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In recent years, it has become clear that children with autism spectrum disorders (ASDs) have difficulty with gross motor function
and coordination, factors which influence gait. Knowledge of gait abnormalities may be useful for assessment and treatment
planning. This paper reviews the literature assessing gait deviations in children with ASD. Five online databases were searched
using keywords “gait” and “autism,” and 11 studies were found which examined gait in childhood ASD. Children with ASD tend to
augment their walking stability with a reduced stride length, increased step width and therefore wider base of support, and increased
time in the stance phase. Children with ASD have reduced range of motion at the ankle and knee during gait, with increased hip
flexion. Decreased peak hip flexor and ankle plantar flexor moments in children with ASD may imply weakness around these joints,
which is further exhibited by a reduction in ground reaction forces at toe-off in children with ASD. Children with ASD have altered
gait patterns to healthy controls, widened base of support, and reduced range of motion. Several studies refer to cerebellar and
basal ganglia involvement as the patterns described suggest alterations in those areas of the brain. Further research should compare

children with ASD to other clinical groups to improve assessment and treatment planning.

1. Introduction

Autism is a developmental disorder which presents before
three years of age [1]. It is a spectrum of pervasive devel-
opmental disorders and is found across all ethnic cultures
and economic groups. From 2013, all children with autism,
Asperger’s syndrome, or other pervasive developmental dis-
orders will receive one umbrella diagnosis of autism spectrum
disorder (ASD) [2]. There has been a steady increase in the
prevalence of ASD over the last twenty years [3, 4]. This may
however be due to increased access to diagnostic services or
increasing awareness of the condition. Children with ASD
have difficulty with social interaction, communication, and
language skills with many children demonstrating restrictive
and repetitive behaviour [5, 6]. These kinds of behaviour
may include rocking, finger flicking, or arm flapping [7].
Motor stereotypies are defined as “involuntary, coordinated,
patterned, repetitive, rhythmic, and purposeless but seem-
ingly purposeful movements” [8]. Children with ASD have

been found to demonstrate numerous gait stereotypies such
as pacing, jumping, hopping, skipping, and spinning and
it has been suggested that these may also be considered
restrictive and repetitive behaviour [9]. Gait abnormality can
be simply defined as a deviation from normal walking pattern
and may include, but is not limited to, the above mentioned
stereotypies.

The “manner or style of walking” or gait is described
as a method of locomotion using reciprocal placement of
the lower limbs to provide both propulsion and support
by Levine et al. [10]. Alterations in movement patterns in
children with ASD were noted as far back as 1943 by Kanner
who found that those with ASD often demonstrated “clumsy”
gait and gross motor patterns [11]. In more recent years,
Ghaziuddin and Butler found that children with ASD demon-
strated poorer coordination than those with Asperger’s dis-
order [12]. Many studies have subsequently examined motor
coordination in children with ASD and a recent review,
by Fournier et al., provided further evidence that children
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diagnosed with ASD may be “less coordinated and show
fewer motor capabilities” [13]. This may therefore suggest that
gait disturbances may be common among children with ASD.
For example, it has been observed that children with ASD
are more prone to idiopathic toe walking than age-matched
healthy controls [14, 15]. This, however, is only evident in
children under six years of age.

The motor deficits reported in association with ASD,
that is, impaired vestibular control and fine and gross
motor abnormalities, have been likened to patients with
known cerebellar deficits [16]. Deficits in smooth pursuit
and saccadic eye movements are reported in ASD and are
suggestive of vermal dysfunction in the cerebellum [17, 18].
Neuroimaging studies in children with ASD show reduced
ipsilateral activation of the cerebellum during gross motor
movement and more diffuse activation in lobules VI-VII
[19, 20]. Cerebellar deficits are widely reported in ASD,
reduced Purkinje and granule cells, and vermal hypo- and
hyperplasia have been reported and both pre- and postnatal
processes have been implicated [21-25]. The cerebellum has
been implicated in the motor deficits in ASD via connections
with the parietal lobe and wide ranging connections with
cortical and subcortical brain regions serve to modulate
multiple brain functions that are impaired in ASD [26].
Deficits in postural control and gait in ASD have been linked
to dysfunction in sensory integration to the cerebellum or to
the basal ganglia due to similarities with gait abnormalities
observed in Parkinson’s disease [13, 27, 28]. Abnormalities
in basal ganglia shape have also been associated with motor
deficits in ASD [29].

