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Abstract

Early behavioral features associated with autism spectrum disorder (ASD) are frequently examined within separate motor, sensory, and
social domains rather than as interacting components of a developing neurobiological system. In this article, we present a hypothesis-
driven conceptual framework proposing that variation in developmental timing and coordination across neural, motor, and interpersonal
systems may contribute to differences in early social developmental trajectories. Drawing on evidence from fetal, infant, and early child-
hood development, we consider how hemispheric specialization, interhemispheric coordination, oscillatory synchronization, corticaliza-
tion of motor control, and dyadic interaction timing may jointly influence the emergence of motor organization and social engagement.
From this perspective, persistent primitive reflex expression, atypical motor asymmetry, increased motor variability, and differences in
dyadic synchrony are discussed as candidate developmental indicators that may reflect broader variation in neural timing and coordina-
tion. Within this framework, we further consider how genetic, neurobiological, and environmental factors associated with ASD risk may
converge on developmental timing processes expressed through neural communication, motor regulation, and social interaction. Rather
than proposing a deterministic causal sequence, the present account examines how variation in motor-social interaction may influence
opportunities for social learning through recurrent cycles of action, perception, prediction, and caregiver feedback. We advance a set of
empirically testable developmental hypotheses linking neural timing measures, motor organization indices, reflex integration profiles,
and dyadic interaction metrics within prospective longitudinal research designs. Specifically, the framework predicts that variation in
early neural timing and coordination will be associated with differences in motor organization and motor-social coupling, which may
in turn relate to later social developmental outcomes. By emphasizing developmental timing, coordination, and reciprocal interaction
across neural, motor, and interpersonal systems, this conceptual framework is intended not as a causal account of ASD, but a hypothesis-
generating developmental model that organizes existing evidence while generating explicit, empirically testable predictions regarding
relationships among neural timing, motor organization, and early social interaction.
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1. Introduction ASD risk may converge on these timing-related develop-

. . .. . mental processes.
Autism spectrum disorder (ASD) is increasingly un- P

derstood as a condition involving atypical neurodevelop-
mental trajectories rather than a static collection of behav-
ioral symptoms [1,2,3,4,5]. Prospective longitudinal stud-
ies have identified early differences in motor coordination,
gaze control, laterality, sensory responsiveness, and social
engagement in infants who later meet diagnostic criteria for
ASD [4,5,6,7]. However, these findings are often examined
within relatively separate motor, sensory, or social domains
rather than as interacting components of early neurodevel-
opment. An important unresolved question is whether some
of these early differences may reflect differences in the de-
velopmental timing and coordination across neural, motor,
and interpersonal systems and whether diverse genetic, neu-
robiological, and environmental influences associated with

Although substantial progress has been made in iden-
tifying early behavioral and neural features associated with
ASD, less attention has been directed toward how hemi-
spheric specialization, interhemispheric coordination, mo-
tor organization, and dyadic interaction timing may relate
to one another across development. The present article ad-
vances the central hypothesis that variation in the devel-
opmental timing of hemispheric specialization and inter-
hemispheric coordination may contribute to individual dif-
ferences in early motor organization and social interaction.
Rather than proposing a definitive mechanistic explanation
of ASD, the framework seeks to organize existing empiri-
cal observations into a coherent developmental model that
generates explicit and empirically testable hypotheses.
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Neurodevelopment unfolds through partially overlap-
ping maturation processes involving hemispheric special-
ization, interhemispheric connectivity, oscillatory coordi-
nation, and progressive cortical regulation of motor behav-
ior. These processes contribute to the temporal organization
of neural communication and behavior across development.
From this perspective, some early behavioral features asso-
ciated with ASD may reflect broader variation in develop-
mental timing and coordination rather than isolated impair-
ments within specific domains. Motor development may
be particularly relevant within this context because posture,
gaze stabilization, manual exploration, imitation, and turn-
taking all contribute to the temporal structure of early inter-
action [8,9,10,11,12].

Repeated interactions between infants and caregivers
provide opportunities for the gradual refinement of social
expectations and interpersonal coordination, processes that
are central to early social brain development [13]. Vari-
ability in motor timing or interaction timing may therefore
influence how infants experience socially contingent feed-
back during early development. Within the present frame-
work, motor-social interaction is proposed as one develop-
mental interface through which variation in neural timing
may influence emerging social developmental trajectories.

The present article considers whether early differences
in hemispheric asymmetry, interhemispheric coordination,
oscillatory timing, and cortical modulation of motor behav-
ior may be associated with later differences in motor orga-
nization and social interaction. Persistent primitive reflex
expression, atypical motor asymmetry, and variability in
dyadic synchrony are discussed as candidate developmental
indicators that may reflect broader variation in neural tim-
ing and coordination, although direct mechanistic evidence
linking these processes remains limited. The article further
explores how neural timing measures, motor organization
indices, reflex integration profiles, and dyadic interaction
measures could be examined within prospective longitu-
dinal research designs. The framework generates specific
developmental predictions regarding relationships among
neural timing measures, motor organization, motor-social
coupling, and later social developmental outcomes that can
be evaluated within longitudinal designs.

Rather than replacing genetic, connectivity-based,
predictive-processing, or developmental systems accounts
of ASD, the present framework is intended to provide a
complementary developmental perspective that emphasizes
the temporal coordination of interacting neural, motor, and
interpersonal processes. The relationships discussed are in-
tended as heuristic and hypothesis-generating, and develop-
mental influences are likely to be reciprocal, heterogeneous,
and shaped by multiple interacting biological and environ-
mental factors.

The remainder of this review develops the proposed
developmental timing framework in a sequential manner.
Section 2 examines evidence concerning the maturation of

hemispheric specialization, interhemispheric coordination,
oscillatory synchronization, and cortical regulation as the
neurobiological substrate of the model. Section 3 con-
siders how these processes may shape the organization of
early motor behavior. Section 4 examines reciprocal motor-
social interactions as a developmental interface linking neu-
ral organization with emerging social cognition. Section
5 integrates these observations into a developmental tim-
ing framework that generates explicit, empirically testable
predictions while remaining complementary to existing ge-
netic, neurodevelopmental, and environmental models of
autism.

2. Developmental Timing and Hemispheric
Asymmetry in Early Neurodevelopment

Neurodevelopment unfolds through coordinated tim-
ing gradients across hemispheres, circuits, and hierarchical
control systems. Functional specialization does not emerge
uniformly across the cortex; rather, hemispheric asymme-
tries appear early in gestation and continue to refine across
infancy and childhood [14,15,16,17,18,19,20,21,22,23,24].
These asymmetries may contribute to the organization of
neural processing and behavioral timing across develop-
ment, potentially influencing how sensorimotor and so-
cial functions gradually differentiate during infancy and
childhood. From this perspective, hemispheric specializa-
tion may contribute to how developmental timing emerges
across distributed neural systems. By partitioning compu-
tational demands across hemispheres and progressively re-
fining interhemispheric coordination, the developing brain
can stabilize action-perception loops that support sensori-
motor learning and emerging social cognition [19,25,26].

2.1 Emergence of Hemispheric Asymmetry During
Prenatal Development

Evidence from fetal neuroimaging and developmental
connectomics indicates that hemispheric asymmetries arise
during prenatal brain development. Structural differences
in cortical folding patterns, white-matter pathways, and re-
gional growth trajectories can be detected during the sec-
ond and third trimesters [13,27,28,29,30,31,32]. Studies
of gene expression in the developing human cortex simi-
larly demonstrate lateralized transcriptional patterns linked
to cortical arealization and neuronal differentiation [16,24].

These early asymmetries appear to contribute to the
organization of large-scale functional networks. Con-
nectomic analyses suggest that hemispheric differentiation
may facilitate efficient network architecture by reducing
redundancy and enabling specialized processing streams
[18,19,21,23,33].

