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Abstract

Gait and its associations with prewalking motor milestones, motor skills, and age were
investigated in 32 children with infantile/atypical autism and 36 typically developing
controls. Gait was assessed using GAITRite recordings of spatiotemporal and
variability gait parameters. Parents reported their child’s prewalking motor milestones.
Motor skills were assessed using the Movement Assessment Battery for Children.
Children with infantile/atypical autism showed higher gait variability than controls,
indicating a less regular walking pattern. In children with infantile/atypical autism gait
variability was negatively associated with motor skills, but there was no such
association with prewalking motor milestones. The higher gait variability in children
with infantile/atypical autism showed an age-dependent decrease, suggesting that their

gait regularity converges toward that of typically developing children.
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Gait in children with infantile/atypical autism : Age-dependent decrease in gait variability

and associations with motor skills

Autism spectrum disorder (ASD) is an inclusive term for a group of biologically
based neurodevelopmental disorders characterized by the core symptoms of
impairments of social communication and repetitive behaviors with limited interests.
"Furthermore, it has been suggested that motor dysfunction may also be a core symptom
of ASD and may predate social and communicative impairments.>?

Motor symptoms of children with ASD involve delays in motor milestone
development, with findings indicating that children with ASD acquire abilities such as
sitting and walking autonomously several months later than typically developing
children®®, who reach these motor milestones approximately at the age of 6 and 12
months, respectively.6 Further, children with ASD show impairments in motor skills,
including difficulties with gross and fine motor function and coordination.”"®. Impaired
motor development in individuals with ASD can compromise the ability to perform
activities of daily living (e. g. tying shoes, writing, as well as social play such as riding
a bike, throwing a ball, and participating in team sports) '%.

Gross motor impairments can lead to clumsy movement patterns—including

14,15

walking, which is the most important mode of human locomotion. In this vein,

Shetreat-Klein'® reported the qualitative finding that during walking, children with ASD



lack consistency, smoothness, and coordination compared to controls. Furthermore, it
has been observed that children with ASD are more prone to idiopathic toe walking than
typically developing children.!”"

However, so far, only a small number of empirical studies have investigated
walking patterns of children with ASD using quantitative methods, such as electronic
walkway systems or electronic footswitches. Early research in children with ASD
focused on alterations in spatiotemporal gait measures such as reduced stride length
and increased stride time with inconsistent results. 2%’

In contrast to the inconsistency in findings on spatiotemporal gait parameters, a
more homogeneous picture emerges for measures of gait variability (i.e., stride-to-stride
fluctuations), representing the regularity and automaticity of gait.?® Studies assessing
gait variability have consistently reported higher gait variability among children with
ASD compared to typically developing children.?®?”** For example, Nayate*
investigated 11 children (average age: 12.8 years) diagnosed with ASD, who showed
significantly increased variability for stride length as well as increased step width
compared to controls. This is in line with the findings reported by Rinchart*® of
increased stride length variability in a sample of 10 children with ASD (average age:
10.7 years) compared to typically developing controls but without further

dissimilarities for spatiotemporal measures such as velocity and stride length between

the two groups. The same holds true for the findings reported by Rinehart*” of no



between-group differences for spatiotemporal measures (e.g., velocity, stride length),
whereas stride length variability and stride time variability were significantly increased
in their sample of 11 children with ASD (average age: 5.8 years) compared to controls.
These findings may lend further support to the notion that measures of gait variability
provide a more discriminant and sensitive measure of gait performance than
spatiotemporal gait variables.”®**

In terms of gait development, previous results on walking performance of
typically developing children have shown that spatiotemporal and variability measures
of gait appear to develop in a particular direction for a certain period of time. Children
of older age show improved spatiotemporal gait measures, among those velocity and
step length and present with a mature gait pattern by the age of seven years.'**" ¥ Gait
variability, on the other hand, further develops beyond this age with gait becoming more
regular during middle and late childhood before reaching maturity in adolescence.* -3¢
These findings illustrate the relevance of taking not only spatiotemporal measures into
consideration, but also variability measures when it comes to gait analysis. Although
percentage limited portion of children with ASD lose their symptoms that support a
diagnosis of ASD at some point during their life*’, findings on outcomes during
adolescence and adulthood suggest that in most cases ASD is a lifelong condition that

involves persistent and stable impairments in mental, linguistic, social, and motor

abilities.*®**" So far, it has not been investigated whether this also holds true for gait



impairments of children with ASD. Nonetheless, studies of children with other
neurodevelopmental disorders such as attention-deficit/hyperactivity disorder (ADHD)
have indicated that their initially higher gait variability shows an age-dependent
decrease, with gait performance becoming more regular and converging toward
typically developing controls during childhood.*'. However, for subjects with ASD it is
still uncertain whether this developmental pattern also emerges or whether the

previously reported alterations of gait variability*® 2" %

remain persistent and therefore
nonconvergent toward controls during childhood.

