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Abstract

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder with a behavioral phenotype
characterized by impaired development of social-communicative skills as well as excessive
repetitive and stereotyped behaviors. Despite high phenotypic heterogeneity in ASD, a meaningful
subpopulation of children with ASD (~90%) show significant general motor impairment.. More
focused studies on the nature of motor impairment in ASD reveal that children with ASD are
particularly impaired on tasks such as ball catching and motor imitation that require efficient
visual-motor integration (VMI). Motor computational approaches also provide evidence for VMI-
impairment showing that children with ASD form internal sensorimotor representations that bias
proprioceptive over visual-feedback. Impaired integration of visual information to form internal
representations of others’ and the external world may explain observed impairments on VMI-tasks
and motor imitation of others. Motor imitation is crucial for acquiring both social and motor skills
and impaired imitation skill may contribute to the observed core behavioral phenotype of ASD.
The current review examines evidence supporting VMI-impairment as a core feature of ASD that
may contribute to both impaired motor imitation and social-communicative skill development. We
propose that understanding the neurobiological mechanisms underlying VMI-impairment in ASD
may be key to discovery of therapeutics to address disability in children and adults with ASD.
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INTRODUCTION

Autism Spectrum Disorder (ASD) is a prevalent neurodevelopmental disorder, affecting 1

in 54 children in the US [1], and is characterized by social-communication impairments

and restricted and repetitive behaviors and interests [2]. In addition to the core behavioral
phenotype of ASD, motor impairment is very common among children with ASD (~90%)
[3] and understanding the specificity of autism-associated motor impairments may lead to
the discovery of neural circuits and processes contributing to the emergence of the core ASD
behavioral phenotype.

In addition to general motor impairments observed in individuals with ASD [3-5],

motor imitation impairments are consistently observed [6,7] with the degree of imitation
impairment predictive of core ASD symptoms [8,9]. Motor imitation is crucial for social-
communication and forming social bonds [10] and may contribute to the emergence of core
ASD symptoms. Neural processes involved in motor imitation are complex and findings
from our group and others suggest that some individuals with ASD may have a specific
impairment in efficient use of visual information to form internal representations of the

self and of the external world for predictive motor control [11-15]. This proposed visual-
motor integration (VMI) impairment hypothesis in autism suggests that transformation of
visual representations of the self and the external world into internal perceptual-motor
representations for action is a crucial neural process important to the development of social-
communicative behavior. Deficient VMI, with poor ability to imitate others’ actions, could
thereby explain core autism impairments in development of both social skills (as efferent
representations of these internal action models) and social perception/awareness (as afferent
representations of these internal action models).

Motor computational approaches have provided evidence in support of the VMI-impairment
hypothesis showing anomalous patterns in how individuals with ASD execute and acquire
novel motor skills. Methods which weighted visual vs. proprioceptive sensory integration
during motor learning show that children with ASD tend bias proprioceptive feedback
(from their own internal body space) and to discount visual feedback (from the external
world) [11-13,15]. Additional studies examining movement in response to varying visual
dynamics and feedback have helped specify the nature of VMI impairment in ASD, as
compared with both typically developing (TD) controls as well as with individuals with
other neurodevelopmental disorders (e.g., ADHD) [14,16-19].

In the current review article, we synthesize research that has been performed by our group
and others exploring the VMI-impairment hypothesis in ASD. First, we review research
showing that individuals with ASD form anomalous internal representations that bias
proprioception (“somatosensation”) over vision (“sight”). Second, we review studies that
show individuals with ASD show difficulty integrating dynamic (less predictable) visual
information into motor commands. Finally, we discuss specific neural processes that may
contribute to motor imitation impairment in ASD and examine the potential for therapeutics
to mitigate VMI-impairment allowing for improved acquisition of social-communicative
skills and awareness.
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INDIVIDUALS WITH ASD BIAS PROPRIOCEPTIVE OVER VISUAL
FEEDBACK DURING SELF-GENERATED GOAL DIRECTED MOVEMENTS