Rather than emerging abruptly in later childhood,
hemispheric lateralization develops progressively through
coordinated prenatal and early postnatal maturation pro-
cesses. The present framework proposes that the develop-
mental timing of this differentiation may be as consequen-
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tial as its eventual magnitude. While the degree of hemi-
spheric specialization has been extensively investigated,
comparatively less attention has been directed toward how
variation in the timing and coordination of its emergence
may influence subsequent neural, motor, and social devel-
opment. Developmental systems theories suggest that early
biases in neural organization can shape later developmen-
tal trajectories by constraining the organization of action-
perception interactions [25,34]. Within this perspective,
hemispheric asymmetry is conceptualized as an early orga-
nizational constraint that contributes to the progressive spe-
cialization of neural circuits supporting motor coordination,
perception, and social interaction.

2.2 Hemispheric Specialization and the Structuring of
Action-Perception Loops

Hemispheric specialization is most often discussed in
relation to language and visuospatial processing, yet its
developmental significance extends beyond these domain-
specific functions. Early asymmetries in motor planning,
temporal sequencing, and sensory integration suggest that
lateralization contributes to structuring action-perception
loops from the earliest stages of postnatal life [18,19,26,35].
Building on hemispheric specialization, the coordination
between hemispheres becomes critical for the integration
of lateralized functions.

“Action-perception interactions” refer to recurrent cy-
cles in which motor behavior influences perceptual experi-
ence while perceptual feedback contributes to the ongoing
refinement of behavior across development. Within these
loops, hemispheric specialization may allow different neu-
ral populations to support partially differentiated functional
roles, such as temporal sequencing, spatial integration, or
motor coordination. Partitioning these operations across
hemispheres may reduce metabolic cost while increasing
processing precision.

Recent work examining functional connectome asym-
metry supports this view, demonstrating that hemispheric
specialization is closely linked to the organization of dis-
tributed cortical networks and their dynamic interactions
[14,18,21,22,36]. These findings suggest that lateralization
may serve as a fundamental architectural feature that sta-
bilizes large-scale neural communication during develop-
ment.

Within the developmental timing framework ad-
vanced here, action-perception interactions constitute the
principal mechanism through which variation in neural tim-
ing is hypothesized to influence emerging motor organiza-
tion and, ultimately, social developmental trajectories. The
following sections examine how these interactions may be
shaped by interhemispheric coordination, oscillatory syn-
chronization, and the progressive cortical regulation of mo-
tor behavior.
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2.3 Interhemispheric Coordination

Hemispheric specialization unfolds in concert with the
maturation of interhemispheric connectivity. Progressive
development of the corpus callosum and related commis-
sural pathways supports increasingly selective coordination
and modulation between the hemispheres, enabling both
functional integration and the progressive specialization of
lateralized processing [14,15,30,37].

During early infancy, relatively diffuse bilateral ac-
tivation patterns are common and may reflect immature
inhibitory control. Over developmental time, increas-
ing lateralization is accompanied by more selective cross-
hemispheric modulation. Structural and diffusion-based
imaging studies indicate that this refinement is closely
tied to the maturation of callosal white-matter pathways
and the strengthening of long-range cortical connectivity
[15,33,37,38,39].

The balance between hemispheric integration and seg-
regation represents a dynamic developmental process. Ex-
cessive bilateral activation may reduce computational ef-
ficiency, whereas premature rigidity of lateralization may
constrain adaptive integration. Optimal developmental tra-
jectories likely involve progressive calibration of this bal-
ance across early childhood [19,26]. Beyond structural con-
nectivity, effective integration of distributed neural systems
also depends on precise temporal coordination of neural ac-
tivity. Within the present framework, the progressive cali-
bration of structural and temporal coordination is proposed
to provide an important foundation for subsequent motor
organization and action-perception interactions.

Structural connectivity alone, however, does not fully
determine functional integration. Coordinated communi-
cation among distributed neural systems also depends on
the temporal synchronization of neural activity, providing
a complementary mechanism through which developmen-
tal timing may influence emerging patterns of neural and
behavioral organization.

2.4 Oscillatory Coordination and Temporal Precision

Oscillatory neural dynamics provide an additional
mechanism through which hemispheric timing and interre-
gional coordination are regulated [12,14,17,37,38]. Neural
oscillations synchronize distributed neuronal populations
through phase alignment, creating temporal windows that
facilitate efficient communication between brain regions
[17,40,41,42,43,44].

Through these mechanisms, oscillatory coherence can
regulate the timing of information exchange both within
and across hemispheres, supporting functional integration
across distributed neural systems [45]. Developmental
changes in oscillatory phase precision and coherence are
therefore thought to support the increasing temporal stabil-
ity of neural networks involved in perception, action plan-
ning, and social interaction [44,46].
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Variability in oscillatory coupling, particularly across
hemispheres, may increase variability in distributed neural
communication. Such noise could propagate into action-
perception loops, increasing variability in motor output and
perceptual integration. From this perspective, hemispheric
asymmetry and oscillatory coordination should be viewed
not as separate phenomena but as interacting components
of a broader temporal architecture governing neural devel-
opment.

2.5 Corticalization of Motor Control and Reflex
Integration

A final dimension of hemispheric timing involves
the progressive cortical modulation of subcortical motor
programs. Early motor behavior is largely mediated by
brainstem-generated reflexive patterns that support sur-
vival, orienting, and early postural organization [47,48].
As corticospinal and corticobulbar pathways mature, corti-
cal circuits exert increasing top-down regulation over these
subcortical programs [49,50,51,52].

This process of corticalization reflects coordinated
maturation across hemispheric and descending motor con-
trol systems. Primitive reflexes are not simply elimi-
nated but are progressively inhibited, integrated, or trans-
formed into voluntary motor behaviors as cortical regula-
tion strengthens. Persistent or asymmetrical expression of
reflex patterns beyond expected developmental windows
may be associated with differences in the maturation of cor-
tical and hemispheric motor regulation [53,54].

The relationship between primitive reflex persistence
and hemispheric asymmetry is not yet directly established.
However, reflex integration depends on the maturation of
descending cortical control, which is itself asymmetrically
organized during development. Disruptions in the timing or
balance of hemispheric maturation may therefore bias the
inhibition of brainstem-mediated reflex circuits, leading to
asymmetrical or prolonged reflex expression. In this view,
persistent or asymmetric reflex expression may represent
one possible developmental indicator of variation in corti-
cal and interhemispheric motor maturation, although direct
evidence linking these processes remains limited. This pro-
vides a developmental link between early reflex integration
and the emergence of asymmetrical motor organization.

2.6 Biological Sources of Timing Variability

The developmental processes described above do not
occur independently of broader biological influences as-
sociated with neurodevelopment. A growing body of ev-
idence suggests that many genetic, cellular, and environ-
mental factors implicated in ASD influence neural matura-
tion through mechanisms that could affect developmental
timing and coordination across distributed neural systems
[10,49,55,56]. Although the present framework does not
propose a single etiological pathway, diverse biological in-
fluences may converge on common timing-related develop-
mental processes.

Genes associated with ASD have been linked to
synaptic development, neuronal differentiation, cortical cir-
cuit formation, excitation-inhibition balance, myelination,
and transcriptional regulation [10,49,55,56]. Alterations in
these processes may influence the precision and stability of
neural communication by affecting the maturation of large-
scale networks, hemispheric specialization, and interhemi-
spheric connectivity [20,57,58,59]. Similarly, developmen-
tal variation in callosal maturation, long-range white-matter
organization, and network connectivity may influence the
temporal coordination of distributed neural activity during
critical periods of development [22,60,61,62,63].

Neural oscillatory dynamics are also sensitive to the
organization and coordination of distributed neural sys-
tems. Oscillatory synchronization and phase coupling con-
tribute to the temporal regulation of communication within
and between cortical networks [12,14,37,38,64,65]. Vari-
ability in the developmental processes supporting neural
communication and network organization may therefore in-
fluence oscillatory coherence and temporal precision, po-
tentially affecting perception, motor control, and social in-
teraction.

In addition to genetic and circuit-level influences, neu-
roimmune and environmental factors may contribute to
variability in developmental timing. Prenatal and early
postnatal influences, including inflammatory processes, en-
vironmental exposures, and developmental stressors, have
been associated with alterations in neural maturation, con-
nectivity, and functional organization [40,66]. Such influ-
ences may affect the timing and coordination of develop-
mental processes that support hemispheric specialization,
interhemispheric communication, and cortical regulation of
behavior.