In sum, several studies reported impaired motor development in children with
ASD, including delayed acquisition of early motor milestones (e.g., sitting and walking
autonomously® ®), impaired motor function involving fine and gross motor skills'?, and
alterations in spatiotemporal and variability gait characteristics. And yet, there is still
significant data missing from the research: Although signs of impaired motor
development possibly affecting later gait development may be present as early as
infancy in subjects with ASD?, no study has so far investigated whether prewalking
motor milestones such as sitting and walking autonomously are associated with later
gait development. Furthermore, whereas recent studies indicated impairments of motor
skills" and higher gait variability®® in children with ASD, no study has investigated

possible associations between motor skills and gait variability. Additionally, it remains

unclear whether in children with ASD gait variability measures show age-dependent



alterations during childhood. The aim of the present study was therefore to further
examine gait performance and to collect information on prewalking motor milestones as
well as to assess motor skills of children with ASD by including a larger sample with a
wider age range than used in previous studies. We hypothesized that children with ASD
would show a less stable and less regular walking pattern than controls. Additionally,
we hypothesized that children with ASD would show a delayed acquisition of motor
milestones and impairments in motor skills. Finally, to address what has been lacking in
research, we explored whether measures of gait variability are associated with motor
milestones and motor skills. Further we studied whether — with increasing age — gait
variability measures of children with ASD decrease or remain persistent and
nonconvergent toward that of typically developing children.

Methods

Participants
Our group of patients were picked from an original cohort of 98 patients who
were diagnosed with ASD according to the ICD-10* and were treated between 2008
and 2013 at the University Children’s Hospital Basel (Switzerland). Given that previous
studies indicated differences between children with Asperger’s syndrome (AS) and
children with infantile or atypical autism in their neurological basis, clinical
characteristics, and comorbidities* as well as differences in motor perforrnance44

including gait patterns®®, we excluded children with AS or pervasive developmental



disorder not otherwise specified (PDD-NOS) from the present study. Furthermore,
children with comorbid cerebral palsy or otherwise-classified motor handicap were
excluded from the recruitment process. Of the remaining 52 children, six children were
unreachable, and 38 of the 46 who could be contacted by phone consented to taking part
in the study. For 2 children data collection was not possible because they did not
understand the test instructions or were noncompliant. Four children with ASD showed
idiopathic toe walking resulting in erroneous gait data and consequently had to be
excluded from data analysis.

In the end, the study group contained 32 children aged between 4.1 and 16.9
years (mean age = 9.2 years; 27 boys, 5 girls) including 29 children diagnosed with
infantile autism and three children with atypical autism independent of a genetic
aetiology. A genetic examination was performed in 10 of the 32 children diagnosed
with infantile or atypical autism with karyotype, exclusion of fragile X syndrome, or
exclusion of other microdeletion syndromes using microarray-based comparative
genomic hybridization. For two of those children a genetic disorder was confirmed
(Klinefelter syndrome, deletion Xp22.11). 1 child is under medication because of
epilepsy, one is medicated because of inattention (see table 1).

For the control group from private surroundings of coworkers were recruited.
The control group consisted of 36 children aged between 4.1 and 16.5 years (mean age

=9.0 years, 31 boys, 5 girls). Table 1 summarizes group characteristics as well as



10

medication status of children with infantile/atypical autism. As shown in Table 1, the
two groups of children were similar with respect to age, sex, height, weight, and leg

length.

please insert Table 1 about here

Materials

Gait Assessment

Gait was measured using the GAITRite electronic walkway system (GAITRite
Platinum; CIR Systems, USA). This system consists of a 701-cm-long walkway with
23,040 integrated pressure sensors. A 1.25-m nonrecordable zone was added on each
end of the walkway to minimize the effects of acceleration and deceleration. Therefore,
children walked approximately 10 m per walk and each walk comprised on average
eight steps. The use of GAITRite for children when assessing gait is well established.*’
All gait analyses were performed according to the European guidelines for
spatiotemporal gait analysis.* The following seven spatiotemporal and variability
measures of gait were evaluated: velocity (obtained by dividing the distance traveled by
ambulation time expressed in centimeters per second); stride time (the time elapsed
between the first contact of two consecutive footfalls of the same foot expressed in

seconds); stride length (the distance between the heel points of two consecutive footfalls
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of the same foot expressed in centimeters); base of support (the perpendicular distance
from heel point of one footfall to the line of progression of the opposite foot expressed
in centimeters); gait variability, assessed as variability in stride velocity, stride time, and
stride length using the percentage coefficient of variation (CV = standard
deviation/mean x 100). When assessing gait outcome, velocity is the most often used
general indicator of functional performance®’, while other variables such as stride length
and stride time reflect gait patterning*®, and base of support measures
equilibrium.?Gaitvariability, on the other hand, reflects the regularity of gait and forms
a more discriminant and sensitive measure of subtle changes in gait performance.?®
Height, weight, and leg length were measured prior to gait assessment. The patients
received one demonstration and a practice walk before then preforming a total of ten
trials of walking at their normal pace. Each walk was individually analyzed using
GAITRite software. For further data analysis, the gait parameter were then averaged
over the ten walking trials.
Motor Milestones and Motor Skills Assessment

Information about motor milestones was gathered by asking the parents to report
at what age (in months) their child was able to sit upright autonomously and walk
autonomously. Motor skills were assessed using the German version of the Movement
Assessment Battery for Children, 2nd edition (M-ABC-2)*’, which is an individually

administered standardized measure of motor function for children from 3 to 16 years of
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age with established reliability and validity.*® There are three age-related item sets, each
consisting of eight tasks measuring manual dexterity (three tasks), ball skills (two
tasks), and balance (three tasks). Item scores can be combined to form an overall score
with a normative mean of 10 and standard deviation of 3.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics (Version 20). To test for group
differences in demographic characteristics, a y” test for categorical variables or an
independent samples 7 test for continuous variables was used. Group differences in
spatiotemporal and variability measures of gait, as well as motor milestones and motor
skills, were assessed using multivariate analysis of variance (MANOVA). The F
statistic, p value (two tailed), and effect sizes (%) are reported. If an extreme value
(defined as a score exceeding 3 SDs from the group mean) occurred in the gait
measures, scores were truncated to + 3 SD.