In one of the earliest investigations of how children with ASD build internal representations,
Masterton and Biederman (1983) examined whether children (7-15 years) with ASD

prefer proximal (proprioception) as compared to distal (visual) sensory information when
learning a novel coin-placement task [20]. In their study, children with ASD, children with
intellectual disability, and TD children reached into a transparent box to place a coin into

a slot indicated by an LED. In subsequent trials, a prism was inserted into the box and the
children adapted'to a prism-induced lateral displacement of their observed hand producing
approximately 60mm coin placement error. Such unilateral prism-induced visual field shifts
cause adaptation specific to the adapted arm viewed through the prism, with no inter-manual
transfer to the non-adapted arm [21]. Post-adaptation aftereffects were examined with

the prism removed and coin-placement trials were performed for each hand. While TD
controls and children with intellectual disability (ID) showed virtually no aftereffects on

the non-adapted hand, children with ASD showed a large degree of adaptation between
hands, such that post-adaptation accuracy decreased on both the non-adapted and adapted
hand. Based on the findings, the authors concluded that although children with ASD adapted
typically to the prism-induced visuomotor transformation, they showed bias for relying on
proprioception-feedback over visual-feedback. This conclusion, while preliminary, has been
supported since by findings from several motor computational studies, as detailed below.

Motor Computational Approaches Reveal Proprioceptive-Bias Forming Internal
Representations in Children with ASD

Initial findings suggested that children with ASD have the capacity to learn novel motor
tasks and update internal representations of action [22,23]; however, these studies did not
examine the underlying sensori-motor processes involved in motor learning. In both Haswell
et al. (2009) and lzawa et al. (2012), children performed a series of reaches to a target

with a robotic manipulandum while a velocity-dependent force field “pushed” their hand
perpendicular to the movement direction. After the child adapted their reaches to counteract
the force-field perturbation, the arm configuration was rotated and reaches were performed
in error-clamp trials, such that a virtual channel wall fixed the manipulandum to move in one
direction producing no error (no lateral deviation from target). Error-clamp trials were used
to assess the generalization of learning to both visual coordinates (same visual trajectory

to target but with different arm joint configuration) and proprioceptive coordinates (same
arm joint configuration but with different visual trajectory). In the initial Haswell et al
(2009) study, we discovered that, as compared with TD children, children with ASD showed
a much greater degree of generalization in proprioceptive space, with less generalization

in visual coordinate space. The findings suggested that, when forming novel movement
patterns, children with ASD show a bias towards relying on proprioceptive feedback, with

a tendency to discount visual feedback. Further, the degree of proprioceptive-bias was
associated with both impaired motor imitation performance as well as clinical measures

of social-communication impairment in children with ASD [10]. In a follow up study by
Izawa et al. (2012), it was shown that this bias towards relying on proprioceptive (vs.

visual) feedback appears specific to autism: Children with ASD showed an abnormal bias
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in comparison to both TD children as well as children with Attention Deficit/Hyperactivity
Disorder (ADHD), with those in the ADHD group showing a learning pattern that was
similar to the TD children [11].

Haswell et al. (2009) and lzawa et al. (2012) demonstrated that the formed internal
representation of the learned motor task biased proprioception in children with ASD,

such that “somatosensation” drove learning as compared to “sight”. However, the channel-
specific sensitivity to visual and proprioceptive perturbations during task learning was not
examined. Using the same 2D ballistic force-field reaching paradigm as [11,12], Marko et
al. (2015) perturbed visual and proprioception errors during task acquisition itself, so as to
more directly examine whether children with ASD were more sensitive to proprioceptive
error as compared to visual error while learning a novel movement pattern. Proprioceptive
error sensitivity was measured from conditions where a force field “pushed” the hand
perpendicular to the reach direction, at various magnitudes, while the visual error was
fixed at zero. Visual error sensitivity was examined by holding the force field “push”
constant while the visual error (gain) was magnified. The findings revealed that while TD
children show significantly more sensitivity to and learning from visually-sensed errors as
compared to proprioceptively-sensed errors; children with ASD showed the exact opposite..
Collectively, the findings presented in Haswell et al. (2009), Izawa et al. (2012), and
Marko et al. (2015) tell a compelling story that when forming internal sensori-motor
representation of action, children with ASD tend to rely more on “somatosensation” as
compared to “sight.” However, these studies do not elucidate the underlying developmental
factors leading to proprioceptive-bias. For example, it is unknown whether VMI is intact
early in development but disrupted by a later emerging proprioceptive-bias, or whether
proprioceptive-bias emerges as a consequence of disrupted VMI early in development.
This question needs to be resolved through careful longitudinal study of infant/childhood
development in populations of children at risk for ASD.