Within the present framework, these biological fac-
tors are not viewed as alternative explanations to devel-
opmental timing but rather as potential upstream contribu-
tors to timing variability. Diverse genetic, neurobiological,
and environmental influences may therefore converge on
common developmental pathways involving hemispheric
specialization, interhemispheric coordination, oscillatory
synchronization, and cortical regulation of motor behav-
ior. This convergence provides one possible mechanism
through which heterogeneous ASD risk factors may con-
tribute to variability in early developmental trajectories
while remaining consistent with the substantial heterogene-
ity observed across ASD populations.

2.7 Developmental Timing Relationships Across Neural
and Motor Systems

Hemispheric asymmetry, interhemispheric coordina-
tion, oscillatory synchronization, and cortical regulation of
subcortical motor programs can be conceptualized as inter-
acting developmental processes unfolding across partially
overlapping maturation trajectories [25,26]. Variability in
the timing or coordination of these processes may be asso-
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ciated with differences in motor organization and the tem-
poral stability of action-perception interactions across de-
velopment. From this perspective, subtle variation in hemi-
spheric differentiation or oscillatory coherence could con-
tribute to differences in motor timing, sensorimotor coordi-
nation, and early social interaction patterns.

At this stage, it is important to distinguish between
empirically established findings, theoretically grounded in-
ferences, and components of the present framework that re-
main to be directly tested. Converging evidence supports
the early emergence of hemispheric asymmetry, the pro-
gressive maturation of interhemispheric connectivity, and
the role of oscillatory coordination in structuring neural
communication, as well as the transition from brainstem-
mediated reflexive motor patterns to increasingly cortically
regulated motor control. It is also well established that
early motor development and dyadic interaction dynamics
are closely linked to later social and communicative out-
comes. However, the integration of these findings into a
continuous developmental sequence, in which variation in
hemispheric specialization and interhemispheric coordina-
tion may be associated with differences in motor organi-
zation and early social interaction across development, re-
mains a theoretical synthesis. Consistent with developmen-
tal systems perspectives, the present framework assumes
that developmental outcomes emerge through dynamic in-
teractions among multiple biological and behavioral pro-
cesses rather than through isolated deficits in individual
components [67]. In particular, the proposal that persis-
tent or asymmetric primitive reflex expression indexes al-
terations in hemispheric timing and that such motor signa-
tures mediate downstream social outcomes via motor-social
coupling should be regarded as testable hypotheses rather
than established causal relationships. The framework ad-
vanced here is intended to organize existing evidence into
a coherent developmental model while generating explicit
predictions for longitudinal investigation.

Rather than conceptualizing early motor differences in
ASD as isolated anomalies, a timing framework suggests
that such differences may represent potentially related de-
velopmental differences involving hemispheric and inter-
hemispheric organization [50,52]. The proposed develop-
mental timing relationships linking hemispheric asymme-
try, interhemispheric coordination, oscillatory dynamics,
and corticalization are illustrated in Fig. 1.

One behavioral domain in which such timing differ-
ences may become observable is the developmental tran-
sition from brainstem-mediated reflexive motor programs
to cortically modulated voluntary control. During early
infancy, descending corticospinal and corticobulbar path-
ways progressively regulate subcortical motor circuits, in-
tegrating primitive reflex patterns into more flexible mo-
tor coordination [47,48,49,51,52,54,68]. Because these
descending control systems depend on coordinated hemi-
spheric maturation and interhemispheric communication,
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variability in the timing of hemispheric specialization may
plausibly manifest behaviorally as delayed or asymmetric
reflex integration. These large-scale coordination processes
are reflected in early motor behavior, particularly in the de-
velopment and integration of primitive reflexes.

The evidence reviewed in this section indicates that
hemispheric specialization, interhemispheric coordination,
oscillatory synchronization, and cortical maturation follow
distinct yet interacting developmental trajectories. The de-
velopmental timing framework proposed in the present re-
view builds on these observations by hypothesizing that
variation in the temporal coordination among these pro-
cesses, rather than alteration of any single mechanism
alone, may influence the emergence and organization of
early motor behavior. The following section considers
how these neurodevelopmental processes may be expressed
through the developing motor system and how early motor
organization may provide an observable behavioral inter-
face for underlying differences in developmental timing.

3. Primitive Reflex Development and Early
Motor Organization

Section 2 examined the neurodevelopmental pro-
cesses that establish the temporal architecture of the de-
veloping brain, including hemispheric specialization, inter-
hemispheric coordination, oscillatory synchronization, and
progressive corticalization. The present section considers
how variation in the timing of these interacting processes
may become behaviorally expressed during infancy. Within
the developmental timing framework proposed here, early
motor organization is conceptualized as the first observable
developmental interface through which underlying varia-
tion in neural timing may become apparent. Primitive reflex
integration is therefore considered not in isolation but as one
component of a broader developmental transition from sub-
cortically organized motor behavior to progressively corti-
cally regulated action.

Primitive (primary) reflex expression provides a be-
havioral window into the maturation of descending cortical
control systems and the progressive reorganization of early
motor behavior [38,39,55,60]. These reflexes are normal
components of early neurodevelopment, emerging during
fetal life and early infancy before gradually diminishing as
corticospinal, corticoreticular, cerebellar, and basal ganglia
networks mature [38,39,55,60]. Their developmental sig-
nificance lies not simply in their presence or disappearance,
but in the orderly transition from predominantly subcorti-
cal motor organization to progressively integrated cortical
regulation. Within the developmental timing framework
proposed here, this transition is conceptualized as one ob-
servable manifestation of the broader temporal coordination
among interacting neural systems reviewed in the preceding
section.

The maturation of reflex regulation occurs within
broader neurodevelopmental processes influenced by ge-
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and environmental factors, may contribute to variability in developmental timing across multiple interacting neural systems. Hemispheric

specialization, interhemispheric coordination, oscillatory synchronization, and the progressive cortical regulation of motor behavior are

depicted as partially overlapping developmental processes that contribute to the temporal organization of neural communication and

action-perception interactions. Within the framework, primitive reflex integration and motor asymmetry are presented as candidate

developmental indicators that may reflect variation in neural timing and coordination rather than established causal consequences of

atypical hemispheric development. These motor features are hypothesized to influence motor—social coupling, including the timing and

coordination of infant-caregiver interactions, which may contribute to differences in social developmental trajectories through recurrent
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netic, cellular, and environmental factors. Biological
mechanisms associated with synaptic development, cor-
tical circuit formation, neural connectivity, myelination,
and network maturation may contribute to variability in
the timing of cortical regulation and motor integration
[10,49,55,56,58]. The developmental significance of prim-
itive reflexes depends not only on their presence or persis-
tence but also on their timing, sequence of integration, and
relationship to the maturation of broader motor and neural
systems. Within the present framework, primitive reflexes
are therefore interpreted as one component of an evolving
developmental process rather than as isolated markers of
atypical neurodevelopment.

Although primitive reflex persistence has long been
used clinically as an indicator of delayed corticalization,
systematic empirical evidence linking reflex integration to
neural timing mechanisms remains limited. Accordingly,
associations between reflex persistence and hemispheric or
interhemispheric timing processes should be interpreted as
theoretically motivated and empirically testable rather than
as established mechanistic relationships. Within the present
framework, reflex persistence is treated not as a diagnos-
tic marker but as a candidate developmental indicator of
broader developmental timing processes that require rigor-
ous longitudinal investigation.

The developmental timing framework advanced here
does not propose that persistent primitive reflexes consti-
tute specific biomarkers of autism or other neurodevelop-
mental conditions. Rather, it hypothesizes that variation in
the timing of reflex integration may provide one observ-
able indicator of broader differences in the temporal orga-
nization of early neural maturation, particularly when inter-
preted alongside other developmental findings and comple-
mentary measures of motor organization and neural timing.

