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Do we all synch alike? Brain—
body-environment interactions in
ASD

Shlomit Beker* and Sophie Molholm

Departments of Pediatrics and Neuroscience, Albert Einstein College of Medicine, Bronx, NY, United
States

Autism Spectrum Disorder (ASD) is characterized by rigidity of routines and restricted
interests, and atypical social communication and interaction. Recent evidence for
altered synchronization of neuro-oscillatory brain activity with regularities in the
environment and of altered peripheral nervous system function in ASD present
promising novel directions for studying pathophysiology and its relationship to ASD
clinical phenotype. Human cognition and action are significantly influenced by
physiological rhythmic processes that are generated by both the central nervous
system (CNS) and the autonomic nervous system (ANS). Normally, perception occurs
in a dynamic context, where brain oscillations and autonomic signals synchronize
with external events to optimally receive temporally predictable rhythmic information,
leading to improved performance. The recent findings on the time-sensitive coupling
between the brain and the periphery in effective perception and successful social
interactions in typically developed highlight studying the interactions within the brain—
body-environment triad as a critical direction in the study of ASD. Here we offer a
novel perspective of autism as a case where the temporal dynamics of brain—body-
environment coupling is impaired. We present evidence from the literature to support
the idea that in autism the nervous system fails to operate in an adaptive manner
to synchronize with temporally predictable events in the environment to optimize
perception and behavior. This framework could potentially lead to novel biomarkers
of hallmark deficits in ASD such as cognitive rigidity and altered social interaction.

KEYWORDS

autism, synchronization, brain—body, interaction (brain-body interaction), ASD,
biomarker

Autism and synchronization with the environment

The two major diagnostic criteria of autism spectrum disorder (ASD), impaired social
communication and restricted interests and/or repetitive behaviors (American Psychiatric
Association, American Psychiatric Association DSM-5 Task Force, 2013), reflect impaired
interactions between the individual and their surroundings. Engaging with the external
environment is crucial to acquiring and updating adaptive behaviors from the earliest stages of
development (Tordjman et al., 2015), when mimicry of and reciprocal interaction with a
caregiver (also termed “parent-infant synchrony”) takes place (Feldman, 2007). Basic behaviors
involving rhythmic synchronization often characterize such interactions. For example, newborns
synchronize leg movements with adult speech (Condon and Sander, 1974); mother-infant face-
to-face interactions often involve a repetitive rhythmic organization (Moreno-Nunez et al.,
2021); and infants and young children prefer rhythmic speech and songs, as indicated by
increased gazing behaviors (Alviar et al., 2022; Lense et al., 2022). Such preferences suggest that
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during early stages of development, rhythmic, temporally predictable
events may provide the scaffolding upon which more complex
learning and interaction with the environment are typically built.
Whereas typical development involves copious engagement with the
environment (Zwingmann et al., 2012), studies indicate that this is
significantly reduced in infants at high risk for autism, who exhibit
reduced eye contact (McPartland et al., 2011; Jones and Klin, 2013),
joint attention, and reciprocal imitation (Zwaigenbaum, 2005).
Although the ASD cognitive and behavioral phenotype is well
characterized for diagnostic purposes, the physiological processes that
are involved, and related biomarkers, remain elusive. A better
understanding of the basis of impaired interaction with the
environment, which may contribute to the emergence of the canonical
maladaptive autistic behaviors such as impaired social interaction and
restricted interests/repetitive behaviors, may reveal sensitive
biomarkers of the condition that are detectable before the emergence
of the classic symptoms used to diagnose autism, as well as pointing
to novel therapeutic approaches.

Here we lay out a rational for studying the integrity of the
synchronization of the central and autonomic nervous systems with
the physical and social environment in autism, as potential readouts
of impaired interaction with the environment. We consider the role
that the dynamic interplay between intrinsic bodily rhythmic
processes and rhythmic or quasi rhythmic temporally predictable
events in the environment plays in typical perception, cognition, and
social interaction, and how the impairment of such interactions may
contribute to autism. To this end, we focus on how human cognition
and action are influenced by bodily rhythmic processes governed by
both the central nervous system (CNS) and the autonomic nervous
system (ANS), and on emerging evidence for disruption of these
processes in autism. While such rhythmic processes occur at many
scales (e.g., from circadian rhythms to neuro-oscillations occurring
on the order of milliseconds), here we focus on those on the second
to sub-second scale, that are readily related to adaptation to the
immediate environment and interpersonal social interactions.
Figure 1 presents a schematic of potential interactions across what
we term the Brain-Body-Environment triad (1A) and illustrates some
of the ways in which these processes can be quantified (1B): (i)
Electroencephalography (EEG), electrocardiography (ECG) and
respiration activity for cognitive tasks; (ii) EEG, heart rate variability
(HRV) and skin conductance for social interaction.

The effect of CNS and ANS rhythmic
activity on perception and
performance

Neuro-oscillations reflect rhythmic fluctuations of neuronal
ensembles between high and low excitability states (Bishop, 1932;
Buzsaki and Voroslakos, 2023). The temporal alignment between
these fluctuations and external events, known as oscillatory
entrainment or phase locking (Lakatos et al., 2008; Schroeder and
Lakatos, 2009; Schroeder et al, 2010), contributes to optimal
perception and performance (Lakatos et al., 2008; Schroeder and
Lakatos, 2009; Schroeder et al., 2010; Vanrullen et al., 2011; Thut et al.,
2012; Mercier et al., 2015) and, as we elaborate below, plays a role in
the ability to successfully interact with others (Kingsbury et al., 2019;
Omer et al., 2019). As such, neuro-oscillations have been suggested to
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orchestrate adaptive behaviors and response preparation through
entrainment (Lakatos et al., 2008; Tal et al., 2017; Ten Oever et al.,
2017; Haegens and Zion Golumbic, 2018) to facilitate the processing
of stimuli that appear at temporally predictable times (Lakatos et al.,
2008). In our work we have found that when presenting rhythmic
stimuli to individuals where the timing of stimulus onset is predictable,
there is reduced phase locking of neuro-oscillations, as well as altered
neural indices of predictive processing, in children with autism (Beker
et al,, 2021). Taken together with evidence for impaired behavioral
synchronization (Vishne et al., 2021; Kasten et al., 2023) and slower
updating of motor and behavioral responses (Lieder et al., 2019) when
presented with rhythmic sensory stimulation, there is mounting
evidence for altered neural synchronization with the environment as
a possible mechanism contributing to autism. The critical role of
neural entrainment in adaptive behavior and preliminary evidence of
its impairment highlights the importance of understanding these
neural functions in individuals with ASD and how they mediate
interaction with the environment.