Proprioceptive Sensory-Bias Revealed using Naturalistic Target Reaching Tasks

In the studies examined in the previous section, reaches were constrained to 2D

and proprioception was augmented using novel force fields. It follows that examining
proprioception bias in the internal representation of a ‘naturalistic’ 3D reach to target would
be crucial to understanding “real-world” implications. In a sample of adults with ASD and
neurotypical controls, Glazebrook et al. (2009) examined eye and arm reaching movements
in 3D space to a target both with visual-feedback and without visual-feedback during the
reach [15]. In contrast to neurotypical adults, for the adults with ASD, when visual-feedback
was removed immediately after reach initiation, reach duration and spatial variability were
significantly reduced as compared to reaching trials with visual-feedback. Furthermore, on
reaching trials with visual-feedback, endpoint error was higher in the ASD group compared
to the TD group, a finding that was not observed in reaches without visual-feedback. The
findings suggest that the internal representation of the arm in individuals with ASD may be
biased towards proprioception (“somatosensation”) as online visual feedback was disruptive
to reaching performance and its removal normalized reaching performance to neurotypical
levels.
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Similar to Glazebrook et al. (2009), Zheng et al. (2019) used a 3D reach aiming task to a
visual target but included reach trials were the reach degrees of freedom were constrained
to 2D and 1D [24]. In the 2D-reaching trials, the participants (TD and ASD) reached to a
target while sliding their index finger along a low friction sheet of Plexiglas, whereas in the
1D-reaching trials a groove (track) was cut in the sheet that provided tactile error feedback
to the participant and guided the finger towards the target. While 3D-reaches are dominated
by visual feedback for online correction, 2D and 1D-reaches provide additional tactile and
proprioceptive information to the participants. Zheng et al. (2019) revealed a group-by-reach
type interaction such that the ASD group spent more time executing the 3D reaches as
compared to the TD group. This finding supports several studies that also show prolonged
3D reach movement times in children and adults with ASD as compared to TD controls
[25]. Further, within each group, only individuals with ASD showed significantly longer
3D reach movement times as compared to 2D and 1D reaches. Therefore, by providing
individuals with ASD additional proprioceptive and tactile sensory feedback, reliance on
visual feedback was decreased and movement times were normalized to neurotypical levels.

Proprioceptive-Bias in Postural Control

In the previous section, findings in manual reaching paradigms revealed that individuals
with ASD may have difficulty using visual information to build internal representations

of novel tool dynamics [11-13] and their own limbs [15,24], such that “somatosensation”
is more central to skill execution and learning than is “sight”. Evidence of anomalous
internal representations have also been observed using postural maintenance tasks where
the brain must compare the internal state of the body relative to the external world [26,27].
Minshew et al. (2004) examined postural sway responses from sensory perturbations to
visual, proprioceptive, and vestibular systems in a large sample of individuals with ASD
(5-52 years; N=79) [26]. In conditions where the platform was sway-referenced, such

that proprioceptive feedback was inaccurate, individuals with ASD showed the greatest
disruptions to postural control. Further, the developmental trajectories of proprioceptive-
induced disruptions to postural sway in individuals with ASD did not normalize to
neurotypical levels with increasing age. Using a different experimental paradigm, Morris
et al. (2015) examined automatic postural adjustments resulting from a proprioceptive
posterior neck muscle vibration illusion during conditions where vision was available or
occluded [27]. Through posterior neck muscle vibration, an illusion of backward trunk
movement is produced causing a forward shift in the center of pressure (COP). When vision
was available, TD adults were able to counter the vibration-induced postural illusion by
increasing reliance on vision for postural control, whereas in the same condition (vision

+ vibration), adults with ASD showed forward shift in COP that suggests inaccurate
proprioceptive information was “trusted” over the accurate visual feedback. Collectively,
the findings from both manual and postural studies suggest that individuals with ASD
build an internal representation of actions that is more strongly reliant upon proprioception
as compared to TD individuals, and that the observed proprioceptive bias persists across
development.
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INDIVIDUALS WITH ASD SHOW HYPO-RESPONSIVENESS TO DYNAMIC
VISUAL FEEDBACK AND ENVIRONMENTAL STIMULI

In the previous section, we examined studies that show that individuals with ASD tend

to “trust” proprioceptive feedback more strongly than normal when forming internal
representations. In the current section, we will review studies that examine how integration
of visual information for motor control and learning is specifically altered in individuals
with ASD.