Reflex integration follows a broadly predictable de-
velopmental trajectory, with age-normed windows for at-
tenuation of patterns such as tonic neck, grasp, Moro, and
related reflexes [50,52,53,57]. Although variability ex-
ists, persistent or asymmetrical expression beyond expected
developmental periods may indicate incomplete cortical
modulation or delayed integration within sensorimotor net-
works. Within the present developmental timing frame-
work, such persistence is conceptualized not as an iso-
lated motor anomaly but as one observable manifestation of
broader variation in hemispheric coordination, cortical mo-
tor maturation, and the temporal organization of early neu-
ral development. Accordingly, reflex persistence should be
interpreted within the context of an individual’s overall de-
velopmental profile rather than as an independent clinical
finding.

Importantly, many primitive reflexes are themselves
lateralized or asymmetrically expressed. For example,
tonic neck patterns influence midline crossing, postural
alignment, and limb coordination. Asymmetric persistence
may be associated with differences in unilateral motor stabi-
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lization. Such motor differences may contribute to variation
in early exploratory behavior, shaping how infants reach
for, orient to, stabilize gaze on, and interact with objects
and social partners [69,70,71,72]. Over repeated interac-
tions, such subtle motor biases may influence the temporal
organization of action-perception loops through which in-
fants explore their environment and engage with caregivers.
Within the developmental timing framework proposed here,
these repeated motor experiences are hypothesized to con-
tribute to the calibration of subsequent motor-social cou-
pling rather than directly determining later social outcomes.

From a developmental systems perspective, persistent
reflex activity may be associated with increased variability
or asymmetry in motor output [8,34,51,52]. Such variabil-
ity could influence gaze stabilization, postural alignment,
orienting behavior, and other aspects of early sensorimotor
interaction. Differences in motor timing and coordination
may therefore contribute to variation in how infants engage
with socially contingent sensory input across development.
Within this perspective, the emphasis is not on global im-
pairment but on possible differences in the temporal orga-
nization of early motor-social interaction.

Emerging evidence suggests that early motor differ-
ences are among the earliest observable prospective indi-
cators of later ASD diagnosis [73,74,75,76]. These dif-
ferences include atypical postural control, reduced midline
crossing, altered laterality patterns, and increased motor
variability in high-risk infants. Within the developmental
timing framework proposed here, these observations are in-
terpreted as potentially related manifestations of a common
developmental process rather than as independent motor
findings. Primitive reflex persistence, motor asymmetry,
altered postural organization, and increased motor variabil-
ity are conceptualized as complementary behavioral read-
outs through which underlying variation in neural timing
may become observable during infancy. This interpretation
does not imply that reflex persistence causes ASD or con-
stitutes a specific marker of autism. Rather, it suggests that
variation in early motor organization may reflect broader
differences in the temporal coordination of neural matura-
tion that could influence subsequent motor-social coupling
and developmental trajectories [50,51,73,77].

Critically, this perspective generates falsifiable pre-
dictions. If primitive reflex persistence is a candidate be-
havioral proxy of corticalization timing, it could plausibly
be examined in relation to hemispheric asymmetry and in-
terhemispheric coherence. It should predict subsequent mo-
tor asymmetry patterns and variability in dyadic synchrony.
Longitudinal studies could examine whether associations
between reflex persistence and later social outcomes are re-
lated to intermediate differences in motor-social interaction.
Such questions illustrate how reflex persistence might be
incorporated into prospective developmental investigation
within broader longitudinal models of early neurodevelop-
ment. These processes provide a developmental bridge be-
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tween early motor integration and the emergence of asym-
metrical functional organization.

In the next section, we examine how motor asymmetry
and reflex-related motor biases may influence motor-social
coupling dynamics, positioning action-perception timing as
a potential contributor to variation in early social develop-
mental trajectories.

4. Motor-Social Coupling as a Scaffold for
Predictive Social Brain Development

Motor behavior does not merely accompany social
development; it structures the temporal conditions under
which social learning occurs [8,10,78]. From the earli-
est postnatal months, posture, orienting, gaze stabilization,
reaching, and vocal timing form the sensorimotor substrate
through which infants engage with caregivers and the sur-
rounding environment [10,11,71]. These behaviors are em-
bedded within recurrent action-perception loops in which
motor output generates socially contingent feedback, and
that feedback in turn updates internal predictive models of
the environment [56,79,80,81,82]. The stability and pre-
cision of these loops depend on coordinated timing across
neural and motor systems [29,83]. Within this framework,
motor timing is proposed to influence the temporal align-
ment between action and feedback, thereby constraining the
precision with which prediction errors can be detected and
corrected during social interaction. Within the developmen-
tal timing framework advanced here, motor-social coupling
is proposed to provide the principal developmental interface
through which variation in neural timing and motor orga-
nization may influence opportunities for predictive social
learning. Rather than acting as a direct cause of later social
differences, motor behavior is hypothesized to shape the
temporal structure of infant-caregiver interaction through
which social expectations are progressively calibrated.

4.1 Motor Development as a Foundation for Social
Learning

Motor development provides the embodied infrastruc-
ture through which infants engage with the social world.
Stabilization of the head and trunk reduces sensory noise
and enables consistent alignment of gaze with social part-
ners, thereby supporting early joint attention and shared ref-
erence frames [8,10,70,78]. Improvements in postural con-
trol can influence the quality of perceptual input available
for social learning.

Manual exploration extends these interaction loops
by linking object manipulation with caregiver responses.
Reaching and grasping behaviors frequently elicit contin-
gent reactions from caregivers, such as verbal labeling, im-
itation, or assistance. These interactions allow infants to ex-
perience systematic relationships between their actions and
socially mediated outcomes [69,71]. Repeated interaction
cycles may contribute to the gradual organization of expec-
tations regarding social contingency and interaction timing
[25,82].

Evidence from developmental research indicates that
motor milestones are associated with changes in social
engagement and communicative behavior during infancy
[10,70,71]. These observations support the view that mo-
tor development does not simply accompany cognitive mat-
uration but may actively organize the temporal conditions
under which infants experience socially contingent interac-
tion. Within the present framework, motor development is
therefore conceptualized as a developmental scaffold link-
ing neural maturation with emerging social cognition.

4.2 Dyadic Synchrony and Temporal Coordination

Early social interaction unfolds through temporally
coordinated exchanges between infants and caregivers.
These exchanges involve dynamic alignment of gaze shifts,
vocalizations, gestures, and postural adjustments. Such
alignment produces dyadic synchrony, a pattern of mu-
tual temporal coordination that emerges through continu-
ous adjustment between interacting partners [64,84,85,86].
In developmental research, dyadic synchrony is commonly
quantified through measures such as gaze coordination,
turn-taking timing, imitation latency, vocal contingency,
and cross-recurrence analyses of infant-caregiver interac-
tion.

Dyadic synchrony has been proposed as one important
process through which early social interaction may influ-
ence neural and behavioral development [43]. Coordinated
interaction rhythms may support increasing sensitivity to
the timing and consistency of caregiver responses and re-
fine expectations about social contingencies [11,25,86,87].
These coordinated exchanges are thought to support the de-
velopment of social prediction by providing a reliable tem-
poral structure within interaction. Within the developmen-
tal timing framework, dyadic synchrony represents the be-
havioral context through which differences in neural timing
and motor organization may become amplified, compen-
sated, or progressively recalibrated across development.

From a dynamical systems perspective, infant-
caregiver interaction can be understood as a coupled system
in which both partners continuously adjust their behavior in
response to the timing of the other [88,89]. Within such sys-
tems, coordinated interaction depends on ongoing temporal
adjustment between interacting partners and relative stabil-
ity in interaction timing.