Coordinated signaling between the central and autonomic
nervous systems also contributes to adaptation to ongoing
environmental demands (Yerkes and Dodson, 1908). The ANS
regulates involuntary organ functions such as heartbeat, breathing,
sweat and digestion, and supports the flexible adaptation of the body
to current circumstances. Acetylcholine (Ach) and norepinephrine
(NE), the primary neurotransmitters involved in arousal through the
ANS, play a major role in cognition (Yu and Dayan, 2005). For
example, neural activity in the Locus-Coeruleus (LC) and basal nuclei,
rich in NE and cholinergic receptors respectively, has been linked to
cortical reconfigurations and to changes in states of awareness (Munn
etal,, 2021). Studies on predictive processing indicate that NE and Ach
modulate with prediction strength (how confident the person is in the
prediction) when expectations are violated (Posner and Petersen,
1990; Sarter and Bruno, 1997; Sales et al., 2019), signifying the
relevance of arousal in statistical learning and predictive processing
(Yu and Dayan, 2005). The role of the ANS in cognitive function at a
macro level is well-known through the Yerkes-Dodson function
(Yerkes and Dodson, 1908; Faller et al., 2019), which describes the
influence of level of arousal on performance. But it is also seen for
rapid timescales. Studies from recent years point out the crucial role
of phase of brain and body signals in perception and performance. For
example, specific phases of respiration and heart activity are aligned
with conscious tactile perception (Grund et al., 2021), spontaneous
pupil dilation dynamics correlate with neural oscillations (Pfeffer
et al.,, 2021), respiration cycles are aligned with perception and with
neural excitability (Kluger and Gross, 2021); nasal inhalation drives
increased brain activity in cognitive tasks (Perl et al., 2019); cardiac
cycle affects somatosensory perception and evoked potentials (Al
et al., 2020, 2021); and pupil dilation and cardiac activity are
synchronized with visual attention (Madsen et al., 2022). Moreover,
the significance of the temporal dynamics of ANS and CNS has been
demonstrated for social scenarios, where the synchronization of
autonomic signals (Behrens et al., 2020; Prochazkova et al., 2021) and
neural activity (Hasson et al., 2012; Omer et al, 2019) between
individuals has been shown to correlate with successful inter-
personal interactions.

Dysregulation of ANS function in ASD is suggested by studies in
which pupillometry, heart-rate and skin response measurements are
made during rest (Schoen et al., 2008; Anderson et al., 2013; Daluwatte
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FIGURE 1

measurements in (i) and/or (i) in panel (B).

(A): the ANS-CNS-environment triad and possible interactions (in arrows) that are under research in neurotypicals, and still need to be resolved through
studies on ASD. (B): measures that were used for (i) cognitive tasks; (i) social interaction. Each interaction in panel (A) can be mapped onto

et al., 2013; van de Cruys et al., 2014; Bujnakova et al., 2016; Lawson
et al., 2017; Billeci et al.,, 2018) (i.e., in the absence of a specific
experimental manipulation or paradigm). In line with altered
ANS-environment phasic relationships, Lawson and colleagues
(Lawson et al., 2017) demonstrated reduced modulation of pupil size
in ASD compared to controls for unpredictable versus predictable
targets. Nevertheless, the integrity of the interaction of ANS-driven
processes with temporally predictable events in ASD has received
relatively little attention so far. Furthermore, the phasic dynamics
between CNS and ANS and their modulation by social and physical
events have not yet been systematically studied in ASD (Karjalainen
etal., 2023).

