taking task.
Virtual character in front of two
objects. Characters gesture to object,
facial expression and body
orientation changed between trials.
Participants required to indicate
which object was elevated from
perspective of character

Perspective taking task

Photos of an actor who could

be gazing toward/away or grasping/
not grasping an object

Judge whether the object is on the
lefi/right of the actor from the view

point of the actor

Perspective taking task
3D avatar of a tightrope walker

Participants instructed to imagine

their body in the position of the
avatar and lean in the direction

he was leaning

Movement direction measured
Spatial bimanual task

Drawing line with right hand while
drawing or imagining drawing a

circle with left hand

Recall task
Parti

pants given instructions for a
series of actions then asked to look at
pattern, imagine performing the
actions or physically execute the
actions

Outcome measure of span score:
number of actions in the sequence

orally recalled

N(f), number of participants, with number of females in brackets. Mean age and IQ are given together with standard deviations.

Findings

No significant group

differences

No group differences in
accuracy or RT

Faster RTs and increased
number of correct (allocentric)
responses when actor grasping
object in non-autistic

group only

No significant group

differences

Significant effect of imagery
condition only in

non-autistic group

Non-autistic span score:
imagery condition>observe
pattern condition

Aut

tic span score: imagery
condition=observe

pattern condition

Both groups: execution
condition>observe pattern

condition
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Study

Chen etal. (2018) N
Age
1Q

Conson etal. (2013) | N(f)
Age

Consonetal. (2016) | N(f)
Age

N()
Age

Souliéres et al. N(f)
Qon* Age

Xie etal. (2022) N()
Age
Q

Aul

20)
12954104

10848+17.70

24(3)
134213
100

181)
146242
1035147

14(4)
710
822153

Peak: 14 (2), No-peak:
nw
Peaki20.6£7.2 No-peak:
214546
Peak: 1017+ 13.1, No-
peak: 1021115

8
10824

Non-autistic

2(2)
13472124
109.6429.42

24(4)
13314
99.4

18(2)
148£35
1044575

17(9)
79
106+9.4

14(2)
194238
1030105

8
105£24

Stimuli and task
3D images of front and
back of hands either with

spoon or bare hand.
Rotated witl

n frontal

plane, sagittal plane and
transverse plane.

6 orientations (0,60, 120,
180, 240, 300°)
Response: right or left
hand index finger key

press

Line drawings of back of
hands
4 orientations (0, 90, 180,
270°)

Response: index or middle

finger key press of right
hand

Full color photographs of
frontand back of real
hands

4 orientations (0, 90, 180,
270°)

Response: right or left foot
pedal press

Color images of back of
hands

4 orientations (0,

90, 180, 270°)

Children tested at 7, 8,
9years.

Response: right or left

hand button press

Line drawing of hands,
different gestures

10 orientations (0-180°)
“Task: Participants
presented with 2 stimuli
and indicate with a key
press whether same/
different

Not described

Findings
+ RT

0 ASC>NT;

o Significant biomechanical effect in
both groups and no group
differences (when RT taken into
account using biomechanical index)

o Significant angle efect for
both groups

Accuracy: No group differences

. RT:
o Significant biomechanical effect in
non-autistic group only
o Significant angle efect for
both groups
« Errorrate
Significant biomechanical effectin non-

autistic group only

* RT
0 ASCH>NT
o Significant biomechanical effect in
both groups
+ Errorrate
o Larger biomechanical effect for
autistic group
Significant effect of posture on the
biomechanical effect in autistic but not

TD for RT and error rate

« RTand error rates
o Significant biomechanical effect in
both groups for 7 and 9 years

o Absent biomechanical effect for

ic group at 8 years

« RT
o Nogroup differences
o Significant angle effect for all groups
+ Accuracy
o Autistic peak group were
significantly more accurate than
non-autistc group; no differences
between non-autistic and
No-peak groups.
Significant angle effect for all groups
+ RT
o Nogroup differences
+ Accuracy