4.3 Action-Perception Interaction and Social Learning

Motor-social interaction can be conceptualized as in-
volving recurrent cycles linking infant motor behavior with
socially contingent environmental feedback. Within these
interactions, motor actions influence perceptual experi-
ence while caregiver responses contribute to the ongo-
ing refinement of social engagement across development
[41,79,80,82,90,91]. These recurrent action-perception cy-
cles provide the developmental mechanism through which
the timing-related processes described in Sections 2 and 3
are hypothesized to influence social learning.
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Over repeated interactions, prediction errors arising
from temporally structured mismatches between expected
and observed responses drive updating of internal predic-
tive models, consistent with predictive accounts of autism
emphasizing altered prediction and model updating [92].
These calibration processes contribute to the emergence of
anticipatory gaze behavior, coordinated turn-taking, and in-
creasingly stable interaction rhythms [25,93,94,95].

Because these calibration processes depend on tem-
porally structured interaction, variability in motor timing is
hypothesized to alter the efficiency with which prediction
errors are minimized. Increased variability in motor output
may introduce temporal noise into the interaction loop, po-
tentially affecting the precision with which infants detect,
interpret, and update socially contingent information across
repeated interactions.

4.4 Motor Variability and Early ASD Development

Evidence from prospective infant studies indicates
that early motor differences are among the earliest observ-
able indicators of later ASD diagnosis [4,6,72,73,74,76].
These differences include atypical postural control, altered
motor variability, reduced anticipatory gaze shifts, and dif-
ferences in the temporal coordination of social interaction.

Rather than interpreting these findings as independent
abnormalities across multiple domains, a motor-social cou-
pling framework views them as interacting components of
a temporally structured developmental system. Variability
in motor output is hypothesized to influence the timing of
dyadic exchanges, which in turn shapes the calibration of
predictive social models.

Within this perspective, motor variability does not
necessarily imply impairment in social motivation. Rather,
the framework proposes that variability in motor timing
may influence the temporal reliability of socially contin-
gent experience, thereby altering opportunities for predic-
tive calibration without assuming diminished social interest
or motivation.

4.5 Motor-Social Coupling as a Developmental Interface

Importantly, this account does not reduce social cogni-
tion to motor control. Rather, it proposes that early motor-
social coupling provides the temporal scaffold upon which
higher-order social inference is constructed. The develop-
ing social brain, encompassing networks involved in gaze
processing, action understanding, and affective engage-
ment, is refined through repeated calibration within embod-
ied interaction loops [25,83,84,93,94,95].

When neural timing systems governing motor organi-
zation are altered, the temporal precision of these interac-
tion loops may be affected. Increased variability in motor
output or interaction phase alignment may introduce noise
into predictive learning processes [80,82,91]. Over time,
such differences may influence how social expectations are
calibrated during development.
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4.6 Motor-Social Coupling Within a Developmental
Timing Framework

Within the developmental timing framework proposed
in this article, motor-social coupling represents one con-
text through which neural timing, motor organization, and
social interaction may relate across development. Hemi-
spheric specialization, interhemispheric coordination, and
oscillatory timing may contribute to the temporal organiza-
tion of motor behavior, while motor behavior helps struc-
ture the timing of infant-caregiver interaction [11,64,96].
Variation in neural timing may therefore be associated with
differences in motor organization and dyadic interaction dy-
namics across development. Increased variability in motor
output or interaction phase alignment may introduce tempo-
ral noise into predictive learning processes, potentially con-
tributing to heterogeneous developmental trajectories rather
than a single developmental pathway [11,80,83,88]. The
developmental action-perception loop linking neural tim-
ing, motor organization, and dyadic synchrony through re-
current interaction, prediction, and feedback processes is
illustrated in Fig. 2.

The evidence reviewed in this section suggests that
motor-social coupling provides the principal developmental
interface linking neural timing with emerging social cog-
nition. Within the present framework, action-perception
loops are conceptualized as recurrent developmental pro-
cesses through which variation in neural timing and mo-
tor organization may influence the temporal structure of
infant-caregiver interaction and predictive social learning.
This perspective emphasizes dynamic reciprocal interac-
tions rather than linear causal pathways and provides the
developmental bridge to the multilevel longitudinal frame-
work developed in the following section.

If motor-social interaction reflects one behavioral con-
text through which neural timing and motor organization
influence early development, then systematic variation in
these interaction patterns may provide useful longitudinal
measures for examining developmental diversity in ASD
trajectories [97,98]. From this perspective, motor timing,
reflex development, and dyadic coordination may be in-
vestigated as interacting developmental variables within
prospective studies of early neurodevelopment.

5. Motor-Social Interaction and Early Social
Development

The preceding sections proposed that variation in neu-
ral timing may become behaviorally expressed through
early motor organization and subsequently through motor-
social coupling. The present section considers how re-
peated differences in the temporal organization of infant-
caregiver interaction may influence broader social devel-
opmental trajectories. Within the developmental timing
framework advanced here, social development is viewed
not as an independent process but as emerging through re-
current cycles of action, perception, prediction, and care-


https://www.imrpress.com

1. Neural Timing Processes
Contribute to the temporal
organization of motor output

Motor shapes

5. Predictive Update v interaction
Update internal models of Timin-g [ timing Sources of Variability
self, other, and social constraints & (Temporal Noise)
environment Hemispheric Oscillatory Callosal Gating &
Coordination Precision Interhemispheric
Timing
« Atypical neural timing
& ﬁf P Recurrent Loop “~ (Asymmetry, coherence,
[ e k3¢ illatory precision)
1 . g it 5
Moc:;all:.;;:::::g & 4. Feedback & Prediction i \ 2. Infant Motor Output + Irregular motor output
et Evaluate outcomes against A v Motor behavior provides the (Variability, jitter,
A internal predictions i 1 temporal structure for action asymmetry)
| ! 1
\ " " ¢ Poor interaction timing
Feedback v ‘\‘ o / ))) ~ ‘(Phase. rnisalignrr!ent,
eviliiated s Continuous predict'lon /’ - inconsistent contmgency)
against Outcome Prediction . anderror correction ¥ Posture & Vocalizations Reaching &
i \\ Evaluation Error > calibrate social Movement Orienting
predictions L prediction *
%\
) . 5 Potential Developmental
\ 3. Dyadic Interaction & Synchrony ]' licati P
Shapes the timing of social exchange Interaf:tlon mpations
and alignment provides ¢ Reduced precision of
—— . ’ contingent dyadic synchrony
@ z 6, z .'- feedback o Less efficient predictive
Gaze Turn-Taking & Affective & learning
Alignment Contingency Motor Synchrony * Heterogeneous
developmental outcomes
Typical Development Divergent Trajectory
m ¢ Precise timing and low variability ¢ Greater timing variability and noise
¢ High-quality synchrony and contingency ¢ Reduced synchrony and contingency WW\/\ """
» « Efficient predictive updating ¢ Less efficient predictive updating _—
« Adaptive social learning and outcomes ¢ Heterog 15 devel tal outcomes

Fig. 2. Developmental action-perception loop linking neural timing, motor organization, dyadic synchrony, and predictive social

learning. Neural timing processes, including hemispheric coordination, oscillatory precision, and interhemispheric communication, con-

tribute to the temporal organization of motor output. Motor behavior, including posture, orienting, vocalization, and exploratory action,

helps structure the timing of infant-caregiver interaction. These interactions generate temporally contingent feedback that is evaluated

against internal predictions and incorporated into ongoing model updating. Through repeated cycles of action, perception, prediction,

and feedback, infants progressively calibrate expectations regarding social contingency and interaction timing. The figure illustrates a

recurrent developmental loop in which neural timing, motor organization, and dyadic synchrony are proposed to interact dynamically

rather than through a strictly linear causal sequence. Sources of variability, including differences in neural timing, motor coordination,

and interaction timing, may introduce temporal noise into the system, potentially influencing the precision of dyadic synchrony and the

efficiency of predictive learning. The resulting developmental trajectories are expected to be heterogeneous and shaped by multiple in-

teracting biological and environmental influences. Individual components of the model are supported by existing developmental, motor,

and social interaction research, whereas their integration into a unified developmental timing framework represents the central hypothesis

advanced in this article. Solid arrows indicate developmental relationships that are supported by existing empirical evidence, whereas

dashed arrows indicate hypothesized, indirect, or incompletely tested developmental relationships.

giver feedback. Small differences in the temporal organi-
zation of these interactions may accumulate over develop-
ment, contributing to increasingly divergent developmen-
tal trajectories without implying a deterministic or linear
causal sequence.