Predictive processing and the role of
synchronization

Neuro-oscillatory entrainment to rhythmic events involves
alignment of the phases of slow oscillations with temporally
predictable stimuli, such that these stimuli fall within an optimal
phase of network excitability (Henry and Obleser, 2012; Cannon,
2021), often leading to improved perception and performance. As
such, neural (and possibly other types of) oscillatory entrainment can
be thought of as an important mechanism for predicting and
preparing for future events. Impaired entrainment, therefore, would
clearly have negative implications for perception and behavior (Busch
etal,, 2009; Fiebelkorn et al., 2013; Gray et al., 2015; Wilson and Foxe,
2020), and could account for some instances of impaired predictive
processing in autism reported in the literature (Pellicano, 2013;
Lawson et al., 2014; Sinha et al., 2014; Lawson et al., 2017; Beker et al.,
2021; Cannon et al.,, 2021). As previously mentioned, in our work
we found altered oscillatory entrainment and impaired preparation
for temporally predictable events in autistic children (ages 6-9 years),
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compared to age and cognitively matched controls. We found that
cortical activity reflecting neural preparation for a temporally
predictable target, the contingent negative variation (CNV) (Walter
et al., 1964; Breska and Deouell, 2017), was impaired compared to
controls (Beker et al., 2021). While in typically developed (TDs) there
was a build-up of preparatory activity as the target came closer over
a sequence of 4 rhythmically presented temporal cues, as can be seen
in Figure 2, in autistic children this build-up of preparatory activity
appeared temporally smeared (of lower amplitude and visible over
more of the cue to target interval) and did not significantly differ as
a function of cue proximity to the target (cue 1 versus cue 4, where
cue 4 immediately precedes the target). Reduced phase concentration
and inter-trial phase coherence to the cues in the autistic group
suggested that impaired neural entrainment contributed to reduced
temporal precision in the CNV. In a separate EEG study on adults
with ASD (ages: 16-28years old), we found that the CNV was less
modulated by how likely the target was to occur (Reisli et al., 2022),
and notably here too the CNV appeared to be less temporally locked
to the onset of the target (e.g., more distributed across the cue-target
interval; see Figure 2). Collectively these CNV and phase coherence
data suggest less precision in the alignment of neural activity with
temporally predictable events. This idea is further bolstered by
findings that individuals with ASD are impaired in their ability to
adapt to changes in auditory tempo (Vishne et al., 2021; Kasten et al.,
2023) during cued tapping tasks (but see Cannon et al., 2023). This
failure to properly entrain to events and its implications for predictive
processing in ASD supports altered physiological synchronization
with non-social stimuli in ASD. Altered temporal alignment of
physiological processes with external events might be a driving
mechanism underlying social atypicalities in ASD as well, as
we describe below, and therefore account for less precise and adaptive
models of both the social and non-social worlds (Quattrocki and
Friston, 2014; Cannon et al., 2021).
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FIGURE 2
Examples of altered modulation of predictive processing in ASD, using two different prediction paradigms: (A) timing (prediction of “when"); and
(B) content (prediction of “what.” In both paradigms, EEG of the ASD groups showed reduced modulation by the manipulations than controls [modified
from Beker et al. (2021) and Reisli et al. (2022)].

Synchronization and its role in social
interaction

The relevance to autism of intact synchronization with the
environment is perhaps most transparent when we consider
interacting with others, a process that requires the complex
coordination of actions, decision making and feedback between
individuals. Such “social synchronization” is commonly observed in
social animals, such as bats and rats, as mimicking behaviors (Chen
and Hong, 2018; Omer et al, 2019). Remarkably, the degree of
interaction between animals is correlated with their brain-to-brain
synchrony (Zhang et al., 2022), and can predict cooperation and
dominance relationships (Kingsbury et al., 2019). Thus, behavioral
and neural synchronization can be thought of as a shared system
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between multiple individuals, which aids each individual to
synchronize its internal state with real-time decisions of its social
partners (Schilbach et al., 2013; Kingsbury et al., 2019). In humans,
enhanced synchronization of CNS or ANS signals within a dyad is
correlated with the success of the inter-personal interaction between
the individuals in that dyad, in different social scenarios such as task
cooperation (Behrens et al, 2020), romantic relationships
(Prochazkova et al., 2021; Zeevi et al, 2022), and parent—child
communication (Miller et al., 2019). As mentioned earlier, such
reciprocity, often in the form of parent-infant synchrony, is important
for intact social development (Feldman, 2007), highlighting the
significance of imitative exchanges with peers during the first years of
life (Nadel-Brulfert and Baudonniere, 1982). While there is much to
be learned yet about physiological synchronizations between autistic
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individuals and others during early development and during social
interactions, infants at high risk for autism exhibit reduced eye contact
(McPartland et al.,, 2011; Jones and Klin, 2013), joint attention, and
reciprocal imitation (Zwaigenbaum, 2005); and in one study
synchrony of neuronal activity within an parent- ASD child dyad was
found to be correlated with autism traits (AQ scores) (Baron-Cohen
etal,, 2001; Wang et al., 2020; Kruppa et al., 2021). Furthermore, ASD
individuals have difficulty using prior information to anticipate goal-
directed actions from others (Ganglmayer et al., 2020) and display
impaired joint action coordination in motor coordination tasks
(Fulceri et al., 2018), both of which could be the consequence of an
inability to synchronize with others in social situations.

Summary and conclusions

As we present above, various findings in the literature are
supportive of the concept that perception, cognition and social
interactions are influenced by a bidirectional time-sensitive interplay
of the cortex and rhythmic pattern generators of peripheral body
signals with the environment (Omer et al., 2019; Perl et al., 2019; Al
et al., 2020; Behrens et al., 2020; Al et al., 2021; Grund et al., 2021;
Madsen et al., 2021; Pérez et al., 2021; Prochazkova et al., 2021;
Madsen et al., 2022). Altered synchronization of oscillatory activity in
ASD has been found across paradigms and has been linked to
abnormal perception and performance (Murphy et al., 2014; Beker
et al, 2021). A separate set of evidence points to altered autonomic
activity, with hypo- and hyper regulation of pupillometry, cardiac and
electrodermal activity (Arora et al., 2021; Bellato et al., 2021). Despite
this evidence, autonomic system and brain processes have not been
considered in unison, or systematically in different environmental
scenarios, in ASD. We suggest that the comprehensive consideration
of the CNS-ANS-environment triad in ASD will present an
illuminating perspective on autism. We hypothesize that atypical
behaviors in ASD, especially cognitive and social communication
rigidity, reflect in part impaired synchronization between the
individual and their environment.

Several prominent opinions have recently focused on EEG -
measured neuro-oscillatory activity (Perl et al., 2019; Al et al., 2020),
event-related potentials (ERPs) (Al et al., 2020, 2021), and sensors of
autonomic function (Al et al., 2020) as promising biomarkers for
altered cognitive and social functioning in ASD and other Intellectual
Disability Disorders (IDD). Such objective biomarkers have the
potential to serve many purposes. Consideration of synchronization
across the CNS-ANS-environment triad and its relation to prominent

References

Al E., Iliopoulos, E, Forschack, N., Nierhaus, T., Grund, M., Motyka, P., et al.
(2020). Heart-brain interactions shape somatosensory perception and evoked
potentials. Proc. Natl. Acad. Sci. U. S. A. 117, 10575-10584. doi: 10.1073/
pnas.1915629117

Al, E,, Iliopoulos, E, Nikulin, V. V., and Villringer, A. (2021). Heartbeat and
somatosensory  perception.  Neurolmage  238:118247.  doi: 10.1016/j.
neuroimage.2021.118247

Alviar, C., Sahoo, M., Edwards, L. A., Jones, W,, Klin, A., and Lense, M. (2022). Infant-
directed song potentiates infants' selective attention to adults' mouths over the first year
of life. Dev. Sci. 26:€13359. doi: 10.1111/desc.13359

American Psychiatric Association, American Psychiatric Association DSM-5 Task

Force, The diagnostic and statistical manual of mental disorders (5th ed., DSM-5).
American Psychiatric Association, (2013). Washington, D.C.