In adults, the first study on kinematic and kinetic gait
patterns in ASD was carried out by Hallett et al. [30]. Adults
with ASD were found to demonstrate “mild clumsiness”
during gait but the only significant abnormality was a reduced
range of motion at the ankle joint. Following on from this,
in the last twenty years, there have been several papers
published which examined gait patterns in children with
autism spectrum disorders. The objective of this review is to
identify gait abnormalities that may be present in children
with ASD. Identification of gait abnormalities may permit
earlier diagnosis and better treatment planning.

2. Methods

2.1. Terminology. The terms kinematics and kinetics are used
to describe gait. Kinematic analysis of gait describes the linear
and angular displacement, velocities, and accelerations of
motion. Inherent in kinematic analysis is the description of
motion from a temporospatial perspective which describes,
for example, step or stride lengths as well as cadence and gait
velocity. Kinetics is the study of the forces that cause motion.
In movement analysis, kinetic parameters define the forces
causing the movement. The most common force acting on the
body during gait is the ground reaction force (GRF), which
is the force exerted by the ground on the foot [31]. Another
kinetic parameter commonly described is the joint moment
which is the turning effect of a force generated by a muscle
across a joint.
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2.2. Search Strategy. Articles included in this review were
retrieved from five online databases (PubMed, EmBase, Med-
line, CINAHL, and Web of Science) by a single investigator.
The following key terms were used: gait, autism. Reference
lists of the articles retrieved in this search were then manually
searched.

2.3. Selection Criteria. Studies which assessed the relation-
ship between temporospatial, kinematic, or kinetic gait
parameters and ASD in children aged between four and
18 years were selected for inclusion in this review. Studies
written in English and published between January 1970 and
February 2015 were included. Of 126 studies retrieved in the
search, only 11 studies met the inclusion criteria and were
therefore selected and included in this review. Table 1 shows
the studies included for review.

3. Results

3.1. Temporospatial Parameters. Temporal and spatial param-
eters refer to gait parameters which are related to timing
and displacement or distance. The temporospatial parameters
that have been examined in children are stride length, step
length, step width, cadence (steps per minute), velocity,
stance time, and double support. Of the ten studies that
examined stride/step length, five found that stride length/step
length was significantly reduced in children with ASD com-
pared to healthy controls [33, 37, 39-41], which is consistent
with the study by Hallett et al. who found a reduced stride
length in adults with ASD. The other five studies, however,
found no significant differences in stride length between
children with ASD and controls [28, 34-36, 38]. Step width
was assessed in four studies and has been found to be
significantly increased in children with ASD in two [32, 35,
37], but no significant differences were found by another [38].

Of the 11 studies, eight assessed cadence. Calhoun et al.
[36] found that children with ASD had, on average, a higher
cadence than the controls, contrasting with Weiss et al. [33]
who found it to be reduced in the ASD group and the six
studies which found no significant difference between groups
[28, 34, 35, 37-39, 41]. Velocity was assessed by nine studies,
but no significant differences between children with ASD
and controls were found by six of them [28, 34-36, 38, 39].
Velocity was, however, found to be significantly reduced in
the ASD in two studies [33, 40] and slightly reduced in
a third [37]. In two studies, stance time was found to be
significantly increased [33, 41] but no significant difference
was found in four other studies [34, 36, 37, 39]. Double
support was examined by six studies, but only one found
significant differences. Weiss et al. [33] found that double
support time was significantly increased in the ASD group
when compared to controls.

The wide variation in temporospatial results between
studies may be due to varying inclusion criteria such as age,
gender, and IQ or differing gait analysis methods.

3.2. Kinematic Parameters. Kinematics is the study of motion
without regard to the forces that cause it. In gait, kinematic
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FIGURE 1: Anatomical planes of the body.

parameters refer to joint motions and angles at specific points
in the gait cycle. These motions occur within three planes:
the sagittal plane, the coronal plane, and the transverse plane
(Figure 1). The sagittal plane is the plane through which
most of the motion of gait occurs. As such it is the plane
that splits the human body into right and left and the
plane through which forward/backward motion occurs, for
example, flexion/extension of the hip. The results will be
discussed by joint in order of ankle, knee, and hip.

Children with ASD were found by Vilensky et al. [41] to
have reduced dorsiflexion of the ankle joint at ground contact
but found other ankle joint angles to be within normal limits
[41]. At toe-off, significantly reduced plantar flexion was
detected by Nobile et al. in children with ASD compared to
controls [37]. Children with ASD had overall reduced range
of motion at the ankle joint [40]. Ambrosini et al. [40] found
that children with ASD had slightly, but not significantly,
increased dorsiflexion during midstance and toe-off. This
may be interpreted to mean they had reduced plantar flexion
at toe-off, as found by Nobile et al. [37].