Non-autistic > autistic

N(f), number of participants, with number of females in brackets. Mean age and 1Q are given together with standard deviations. *Note that autistic group was split into groups based on

performance of Wechsler block design task with those scoring relatively hiy

er than their overall score being in the Peak group and the rest in the Non-peak group.
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[Cluster 1D) Label (LLR) [Average Year]
0 fcase report (85.8, 1.0E-4) 2011
1 idevelopmental neurology (49.08, 1.0E-4) 1996
2 typical outcome (47.01, 1.0E-4) 2009
3 early prediction (104.39, 1.0E-4) 2015
4 [video recording (67.39, 1.0E-4) 2005
5 lassessment (14.45, 0.001) 1986
6 reterm infant brain structure (25.34, 1.0E-4) 2005
7 spontaneous movement (51.77, 1.0E-4) 2007
8 cerebral palsy (126.22, 1.0E-4) 2015
9 fenhanced interactive general movement assessment (17.09, 1.0E-4)| 1990
10 motor (14.86, 0.001) 1993
11 spontaneous motor activity (33.26, 1.0E-4) 2002
12 eneral population (37.78, 1.0E-4) 2006

#9 enhanced interactive géner

#12 geiieral population
#11, spént‘anedus.momr activity
#6 preterm mfah,t'h(lm struuurg
.#7 spoptafeols mo\?emgm

nmal.ueurolugy
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Qualities to modify and explore nd examples

Movement (effort) the qualities of weight, luidity/tension, and time in any action.
Eg, you might use heavier footsteps when copying your partners walk; you might slide lightly across the floor when
copying your partner’s stagnant shuffles; while rocking along with your partner you might slow down or speed up your
pace.

Movement (mood) Modify the emotional/energetic tone.
Eg., take your walking small,gentle and whispery; take your run light, darting, magical; take your hand-clench slow,
thoughtful, sacred.

Movement (structure) Modify how and where your movements come from.
Eg., using your body as a whole vs. in parts; considering the place of initiation of movement; playing with alternative
placement or movement of your limbs in relation to your torso; exploring your upper-lower body relationship, your left
t0 right body relationship, and your contralateral body relationship.

Movement (space) Modify the ways you use proximity to your partner, sensing the effects of near, mid, far reach, and height-level changes.

Sound In sound, you can play with small changes in volumes pitch timbre (breathy, soft, or vibrato voice or sound); fempo; or

articulation in the length of sounds (short and choppy; or extended and sofi-edged).

‘Regarding the movement qualites discussed in this table, Rhythmic Relating draws on ideas from Laban/Bartenieff Movement Analysis (LBMA) (Laban, 1976; Bartenieff and Lewis, 1950
Tortorass related Ways of Seeing model (Tortora, 2006); and Eberhard-Kaechele’ developmental mirroring taxonomy (berhard-Kacchele, 2012). e have minimized and simplified related
categories to fit the Rhymic Relating priorities, and to support practitioners not trained in specific movement approaches. Regarding the sound qualities, we have referred to Bruscia (1957).
Wigram (2004), and Geretsegger et al. (2015).
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Sensory system

Possible threats to sensory

Environmental adaptations to promote sensory stability

Auditory (sound)

Visual (sight)

Haptic
(touch)

Olfactory (smell)

Proprioception/
Vestibular
(body sense, positioning

and alignment)

“This table s reproduced here from Daniel et 1l (2024), with author’s permission. References:

stability

High or low-pitched loud voices or sounds."
Specific noises such as metallic, machine, jolting,
hissing, or banging sounds, electric hums and
buzzes from electronics and lights.** Outside
noises.*** Hearing others talking from adjacent

rooms or outside.**

Bright lights, """ high or low contrast," specific

colors,'*!* many LEDs, i

patterned lighs,
strobing,'" flickering, " spinning fans,* strip
lights,"** some dimmer-switch lights,* ight
through sun-blinds (any other flickering
source),'*" visual complexity (wall décor, overall

room set-up).”

ighly individualized preferences... but physical
contact in general and often overly gentle touch
can be disturbing

Feeling disembodied and disorientated. *

Smells can be overwhelming or sources of
distraction.” Or smells can support and define a

stable experience. "

Sensorimotor dysregulation.’
disembodied and disorientated.**

1222 Feeling

Keep the ambient sound levels low.**

Keep the auditory environment as simple as possible ¢

1 the child you are working with s hyper-sensitive to sounds, might noise reduction

headphones be supportive?”*

Initially, keep your baseline volume levels slightly below average conversational volume."*
Never shout."* With respect to vocal tone, consider avoiding very low* or very high
pitched? registers of voice as to create an inviting tone. Adapt, as appropriate, as you get
toknow the child, and for varying contexts

Try supplementing your verbalizations with visual supports such as drawings, symbols,
lists, schedules, or written tips/instructions overview.”