Frontiers in Neural Circuits

10.3389/fncir.2023.1275896

characteristics of autism also has clinical potential. ASD diagnosis
today is based on subjective clinical assessment of behavioral
characteristics. Identifying altered physiological processes in ASD as
we suggest here could provide objective indication of the disorder and
of its severity.

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

SB: Conceptualization, Data curation, Writing — original draft.
SM: Conceptualization, Supervision, Writing - original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Support for
this work was provided by a Eunice Kennedy Shriver National
Institute of Child Health and Human Development P50 Grant
(HD105352 - to SM) to the Human Clinical Phenotyping Core of the
Rose E Kennedy Intellectual and Developmental Disabilities
Research Center.

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.

Anderson, C. J., Colombo, J., and Unruh, K. E. (2013). Pupil and salivary indicators
of autonomic dysfunction in autism spectrum disorder. Dev. Psychobiol. 55, 465-482.
doi: 10.1002/dev.21051

Arora, 1., Bellato, A., Ropar, D., Hollis, C., and Groom, M. J. (2021). Is autonomic
function during resting-state atypical in autism: a systematic review of evidence.
Neurosci. Biobehav. Rev. 125, 417-441. doi: 10.1016/j.neubiorev.2021.02.041

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., and Clubley, E. (2001). The
autism-spectrum quotient (AQ): evidence from Asperger syndrome/high-functioning
autism, males and females, scientists and mathematicians. J. Autism Dev. Disord. 31,
5-17. doi: 10.1023/a:1005653411471

Behrens, F, Snijdewint, J. A., Moulder, R. G., Prochazkova, E., Sjak-Shie, E. E.,

Boker, S. M, et al. (2020). Physiological synchrony is associated with cooperative success
in real-life interactions. Sci. Rep. 10:19609. doi: 10.1038/5s41598-020-76539-8

frontiersin.org


https://doi.org/10.3389/fncir.2023.1275896
https://www.frontiersin.org/neural-circuits
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1915629117
https://doi.org/10.1073/pnas.1915629117
https://doi.org/10.1016/j.neuroimage.2021.118247
https://doi.org/10.1016/j.neuroimage.2021.118247
https://doi.org/10.1111/desc.13359
https://doi.org/10.1002/dev.21051
https://doi.org/10.1016/j.neubiorev.2021.02.041
https://doi.org/10.1023/a:1005653411471
https://doi.org/10.1038/s41598-020-76539-8

Beker and Molholm

Beker, S., Foxe, J. J., and Molholm, S. (2021). Oscillatory entrainment mechanisms and
anticipatory predictive processes in autism Spectrum disorder (ASD). J. Neurophysiol.,
2020.2005.2007.083154 126, 1783-1798. doi: 10.1152/jn.00329.2021

Bellato, A., Arora, I., Kochhar, P,, Ropar, D., Hollis, C., and Groom, M. J. (2021). Heart
rate variability in children and adolescents with autism, ADHD and co-occurring autism
and ADHD, during passive and active experimental conditions. J. Autism Dev. Disord.
52, 4679-4691. doi: 10.1007/s10803-021-05244-w

Billeci, L., Tonacci, A., Narzisi, A., Manigrasso, Z., Varanini, M., Fulceri, F, et al.
(2018). Heart rate variability during a joint attention task in toddlers with autism
Spectrum disorders. Front. Physiol. 9:467. doi: 10.3389/fphys.2018.00467

Bishop, G. E. (1932). Cyclic changes in excitability of the optic pathway of the rabbit.
Am. J. Physiol. 103, 213-224. doi: 10.1152/ajplegacy.1932.103.1.213

Breska, A., and Deouell, L. Y. (2017). Neural mechanisms of rhythm-based temporal
prediction: Delta phase-locking reflects temporal predictability but not rhythmic
entrainment. PLoS Biol. 15:¢2001665. doi: 10.1371/journal.pbio.2001665

Bujnakova, I, Ondrejka, I., Mestanik, M., Visnovcova, Z., Mestanikova, A., Hrtanek, L.,
et al. (2016). Autism spectrum disorder is associated with autonomic underarousal.
Physiol. Res. 65, S673-s682. doi: 10.33549/physiolres.933528

Busch, N. A., Dubois, J., and VanRullen, R. (2009). The phase of ongoing EEG
oscillations predicts visual perception. J. Neurosci. 29, 7869-7876. doi: 10.1523/
JNEUROSCI.0113-09.2009

Buzsiki, G., and Voréslakos, M. (2023). Brain rhythms have come of age. Neuron 111,
922-926. doi: 10.1016/j.neuron.2023.03.018

Cannon, J. (2021). Expectancy-based rhythmic entrainment as continuous Bayesian
inference. PLoS Comput. Biol. 17:¢1009025. doi: 10.1371/journal.pcbi.1009025

Cannon, ., Eldracher, E., Cardinaux, A., Irfan, E, Bungert, L., Li, C,, et al. (2023).
Rhythmic and interval-based temporal orienting in autism. Autism Res. 16, 772-782.
doi: 10.1002/aur.2892

Cannon, J., O'Brien, A. M., Bungert, L., and Sinha, P. (2021). Prediction in autism
Spectrum disorder: a systematic review of empirical evidence. Autism Res. 14, 604-630.
doi: 10.1002/aur.2482

Chen, P, and Hong, W. (2018). Neural circuit mechanisms of social behavior. Neuron
98, 16-30. doi: 10.1016/j.neuron.2018.02.026

Condon, W. S., and Sander, L. W. (1974). Synchrony demonstrated between
movements of the neonate and adult speech. Child Dev. 45, 456-462.