At the knee, children with ASD were found to have sig-
nificantly reduced ROM with a decreased flexion-extension
angle at toe-off when compared to healthy controls [37].
Significantly reduced knee extension in children with ASD
was also found by Vilensky et al. [41] only this time at initial
contact. At the hip joint there is no consensus with Nobile et
al. [37] finding a significantly reduced range of motion at the
hip but Vilensky et al. [41] found that the children with ASD
had increased hip flexion at toe-oft.

3.3. Kinetic Parameters. Kinetic gait parameters are those
which are concerned with the forces involved in the produc-
tion of movement. Calhoun et al. [36] and Ambrosini et al.
[40] are the only studies to investigate kinetic gait parameters
in children with ASD. Children with ASD were found to
have reduced peak plantar flexion moments at the ankle but
all other ankle kinetics were within normal ranges [36]. No
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significant differences were found in knee joint kinetics, but
one significant difference was found in hip joint kinetics
between groups. The children with ASD had decreased peak
hip flexor moments compared to the control group [36].
Ground reaction forces are the forces exerted by the ground
on an object or body in contact with it. Children with ASD
were found to have relatively normal ground reaction forces,
with the exception, being the second vertical peak which was
reduced in children with ASD when compared to normative
data [40]. The second vertical peak refers to the ground
reaction force during the period of terminal stance, which
ends with toe-off.

3.4. Variability in Gait. Three studies investigated the effect
of external factors on the variability of gait in children with
ASD. One study [35] examined the effect of self-determined
speed on the temporal spatial gait patterns of children with
ASD. They asked the children to walk at their normal pace
and then asked them to walk at faster and slower rates and
found that the children with ASD widened their base of
support while walking at increased speed. They also studied
the effect of cueing and concurrent tasks on gait in children
with ASD. Their results showed that visual cues significantly
increased stride length variability in children with ASD, but
effects of dual tasks, tapping while walking (motor task) and
counting while walking (cognitive task), were not statistically
significant. Some studies found that children with ASD had
significantly increased variability in their stride lengths [28,
38], walking velocities, and stride times [38]. One study
found that children with ASD demonstrated an unusual
cadence-stride length relationship in their gait pattern, with
an increased stride length at a given cadence compared to
controls [35].

In summary, between-group gait parameter varied across
the different studies. Stride/step length was found to be
increased in ASD in half of the studies that examined it.
Step width was assessed in two studies and was found to
be increased in both. Cadence was found to be increased in
children with ASD in one study but decreased in another,
and no significant differences were found by six other studies.
Stance time has been found to be increased in ASD in two
studies, but other studies found no differences. Joint ranges
of motion were found to be significantly different in children
with ASD compared to controls in all studies that presented
kinematic data. However the joints affected and the periods
of the gait cycle in question varied between studies. Two
studies assessed kinetic gait parameters. The ASD groups
demonstrated altered joint moments at the ankle and the hip
in one study and ground reaction forces were found to be
reduced in another.

4. Discussion

Although there are few studies completed in the area of gait
analysis in children with ASD, some emerging commonalities
were identified. Some studies have found differences in tem-
poral and spatial gait parameters between children diagnosed
with ASD and healthy controls. The most common deviations
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found are an increased step width and, debatably, a decreased
step length and stride length. Nayate et al. [35] revealed an
increase in stride length at a given cadence when compared to
controls, which may account for the disagreement in results
between studies, as this may not have been taken into account
[35]. Cadence was found to be increased in children with
ASD in one study, and since the children were found to
take smaller steps in many studies, this is not surprising.
An increased step width gives the children a wider base of
support, and reduced step and stride lengths allow them to
keep their centre of gravity firmly within this base of support.
This, combined with reduced velocity and increased time
in the stance phase of gait, suggests a tendency to augment
their stability during walking. This may be due to issues with
balance [42], proprioception [43], or behavioural anxiety
[44].