Children with ASD Show Decreased Motor Anticipatory Responses and Performance
During Ball Catching

Our group, has found that among items from a standardized developmental motor
assessment (the Movement Assessment Battery for Children, mABC), ball catching was

the feature that most reliably distinguished children with ASD from TD children as well as
those with ADHD [28]. These findings have been replicated by other groups [29,30] and ball
catching performance has been shown to distinguish children with ASD (with intellectual
disability) from TD children as well as those with intellectual disability (without ASD)

[30]. Impaired ball catching performance in children with ASD, may result from difficulty
forming internal representations of visually sensed trajectories (i.e., gravity) [31]. Infants (6
months) at high-familial risk for ASD also show evidence of impaired trajectory prediction
during ball interception as they show a decreased motor anticipatory response when a ball
rolled towards them as compared to infants at low familial risk for ASD [32]. These findings
suggest that VMI-impairment in infants at high-risk for ASD may be present early in
development impacting how these children interact with others’ and their environment.

Individuals with ASD Show Hypo-Responsiveness to Increased Visual Scene Dynamics

Gepner & Mestre (2002) examined postural reactivity to dynamic visual perturbations in a
small number of children with ASD and TD controls. The dynamic visual perturbation was
an oscillating tunnel expanding and contracting in depth at a frequency of 0.2 Hz, such that
it induced anterior-posterior sway. In TD controls, as compared to children with ASD, the
frequency of the visual stimulus (0.2 Hz) showed greater entrainment in the postural sway
dynamics measured by the force platform. The findings suggest hypo-reactivity to dynamic
visual stimuli in children with ASD, as compared to TD controls, since manipulating

the visual dynamics of the world in the children with ASD did not change the internal
representation of the self as relative to the world. In a larger group of individuals with

ASD and TD controls, Greffou et al. (2012) used a similar virtual tunnel paradigm as
Gepner & Mestre (2002) to induce anterior-posterior sway oscillations. As compared to their
respective TD control groups, the children with ASD, but not adults with ASD, showed
postural hypo-reactivity to the oscillating tunnel visual perturbation. Together, the findings
from Gepner & Mestre (2002) and Greffou et al., (2012) suggest hypo-reactivity to dynamic
visual stimuli in children, but not adults, with ASD. The findings may result from an internal
representation of the self that relies more strongly upon proprioceptive “somatosensation”
than upon “sight” to maintain a given posture.
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Visuomotor grip-force tracking paradigms have been used in combination with fMRI to
study visuomotor circuitry [33,34] and to determine the integrity of visuomotor circuitry to
integrate visual feedback with the motor system [16,35-37]. During visuomotor grip-force
tracking tasks, the visual-feedback can be manipulated by increasing the dynamics of
either the force-feedback or the target force. While visuomotor grip-force tracking seems
to predominately rely on visual feedback to update motor commands, predicted internal
multisensory representations of course also include proprioceptive and tactile feedback,

as these feedback systems are always present (except in rare cases of de-afferented
individuals).

Mosconi et al. (2015) examined force output during a visuomotor grip force tracking task

in children and adults with ASD and TD controls (5-35 years) [16]. The task required
individuals to use a squeeze a pair of load cells to align a cursor with a static force target

at various visual gains. For the TD group, as the visual-feedback gain was increased, the
complexity (i.e., irregularity) of force output also increased up to the highest visual gain
levels. In contrast, the ASD group showed a diminished response to progressive increases in
visual feedback magnitude, such that the force output complexity plateaued before the TD
group at which point they were no longer able to use the amplified visual error feedback to
update motor commands.