Motor behavior does not merely accompany social de-
velopment; it contributes to the temporal organization of
early social interaction [8,10,78]. From the earliest post-
natal months, posture, orienting, gaze stabilization, reach-
ing, and vocal timing shape how infants engage with care-
givers and the surrounding environment [10,11,71]. These
interactions unfold through recurrent cycles in which in-
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fant behavior influences socially contingent feedback while
caregiver responses contribute to the ongoing refinement of
interaction patterns across development [56,79,80,81,82].
The temporal stability of these interactions depends on co-
ordination across neural, motor, and interpersonal systems
[29,83]. Within this perspective, differences in motor tim-
ing or coordination may influence how infants experience
socially contingent interaction during early development.

Early in life, hemispheric specialization and oscilla-
tory coherence contribute to stabilizing action-perception
loops. When these processes mature within expected tem-
poral windows, motor output becomes progressively re-
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fined, reflexive patterns are integrated, and dyadic syn-
chrony becomes more stable. In contrast, if hemispheric
timing is delayed, exaggerated, or inconsistently regulated,
motor output may remain more variable or asymmetrically
biased. Such differences may not necessarily reflect global
impairment but may be associated with variability in the
timing and consistency of early social interaction. Over
repeated developmental exchanges, such variability is hy-
pothesized to influence the calibration of predictive social
learning through cumulative differences in interaction ex-
perience rather than through isolated developmental events
[6,19,50,66,74,76,99].

Over repeated interactions, increased temporal vari-
ability can alter the efficiency of predictive updating. If an-
ticipatory gaze shifts are delayed, if turn-taking latency is
inconsistent, or if postural instability reduces sustained en-
gagement, the infant receives less reliable contingent feed-
back. This may amplify prediction error signals and shift
learning dynamics [62,79,80,100,101,102,103]. Rather
than progressively refining increasingly precise predictive
models of social interaction, developmental resources may
become preferentially allocated toward maintaining behav-
ioral stability under conditions of increased temporal uncer-
tainty. This proposal remains hypothetical but provides one
possible mechanism linking early motor-social timing dif-
ferences with later variability in social developmental tra-
jectories [1,91,100,101,104].

Importantly, this model accommodates heterogeneity
within ASD. The magnitude, direction, and developmen-
tal window of timing divergence may vary across individ-
uals. In some trajectories, delayed hemispheric specializa-
tion may predominate; in others, premature rigidity of later-
alization or altered interhemispheric inhibition may be more
prominent. Likewise, reflex persistence may be transient in
some infants and more pronounced in others. The present
framework does not posit a single developmental pathway.
Still, it explores the possibility that variation in develop-
mental timing may represent one organizing perspective
through which heterogeneity in ASD can be investigated.
Developmental timing should be viewed as a multidimen-
sional property of interacting developmental systems rather
than as a simple measure of developmental delay or accel-
eration. In the present article, developmental timing refers
to the relative temporal coordination among interacting de-
velopmental processes, including their onset, rate of matu-
ration, synchronization, and integration across neural, mo-
tor, and interpersonal systems, rather than to chronological
age or developmental delay alone.

This perspective also integrates with broader bio-
logical and environmental contributions to ASD. Genetic
and neurodevelopmental influences may affect the mat-
uration schedule of hemispheric differentiation, callosal
development, oscillatory coordination, and cortical reg-
ulation of motor behavior [10,49,55,56,58,105,106,107],
while environmental influences, particularly caregiver re-
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sponsiveness and interaction timing, may buffer or amplify
emerging variability within motor-social interaction loops
[11,25,64,73,84,86].

The present developmental timing perspective gener-
ates longitudinally testable hypotheses. Primitive reflex
persistence may be associated with later motor asymme-
try patterns. Motor asymmetry and variability may medi-
ate associations between early neural timing markers and
subsequent social communication outcomes. Neural tim-
ing indices may moderate the strength of motor-social cou-
pling effects. Longitudinal studies may also identify devel-
opmental periods during which coupling precision is more
strongly associated with later social developmental trajec-
tories. These predictions allow the framework to be evalu-
ated empirically rather than treated as a purely conceptual
synthesis. Equally important, failure to observe these pre-
dicted developmental relationships, or demonstration that
alternative developmental models better account for lon-
gitudinal observations, would require revision or rejection
of the present framework. The scientific value of the de-
velopmental timing perspective rests on the specificity and
testability of its developmental predictions rather than on its
capacity to accommodate existing observations retrospec-
tively [63,108,109].

By conceptualizing ASD as potentially involving di-
vergence in coordinated developmental timing rather than
solely isolated differences within motor or social domains,
this model seeks to bridge early neural maturation with
emerging social brain organization. The next section for-
malizes these relationships within a hybrid biomarker archi-
tecture, outlining how multilevel measurement and longitu-
dinal modeling can test the proposed cascade. Importantly,
the value of the timing-cascade framework lies not only in
conceptual synthesis but also in its capacity to generate em-
pirically testable predictions linking neural timing indices,
motor organization, and dyadic interaction dynamics across
early development.

6. A Conceptual Framework for Prospective
and Longitudinal Investigation

The timing-cascade framework advanced here implies
that no single behavioral or neural measure is sufficient to
characterize early divergence in ASD [1,2,3,7,15,97,98].
Instead, coordinated indices across levels are required to
capture the maturation schedule of hemispheric special-
ization, interhemispheric coordination, motor organization,
and motor-social coupling. We therefore propose a multi-
level developmental research framework integrating neural
timing markers, behavioral motor indices, and dyadic cou-
pling measures within a longitudinal modeling approach.
The proposed multilevel biomarker architecture linking
neural timing indices, reflex integration, motor organiza-
tion, and motor-social coupling within a longitudinal frame-
work is illustrated in Fig. 3. Each component of this frame-
work corresponds to measurable variables that can be ex-

11


https://www.imrpress.com

amined using existing developmental methodologies, mak-
ing it possible to investigate the relationships proposed here
within prospective longitudinal studies. The framework is
not intended to identify a single biomarker of autism but to
provide a developmental architecture within which multi-
ple neural, motor, and interpersonal measures can be inter-
preted longitudinally as interacting components of the same
developmental process.

Fig. 3 summarizes the central proposition of the
present framework. Rather than depicting a linear causal
pathway, it illustrates a multilevel developmental architec-
ture in which biological influences, neural timing, motor or-
ganization, motor-social coupling, and developmental out-
comes interact across time. The figure therefore serves pri-
marily as a heuristic model for organizing prospective lon-
gitudinal investigation rather than as a representation of es-
tablished mechanistic pathways.

Within this perspective, motor-social interaction may
represent one developmental context through which neural
timing and motor organization relate to later social devel-
opmental trajectories [97,98]. Genetic liability, perinatal
influences, caregiver interaction timing, and broader envi-
ronmental factors may contribute to variability across de-
velopmental pathways [10,52]. Longitudinal approaches
may therefore be useful for examining how neural timing,
motor development, reflex integration, and dyadic interac-
tion patterns relate to one another across development. Im-
portantly, the present framework does not assume a strictly
linear or unidirectional developmental sequence, and recip-
rocal influences across neural, motor, and social systems
are expected [89,93].

6.1 Neural Timing and Asymmetry Indices

Atthe neural level, candidate developmental measures
include hemispheric power asymmetry, interhemispheric
coherence, oscillatory phase precision, and latency variabil-
ity in event-related potentials [14,32,42,64]. These mea-
sures are not assumed to constitute biomarkers of ASD in
isolation but are considered candidate indicators of devel-
opmental timing and coordination that may be examined
longitudinally. These indices capture temporal coordina-
tion within and across hemispheres and reflect the matura-
tion of interhemispheric coordination and phase alignment
mechanisms. Rather than treating asymmetry magnitude as
inherently adaptive or maladaptive, the framework empha-
sizes developmental timing: delayed, exaggerated, or in-
consistent trajectories of asymmetry may carry distinct im-
plications for downstream motor organization.