Unplug phone chargers and other electronics chargers if not in use.*

“Try to keep your space tidy, minimal and structured. If possible, keep the same stuffin

the same places each time you interact.*

‘Wear simple block colors without patterns or stripes.'

“Try out different color clements. Lay out some colored fabrics somerwhere in your

space....is the person you are working with drawn to.a specific color?*

Keep light levels low and warm. """ Keep, iniiall; o a single light source (avoiding
multiple shadows and excessive lines of contrast).” Have multiple light source options for

hypo children to choose and control*

Be careful with the types of LEDs you use; don't use strip-lights, dimmers, blinds

et o

For discrimination and clarity, use color contrasting objects, consider marking

boundaries of room areas visually*

1 helpful to have a safe-space in your therapy room, such asa tent, This should

be containing and allow for muted, dim light.*

‘Take time to understand and respect each child preferences.*

‘Asa rule-of-thumb, do not instigate physical contact but be open to playful, supportive
contact when approached. If contact s initiated, try using firmer touch rather than overly
gentle.” Be immediately responsive to the childs communicated preferences

regarding touch.*

Have various textures, tactile objects, playdough, fidgets te., available to touch, feel and
explore in support of embodiment* + opinion. ™*

“Try to keep your space clean and as odor-free as possible.
+ Open windows for ventilation betsween clients."*

Do not use room-fresheners.*

Do not wear scented deodorants, perfumes, o colognes.

Have different scents available to smell, such as stickers, markers, smell bottles.

Have weighted items available, such as blankets, stuffed animals, ap pads.*

Have safe options for therapeutic touch available, such as a massage ball,yoga ball,

textured glove etc.*

Offer options for where and how to be positioned: sofa, chair, bean bag, boxes, basket,

Sleeping bag, sensory sock, comfortable rug *

‘Khalfa et al. (2004), *Rosenhall et al. (1999), *Takahashi et al. (2016), *Kwakye et al. (2011),

“Lepisto et al. (2006), “Russo et al. (2009), Peiffer et al. (2019), *Ikuta et al. (2016), lacono et al. (2016), *Coulter (2009), "Daluwatte etal. (2015), “Little (2018), PKoh et al. (2010), "Franklin
etal. (2010, *Ludlow etal. (2006), “Giigli et al. (2007), "Biel (2017), “Laurie (2022), PCrow et al. (2020, ®Ashwin et al. (2014), *Chu (2017), ZProff et l. (2022), ®Van Hecke et al. (2019),
Other statements (marked with an *), while also reflecting extensive clinical experience (Danicl et al., 2024a), lack the backing of a reported evidence base.
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You will need a partner. Choose who i the istener’ and whao is the ‘talker’ (you can swap later).

it face-to-face in a comfortable position.

Listener, you will start off with active listening. By this we mean, dorit say anything but do keep interested eye contact, use your body language and feel free to make social

noises (“ahh ha', “yeah’, “o00h” etc.) to be a good active listener.

‘Talker, think of something you want o talk about - anything (thisis your moment!). And start talking with your (new) friend.

Listener,after about a minute or so, you will switch to Still Face. You will now keep your head stil, facing straight ahead and gently fix your eyes on your partner’ shoulder.
Stay like that, keep your face and body still (no expressions or gestures at ll) and keep completely quiet.

Talker, try to keep on talking naturally for another minute or so.