Using a similar experimental paradigm as Mosconi et al. (2015), Lidstone et al. (2020)
examined whether modifying the dynamics of the target force would also reveal VMI-
impairment in children ASD [37]. To examine the diagnosis-specificity of VMI-impairment,
Lidstone et al. (2020) recruited children (7-17 years) with ASD, ADHD, Fetal Alcohol
Spectrum Disorder (FASD), and TD controls. The children performed two grip force
tracking tasks: 1) A static task, similar to that used in Mosconi et al. (2015), during which
children squeezed a load cell using a precision-grip (index and thumb) to match a static
target force and, 2) A dynamic task during which children adjusted their grip force to track

a constant-velocity dynamictarget. The dynamic task thereby had increased VMI demands
as compared to the static task, as children had to form and adjust an internal representation
such that grip forces scaled in synchrony with the dynamics of the visual target. The findings
revealed that for the static task, all groups showed similar force tracking accuracy. In
contrast, for the dynamic task the children in the ASD group showed a particular difficulty
tracking the target as compared to the TD group, whereas tracking accuracy differences
between the TD and ADHD and FASD groups were not as prominent. These findings
suggest that for children with ASD there may be a particular deficit in forming internal
representations of dynamic targets for predictive motor control. As noted above, the findings
may help to explain observed deficits in object control and ball interception skills in children
with ASD as compared to children with ADHD and TD controls [28,29,32,38,39].
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In the previous sections we have reviewed evidence from motor computational literature
supporting the VMI-impairment hypothesis in ASD. How might VMI-impairment affect the
emergence of and development of skills crucial for efficient social-communication? We posit
that motor imitation, a skill reliant on efficient VMI, may bridge the gap between VMI

and social-communication impairment in ASD. Motor imitation, which is highly dependent
on efficient translation of visually-observed actions into internal action representations, has
been consistently shown to be impaired in both children and adults with ASD [6,19,40-44].
Learning new skills often involves observing, and then imitating others’ actions. Impaired
motor imitation may thereby lead to anomalous development of a wide range of skilled
behaviors, including both motor and social [7]. In terms of social development, imitation
has been shown to be crucial for the development of language, play, and joint attention for
sharing experiences with others [10].

Visually-guided motor control and learning is central to the acquisition of a wide range of
skilled behaviors, including those crucial to motor, social and communicative development.
Indeed, our group and others have repeatedly and consistently found children with ASD to
show impaired performance of skilled manual gestures (i.e., praxis), both in comparison

to TD children as well as children with ADHD [42,45,46], with degree of dyspraxia
among children with ASD correlated with measures of core social-communicative autism
impairment [42] as well as proprioceptive bias during motor learning [12,47]. Furthermore,
children with ASD not only show impaired performance of skilled motor gestures but also
impaired ability to recognize these gestures as performed by others [46]. The findings
thereby suggest that anomalous formation of internal action models in autism contributes to
anomalous development of both afferent (inferior parietal lobule, IPL) and efferent (dorsal/
ventral premotor, PMd/PMv) representations within the imitation network.

A Motor Computational Approach to Objectively Quantify Motor Imitation Skill

Motor computational approaches are widely used to assess VMI, however, motor imitation is
traditionally scored using Human Observation Coding (HOC). The HOC scoring method
has potential for experimenter bias [48], is time intensive, and has limited power to

stratify interindividual differences in performance [44]. Recently, Tuncgeng et al. (2020)
developed and validated a Computational Assessment of Motor Imitation (CAMI) in
children with ASD to automatically score motor imitation by comparing the spatial and
temporal similarity between the movements of the imitating child and a performer [44].
CAMI demonstrated validity with traditional human observation coded (HOC) imitation
scores and outperformed HOC at classifying children with ASD from TD children using

a machine learning classifier. Further, CAMI outperformed HOC at predicting the severity
of social-communication impairment. Importantly, the task used was brief (one minute) and
incorporated a highly-engaging video game format, so that it can be readily scalable for use
in clinic and home settings, with strong potential as a tractable phenotypic biomarker for
diagnosis and targeted intervention.
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Neural Mechanisms Underlying VMI, Impaired Motor Imitation, and Core ASD Symptoms