Of the studies in this review, three which studied kine-
matic parameters have found reduced range of motion during
gait in children with ASD, especially ankle dorsiflexion.
Nobile et al. [37] and Ambrosini et al. [40] found that
there was increased ankle dorsiflexion (i.e., decreased plantar
flexion) at toe-off. Vilensky et al. [41] found that children
with ASD had reduced dorsiflexion at heel strike but did not
find any significant differences at toe-off. It is not possible
therefore to draw a conclusive picture of changes at the ankle
joint during gait in children with ASD. At the knee, children
with ASD were observed to have reduced ROM in two studies
[37, 41], but there was no agreement at the hip joint with
one study stating that children with ASD had reduced hip
ROM [37] but another suggesting an increase in hip flexion in
children with ASD [41]. An increase in hip flexion would fit in
with the above findings of reduced plantar flexion at toe-off
as increased hip flexion would compensate for the reduced
propulsive force and aid in foot clearance as the ipsilateral
limb enters the swing phase.

Opverall, the kinematic findings of these studies are sparse
and often contradict each other. There is a lack in compara-
bility in results as analysis differs. For example, Vilensky et
al. [41] concentrate on the angles at initial contact, whereas
Nobile et al. [37] focus on those at toe-off. These possibly
suggest that there is a general reduction in range of motion
at the joints of the lower limbs in children with ASD during
gait. However, little research has been done solely on joint
mobility in ASD so it is unclear whether children with ASD
have reduced range of motion or simply have a more rigid
gait pattern than healthy controls. This would fit in with the
aforementioned idea that children with ASD seek to stabilise
their gait. Further research in the area should aim to clarify
this.

Only two studies investigated kinetic gait parameters
and yielded few results of significance. The only significant
differences in joint moments between children with ASD and
healthy controls were in peak ankle plantar flexion moments
and peak hip flexor moments. The children with ASD had
reduced peak plantar flexion moments, meaning that the
forces acting around the ankle joint during flexion were
reduced when compared to controls. Since children with ASD
have been shown to have reduced plantar flexion at toe-off
[41], it makes sense that the forces generated would also

be reduced [41]. This finding may imply a weakness of the
plantar flexor muscles or may be due to the group’s reduced
peak plantar flexion angles as less force is required to generate
a smaller movement in the joint. The author suggested that
it may also be caused by hypotonia, which was confirmed
in one-third of the children diagnosed with ASD. Children
with ASD were also found to have reduced peak hip flexor
moments but had increased hip flexion angles. This may
imply weakness in the hip flexor muscles as they are unable
to generate the same amount of force as those that healthy
controls can, and the increased angles may imply weakness
or a lack of control of the hip flexor muscles.

The findings of many studies in children with ASD
concluded that gait abnormalities observed are indicative of
widespread dysfunction in cerebellar and frontostriatal basal
ganglia circuitry [28, 32, 33, 35, 37-41]. This is in agreement
with Hallett et al., who found that adults with ASD had a
gait pattern similar to patients with Parkinson’s disease and
suggested cerebellar involvement. A study compared brain
images of children with ASD to healthy controls and showed
abnormal cerebellar maturation in the ASD group [44].
The kinematic gait pattern exhibited by children with ASD
shares common characteristics with “crouch gait,” a pattern
commonly elicited in Parkinson’s disorder which involves
changes to the cerebellum. As referenced previously a wide
range of studies point towards cerebellar deficits in ASD
based on postmortem histopathological studies, structural
and functional imaging. It has been argued that cerebellar
dysfunction may explain the heterogeneous deficits observed
in ASD, both sensory-motor and cognitive [45].

However, the increased variability of gait parameters
exhibited by children with ASD, as examined by three studies,
may suggest an association with extensive neurobiological
dysfunction which is unlike adult-onset disorders such as
Parkinson’s disorder [28, 35, 38]. Furthermore, the lack of
improvement with visual cues as well as increase in variability
of gait parameters with dual-task observed in children with
ASD lends strength to the argument for ASD to be viewed
as a “disorder of complex information processing” as initially
proposed by Minshew and Goldstein [46].

Velocity has been shown to affect gait patterns [47-49].
No study examining gait in children with ASD has controlled
for velocity, which may lead to velocity being a confounding
factor. Although no study found velocity to be significantly
reduced in children with ASD, this does not mean that each
child walked at the same velocity. It is very difficult to
impose a standard velocity across groups but this may lead
to deviations in gait patterns becoming more apparent.

There are also study-design considerations in relation to
the studies reviewed here. Sample sizes in all studies were
quite small with the cohort studied by Shetreat-Klein et al.
[32] being by far the largest at 76 including 38 children
diagnosed with ASD. By definition, ASD is a spectrum
rather than one specific condition with differing subtypes and
varying levels of severity. These high levels of variability in
this group, combined with small sample groups, may lead
to between-group differences to be obscured. Several studies
cited this as a limitation to their research and recommended
that future studies include a larger cohort [34-36, 40].