Further, we assessed whether gait variability was connected to motor milestones
and motor skills, and if so, whether children with infantile/atypical autism presented
differently to typically developing children in these areas. As we were interested in a
general marker of motor skills, the M-ABC-2 overall score was included in the
following analyses. To analyze whether associations of gait variability with motor
milestones and motor skills differed in children with infantile/atypical autism and

controls (i.e., whether group [infantile/atypical autism vs. control] acted as a moderator
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of these associations), three hierarchical regression analyses were conducted following
the procedure proposed by Aiken.> In each hierarchical regression the control variable
leg length was entered in the first block. Then, group (infantile/atypical autism vs.
control) and the respective predictor (i.e., sit upright autonomously, walk
autonomously, or M-ABC-2 overall score) were entered in the next block. Finally, the
interaction term between group (infantile/atypical autism vs. control) and the
corresponding predictor was entered in the last block.

Additionally, a hierarchical regression was conducted to examine whether the
association between gait variability measures and age differed in children with
infantile/atypical autism and controls (i.e., whether group [infantile/atypical autism vs.
control] acted as a moderator of the association). The control variable leg length was
entered in the first block. Group (infantile/atypical autism vs. control) and age were
entered in the next block and in the last block the interaction term Group
(infantile/atypical autism vs. control) x Age was entered.

If a significant interaction was found (indicating a significant moderation effect),
then the interaction was graphed by computing the predicted gait variability measures
separately for children with infantile/atypical autism and controls. Single slope analyses
were used to evaluate whether the slopes in the graphs were significantly different from
zero.” (Aiken et al., 1991).

Results
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Gait Measures, Motor Milestones, and Motor Skills of Children with infantile/atypical
autism and Controls

The results of the gait measures, motor milestones, and motor skills are
presented in Table 2. For gait measures, the MANOVA revealed a significant effect of
group (Wilks’s multivariate test), F(7,60) = 8.709, p < .001, n* = .504, with univariate
tests showing significant higher values for children with infantile/atypical autism on all
measures of gait variability: CV stride velocity (p =.001, n>=.167); CV stride time (p <
001, n*=.207); and CV stride length (p <.001, n’>=.174), as well as base of support (p
<.001, n*=.196), whereas no group differences emerged for the other spatiotemporal
gait measures velocity, stride time, and stride length.

For motor milestones the MANOVA revealed a significant effect of group
(Wilks’s multivariate test), F(2,53) = 4.406, p = .017, n> = .143, with univariate tests
showing that children with ASD were able to sit upright autonomously at a similar age
as controls at approximately 7 to 8 months, but that controls were able to walk
autonomously at about 13.3 months and thus at an earlier age than children with
infantile/atypical autism who walked at about 16.4 months (p =.012, n°=.111).

Furthermore, for motor skills assessed with the M-ABC-2, the MANOVA
revealed a significant effect of group (Wilks’ multivariate test), F(4,50) =21.991, p <
.001, n>=.638, with univariate tests showing significant lower scores of children with

ASD on all three subscales of the M-ABC-2—manual dexterity (p <.001, n°= .419);
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ball skills (p <.001, n*=.363); and balance (p < .001, n° = .487) — as well as for the

M-ABC-2 overall score (p < .001, n°=.597; Table 2).

please insert Table 2 about here

Associations of Gait Variability Measures With Motor Milestones and Motor Skills

Controlled for leg length, motor milestones (i.e., sit upright autonomously, walk
autonomously) showed no significant associations with gait variability in a hierarchical
regression analysis, whereas a higher M-ABC-2 overall score was significantly
associated with lower scores on all gait variability measures: CV stride velocity (B = -
423, p=.016), CV stride time (p =-.350, p = .045), CV stride length (B =-.375,p =
.027).

Next moderated hierarchical regression analyses were calculated with interaction
terms between group (infantile/atypical autism vs. control) and the predictors (i.e., sit
upright autonomously, walk autonomously, M-ABC-2 overall score), controlling for leg
length and the corresponding predictor. These analyses revealed three significant
interaction terms (Table 3): Group (infantile/atypical autism vs. control) moderated the
association between M-ABC-2 overall score and CV stride velocity (B =.310, p = .015),

CV stride time (B = .315, p =.014), and CV stride length (B = .254, p = .042).
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please insert Table 3 about here

As depicted in Figure 1, in children with ASD, the M-ABC-2 overall score was
significantly associated with all measures of gait variability: CV stride velocity (p = -
591, p=.010), CV stride time (B = -. 567, p = .013), and CV stride length ( =-.531, p
=.018), such that higher M-ABC-2 overall scores were related to lower gait variability.
In controls there were no significant associations between their M-ABC-2 overall score

and gait variability measures.

please insert Figure 1 about here

Associations of Gait Variability Measures With Age

Controlling for leg length, hierarchical regression analyses for the combined
sample showed that age was significantly associated with lower scores on all gait
variability measures: CV stride velocity (B =-.529, p =.004), CV stride time ( = -.566, p
=.002), CV stride length (B =-.541, p = .002). Further, moderated hierarchical
regression analyses were calculated with group (infantile/atypical autism vs. control) x
Age interaction terms, controlling for leg length and age. These analyses revealed three
significant interaction terms (Table 3). Group (infantile/atypical autism vs. control)

moderated the association between age and CV stride velocity (B =.197, p =.034), CV
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stride time (p =.269, p =.002), and CV stride length (B = .207, p = .017).