Daluwatte, C., Miles, J. H., Christ, S. E., Beversdorf, D. Q., Takahashi, T. N., and
Yao, G. (2013). Atypical pupillary light reflex and heart rate variability in children with
autism spectrum disorder. J. Autism Dev. Disord. 43, 1910-1925. doi: 10.1007/
s10803-012-1741-3

Faller, J., Cummings, J., Saproo, S., and Sajda, P. (2019). Regulation of arousal via
online neurofeedback improves human performance in a demanding sensory-
motor task. Proc. Natl. Acad. Sci. U. S. A. 116, 6482-6490. doi: 10.1073/
pnas.1817207116

Feldman, R. (2007). Parent-infant synchrony and the construction of shared timing;
physiological precursors, developmental outcomes, and risk conditions. J. Child Psychol.
Psychiatry 48, 329-354. doi: 10.1111/§.1469-7610.2006.01701.x

Fiebelkorn, I. C,, Snyder, A. C., Mercier, M. R, Butler, J. S., Molholm, S., and Foxe, J. J.
(2013). Cortical cross-frequency coupling predicts perceptual outcomes. Neurolmage
69, 126-137. doi: 10.1016/j.neuroimage.2012.11.021

Fulceri, F, Tonacci, A., Lucaferro, A., Apicella, F, Narzisi, A., Vincenti, G., et al.
(2018). Interpersonal motor coordination during joint actions in children with and
without autism spectrum disorder: the role of motor information. Res. Dev. Disabil. 80,
13-23. doi: 10.1016/j.ridd.2018.05.018

Ganglmayer, K., Schuwerk, T., Sodian, B., and Paulus, M. (2020). Do children and
adults with autism Spectrum condition anticipate Others' actions as goal-directed? A
predictive coding perspective. J. Autism Dev. Disord. 50, 2077-2089. doi: 10.1007/
510803-019-03964-8

Gray, M. ], Frey, H. P,, Wilson, T. ], and Foxe, J. J. (2015). Oscillatory recruitment of
bilateral visual cortex during spatial attention to competing rhythmic inputs. J. Neurosci.
35, 5489-5503. doi: 10.1523/J]NEUROSCI.2891-14.2015

Grund, M., Al, E,, Pabst, M., Dabbagh, A., Stephani, T., Nierhaus, T., et al. (2021).
Respiration, heartbeat, and conscious tactile perception. J. Neurosci. 42, 643-656. doi:
10.1523/JNEUROSCI.0592-21.2021

Haegens, S., and Zion Golumbic, E. (2018). Rhythmic facilitation of sensory
processing: a critical review. Neurosci. Biobehav. Rev. 86, 150-165. doi: 10.1016/j.
neubiorev.2017.12.002

Hasson, U,, Ghazanfar, A. A., Galantucci, B., Garrod, S., and Keysers, C. (2012). Brain-
to-brain coupling: a mechanism for creating and sharing a social world. Trends Cogn.
Sci. 16, 114-121. doi: 10.1016/j.tics.2011.12.007

Henry, M. J., and Obleser, J. (2012). Frequency modulation entrains slow neural
oscillations and optimizes human listening behavior. Proc. Natl. Acad. Sci. U. S. A. 109,
20095-20100. doi: 10.1073/pnas.1213390109

Jones, W., and Klin, A. (2013). Attention to eyes is present but in decline in 2-6-month-
old infants later diagnosed with autism. Nature 504, 427-431. doi: 10.1038/nature12715

Frontiers in Neural Circuits

10.3389/fncir.2023.1275896

Karjalainen, S., Aro, T., and Parviainen, T. (2023). Coactivation of autonomic and
central nervous systems during processing of socially relevant information in autism
Spectrum disorder: a systematic review. Neuropsychol. Rev. doi: 10.1007/
511065-023-09579-2

Kasten, K., Jacoby, N., and Ahissar, M. (2023). Poor synchronization yet adequate
tempo-keeping in adults with autism. Autism Res. 16, 1161-1173. doi: 10.1002/aur.2926

Kingsbury, L., Huang, S., Wang, J., Gu, K., Golshani, P., Wu, Y. E,, et al. (2019).
Correlated neural activity and encoding of behavior across brains of socially interacting
animals. Cells 178, 429-446.e16. doi: 10.1016/j.cell.2019.05.022

Kluger, D. S., and Gross, J. (2021). Respiration modulates oscillatory neural network
activity at rest. PLoS Biol. 19:e3001457. doi: 10.1371/journal.pbio.3001457

Kruppa, J. A., Reindl, V., Gerloff, C., Oberwelland Weiss, E., Prinz, J.,
Herpertz-Dahlmann, B., et al. (2021). Brain and motor synchrony in children and
adolescents with ASD-a fNIRS hyperscanning study. Soc. Cogn. Affect. Neurosci. 16,
103-116. doi: 10.1093/scan/nsaa092

Lakatos, P, Karmos, G., Mehta, A. D., Ulbert, I., and Schroeder, C. E. (2008).
Entrainment of neuronal oscillations as a mechanism of attentional selection. Science
320, 110-113. doi: 10.1126/science.1154735

Lawson, R. P,, Mathys, C., and Rees, G. (2017). Adults with autism overestimate the
volatility of the sensory environment. Nat. Neurosci. 20, 1293-1299. doi: 10.1038/
nn.4615