Furthermore ASDs frequently are accompanied by a
range of comorbid conditions such as attention deficit
hyperactivity disorder (ADHD), developmental coordination
disorder (DCD), and anxiety disorders. The Fifth Edition of
the Diagnostic and Statistical Manual of Mental Disorders
[2] by the American Psychiatric Association now permits
the diagnosis of comorbid ADHD and DCD with ASD. The
extent to which gait abnormalities in ASD are unique or
associated with other comorbid conditions remains unclear
and existing studies have not addressed this issue. This is a
question therefore for future study.

Opverall, the studies reviewed had significant differences
in terms of methodology, thus reducing comparability of their
results. This may explain some of the inconsistencies found;
for example, Vilensky et al. [41] found that the ASD group had
increased time in stance phase whereas Rinehart et al. [28]
found no significant difference in the same parameter, the
split opinion on stride/step length. These may be accounted
for by the differing inclusion criteria such as age: the mean age
of the children with ASD in the study by Vilensky et al. [41]
was 6.1 years, with the youngest being just three, compared to
the group studied by Rinehart et al. [28] which had a mean
age of 10.7 years and the youngest was six years old. Gait
patterns develop as a child grows so patterns will be different
with differing age ranges, making it very difficult to compare
the gait patterns observed. There were also differences in IQ
between the groups of both studies, with Rinehart et al. [28]
only including “normally intelligent” children, but Vilensky
et al. [41] had seven children who were classed as “severely
retarded” which may influence movement patterns, and the
two studies used different gait analysis systems so differences
in detection of patterns may arise.

Many children with ASD are prescribed antipsychotic
medications, which may have effects on certain parts of the
brain responsible for the control of movement such as the
cerebellum. Only Nobile et al. [37] specified that all the
children included in the study were drug naive. Nayate et al.
[35] cited this as a limitation to their research as three children
in the study were on a mood-altering drug called sodium
valproate which, at high doses, may have clinical effects on the
cerebellum [50], which in turn may affect gross motor control
and, therefore, movement patterns.

The temporospatial patterns exhibited by children with
ASD were similar to the gait of children with obesity, with
a wide base of support and shorter strides [51]. None of the
studies reviewed examined the effects of BMI or body weight
as a confounding factor. To date, no study has been published
which compares gait patterns in children with ASD to healthy
controls and also to children with obesity. It may also be
of clinical importance to compare gait patterns in children
with ASD to children with obesity as it has been shown that
children with ASD have, by temporospatial parameters, a
similar gait to children with obesity and have, on average, a
significantly higher body fat percentage and lower lean tissue
masses than healthy controls [52].

There are several factors that may affect research in this
area such as intellectual ability, behavioural problems, and
severity of the condition. Most studies in the area examined
gait patterns in children with high-functioning ASD. This
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means that the current research cannot provide an overall
picture of gait deviations in children across the autism
spectrum disorders. The question of whether changes in gait
patterns become more obvious with increasing severity of the
disorder was raised by Weiss et al. [33]. They suggested that
future research should be carried out including more low-
functioning individuals.

The studies reviewed are helping to provide clinical
practitioners, across a variety of disciplines, with a descrip-
tion of physical characteristics of ASD. The knowledge and
understanding of this aspect of ASD may increase routine
referral to services, such as physiotherapy, and allow for better
intervention and treatment planning. Since children with
ASD were found to have reduced range of motion during
gait [37, 40, 41], there may be underlying weakness within
muscles of the lower limb and the wider base of support
found [32, 35, 37, 40] may imply issues with balance and/or
proprioception. An assessment-based individually tailored
exercise programme including gait reeducation, lower limb
strengthening and balance, and proprioceptive training may
improve gait patterns and coordination, with the overall aim
of increasing physical activity and quality of life for children
with ASD.

5. Conclusion

In conclusion, the overall findings of the studies conducted
in the area are inconclusive, due to a number of confound-
ing factors as discussed; however, some results suggest an
emerging pattern. The current perspective on gait patterns in
children with ASD is that there are a number of deviations
present in terms of temporospatial, kinematic, and kinetic
parameters and that gait, along with other movement pattern
changes, may be used to allow for earlier diagnosis of ASD.
There is, however, some consensus regarding the involvement
of the cerebellum and basal ganglia in children with ASD
and the relationship with observed motor deficits. Several
limitations have been acknowledged and future research will
need to address these more rigorously. More research should
be done comparing children with ASD to other diagnostic
groups to determine the degree of specificity of deficits and
whether observed deficits influence treatment planning.