As depicted in Figure 2, in children with infantile/atypical autism, age was
significantly associated with all measures of gait variability: CV stride velocity (B = -
.802, p =.004), CV stride time (B = -.818, p =.003), CV stride length (p = -.800, p =
.002), such that higher age was related to lower gait variability, whereas in controls

there were no associations between age and gait variability measures.

please insert Figure 2 about here

Discussion
The aim of our study was to examine gait and its associations with prewalking
motor milestones as well as with motor skills in children with infantile/atypical autism.
Moreover, we aimed to examine age-dependent alterations of gait performance and
tested whether with increasing age, gait variability of children with infantile/atypical
autism decreases and converges toward that of typically developing children.

As stated in previous studies*®*” %’

, we found that children with
infantile/atypical autism walked with significantly higher gait variability (i.e., higher

variability for stride velocity, stride time, and stride length) and a significantly wider

base of support than controls. These findings back the theory of a less regular and less
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steady walking pattern in children with ASD.'®>* Furthermore, in line with Rinehart**
27 we found no group differences for velocity, stride time, or stride length such that
children with infantile/atypical autism did not show any significant alterations in these
gait parameters compared to controls. Hence, our finding that children with
infantile/atypical autism show similar performance in spatiotemporal gait measures
compared to typically developing children but appear to show difficulties with the
regularity of gait cycles (i.e., higher gait variability) highlights the importance of
including variability measures, as they may provide a more discriminant and sensitive
measure of gait performance than other gait parameters.?®*°

Our results reveal that the two groups of children were able to sit upright
autonomously at a similar age, between the 7™ and 8™ month of life. On the other hand,
children from the control group were able to walk autonomously at an earlier age (i.e.,
mean age 13.3 months) than children with infantile/atypical autism (i.e., mean age 16.4
months). This is in accordance with earlier studies showing that age at initial walking
autonomously is delayed in children with ASD*™* whereas only marginal differences
were reported for the age at first sitting autonomously.” When examining gross motor
development, including sitting and walking autonomously, of infants later diagnosed
with ASD, Ozonoff et al.> reported a slower rate of development for walking compared

to typically developing controls. However, our results indicate that those early motor

milestones are not associated with development of gait regularity of children with
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infantile/atypical autism later in childhood, since we found no significant association of
the age of sitting and walking autonomously with any measures of later gait variability.
Therefore, our findings provide preliminary evidence to refute the assumption that the
age of reaching the motor milestones of sitting and walking autonomously during
infancy will predict later gait development during childhood and into adolescence
among subjects with infantile/atypical autism. However, it is notable that the
information on early motor milestones is based on retrospective parental reports in our
study and hence needs to be interpreted with caution.

In line with previous research” ' > our findings additionally show that
children with infantile/atypical autism had significant difficulties with motor skills,
represented by a lower M-ABC-2 overall score compared to controls and significant
impairments in each of the areas examined by this test: manual dexterity, ball skills, and
balance. Furthermore, our results are the first to show that motor skills assessed by the
M-ABC-2 overall score are associated with gait regularity in children with
infantile/atypical autism, such that better motor skills go along with a more regular
walking pattern (i.e., lower gait variability measures), whereas no such association was
found for controls. Hence, gait regularity can be assumed to be a further dimension of
motor dysfunction associated with ASD" and may be part of a more general
impairment in movement that ranges from fine and gross motor skills measured by the

M-ABC-2 to the planning and execution of skilled motor sequences such as walking.>®
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Additionally, we discovered that age was connected to all gait variability
measures in that with increasing age, variability in stride velocity, stride length, and
stride time decreased. These findings confirm the idea that gait evolves continuously
during childhood and becomes more regular toward adolescence.***¢ Additionally,
we found that children with infantile/atypical autism displayed an age-dependent
decrease of their gait variability toward that of controls. A similar developmental
pattern has recently been reported in a sample of children with ADHD aged 8—13 years
(off or without medication) with gait performance becoming more regular with
increasing age and converging toward that of typically developing controls.*' Although
ASD and ADHD are each distinguished by a separate set of core symptoms in the
Diagnostic and Statistical Manual of Mental Disorders" , increasing research highlights
common behavioral, cognitive, and neural features.>® One of the shared neural features

is a delay in brain maturation in prefrontal structures® >

, which, among other things,
include higher order motor control regions.””>® As we identified an age-related loss of
gait variability in children with infantile/atypical autism and a recent study found a
similar developmental pattern in children with ADHD*' | one could speculate that this
common maturational process in gait regularity may be associated with a delayed
maturation of frontal brain regions found for both ASD and ADHD.*"® However,

another brain region that consistently exhibits abnormalities such as volume reduction

in both ASD and ADHD is the cerebellum®® , which is importantly involved in motor
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movement and locomotor activity.®”®' Future research might further investigate
possible associations between brain maturation, structural abnormalities, and gait
patterns to better understand the neural underpinning of the here reported alterations and
age-dependent decrease in gait regularity among subjects with ASD.