Interhemispheric coherence and phase-locking mea-
sures are particularly relevant, as they index the balance
between integration and segregation across hemispheres
[20,32,42,83,84,110]. Increased variability in interhemi-
spheric communication or reduced selective gating may in-
troduce temporal variability into distributed networks sup-
porting action planning and perception. Longitudinal as-
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sessment of these indices examines whether early variation
is associated with observable motor asymmetry or reflex
persistence.

6.2 Reflex Integration and Motor Organization Profiles

Behavioral indices include standardized assessments
of primitive reflex persistence, operationalized as the mag-
nitude, symmetry, and age-deviation of reflex expression
relative to established developmental norms. Within this
framework, reflex persistence is conceptualized as a candi-
date developmental indicator of corticalization timing and
hemispheric coordination rather than a standalone diagnos-
tic indicator. These measures should be interpreted longitu-
dinally, as deviations in the timing and trajectory of reflex
attenuation, rather than as isolated cross-sectional findings.
The developmental relevance of reflex persistence should
depend not on its isolated presence but on its relationship
to concurrent measures of neural timing, motor organiza-
tion, and motor-social interaction obtained within the same
developmental period. Different developmental trajectories
may exhibit distinct patterns of reflex persistence, asymme-
try, or attenuation, further emphasizing the heterogeneous
nature of developmental timing variation. Candidate mea-
sures may also include standardized parent-report instru-
ments designed to quantify early motor development and
variability across infancy [111]. Prospective developmental
screening approaches that integrate motor assessment with
broader neurodevelopmental surveillance may provide use-
ful platforms for evaluating these hypotheses longitudinally
[112].

Motor asymmetry metrics, including reach preference
distribution, midline crossing frequency, bimanual coor-
dination variability, and kinematic precision, provide be-
havioral indices of hemispheric specialization and inter-
hemispheric coordination expressed at the level of motor
output [4,62,80,81]. Increased variability or rigid asym-
metry may indicate altered partitioning of motor control
across hemispheres. Importantly, these indices should be
analyzed dimensionally rather than categorically, reflect-
ing developmental gradients rather than binary abnormal-
ities [3,50,51,52,94]. When assessed within the same indi-
viduals, these motor indices can be directly related to neural
timing measures, allowing evaluation of whether variability
in hemispheric coordination relates to differences in motor
organization across development.

6.3 Motor-Social Coupling Metrics

Motor-social coupling can be quantified as the tem-
poral coordination between infant motor output and care-
giver responses, indexed through measures of dyadic
synchrony and interaction timing. Candidate metrics
include gaze-reach synchrony, imitation latency, turn-
taking timing differences, and cross-recurrence quantifi-
cation analysis of infant-caregiver interaction dynamics
[21,28,31,59,78,79,102]. These measures capture the tim-
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Fig. 3. Conceptual longitudinal framework linking neural timing, motor organization, reflex development, motor-social interac-

tion, and later social developmental outcomes. The figure illustrates a multilevel developmental framework in which neural timing

and coordination processes, including hemispheric asymmetry, interhemispheric coordination, and oscillatory timing, may relate to mo-

tor organization, reflex development, and motor-social interaction across early development. Genetic, perinatal, caregiver, and broader

environmental influences are illustrated as interacting biological and contextual factors that may contribute to developmental variability

across levels. The proposed relationships are intended as hypothesis-generating rather than as established mechanistic pathways. Reflex

development, motor organization, and dyadic coordination are conceptualized as candidate developmental indicators that may reflect

variation in developmental timing and coordination. Longitudinal investigation of these relationships may help determine whether spe-

cific developmental timing profiles are associated with distinct developmental trajectories and heterogeneous social outcomes. Solid

lines indicate developmental relationships supported by existing empirical evidence, dashed lines indicate hypothesized or incompletely

tested developmental associations, and bidirectional arrows indicate potential reciprocal influences across developmental levels. The

framework is intended to guide prospective longitudinal investigation

ing, and variability of interaction cycles at sub-second to
second timescales, providing quantitative measures of in-
teraction timing and coordination during social exchange.
Within longitudinal designs, motor-social coupling
metrics may be examined as potential mediators of associ-
ations between early neural timing indices and later social
communication outcomes [28,48,69,75,98]. Within the de-
velopmental timing framework, these measures provide the
principal behavioral interface through which hypothesized
relationships between early neural timing and later social
developmental trajectories can be examined empirically.
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rather than to serve as a validated biomarker or diagnostic model.

6.4 Longitudinal Modeling and Sensitive Windows

Longitudinal developmental research may help clarify
how neural timing, motor organization, reflex development,
and dyadic interaction patterns relate across infancy and
childhood. Approaches such as growth-curve analysis, lon-
gitudinal trajectory analysis, and developmental subgroup
characterization could be used to examine whether variabil-
ity in neural timing and motor coordination is associated
with later developmental differences [58,75,76,98,113].

Such modeling also allows for examination of het-
erogeneity within ASD trajectories. Rather than assum-
ing a single pathway, clustering and group-based trajec-
tory approaches may identify distinct developmental pro-
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files characterized by different patterns of hemispheric spe-
cialization, motor organization, reflex development, and
dyadic interaction [85]. Identifying these profiles may sup-
port characterization of developmental variability within
prospective cohorts. Such analyses may also help deter-
mine whether multiple developmental pathways converge
on similar behavioral outcomes or whether distinct timing
profiles are associated with different developmental trajec-
tories.

6.5 Moderating and Contextual Influences

Genetic liability, perinatal factors, caregiver respon-
siveness, interaction timing, and broader environmental in-
fluences are expected to moderate the strength and direction
of developmental relationships [2,10,30,38,52,97]. Care-
giver responsiveness and interaction timing, for example,
may buffer the effects of motor variability on dyadic syn-
chrony. Conversely, reduced environmental contingency
may amplify variability in social interaction timing. In-
corporating such moderators ensures that the model re-
mains probabilistic and interactive rather than determinis-
tic. The developmental timing framework should be re-
garded as probabilistic, multilevel, and context-dependent
rather than deterministic, emphasizing developmental inter-
actions over single causal pathways.

The present developmental timing perspective is in-
tended to organize diverse neural, motor, and interper-
sonal developmental findings into a conceptually integrated
framework that may support future longitudinal investiga-
tion[1,3,15,48,75,98]. Neural timing and coordination may
be examined using electroencephalography (EEG)-based
measures of oscillatory activity, hemispheric asymmetry,
and interhemispheric synchronization, while motor orga-
nization and dyadic interaction patterns may be assessed
using established behavioral and kinematic methodologies.
The framework advanced here is not intended as a vali-
dated biomarker model or diagnostic platform, but rather as
ahypothesis-generating developmental perspective through
which relationships among neural timing, motor develop-
ment, and social interaction may be explored across early
development. Ultimately, the contribution of the present
framework lies less in proposing a novel biological mech-
anism than in organizing diverse developmental findings
into a coherent, multilevel hypothesis that can be evaluated
prospectively. Its value will therefore depend on whether
future longitudinal research supports the predicted rela-
tionships among neural timing, motor organization, motor-
social coupling, and later social developmental outcomes.
In the final section, we consider broader conceptual impli-
cations, limitations, and future directions for this timing-
based synthesis.
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7. Conceptual Implications and Future
Directions

By considering early motor development, hemispheric
maturation, and dyadic interaction within a shared devel-
opmental perspective, the present framework contributes
to broader efforts in developmental neuroscience to under-
stand neurodevelopmental conditions as emerging through
interacting neural, motor, and interpersonal processes
across time [15,48,70,91]. The account advanced here is in-
tended as a conceptual synthesis and hypothesis-generating
perspective rather than as an established causal model of
ASD development. While each of these domains has been
independently investigated within the developmental liter-
ature, the present article’s central contribution is the pro-
posal that variation in their temporal coordination may pro-
vide an organizing developmental principle through which
heterogeneous neural, motor, and social findings can be in-
terpreted within a common longitudinal perspective.