Abbreviation

ASD: Autism spectrum disorder.

Conflict of Interests

The authors have no conflict of interests to disclose.

Authors’ Contribution

Ms. Kindregan carried out the literature search, chose the
articles that met selection criteria and critically reviewed
them, drafted the initial paper, and approved the final paper
as submitted. Professor Gallagher and Dr. Gormley reviewed



Autism Research and Treatment

and revised the paper and approved the final paper as
submitted.

References

[1] S. J. Rogers, “Interventions that facilitate socialization in
children with autism,” Journal of Autism and Developmental
Disorders, vol. 30, no. 5, pp. 399-409, 2000.

[2] American Psychiatric Association, Diagnostic and Statistical
Manual of Mental Disorders (DSM-5), American Psychiatric
Publishing, Washington, DC, USA, 5th edition, 2013.

[3] E. Fombonne, “Epidemiology of pervasive developmental dis-
orders,” Pediatric Research, vol. 65, no. 6, pp. 591-598, 2009.

[4] P. Lenoir, C. Bodier, H. Desombre et al., “Prevalence of perva-
sive developmental disorders. A review;” Encephale, vol. 35, no.
1, pp. 36-42, 2009.

[5] American Psychiatric Publishing, Diagnostic and Statistical
Manual of Mental Disorders, Text Revision (DSM-IV-TR),
American Psychiatric Publishing, Washington, DC, USA, 4th
edition, 2000.

[6] X. Ming, M. Brimacombe, and G. C. Wagner, “Prevalence of
motor impairment in autism spectrum disorders,” Brain ¢
Development, vol. 29, no. 9, pp. 565-570, 2007.

[7] C.Lord and R. M. Jones, “Annual research review: Re-thinking
the classification of autism spectrum disorders,” Journal of Child
Psychology and Psychiatry, vol. 53, no. 5, pp. 490-509, 2012.

[8] C. D. Marsden and S. Fahn, Eds., Movement Disorders,
Butterworth-Heinemann, London, UK, 3rd edition, 1994.

[9] S.Goldman, C. Wang, M. W. Salgado, P. E. Greene, M. Kim, and
I. Rapin, “Motor stereotypies in children with autism and other
developmental disorders,” Developmental Medicine and Child
Neurology, vol. 51, no. 1, pp. 30-38, 2009.

[10] D. Levine, J. Richards, and M. W. Whittle, Eds., Whittle’s Gait
Analysis, Churchill Livingstone, Philadelphia, Pa, USA, 5th
edition, 2012.

[11] L. Kanner, “Autistic disturbances of affective contact,” Acta
Paedopsychiatrica, vol. 35, no. 4, pp. 100-136, 1968.

[12] M. Ghaziuddin and E. Butler, “Clumsiness in autism and
Asperger syndrome: a further report,” Journal of Intellectual
Disability Research, vol. 42, no. 1, pp. 43-48, 1998.

[13] K. A. Fournier, C. J. Hass, S. K. Naik, N. Lodha, and J. H.
Cauraugh, “Motor coordination in autism spectrum disorders:
a synthesis and meta-analysis,” Journal of Autism and Develop-
mental Disorders, vol. 40, no. 10, pp. 1227-1240, 2010.

[14] W. J. Barrow, M. Jaworski, and P. J. Accardo, “Persistent toe
walking in autism,” Journal of Child Neurology, vol. 26, no. 5,
pp. 619-621, 2011.

[15] A. Marcus, B. Sinnott, S. Bradley, and I. Grey, “Treatment of
idiopathic toe-walking in children with autism using GaitSpot
Auditory Speakers and simplified habit reversal,” Research in
Autism Spectrum Disorders, vol. 4, no. 2, pp. 260-267, 2010.

[16] C. M. Freitag, C. Kleser, M. Schneider, and A. von Gontard,
“Quantitative assessment of neuromotor function in adoles-
cents with high functioning autism and Asperger syndrome,’
Journal of Autism and Developmental Disorders, vol. 37, no. 5,
pp. 948-959, 2007.

[17] Y. Takarae, N. J. Minshew, B. Luna, C. M. Krisky, and J. A.
Sweeney, “Pursuit eye movement deficits in autism,” Brain, vol.
127, no. 12, pp. 2584-2594, 2004.