Listener, you choose when to stop - let your partner try to keep chatting for around a minute or so (don't leave it much longer). You are then both free to talk and move and
engage with each other as you like. Continue to talk for another few minutes, so that you can find yourselfin sync with your partner again. Whatever you have felt, it is

important to acknowledge your feclings and to reflect on them.
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Location I\ Participant type = Age range Task assays

School 1 29 ASD (LS) 6-10 Resting, surprised, happy, baseline, pre and post OT, and SLP therapies
Social event 9 ASD (HS) 9-21 Anger, happy, sad, surprise, resting

Social event 9 ASD (HS)—apraxia 14-21 Anger, happy, sad, surprise, resting

Social event 11 TD-Mom 50-60 Anger, happy, sad, surprise, resting

Social event 8 TD-MomM 50-60 Anger, happy, sad, surprise, resting

Social event 10 TD-Dad 50-75 Anger, happy, sad, surprise, resting

Clinic-spa 20 ™D 20-50 Anger, happy, sad, surprise, resting, pre and post Feldenkrais therapy
School 2 12 TD 7-29 Anger, contempt, disgust, fear, happiness, sadness, surprise

School 3 9 ASD (LS) 7-12 Anger, contempt, disgust, fear, happiness, sadness, surprise

Demographics: Total of 126 participants, 70 TD (8 with acquired neuropsychiatric disorders, 32 healthy, and 9 with self-reported autoimmune disorders) and 56 ASD (29 speakers with low
support needs, 18 non-speakers with high support needs, and 9 non-speakers with high support needs and a diagnosis of apraxia).
ASD, autism spectrum disorder; LS, low support; HS, high support; SLP, Speeech Language Pathologist; TD, typically developed.
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Category

Children with ASD
(n=108)

Typically developing
children (n=108)

Manual dexterity
Aiming and catching
Static and dynamic balance
Overall motor skills

p <0.05, #p<0.01, **4p<0.001

4.04£3.05
4444277
5124462

356313

11044285
9204293
11284247

10.66:+2.21

~1132

~9.49

~9.62

~1147

0.000%++
0.000%++
0.000%++

0.000%+*





OPS/images/fpsyg-15-1384068/fpsyg-15-1384068-t001.jpg
Rhythmic Relating is designed to support play, learning and therapy with young autisic children, unconventional communicators, and autistic people who have additional
learning needs.

Rhythmic Relating helps us to:

Engage with another person; seeing, copying, and celebrating their behaviours, developing rapport and the foundations of play.

Share behaviours and develop reciprocal play. We give space for the impetus inherent in the other’s spontaneous behaviours, and piggy-back on that impetus using mirros

‘matching, looping, and Yes...and" techniques.
Develop aspects of our behaviour which bring clarity; sensory accessibiliy, and impetus in support of social timing, This will include the use of certain qualities of movement,

touch, and sound; and certain priorities in pattern, thythm, repetition and novelry.
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VEELIES mean

DCDQ
Fine motor/handwriting 11.77 3.56 1
General coordination 2328 5.71 0.282%* 1
Controlling 1828 5.18 0.438** 0.502** 1
during movement
EF 61.98 9.35 -0.369** -0.425** -0.258** 1
SRS
Social awareness 10.79 255 -0.154 -0.344* -0.277% 0.508** 1
Social cognition 15.90 524 -0.229* -0.320** -0.333** 0.530** 0.520** 1
Social communication 2622 8.86 -0.213* -0.405** -0.405** 0.629** 0.620** 0.766"* 1
Social motivation 12.04 5.11 -0.127 -0.318* -0.303** 0.433** 0.351** 0.525™* 0.658** 1
Autistic mannerisms 13.19 5.88 -0.249** -0.435* -0.333* 0.630** 0.533 0.660** 0.804** 0.556**

age, and gender were adjusted; **Correlation is significant at the 0.01 level (2-tailed); *Correlation is significant at the 0.05 level (2-tailed); DCDQ, The Developmental Coordination Disorder
Questionnaire; EF, executive function; SRS, The Social Responsiveness Scale.





OPS/images/fnhum-18-1442799/fnhum-18-1442799-e003.jpg
= a0’ - log(k)=a+blog(0)+&

3)





OPS/images/fpsyt.2024.1363406/table4.jpg
Model pathways

Product of Coefficients
Estimated effect

95% ClI
Upper bonds

Total effect from DCDQ to SRS
Direct effect

DCDQ — SRS
Indirect effect

DCDQ — EF — SRS

SIES Est./S.E. p-value Lower bonds
-0.599 0.071 -8.440 <0.001 -0.738
-0.331 0085 -3.894 <0.001 -0.497
-0.268 0.054 -4.989 <0.001 -0.374

All factor loadings were standardized; age, and gender were covariates for each variable.