Our study of course has it’s strengths and limitations. It is an asset of our study
that the gait characteristics were assessed using the objective electronic GAITRite
system with proven reliability as well as validity* and allowing children to wear their
normal clothes and shoes during gait assessment. We additionally included a
standardized evaluation tool by using the M-ABC-2 to assess motor skills of children
with infantile/atypical autism and controls. This is in accordance with Rinehart*’, who
suggested that due to the clinical heterogeneity of ASD, assessments of motor
functioning using standardized measures should be included when investigating gait
data. A further strength of our study is the investigation of a homogenous cohort by
including only children with infantile and atypical autism and excluding children with
AS or PDD-NOS. Hence, our findings cannot be generalized to children with AS or
PDD-NOS and are only representative for patients with infantile and atypical autism.
Indeed we think that our findings of altered gait variability in children with infantile and
atypical autism could be a specific finding for this kind of patients but the findings are

no sensitive characteristics to delimit them from other developmental disorders.
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Furthermore, we examined a larger sample than in previous studies on gait in
children with ASD and covered a wide age range by including subjects from 4 to 17
years. Nevertheless, our study was based on cross-sectional data, whereas the
investigation of maturational patterns related to gait developmental and the objective
assessment of infant prewalking milestones would require future studies following a
longitudinal research approach. Furthermore, we analyzed spatiotemporal gait
parameters, as the walkway system GAITRite does not take individual walking patterns
into consideration (e.g. toe walking) that are often associated with children with ASD'”
Y nor the qualitative analysis of gait motion, such as head and trunk posturing.*®
Hence, future studies might investigate whether qualitative aspects of gait motion also
show associations with motor skills and whether they follow a similar age-dependent
improvement to what we found for spatiotemporal measures of gait variability.

As similar results have been shown in studies with regards to ADHD patients
and gait variability, the question arises whether these characteristics can also be
expected in further types of neurodevelopment disorders and what role does the
cognitive development play concerning these specific characteristics. It is a limitation of
our study, that we were unfortunately unable to explore this theory, as the majority of
our patient cohort was unable to complete the needed testing.Finally, due to the small
number of children with infantile/atypical autism being medicated in our sample, we

could not investigate possible medication effects. This as well as whether similar
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findings to those obtained in our study would result for drug-naive subjects with ASD
should be addressed in future studies.

Our findings of maturation of gait variability emphasize that in patients with infantile
and atypical autism it is very important to focus and detect as early as possible
impairments of gross motor functions such as gait abnormalities and to initiate a
movement focused therapy (e. g. physiotherapy). In consequence further investigations
has to be done on the one hand to verify the effect of early introducing of movement
focused therapy and on the other hand to answer the question whether specific autism
intervention programs that normaly are based on behavior analytic (e.g. aplied behavior
analysis) or eclectic early interventions have to be enlarged with movement focused

therapy.

In sum, this study provides support for a less regular and less stable walking
pattern of children with infantile/atypical autism. Additionally, our findings are the first
to indicate that among subjects with infantile/atypical autism, gait variability is
associated with motor skills, whereas infant prewalking motor milestones seem not to
be associated with later gait development during childhood. Furthermore, our findings
are the first to back the theory of an age-related loss of gait variability in children with
infantile/atypical autism and hence an increase in gait regularity toward adolescence.

Since differences in motor development are not included as primary diagnostic
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categories for ASD', the findings of this study support the importance of considering
motor functioning, including gait parameters, in addition to other developmental skill
areas outlined in diagnostic manuals. It is conceivable that, by increasing the awareness
of the movement perspective, new insights on ASD could be provided, possibly helping
with determining the degree of specificity of deficits and the development of useful

tools for diagnosis.* >
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comparable ethical standards.

This work was supported (grant sponsor) by Freiwillige Akademische Gesellschaft

(FAG), Basel, Switzerland and Hirt Martin Stiftung Neuropédiatrie, Basel, Switzerland.



26

References

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

Teitelbaum O, Benton T, Shah P, Prince A, Kelly J at al. Eshkol-Wachman
movement notation in diagnosis: The early detection of Asperger’s syndrome.
Proceedings of the National Academy of Sciences of the United States of
America 2004;101, 11909-11914.

Teitelbaum P, Teitelbaum O, Nye J, Fryman J, Maurer R. Movement analysis in
infancy may be useful for early diagnosis of autism. Proceedings of the
National Academy of Sciences of the United States of Americal998; 95, 13982-
13987.

. Provost B, Lopez B, Heimerl S. A comparison of motor delays in young
children: Autism spectrum disorder, developmental delay, and developmental
concerns. Journal of Autism and Developmental Disorders 2007; 37, 321-328.
Segawa M, Nomura Y. Pathophysiology of human locomotion: Studies on
clinical cases. In M. Shimamura, S. Grillner, & V. R. Edgerton (Eds.) 1991;
Neurobiological basis of human locomotion (pp. 317-328). Tokyo, Japan: Japan

Scientific Societies.



10.

11.

27

Stervold GV, Aarethun K, Bratberg GH. Age for onset of walking and
prewalking strategies. Early Human Development 2013; 89, 655-659.

Fournier KA, Hass CJ, Naik SK, Lodha N, Cauraugh JH. Motor coordination in
autism spectrum disorders: A synthesis and meta-analysis. Journal of Autism
and Developmental Disorder 2010; 40, 1227-1240.

Ghaziuddin M, Tsai LY, Ghaziuddin N. Brief report: A reappraisal of
clumsiness as a diagnostic feature of Asperger syndrome. Journal of Autism
and Developmental Disorders 1992; 22, 651-656.

Green D, Charman T, Pickles A et al. Impairment in movement skills of
children with autistic spectrum disorders. Developmental Medicine and Child
Neurology 2009;51, 311-316.

Hilton C, Wente L, LaVesser et al. Relationship between motor skill
impairment and severity in children with Asperger syndrome. Research in
Autism Spectrum Disorders 2007;1, 339-349.