Lawson, R. P, Rees, G., and Friston, K. J. (2014). An aberrant precision account of
autism. Front. Hum. Neurosci. 8:302. doi: 10.3389/fnhum.2014.00302

Lense, M. D., Shultz, S., Astésano, C., and Jones, W. (2022). Music of infant-directed
singing entrains infants' social visual behavior. Proc. Natl. Acad. Sci. U. S. A.
119:e2116967119. doi: 10.1073/pnas.2116967119

Lieder, 1., Adam, V., Frenkel, O., Jaffe-Dax, S., Sahani, M., and Ahissar, M. (2019).
Perceptual bias reveals slow-updating in autism and fast-forgetting in dyslexia. Nat.
Neurosci. 22, 256-264. doi: 10.1038/s41593-018-0308-9

Lord, C.,, Rutter, M., and Le Couteur, A. (1994). Autism diagnostic interview-revised:
a revised version of a diagnostic interview for caregivers of individuals with possible
pervasive developmental disorders. J. Autism Dev. Disord. 24, 659-685. doi: 10.1007/
BF02172145

Madsen, J., Julio, S. U., Gucik, P. ], Steinberg, R., and Parra, L. C. (2021). Synchronized
eye movements predict test scores in online video education. Proc. Natl. Acad. Sci. U. S.
A. 118:€2016980118. doi: 10.1073/pnas.2016980118

Madsen, J., Parra, L. C., and Nelson, K. E. (2022). Cognitive processing of a common
stimulus synchronizes brains, hearts, and eyes. PNAS Nexus 1:pgac020. doi: 10.1093/
pnasnexus/pgac020

McPartland, J. C., Webb, S. J., Keehn, B., and Dawson, G. (2011). Patterns of visual
attention to faces and objects in autism spectrum disorder. J. Autism Dev. Disord. 41,
148-157. doi: 10.1007/s10803-010-1033-8

Mercier, M. R., Molholm, S., Fiebelkorn, 1. C., Butler, J. S., Schwartz, T. H., and
Foxe, J. J. (2015). Neuro-oscillatory phase alignment drives speeded multisensory
response times: an electro-corticographic investigation. J. Neurosci. 35, 8546-8557. doi:
10.1523/JNEUROSCI.4527-14.2015

Miller, J. G., Vrti¢ka, P, Cui, X., Shrestha, S., Hosseini, S. M. H., Baker, ]. M., et al.
(2019). Inter-brain synchrony in mother-child dyads during cooperation: an fNIRS
hyperscanning  study.  Neuropsychologia 124, 117-124. doi:  10.1016/j.
neuropsychologia.2018.12.021

Moreno-Nufez, A., Murillo, E., Casla, M., and Rujas, I. (2021). The multimodality of
infant's rhythmic movements as a modulator of the interaction with their caregivers.
Infant Behav. Dev. 65:101645. doi: 10.1016/j.infbeh.2021.101645

Munn, B. R., Miiller, E. J., Wainstein, G., and Shine, J. M. (2021). The ascending
arousal system shapes neural dynamics to mediate awareness of cognitive states. Nat.
Commun. 12:6016. doi: 10.1038/s41467-021-26268-x

Murphy, J. W, Foxe, J. J., Peters, J. B., and Molholm, S. (2014). Susceptibility to
distraction in autism spectrum disorder: probing the integrity of oscillatory alpha-band
suppression mechanisms. Autism Res. 7, 442-458. doi: 10.1002/aur.1374

Nadel-Brulfert, J., and Baudonniere, P. M. (1982). The social function of reciprocal imitation
in 2-year-old peers. Int. J. Behav. Dev. 5, 95-109. doi: 10.1177/016502548200500105

Omer, D. B,, Zilkha, N., and Kimchi, T. (2019). Social minds sync alike. Cells 178,
272-274. doi: 10.1016/j.cell.2019.06.019

Pellicano, E. (2013). Testing the predictive power of cognitive atypicalities in autistic
children: evidence from a 3-year follow-up study. Autism Res. 6, 258-267. doi: 10.1002/
aur.1286

Pérez, P., Madsen, J., Banellis, L., Tiirker, B., Raimondo, F, Perlbarg, V,, et al. (2021).
Conscious processing of narrative stimuli synchronizes heart rate between individuals.
Cell Rep. 36:109692. doi: 10.1016/j.celrep.2021.109692

Perl, O., Ravia, A., Rubinson, M., Eisen, A., Soroka, T., Mor, N., et al. (2019). Human
non-olfactory cognition phase-locked with inhalation. Nat. Hum. Behav. 3, 501-512.
doi: 10.1038/541562-019-0556-z

Pfeffer, T., Keitel, C., Kluger, D. S., Keitel, A., Russmann, A., Thut, G., et al. (2021).
Coupling of pupil- and neuronal population dynamics reveals diverse influences of
arousal on cortical processing. BioRx 11:¢71890. doi: 10.7554/eLife.71890