[18] Y. Takarae, N. J. Minshew, B. Luna, and J. A. Sweeney,
“Oculomotor abnormalities parallel cerebellar histopathology

in autism,” Journal of Neurology, Neurosurgery and Psychiatry,
vol. 75, no. 9, pp. 1359-1361, 2004.

[19] S.H. Mostofsky, S. K. Powell, D. J. Simmonds, M. C. Goldberg,
B. Caffo, and J. J. Pekar, “Decreased connectivity and cerebellar

activity in autism during motor task performance,” Brain, vol.
132, no. 9, pp. 2413-2425, 2009.

[20] G. Allen and E. Courchesne, “Differential effects of develop-
mental cerebellar abnormality on cognitive and motor func-
tions in the cerebellum: an fMRI study of autism,” The American
Journal of Psychiatry, vol. 160, no. 2, pp. 262-273, 2003.

[21] D. M. Arin, M. L. Bauman, and T. L. Kemper, “The distribution
of Purkinje cell loss in the cerebellum in autism,” Neurology, vol.
41, supplement, p. 307, 1991.

[22] A.Bailey, P. Luthert, A. Dean et al., “A clinicopathological study
of autism,” Brain, vol. 121, no. 5, pp. 889-905, 1998.

[23] M. L. Bauman and T. L. Kemper, Eds., The Neurobiology of
Autism, Johns Hopkins University Press, Baltimore, Md, USA,
2005.

[24] E. R. Whitney, T. L. Kemper, M. L. Bauman, D. L. Rosene,
and G. J. Blatt, “Cerebellar Purkinje cells are reduced in a
subpopulation of autistic brains: a stereological experiment
using calbindin-D28Kk,” Cerebellum, vol. 7, no. 3, pp. 406-416,
2008.

[25] E. Courchesne, E. Redcay, J. T. Morgan, and D. P. Kennedy,
“Autism at the beginning: microstructural and growth abnor-
malities underlying the cognitive and behavioral phenotype of
autism,” Development and Psychopathology, vol. 17, no. 3, pp.
577-597, 2005.

[26] J. D. Schmahmann, D. L. Rosene, and D. N. Pandya, “Motor
projections to the basis pontis in rhesus monkey;” Journal of
Comparative Neurology, vol. 478, no. 3, pp. 248-268, 2004.

[27] N. J. Minshew, K. Sung, B. L. Jones, and ]J. M. Furman,
“Underdevelopment of the postural control system in autism,’
Neurology, vol. 63, no. 11, pp. 2056-2061, 2004.

[28] N. J. Rinehart, B. J. Tonge, J. L. Bradshaw, R. Iansek, P. G.
Enticott, and J. McGinley, “Gait function in high-functioning
autism and Asperger’s disorder: evidence for basal-ganglia
and cerebellar involvement?” European Child and Adolescent
Psychiatry, vol. 15, no. 5, pp. 256-264, 2006.

[29] A.Qiu, M. Adler, D. Crocetti, M. I. Miller, and S. H. Mostofsky,
“Basal ganglia shapes predict social, communication, and motor
dysfunctions in boys with autism spectrum disorder;” Journal of
the American Academy of Child and Adolescent Psychiatry, vol.
49, no. 6, pp. 539-551, 2010.

M. Hallett, M. K. Lebiedowska, S. L. Thomas, S. J. Stanhope,
M. B. Denckla, and J. Rumsey, “Locomotion of autistic adults,”
Archives of Neurology, vol. 50, no. 12, pp. 1304-1308, 1993.

[31] D. A. Winter, “Kinematic and kinetic patterns in human
gait: variability and compensating effects}” Human Movement
Science, vol. 3, no. 1-2, pp. 51-76, 1984.

[32] M. Shetreat-Klein, S. Shinnar, and I. Rapin, “Abnormalities
of joint mobility and gait in children with autism spectrum
disorders,” Brain ¢~ Development, vol. 36, no. 2, pp. 91-96, 2014.

[33] M. J. Weiss, M. E Moran, M. E. Parker, and J. T. Foley,
“Gait analysis of teenagers and young adults diagnosed with
autism and severe verbal communication disorders,” Frontiers
in Integrative Neuroscience, vol. 7, article 33, 2013.

[34] V.L. Chester and M. Calhoun, “Gait symmetry in children with
autism,” Autism Research and Treatment, vol. 2012, Article ID
576478, 5 pages, 2012.