Motor imitation involves action perception (higher-order visual processing), forming an
internal multisensory representation of the observed action (embodied representation of
other) [49,50], and selecting a motor sequence that best matches the configuration of

the internal representations of the self and the embodied other [51]. Key nodes of the
imitation network include superior temporal sulcus (STS), rostral inferior parietal lobule
(IPL), primary somatosensory cortex (S1), dorsal/ventral premotor cortices (PMd, PMv),
supplementary motor area (SMA), and posterolateral cerebellum [49,52-56]. Of the key
imitation nodes, structural MRI findings in children with ASD show consistent anomalies in
the left IPL [57,58] and right posterolateral cerebellum [59-64]. The IPL and posterolateral
cerebellum are functionally connected nodes of the imitation network [59,65-68]. IPL
disruptions may impair the function of the imitation network to form internal multisensory
representations from biological motion [69], whereas cerebellar processing deficits may
disrupt forward modelling processes to predict the sensory consequences of motor
commands [70-73] and to detect errors between predicted and actual sensory feedback

to update internal representations [74,75]. While internal multisensory representations of
the self and others are suggested to be mapped in the IPL [76,77] in a common reference
frame [69], evidence suggests the posterolateral cerebellum forms predictions of an internal
representation of the arm to guide manual movements during a visuomotor tracking task
[78] and predicts an internal representation of object dynamics in the world (i.e., a moving
target) [79]. Further, evidence suggests that, during voluntary action the right cerebellum
compares predicted internal multisensory representations to actual sensory states to update
beliefs and subsequent motor commands [80]. Therefore, disrupted communication between
the cerebellum and IPL may influence how children use sensory information to form and
update internal representations of the self, others, and object dynamics in the external world.
We show a schematic (Figure 1) summarizing hypothesized common neural processes
involved in both motor imitation and ball catching — both tasks requiring efficient VMI.
Interestingly, object interception and motor imitation networks both involve visual cortex,
rostral parietal, premotor, and the cerebellar brain regions [31,50,81,82]. Shared impairment
using visual information to form internal representations for action may explain observation
of impaired motor imitation and ball catching that are both associated with the severity of
core ASD symptoms [28,44].

Anomalous Functional Connectivity Between Key Nodes of the Imitation Network

The integration of visual information (biological or inanimate) is crucial for efficient

VVMI and motor imitation. Nebel et al. (2016) used a data-driven resting-state functional
connectivity approach to examine connectivity strength between the visual network and the
somatosensory network in a large-sample (N=100; ASD: 7=50; TD: n=50) of children with
ASD and TD children (8-12 years). Findings revealed that, as compared to TD children,
children with ASD showed more asynchronous connectivity between the visual and
somatosensory networks and that asynchronous visual-motor connectivity was associated
with the severity of social-communication impairment in the children with ASD [86].
Findings of disrupted connectivity between visual association and somatosensory networks
has also been observed in a separate large-scale study by Oldehinkel et al. (2019) [87],
with decreased visual-motor connectivity associated with more severe social-communication
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impairment in the ASD group [93] Collectively, the findings presented here suggest
disrupted connectivity between visual and somatosensory networks in individuals with ASD
that is associated with the severity core ASD symptoms [86,87].

The cerebellum and IPL are crucial to forming and updating internal multisensory
representations and therefore represent key nodes of the imitation network that may be
disrupted in individuals with ASD. Stoodley et al. (2017), showed disrupted functional
connectivity between the right posterolateral cerebellum and the left IPL in children with
ASD as compared to TD controls [88]. Recently, using a data-driven approach and a

large sample of children (N=405; ASD: 7=104; TD: n=301), we observed significant

group differences in functional connectivity between the right posterolateral cerebellum
subnetwork and motor system subnetworks corresponding to bilateral dorsolateral premotor
cortex, dorsomedial M1, left rostral IPL, and SMA - all key imitation network nodes.
Further, right posterolateral connectivity with the left rostral IPL was found to be
significantly associated with the severity of core ASD symptoms [88]. Lastly, recent findings
from Wymbs et al. (2020) show that disrupted IPL connectivity with the cerebellum and
dorsal premotor cortex in children with ASD is associated with both impaired imitation/
praxis and social skills [89].