Kopp S, Beckung E, Gillberg C. Developmental coordination disorder and other
motor control problems in girls with autism spectrum disorder and/or attention-
deficit/hyperactivity disorder. Research in Developmental Disabilities 2010; 31,

350-361.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Ghaziuddin%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1483982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tsai%20LY%5BAuthor%5D&cauthor=true&cauthor_uid=1483982
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ghaziuddin%20N%5BAuthor%5D&cauthor=true&cauthor_uid=1483982

12.

13.

14.

15.

16.

17.

18.

19.

28

Liu T, Breslin CM. Fine and gross motor performance of the MABC-2 by
children with autism spectrum disorder and typically developing children.
Research in Autism Spectrum Disorders 2013; 7, 1244-1249.

Paquet A, Olliac, Golse B, Vaivre-Douret L. Current knowledge on motor
disorders in children with autism spectrum disorder (ASD). Child
Neuropsychology 2015; 1-32. Advance online publication.

Adolph KE, Vereijken B and Shrout PE. What changes in infant walking and
why. Child Development 2003; 74: 475-497.

Kindregan D, Gallagher L and Gormley J. Gait deviations in children with
autism spectrum disorders: A review. Autism Research and Treatment, 2015.
Shetreat-Klein M, Shinnar S and Rapin, I. Abnormalities of joint mobility and
gait in children with autism spectrum disorders. Brain and Development 2014;
36, 91-96.

Accardo PJ, Barrow W. Toe walking in autism: further observations. Journal of
Child Neurology 2015; 30: 606-609.

Barrow W, Jaworski M, Accardo PJ. Persistent toe walking in autism. Journal
of Child Neurology 2011;26: 619-621.

Marcus A, Sinnott B, Bradley S, Grey I. Treatment of idiopathic toe-walking in
children with autism using GaitSpot Auditory Speakers and simplified habit

reversal. Research in Autism Spectrum Disorders2010; 4, 260-267.



20.

21.

22.

23

24.

25.

26.

29

Ambrosia D, Courchesne E, Kaufman K. Motion analysis of patients with
infantile Autism. Gait and Posture 1998; 7: 188.

Lim BO, O’Sullivan D, Choi BG, Kim MY. Comparative gait analysis between
children with autism and age-matched controls: analysis with temporal-spatiol
and foot pressure variables. Journal of Physical Therapy Science2016, 28, 286-
292.

Vilensky JA, Damasio AR, Maurer RG. Gait disturbances in patients with
autistic behavior: A preliminary study. Archives of Neurology 1981; 38, 646-

649.

. Vernazza-Martin S, Martin N, Vernazza A et al. Goal directed locomotion and

balance control in autistic children. Journal of Autism and Developmental
Disorders 2005; 35, 91-102.

Weiss MJ, Moran MF, Parker ME, Foley JT. Gait analysis of teenagers and
young adults diagnosed with autism and severe verbal communication
disorders. Frontiers in Integrative Neuroscience 2013; 7.

Chester VL, Calhoun M. Gait symmetry in children with autism. Autism
Research and Treatment 2012.

Rinehart NJ, Tonge BJ, Bradshaw JL et al. Gait function in high-functioning
autism and Asperger’s disorder. European Child & Adolescent Psychiatry

2006; 15, 256-264.



27.

28.

29.

30.

31.

32.

33.

30

Rinehart NJ, Tonge BJ, lansek, R et al. Gait function in newly diagnosed
children with autism: Cerebellar and basal ganglia related motor disorder.
Developmental Medicine & Child Neurology 2006; 48, 819-824.

Hausdorff, JM. Gait variability: Methods, modeling and meaning. Journal of
Neuroengineering and Rehabilitation 2005; 2.

Nayate A, Tongue BJ, Bradshaw JL et al. Differentiation of high-functioning
autism and Asperger’s disorder based on neuromotor behaviour. Journal of
Autism and Developmental Disorders 2012; 42, 707-717.

Lord S, Howe T, Greenland J, Simpson L, Rochester L. Gait variability in older
adults: A structured review of testing protocol and clinimetric properties. Gait
and Posture 2011; 34, 443-450.

Hillman SJ, Stansfield BW, Richardson AM, Robb JE. Development of
temporal and distance parameters of gait in normal children. Gait and Posture
2009; 29, 81-85.

Holm I, Tveter AT, Frederiksen PM, Vollestad N. A normative sample of gait
and hopping on one leg parameters in children 7-12 years of age. Gait and
Posture 2009; 27, 91-96.

Froehle AW, Nahhas RW, Sherwood RJ, Duren DL. Age-related changes in

spatiotemporal characteristics of gait accompany ongoing lower limb linear



34.

35.

36.

37.

38.

39.

31

growth in late childhood and early adolescence. Gait and Posture 2013; 38, 14-
19.

Hausdorff JM, Zemany L, Peng CK, Goldberger AL. Maturation of gait
dynamics: Stride-to-stride variability and its temporal organization in children.
Journal of Applied Physiology 1999; 86, 1040-1047.

Lythgo N, Wilson C, Galea M. Basic gait and symmetry measures for primary
school-aged children and young adults whilst walking barefoot and with shoes.
Gait and Posture 2009; 30, 502-506.

Lythgo N, Wilson C, Galea M. Basic gait and symmetry measures for primary
school-aged children and young adults II. Walking at slow, free and fast speed.
Gait and Posture 2011; 33, 29-35.

Fein D, Barton, M, Eigsti IM et al. Optimal outcome in individuals with a
history of autism. Journal of Child Psychology and Psychiatry 2013; 54, 195-
205.