(30



(35]

[36]

(37]

(38]

(39]

[40]

(41]

(50]

A. Nayate, B. J. Tonge, J. L. Bradshaw, J. L. McGinley, R. Tansek,
and N. J. Rinehart, “Differentiation of high-functioning autism
and asperger’s disorder based on neuromotor behaviour,” Jour-
nal of Autism and Developmental Disorders, vol. 42, no. 5, pp.
707-717, 2012.

M. Calhoun, M. Longworth, and V. L. Chester, “Gait patterns in
children with autism,” Clinical Biomechanics, vol. 26, no. 2, pp.
200-206, 2011.

M. Nobile, P. Perego, L. Piccinini et al., “Further evidence of
complex motor dysfunction in drug naive children with autism
using automatic motion analysis of gait,” Autism, vol. 15, no. 3,
pp. 263-283, 2011.

N. J. Rinehart, B. J. Tonge, R. Iansek et al., “Gait function in
newly diagnosed children with autism: cerebellar and basal
ganglia related motor disorder,” Developmental Medicine and
Child Neurology, vol. 48, no. 10, pp. 819-824, 2006.

S. Vernazza-Martin, N. Martin, A. Vernazza et al, “Goal
directed locomotion and balance control in autistic children,’
Journal of Autism and Developmental Disorders, vol. 35, no. 1,
pp. 91-102, 2005.

D. Ambrosini, E. Courchesne, and K. Kaufman, “Motion
analysis of patients with infantile autism,” Gait & Posture, vol.
7, no. 2, p. 188, 1998.

J. A. Vilensky, A. R. Damasio, and R. G. Maurer, “Gait distur-
bances in patients with autistic behavior. A preliminary study;’
Archives of Neurology, vol. 38, no. 10, pp. 646-649, 1981.

C. P. Whyatt and C. M. Craig, “Motor skills in children aged 7-
10 years, diagnosed with autism spectrum disorder;” Journal of
Autism and Developmental Disorders, vol. 42, no. 9, pp. 1799-
1809, 2012.

E. B. Torres, M. Brincker, R. W. Isenhower et al., “Autism: the
micro-movement perspective,” Frontiers in Integrative Neuro-
science, vol. 7, article 32, 2013.

N. J. Rinehart, J. L. Bradshaw, A. V. Brereton, and B. J. Tonge,
“A clinical and neurobehavioural review of high-functioning
autism and Asperger’s disorder,” Australian ¢» New Zealand
Journal of Psychiatry, vol. 36, no. 6, pp. 762-770, 2002.

J. D. Schmahmann, The Cerebellum and Cognition, Academic
Press, San Diego, Calif, USA, 1997.

N. J. Minshew and G. Goldstein, “Autism as a disorder
of complex information processing,” Mental Retardation and
Developmental Disabilities Research Reviews, vol. 4, no. 2, pp.
129-136, 1998.

M. Bishop, D. Brunt, N. Pathare, and B. Patel, “The effect of
velocity on the strategies used during gait termination,” Gait ¢
Posture, vol. 20, no. 2, pp- 134-139, 2004.

M. U. McCulloch, D. Brunt, and D. Vander Linden, “The effect
of foot orthotics and gait velocity on lower limb kinematics
and temporal events of stance,” Journal of Orthopaedic & Sports
Physical Therapy, vol. 17, no. 1, pp. 2-10, 1993.

R. D. Crowinshield, R. A. Brand, and R. C. Johnston, “The
effects of walking velocity and age on hip kinematics and
kinetics,” Clinical Orthopaedics and Related Research, vol. 132,
pp. 140-144, 1978.

D. W. McCandless, G. K. Feussner, W. D. Lust, and J. V.
Passonneau, “Metabolite levels in brain following experimental
seizures: the effects of isoniazid and sodium valproate in cere-
bellar and cerebral cortical layers,” Journal of Neurochemistry,
vol. 32, no. 3, pp. 755-760, 1979.

K. Sheehan and J. Gormley, “Gait and increased body weight
(potential implications for musculoskeletal disease),” Physical
Therapy Reviews, vol. 17, no. 2, pp. 91-98, 2012.

Autism Research and Treatment

[52] Y. Roke, P. N. Van Harten, J. K. Buitelaar et al., “Bone mineral

density in male adolescents with autism spectrum disorders
and disruptive behavior disorder with or without antipsychotic
treatment,” European Journal of Endocrinology, vol. 167, no. 6,
pp. 855-863, 2012.