frontiersin.org


https://doi.org/10.3389/fncir.2023.1275896
https://www.frontiersin.org/neural-circuits
https://www.frontiersin.org
https://doi.org/10.1152/jn.00329.2021
https://doi.org/10.1007/s10803-021-05244-w
https://doi.org/10.3389/fphys.2018.00467
https://doi.org/10.1152/ajplegacy.1932.103.1.213
https://doi.org/10.1371/journal.pbio.2001665
https://doi.org/10.33549/physiolres.933528
https://doi.org/10.1523/JNEUROSCI.0113-09.2009
https://doi.org/10.1523/JNEUROSCI.0113-09.2009
https://doi.org/10.1016/j.neuron.2023.03.018
https://doi.org/10.1371/journal.pcbi.1009025
https://doi.org/10.1002/aur.2892
https://doi.org/10.1002/aur.2482
https://doi.org/10.1016/j.neuron.2018.02.026
https://doi.org/10.1007/s10803-012-1741-3
https://doi.org/10.1007/s10803-012-1741-3
https://doi.org/10.1073/pnas.1817207116
https://doi.org/10.1073/pnas.1817207116
https://doi.org/10.1111/j.1469-7610.2006.01701.x
https://doi.org/10.1016/j.neuroimage.2012.11.021
https://doi.org/10.1016/j.ridd.2018.05.018
https://doi.org/10.1007/s10803-019-03964-8
https://doi.org/10.1007/s10803-019-03964-8
https://doi.org/10.1523/JNEUROSCI.2891-14.2015
https://doi.org/10.1523/JNEUROSCI.0592-21.2021
https://doi.org/10.1016/j.neubiorev.2017.12.002
https://doi.org/10.1016/j.neubiorev.2017.12.002
https://doi.org/10.1016/j.tics.2011.12.007
https://doi.org/10.1073/pnas.1213390109
https://doi.org/10.1038/nature12715
https://doi.org/10.1007/s11065-023-09579-2
https://doi.org/10.1007/s11065-023-09579-2
https://doi.org/10.1002/aur.2926
https://doi.org/10.1016/j.cell.2019.05.022
https://doi.org/10.1371/journal.pbio.3001457
https://doi.org/10.1093/scan/nsaa092
https://doi.org/10.1126/science.1154735
https://doi.org/10.1038/nn.4615
https://doi.org/10.1038/nn.4615
https://doi.org/10.3389/fnhum.2014.00302
https://doi.org/10.1073/pnas.2116967119
https://doi.org/10.1038/s41593-018-0308-9
https://doi.org/10.1007/BF02172145
https://doi.org/10.1007/BF02172145
https://doi.org/10.1073/pnas.2016980118
https://doi.org/10.1093/pnasnexus/pgac020
https://doi.org/10.1093/pnasnexus/pgac020
https://doi.org/10.1007/s10803-010-1033-8
https://doi.org/10.1523/JNEUROSCI.4527-14.2015
https://doi.org/10.1016/j.neuropsychologia.2018.12.021
https://doi.org/10.1016/j.neuropsychologia.2018.12.021
https://doi.org/10.1016/j.infbeh.2021.101645
https://doi.org/10.1038/s41467-021-26268-x
https://doi.org/10.1002/aur.1374
https://doi.org/10.1177/016502548200500105
https://doi.org/10.1016/j.cell.2019.06.019
https://doi.org/10.1002/aur.1286
https://doi.org/10.1002/aur.1286
https://doi.org/10.1016/j.celrep.2021.109692
https://doi.org/10.1038/s41562-019-0556-z
https://doi.org/10.7554/eLife.71890

Beker and Molholm

Posner, M. I, and Petersen, S. E. (1990). The attention system of the human brain.
Annu. Rev. Neurosci. 13, 25-42. doi: 10.1146/annurev.ne.13.030190.000325

Prochazkova, E., Sjak-Shie, E., Behrens, E, Lindh, D., and Kret, M. E. (2021).
Physiological synchrony is associated with attraction in a blind date setting. Nat. Hum.
Behav. 6, 269-278. doi: 10.1038/s41562-021-01197-3

Quattrocki, E., and Friston, K. (2014). Autism, oxytocin and interoception. Neurosci.
Biobehav. Rev. 47, 410-430. doi: 10.1016/j.neubiorev.2014.09.012

Reisli, S., Crosse, M. J., and Molholm, S. (2022). All-or-None Evaluation of Prediction
Certainty in Autism. Biorxiv.

Sales, A. C, Friston, K. J., Jones, M. W,, Pickering, A. E., and Moran, R.J. (2019). Locus
Coeruleus tracking of prediction errors optimises cognitive flexibility: an active
inference model. PLoS Comput. Biol. 15:e1006267. doi: 10.1371/journal.pcbi.1006267

Sarter, M., and Bruno, J. P. (1997). Cognitive functions of cortical acetylcholine:
toward a unifying hypothesis. Brain Res. Brain Res. Rev. 23, 28-46. doi: 10.1016/
$0165-0173(96)00009-4

Schilbach, L., Timmermans, B., Reddy, V., Costall, A., Bente, G., Schlicht, T., et al.
(2013). Toward a second-person neuroscience. Behav. Brain Sci. 36, 393-414. doi:
10.1017/s0140525x12000660

Schoen, S. A, Miller, L. ., Brett-Green, B., and Hepburn, S. L. (2008). Psychophysiology
of children with autism spectrum disorder. Res. Autism Spectr. Disord. 2, 417-429. doi:
10.1016/j.rasd.2007.09.002

Schroeder, C. E., and Lakatos, P. (2009). Low-frequency neuronal oscillations as
instruments of sensory selection. Trends Neurosci. 32, 9-18. doi: 10.1016/j.tins.2008.09.012

Schroeder, C. E., Wilson, D. A., Radman, T., Scharfman, H., and Lakatos, P. (2010).
Dynamics of active sensing and perceptual selection. Curr. Opin. Neurobiol. 20, 172-176.
doi: 10.1016/j.conb.2010.02.010

Sinha, P, Kjelgaard, M. M., Gandhi, T. K., Tsourides, K., Cardinaux, A. L., Pantazis, D.,
et al. (2014). Autism as a disorder of prediction. Proc. Natl. Acad. Sci. U. S. A. 111,
15220-15225. doi: 10.1073/pnas.1416797111

Tal, I, Large, E. W,, Rabinovitch, E., Wei, Y., Schroeder, C. E., Poeppel, D., et al. (2017).
Neural entrainment to the beat: the "missing-pulse" phenomenon. J. Neurosci. 37,
6331-6341. doi: 10.1523/J]NEUROSCI.2500-16.2017