Proposed Therapeutic Approaches to Address Potential VMI-Impairment in ASD

This review has provided evidence supporting the VMI-impairment hypothesis. We suggest
that, in individuals with ASD, general VMI-impairment may lead to impaired formation

of embodied representations of others’, contributing to observed impairments with motor
imitation and ultimately disrupted learning of both motor and social skills. We propose
two potential interventions to address VMI impairment in individuals with ASD (Figure
2). In the “Work Throughi’ approach, we propose that decreasing the speed of the

visual information in a systematic way may help individuals with ASD visually track

and integrate biological motion information, providing a foundation for repeated practice
and strengthening of visual-motor connections necessary to imitation and subsequent
development of social skills and cognition. Supporting this approach, Laine et al. (2011)
reported improved imitation in individuals with ASD when slowing the speed of observed
biological motion [19]. The “Work Around’ approach seeks to bypasses the visual system
and either using “top-down” approaches in which skills are taught using more explicit
instruction (e.g., social skills groups) that sometimes includes reward-based behavior
modification or by enriching the sensory experiences of individuals with ASD using haptic
technology (i.e., vibrotactile stimulators, force-feedback). For the latter, if individuals with
ASD build internal representations of the world that bias “somatosensation” over “sight”,
then representing the visual world through “somatosensation” may help individuals with
ASD build more accurate internal representations and ultimately improve predictions from
dynamic visual information. Vibrotactile sensors are one example of a haptic technology
that is widely available and embedded in video game controllers, tablets, and smartphones
and could be used to encode visual stimuli (“sight”) into a somatosensory representation
(“somatosensation”). Future studies should investigate whether vibrotactile-encoded visual
information can improve visual-based predictive control in individuals with ASD. Such
evidence may support the idea that internally sensing the external world via haptic
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technology may help children build more accurate internal representations of the world
and improve prediction of sensory consequences from visually-sensed information. Future
research is needed to examine the therapeutic utility of haptic technology to assist children
with ASD acquire both social and motor skills.

CONCLUSION

In summary, there is substantial evidence that suggests that while individuals with ASD

are able to form internal sensorimotor representations of learned tasks [22,23], the
representations are biased towards “somatosensation” (i.e., proprioceptive-feedback) as
compared to “sight” (i.e., visual-feedback) [11-13,15,24,27]. Individuals with ASD appear
to have particular difficulty incorporating increasing amounts of visual information to update
internal motor representations [90] and forming internal representations of dynamic visual
stimuli for predictive motor control [28,29,37]. Impaired forming of internal representations
using visual feedback may also impair embodied representations of others that is crucial

for motor imitation. The evidence presented in this review shows copious evidence that
motor imitation is impaired in individuals with ASD and associated with anomalous
social-communicative skill development [6,19,40-42,44,46]. Brain regions for predicting
and updating internal representations include the cerebellum and IPL, and are both brain
regions that show anomalous structure and connectivity in individuals with ASD [57-64].
Future studies are needed to examine the neurobiological mechanisms underlying VMI-
impairment, motor imitation, and core ASD symptoms in individuals with ASD to inform
the development of targeted therapeutics to decrease disability in individuals with ASD.
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Figure 1:
A proposed internal model of (A) motor imitation and (B) ball catching adapted from

concepts described in [83-85]. (A) Motor I mitation [49,52-56]: Biological motion
processing occurs within posterior STS that generates an embodied representation of the
performer (other) in the IPL. A forward model in the cerebellum (tightly integrated with
the IPL) uses an efferent copy of the outgoing motor command and actual (current) sensory
feedback to predict the current sensory state of the imitator (internal representation of the
self). The predicted internal representation of the self, generated by the cerebellar forward
model, is compared to embodied internal representation of the performer (predicted by
action observation) that drives corrections to the motor command or the selection of a new
motor sequences from the supplementary motor area (SMA). (B) Object I nterception (i.e.,
ball catching) [31]: The visual expansion of the projectile on the retina is processed in the
visual cortex and used to by the cerebellum to predict an internal representation of the target
motion (IPL-cerebellum). Peripheral sensory information is integrated to form an internal
representation of the self and motor commands are selected based upon a matching process
between the internal representations of the projectile and the self.
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Figure 2:
Proposed interventions to address VMI-impairment in individuals with ASD. The * Work

Through” approach involves manipulating the speed of visual information to promote
learning of motor and social skills from observation. The “ Work Around”’ approach

involves providing an enriched sensory experience using haptic technology (e.g., vibrotactile

VMI-impairment
Anomalous Internal
Representations of the
Self and World Biased
towards “Feel” over
“Sight”

Motor Imitation
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Impaired Embodied

Internal Representation
of Others
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stimulation, force-
feedback) \

“Work Around”

/

stimulation) in a way that promotes learning of both motor and social skills, thereby
decreasing reliance on vision-only for acquiring novel skills.
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