The developmental timing perspective advanced in
this review considers whether early motor differences asso-
ciated with ASD may relate to broader variation in hemi-
spheric coordination, oscillatory timing, motor organiza-
tion, and dyadic interaction across development. Rather
than emphasizing isolated impairments within separate do-
mains, the framework highlights the possibility that devel-
opmental timing and coordination may contribute to in-
teractions among neural, motor, and social developmental
processes. In this sense, the synthesis shifts attention to-
ward temporally organized developmental variability rather
than toward static domain-specific deficits. In doing so,
the framework encourages investigation of developmen-
tal interactions and trajectories rather than isolated behav-
ioral characteristics measured at single developmental time
points.

7.1 Integrating Motor and Social Theories of ASD

Historically, motor theories and social-cognitive
theories of ASD have developed largely in parallel
[1,56,65,71,82,97,104]. Motor accounts emphasize postu-
ral control, coordination variability, and sensorimotor inte-
gration, while social theories focus on joint attention, pre-
dictive inference, and social motivation. The present frame-
work does not privilege one domain over the other but situ-
ates both within a temporally structured developmental ar-
chitecture. Motor-social coupling is conceptualized as the
bridge between these domains: motor timing may influence
perceptual experience, while social contingency refines
motor calibration through feedback [28,31,48,69,79,102].
Within this perspective, motor behavior is not viewed as
replacing social cognition but as helping to organize the
developmental conditions under which social cognition
emerges. This bidirectional coupling provides a develop-
mental pathway through which early neural timing differ-
ences may shape social development without reducing ASD
to motor dysfunction.
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Although the present framework shares conceptual
ground with predictive processing and developmental sys-
tems accounts of autism, it differs in its specific empha-
sis on the timing of hemispheric specialization and inter-
hemispheric coordination as organizing constraints on early
action-perception loops. Rather than focusing primarily on
domain-specific deficits, the present perspective explores
whether variation in hemispheric timing and coordination
may contribute to differences in motor and social develop-
ment across infancy and childhood.

7.2 Timing as an Organizing Principle

A central implication of this synthesis is that develop-
mental timing, rather than simply the magnitude of asym-
metry or the presence of specific behaviors, may repre-
sent an important contributor to developmental trajectory
divergence [15,50,52,55,62,94]. Both delayed and pre-
maturely rigid hemispheric specialization may be associ-
ated with differences in the stability of action-perception
[ 9,80,83,84,110]. Likewise, transient reflex persistence
may be developmentally normative, whereas prolonged or
asymmetrical persistence may be associated with differ-
ences in cortical motor maturation. Emphasizing timing
accommodates heterogeneity within ASD and aligns with
contemporary views of neurodevelopment as dynamic and
probabilistic, emerging through interactions among multi-
ple biological and behavioral systems [114,115]. Develop-
mental timing should be regarded as a systems property that
emerges from interactions among multiple developmental
processes rather than as an independent biological variable.

7.3 Methodological Considerations and Limitations

Several limitations warrant consideration. First, em-
pirical evidence directly linking primitive reflex persistence
to hemispheric asymmetry and oscillatory coherence re-
mains limited [15,22,49,51,94]. While the present devel-
opmental timing perspective generates empirically investi-
gable questions, systematic longitudinal studies integrating
neural timing measures, reflex profiles, and motor-social
coupling metrics are needed. Second, measurement pre-
cision presents challenges: reflex scoring requires stan-
dardized protocols, dyadic synchrony metrics demand high-
resolution temporal data, and neural timing indices must
be developmentally calibrated [22,28,42,79,102]. Third,
causal inference will require carefully designed longitudi-
nal and interventional studies to distinguish primary timing
effects from secondary adaptations [75,76,98].

Additionally, ASD is etiologically heterogeneous
[1,2,10,38,52,97]. Genetic, epigenetic, and environmen-
tal factors may influence neural maturation through diverse
mechanisms. The developmental timing perspective does
not claim to supersede genetic or connectivity-based ac-
counts but rather to provide a systems-level framework
within which such influences may operate. Future work
must examine how specific biological pathways interact
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with hemispheric timing and motor-social coupling dynam-
ics. It is also possible that some developmental relation-
ships proposed here will prove to be weaker, indirect, or de-
velopmentally specific than currently hypothesized. Such
findings would refine rather than invalidate the broader ob-
jective of understanding how developmental timing con-
tributes to heterogeneous developmental trajectories.

7.4 Directions for Future Research

Prospective longitudinal studies beginning in early in-
fancy may help clarify how neural timing, motor organiza-
tion, reflex development, and dyadic interaction patterns re-
late across development [27,72,80,98,102]. Multi-method
approaches integrating neural, behavioral, and interaction-
based measures could help characterize developmental
variability across infancy and childhood. Longitudinal de-
signs may also support examination of developmental peri-
ods during which neural timing and motor coordination are
more strongly associated with later developmental trajecto-
ries [1,48,82,97]. An important objective of such studies
will be to evaluate the specific developmental predictions
generated by the present framework, including proposed
relationships among neural timing, motor organization, re-
flex development, and dyadic interaction across develop-
ment. Equally important, such studies will be to determine
whether the developmental relationships proposed here are
consistently observed across independent cohorts and di-
verse developmental contexts. Particularly informative will
be studies that simultaneously measure neural timing, mo-
tor organization, dyadic synchrony, and developmental out-
comes within the same cohorts, allowing the temporal or-
dering of proposed developmental relationships to be eval-
uated directly.

Advanced modeling approaches, including growth
mixture modeling and dynamic systems analysis, may re-
veal distinct timing profiles within ASD populations. Such
stratification could improve understanding of heterogeneity
and inform further conceptual investigation. Importantly,
future research should remain cautious in translating tim-
ing markers into clinical screening tools until predictive va-
lidity is established across diverse populations [2,27,98].
These approaches are also consistent with broader efforts
aimed at improving the early identification of ASD through
prospective developmental surveillance and longitudinal
monitoring [116].

A potentially valuable direction for future work in-
volves the development of integrated longitudinal datasets
combining neural timing measures, motor kinematics, re-
flex development, and dyadic interaction measures within
the same infant cohorts. Such multimodal approaches may
help clarify how neural timing, motor organization, and so-
cial interaction relate across development while improving
understanding of developmental variability within ASD tra-
jectories.
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7.5 Broader Conceptual Contributions

Beyond ASD, the present developmental timing per-
spective highlights the importance of considering motor
development, neural coordination, and interpersonal in-
teraction together within broader developmental models
[15,31,47,48,49,62,69,80]. The framework emphasizes
how neural timing, motor organization, and dyadic inter-
action may contribute to embodied aspects of social de-
velopment across infancy and childhood. Beyond ASD
specifically, it illustrates the potential value of integrating
neural, motor, and interpersonal developmental processes
within longitudinal developmental neuroscience research.
More broadly, the present framework illustrates how devel-
opmental neuroscience may benefit from organizing com-
plex neurodevelopmental phenomena around interactions
among timing, coordination, and reciprocal developmental
processes rather than around isolated functional domains.

8. Conclusion

ASD involves developmental variability across neu-
ral, motor, and social domains [1,2,27,97,98]. The present
article explores the possibility that variation in hemispheric
specialization, interhemispheric coordination, motor orga-
nization, and dyadic interaction timing may be associated
with differences in early developmental trajectories across
infancy and childhood. Rather than proposing a determin-
istic causal sequence, the framework advanced here is in-
tended as a conceptual developmental perspective that orga-
nizes existing findings into a set of empirically investigable
and longitudinally testable developmental relationships.

Ultimately, the contribution of the present article lies
not in proposing a single explanation for autism but in of-
fering a coherent developmental architecture through which
diverse findings concerning neural maturation, motor orga-
nization, and social interaction can be interpreted within a
common longitudinal perspective. Whether this develop-
mental timing framework proves to be broadly explanatory
or requires substantial revision will depend on prospective
empirical investigation. Its principal value therefore lies
in generating explicit, falsifiable hypotheses capable of ad-
vancing understanding of the heterogeneous developmental
pathways associated with ASD.
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