Eaves LC, Ho HH. Young adult outcome of autism spectrum disorders. Journal
of Autism and Developmental Disorders 2008; 38, 739-747.

Nordin V, Gillberg C. The long-term course of autistic disorders: Update on

follow-up studies. Acta Psychiatrica Scandinavica 1998; 97, 99-108.



40.

41.

42.

43.

44,

45

32

Van Damme T, Simons J, Sabbe B et al. Motor abilities of children and
adolescents with a psychiatric condition: A systematic literature review. World
Journal of Psychiatry 2015; 5, 315-329.

Manicolo O, Grob A, Lemola S, Hagmann-von Arx P. Age-related decline of
gait variability in children with attention-deficit/hyperactivity disorder: Support
for the maturational delay hypothesis in gait. Gait and Posture 2016; 44, 245-
249.

World Health Organization. The ICD-10 classification of mental and
behavioural disorders: clinical and diagnostic guidelines. 1992; Geneva,
Switzerland: World Health Organization.

Remscheid H, Kamp-Becker 1. Das Asperger Syndrom, eine Autismus-
Spektrum-Storung. Deutsches Aerzteblatt 2007; 104, 873-882.

Papadopoulos N, McGinley J, Tonge B et al. Motor proficiency and
emotional/behavioural disturbance in autism and Asperger's disorder: Another

piece of the neurological puzzle? Autism 2012; 16, 627-640.

. Thorpe DE, Dusing SC, Moore CG. Repeatability of temporospatiol gait

measures in children using the GAITRite electronic walkway. Archives of

Physical Medicine and Rehabilitation 2005; 86, 2342-2346.


http://www.ncbi.nlm.nih.gov/pubmed/21949004
http://www.ncbi.nlm.nih.gov/pubmed/21949004
http://www.ncbi.nlm.nih.gov/pubmed/21949004

46.

47.

48.

49.

50.

51

52.

53.

33

Kressig RW, Beauchet O, European GAITRite Network Group. Guidelines for
clinical applications of spatio-temporal gait analysis in older adults. Aging
Clinical and Experimental Research 2006, 18, 174-176.

Al-Yahya, E, Dawes H, Smith L et al. Cognitive motor interference while
walking: A systematic review and meta-analysis. Neuroscience &
Biobehavioral Reviews 2011; 35: 715-728.

Gabell A, Nayak US. The effect of age on variability in gait. Journal of
Gerontology 1984, 39, 662-666.

Petermann F. Movement Assessment Battery for Children (2nd ed.) 2008.
Frankfurt, Germany: Pearson Assessment.

Wagner MO, Macha T, Kastner J et al. Frithdiagnostik motorischer Funktionen.

[Early diagnosis of motor function]. Diagnostica 2011; 57, 225-233.

. Aiken LS, West, SG, Reno RR. Multiple regression: Testing and interpreting

interactions 1991. London, England: Sage.

Nobile M, Perego P, Piccinini L et al. Further evidence of complex motor
dysfunction in drug naive children with autism using automatic motion analysis
of gait. Autism 2010, 15, 263-283.

Ozonoff S, Young GS, Goldring S et al. Gross motor development, movement
abnormalities, and early identification of autism. Journal of Autism and

Developmental Disorders 2008;, 38, 644-656.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Beauchet%20O%5BAuthor%5D&cauthor=true&cauthor_uid=16702791
http://www.ncbi.nlm.nih.gov/pubmed/?term=European%20GAITRite%20Network%20Group%5BCorporate%20Author%5D

54.

55.

56.

57.

58.

59.

34

Green D, Baird G, Barnett AL et al. The severity and nature of motor
impairment in Asperger’s syndrome: A comparison with specific
developmental disorder of motor function. Journal of Child Psychology and
Psychiatry 2002; 43, 655-668.

Minshew NJ, Sung K, Jones BL, Furman JM. Underdevelopment of the
postural control system in autism. Neurology 2004; 63, 2056-2061.

Dougherty CC, Evans DW, Myers SM, Moore GJ, Michael AM. A comparison
of structural brain imaging findings in autism spectrum disorder and attention-
deficit hyperactivity disorder. Neuropsychology Review 2015. Advance online
publication.

Shaw P, Eckstrand K, Sharp W, Blumenthal J, Lerch JP. Attention-
deficit/hyperactivity disorder is characterized by a delay in cortical maturation.
Proceedings of the National Academy of Sciences of the United States of
America 2007; 104, 19649-19654.

Shaw P, Malek M, Watson B et al. Development of cortical surface area and
gyrification in attention-deficit/hyperactivity disorder. Biological Psychiatry
2012, 72, 191-197.

Zilbovicius M, Garreau B, Samson Y et al. Delayed maturation of the frontal
cortex in childhood autism. American Journal of Psychiatry 1995; 152, 248-

252.



35

60. Anderson CM, Polcari A, Lowen SB, Renshaw PF, Teicher MH. Effects of
methylphenidate on functional magnetic resonance relaxometry of the
cerebellar vermis in boys with ADHD. American Journal of Psychiatry 2014;
159: 1322-1328.

61. Pasini A, D’Agati E, Pitzianti M, Casarelli L, Curatolo P. Motor examination in
children with attention deficit/hyperactivity disorder and Asperger syndrome.
Acta Paediatrica 2012; 101, el15-¢18.

62. Leary MR, Hill DA. Moving on: Autism and movement disturbance. Mental

Retardation 1996; 34, 39-53.