-0.460

-0.164

-0.163
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MAB Red zone Amber zone Green zone
Manual dexterity 79 (73.2%) 9(8.3%) 20 (18.5%)
Aiming and catching 81 (75.0%) 4(7%) 23 (21.3%)
Static and dynamic balance 67 (620%) 5(46%) 36 (33.4%)
Overall motor skills 86 (79.6%) 4(37%) 18 (16.7%)
Typical developing children Manual dexterity 2(1.85%) 2(1.85%) 104 (96.3%)
(n=108) Aiming and catching 11(10.2%) 7(6.5%) 90 (83.3%)
Static and dynamic balance 109%) 0(0%) 107 (99.19%)
Overall motor skills 0(0%) 0(0%) 108 (100%)

MABC-2=Movement Assessment Battery for Children-2; Red Zone= significant movement diffculty; Amber Zone= the at risk” o having a movement dificulty; Green Zone=no movement
ificulty detected
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Characteristics ASD-only T value/y? value P value

(N=137)

Age (mean + SD) 7.68+1.38 7.59+1.29 0.379 0.705

Gender Boys 84.4% 89.1% 0.676 0411
Girls 15.6% 10.9%

Right-handed Yes 75.9% 78.3% 0.077 0.781
No 24.1% 21.7%

Only-child Yes 60.0% 46.0% 2.662 0.103
No 40.0% 54.0%

Maternal age (mean + SD) 36.13+4.49 37.29+3.48 -1.797 0.074

If the mother has a bachelor degree or above Yes 77.8% 81.8% 0.344 0.557
No 222% 18.2%

Per capita family income <8000 Yuan 73.3% 49.6% 7.703 0.006*
28000 Yuan 26.7% 50.4%

Intervention history Yes 57.1% 68.5% 1516 0.218
No 42.9% 31.5%

DCDQ (mean + SD)

Fine motor/handwriting 9.71+4.01 11.77+3.56 -3.254 0.001*
General coordination 23.96+5.24 2328571 0.705 0.482
Controlling during movement 18.84+5.13 18.28+5.18 0.630 0.529
EF (mean + SD) 67.07+8.94 61.98+9.35 4.808 <0.001*

SRS (mean + SD)

Social awareness 11.58+2.90 10.79+2.55 1.740 0.084

Social cognition 20.44+4.06 15.90+5.24 5315 <0.001*
Social communication 33.16+7.63 26.22+8.86 4.709 <0.001*
Social motivation 14.8244.17 12.04+5.11 3.308 0.001*
Autistic mannerisms 17.09+5.45 13.19+5.88 3928 <0.001*

“p<0.05; D, standard deviation; ASD, autism spectrum disorder; 1Q, Intelligence Quotient; DCDQ, The Developmental Coordination Disorder Questionnaire; EF, executive function; SRS, The
Social Responsiveness Scale.
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VEELIES mean

DCDQ
Fine motor/handwriting 9.71 4.01 1
General coordination 23.96 524 0.352% 1
Controlling 18.84 513 0.432** 0.556** 1
during movement
EF 67.07 8.94 -0.269 -0.351* -0.183 1
SRS
Social awareness 11.58 290 -0.201 -0.095 -0.126 0.480** 1
Social cognition 20.44 4.06 0.039 -0.266 -0.043 0.515** 0.453** 1
Social communication 33.16 7.63 0.051 -0.148 -0.015 0.493** 0.613** 0.795%* 1
Social motivation 14.82 4.17 -0.075 -0.321* -0.183 0.361* 0.486** 0.600"* 0.715* 1
Autistic mannerisms 17.09 545 0.111 -0.143 0.018 0.401** 0.454** 0.597** 0.796** 0.620**

age, gender, and IQ were adjusted; **Correlation is significant at the 0.01 level (2-tailed); *Correlation is significant at the 0.05 level (2-tailed); DCDQ, The Developmental Coordination Disorder
Questionnaire; EF, executive function; SRS, The Social Responsiveness Scale.
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