Ten Oever, S., Schroeder, C. E., Poeppel, D., van Atteveldt, N., Mehta, A. D.,
Meégevand, P, et al. (2017). Low-frequency cortical oscillations entrain to subthreshold
rhythmic auditory stimuli. J. Newurosci. 37, 4903-4912. doi: 10.1523/
JNEUROSCI.3658-16.2017

Thut, G., Miniussi, C., and Gross, J. (2012). The functional importance of rhythmic
activity in the brain. Curr. Biol. 22, R658-R663. doi: 10.1016/j.cub.2012.06.061

Frontiers in Neural Circuits

07

10.3389/fncir.2023.1275896

Tordjman, S., Davlantis, K. S., Georgieff, N., Geoffray, M. M., Speranza, M.,
Anderson, G. M,, et al. (2015). Autism as a disorder of biological and behavioral
rhythms: toward new therapeutic perspectives. Front. Pediatr. 3:1. doi: 10.3389/
fped.2015.00001

van de Cruys, S., Evers, K., van der Hallen, R, van Eylen, L., Boets, B., de-Wit, L., et al.
(2014). Precise minds in uncertain worlds: predictive coding in autism. Psychol. Rev.
121, 649-675. doi: 10.1037/a0037665

Vanrullen, R., Busch, N. A., Drewes, J., and Dubois, J. (2011). Ongoing EEG phase as
a trial-by-trial predictor of perceptual and attentional variability. Front. Psychol. 2:60.
doi: 10.3389/fpsyg.2011.00060

Vishne, G., Jacoby, N., Malinovitch, T., Epstein, T., Frenkel, O., and Ahissar, M. (2021).
Slow update of internal representations impedes synchronization in autism. Nat.
Commun. 12:5439. doi: 10.1038/s41467-021-25740-y

Walter, W. G., Cooper, R., Aldridge, V. J., McCallum, W. C., and Winter, A. L. (1964).
Contingent negative variation: an electric sign of sensorimotor association and
expectancy in the human brain. Nature 203, 380-384. doi: 10.1038/203380a0

Wang, Q,, Han, Z., Hu, X, Feng, S., Wang, H., Liu, T,, et al. (2020). Autism symptoms
modulate interpersonal neural synchronization in children with autism Spectrum
disorder in cooperative interactions. Brain Topogr. 33, 112-122. doi: 10.1007/
510548-019-00731-x

Wilson, T. J., and Foxe, J. J. (2020). Cross-frequency coupling of alpha oscillatory
power to the entrainment rhythm of a spatially attended input stream. Cogn. Neurosci.
11, 71-91. doi: 10.1080/17588928.2019.1627303

Yerkes, R. M., and Dodson, J. (1908). The relation of strength of stimulus to rapidity
of habit-formation. J. Comp. Neurol. Psychol. 18, 459-482. doi: 10.1002/cne.
920180503

Yu, A.J., and Dayan, P. (2005). Uncertainty, neuromodulation, and attention. Neuron
46, 681-692. doi: 10.1016/j.neuron.2005.04.026

Zeevi, L., klein Selle, N., Kellmann, E. L., Boiman, G., Hart, Y., and Atzil, S. (2022).
Bio-behavioral synchrony is a potential mechanism for mate selection in humans. Sci.
Rep. 12:4786. doi: 10.1038/s41598-022-08582-6

Zhang, W., Rose, M. C., and Yartsev, M. M. (2022). A unifying mechanism governing
inter-brain neural relationship during social interactions. elife 11:¢70493. doi: 10.7554/
eLife.70493

Zwaigenbaum, L. (2005). The screening tool for autism in two year olds can identify
children at risk of autism. Evid. Based Ment. Health 8:69. doi: 10.1136/ebmh.8.3.69

Zwingmann, C., Inhelder, B., and Chipman, H. H. Piaget and his school: a reader in
developmental psychology. Springer Berlin Heidelberg, (2012).

frontiersin.org


https://doi.org/10.3389/fncir.2023.1275896
https://www.frontiersin.org/neural-circuits
https://www.frontiersin.org
https://doi.org/10.1146/annurev.ne.13.030190.000325
https://doi.org/10.1038/s41562-021-01197-3
https://doi.org/10.1016/j.neubiorev.2014.09.012
https://doi.org/10.1371/journal.pcbi.1006267
https://doi.org/10.1016/s0165-0173(96)00009-4
https://doi.org/10.1016/s0165-0173(96)00009-4
https://doi.org/10.1017/s0140525x12000660
https://doi.org/10.1016/j.rasd.2007.09.002
https://doi.org/10.1016/j.tins.2008.09.012
https://doi.org/10.1016/j.conb.2010.02.010
https://doi.org/10.1073/pnas.1416797111
https://doi.org/10.1523/JNEUROSCI.2500-16.2017
https://doi.org/10.1523/JNEUROSCI.3658-16.2017
https://doi.org/10.1523/JNEUROSCI.3658-16.2017
https://doi.org/10.1016/j.cub.2012.06.061
https://doi.org/10.3389/fped.2015.00001
https://doi.org/10.3389/fped.2015.00001
https://doi.org/10.1037/a0037665
https://doi.org/10.3389/fpsyg.2011.00060
https://doi.org/10.1038/s41467-021-25740-y
https://doi.org/10.1038/203380a0
https://doi.org/10.1007/s10548-019-00731-x
https://doi.org/10.1007/s10548-019-00731-x
https://doi.org/10.1080/17588928.2019.1627303
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1016/j.neuron.2005.04.026
https://doi.org/10.1038/s41598-022-08582-6
https://doi.org/10.7554/eLife.70493
https://doi.org/10.7554/eLife.70493
https://doi.org/10.1136/ebmh.8.3.69

	Do we all synch alike? Brain–body-environment interactions in ASD
	Autism and synchronization with the environment
	The effect of CNS and ANS rhythmic activity on perception and performance
	Predictive processing and the role of synchronization
	Synchronization and its role in social interaction
	Summary and conclusions
	Data availability statement
	Author contributions

	References