36

Figure captions

Fig. 1 Associations of M-ABC-2 overall score (normative mean = 10, standard
deviation = 3) and gait variability (a: stride velocity; b: stride time; c: stride length) for
children with autism spectrum disorder (ASD) and controls. Standardized regression
coefficients () and p values are presented next to the slopes. M-ABC-2 = Movement

Assessment Battery for Children, 2nd edition. CV = Coefficient of variation
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Fig. 2 Associations of age and gait variability (a: stride velocity; b: stride time; c: stride
length) for children with autism spectrum disorder (ASD) and controls. Standardized
regression coefficients (B) and p values are presented next to the slopes. CV =

Coefficient of variation
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Table 1
Demographic characteristics of children with infan-
tile/atypical autism and controls

Characteristic ASD (n=32)" Controls (n = 36) )%

Age (years) 9.2(3.8) 9.0 (3.8) 81
Sex (girls:boys) 5:27 5:31 84
Height (cm) 131.4 (41.2) 136.4 (22.0) 52
Weight (kg) 39.7(21.9) 33.4(16.5) 19
Leg length (c111)b 74.1 (16.2) 72.7 (14.6) 71

Note. Data are mean (SD) or number: p values are given for independent 7 test
or y test.

*Nine patients (Ps) were medicated: P1, sultiame and levetiracetam: P2, P3,
melatonin; P4-P7. risperidone; P8. risperidone and melatonin; P9,
methylphenidate.

bLeg length was measured with footwear from greater trochanter to the floor,
bisecting the lateral malleolus.
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Table 2
Stratistical results from the MANOVAs comparing gait measures (spatiotemporal and variability measures),
motor milestones, and general motor skills of children with infantile or atypical autism (ASD) and controls

Measures Infatleanpl 504 c1 Controls 95% C1 F P v
Gait measires
Velocity (cm's) 12695 (31.19) [118.15.135.44]  124.15(17.58)  [115.86, 132.44] 0214 645 003
Stride time (5) 0.99 (0.20) [0.94, 1.06] 098 (0.11) [0.93, 1.04] 0.089 767 001
Stride length (cm) 11971 (20.68)  [112.55,126.86]  121.25(19.90)  [114.50, 127.99] 0.098 755 001
Base of support (cm) 1047 240)  [9.64, 11.41] 8.40 (1.85) [7.71.9.09] 16040 <001 196
CV stride velocity (%) 6.42(3.99) [5.31,7.52] 3.65(2.07) [2.61, 4.69] 13.246 001 167
CV stride time (%0) 5.05(3.42) [4.17.5.93] 2.54(1.18) [1.71.3.37] 17.259 <001 207
CV stride length (%) 495 (2.79) [4.16,5.74] 292(158) [2.18. 3.66] 13.921 <001 174
Moror milestones
Sit upright autonomously (months) .08 (3.96) [6.72. 8.90] 7.30 (131) [6.30. 8.51] 1.108 207 020
Walk autonomously (months) 16.37(6.23) [13.71,17.54] 13.31(1.23) [11.64, 15.25] 6.725 012 A1l
General motor skills
M-ABC-2 overall score” 4.76(2.14) [3.69. 5.83] 10.89 (2.59) [10.06, 11.71] 83.227 <001 597
Manual dexterity 457 (2.80) [3.34. 5.80] 9.54 (2.81) [859.1049]  4L136 <001 419
Ball skills 6.19(2.76) [4.76, 7.61] 11.09(3.51) [9.98,12.19] 20,590 <001 363
Balance 6.81(2.48) [5.74. 7.88] 1174 (2.42) [10.92,12.57] 53.582 <001 A87

Note. Data are mean (SD). 95% coimfidence interval (95% CI). F statistics. p values, and effect size (1)°). "Standard score normative mean =
10, standard deviation = 3. CV = Coefficient of variation. M-ABC-2 = Movement Assessment Battery for Clildren, 2nd edition.



Table 3
Hierarchical regressions with Group x Motor milestones (2a, b), Group * Motor skills (2¢), and
Group x Age (2d) interactions predicting gait variability measures

Predictor CV stride velocity CV stide time CV stniide length
Step 1
Leg length -.396% -386% - 463%*
Group (atyvpical/mfantile autism vs. control) - 462 - 515%% -502%*
F of total model 10.067* 9.462* 14.732%#
Step 2a
Sit upright antonomously -034 -.057 -.085

Group (atypical/infantile autism vs. control) = sit

. 25 5
upright autonomously 125 113 093
F change of mteraction 569 501 390
F of total model 7.616%* 9.061** 11.122%=
Step 2b
Walk autonomously -.135 -.038 -0358
Group (aryplc_aL-'mfantllc autism vs. control) = walk 131 093 280
autonomously
F change of mteraction 266 141 1.471
F of total model 8.092%= 9.354 == 11.132%#
Step 2e
M-ABC-2 overall score -423% -.350% -375%
(.i*rm}p (atypical/infantile autism vs. control) = M- 310 315+ 54
ABC-2 overall score
F change of interaction 6.322% 6.428* 4.336*
F of total model 12.065%* 11.604%* 12.608**
Step 2d
Age -.529% -.566% - 541
Group (atypical/infantile autism vs. control) * age J197* 269%* 207*
F change of interaction 4.715% 10.086%* 6.011*
F of total model 14.620%* 19.269%* 19.512%*

Coefficients are standardized regression coefficients unless otherwise indicated. Sex: -1 = boy: +1 = gl.'rl. Group: -1 =
ASD; +1 = control. M-ABC-2 = Movement Assessment Battery for Children, 2ud edition. CV = Coeflicient of vanation.
Ep < 05 % p < 001



