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ARTICLE INFO ABSTRACT
Keywords: Background: Differences in walking patterns have been observed by clinicians working with children with Autism
Gait analysis Spectrum Disorders (ASD). Different gait parameters have been studied and emerged through the recent years.

Motor coordination
Autism spectrum disorder
Paediatric population

The purpose of this review is to summarize the gait patterns that have been studied during the last decade in
children with ASD.

Methods: Pubmed, Scopus, PsycINFO, and Google Scholar databases were screened for publications examining
differences in gait patterns in children with ASD. Included articles were written in English, published during the
last decade (2013-2024), regarding childhood age of participants and examining gait patterns in children with
ASD. Initial database search retrieved 289 studies and 17 were included in this review. Gait parameters,
including spatiotemporal parameters (stride length, stride width, and cadence), joint mobility parameters (knee
flexion, ankle flexion, and dorsiflexion), stability, asymmetry, and toe-walking are the main parameters which
were further investigated.

Results: Study selection process, study and participants’ characteristics, diagnostic scales, scales for mobility
assessment and methods utilized for gait assessment were descripted for each study. Gait parameters are affected
in children with ASD. Specifically, greater stride width, increased gait variability and decreased stability during
walking are the most consistent findings across the studies. For many variables, such as stride length, cadence,
symmetry, and joint mobility parameters, the results are still inconclusive and further research is needed.
Conclusion: Existing research is limited in its ability to draw firm conclusions. Small sample size, methodological
differences and group deviation consist the main limitations regarding the generalizability of the results.
Therefore, scientific interest should focus more on mobility variations in children with ASD in the future.

1. Introduction and sociocultural context according to International Classification of

Diseases-11th edition (ICD-11).! The prevalence of ASD has markedly

Autism spectrum disorder (ASD) is a complex neurodevelopmental increased over the past two decades. Data from the Centers for Disease

disorder characterized by persistent deficits in social communication Control and Prevention (CDC)? indicate that the prevalence of ASD was

and interaction, as well as a range of restricted, repetitive behaviors and 1 in 150 children in the year 2000, rising to approximately 1 in 36
interests that are notably atypical or excessive given the individual's age children in recent estimates.
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ASD Autism Spectrum Disorder

ICD International Classification of Diseases
CDC Centers for Disease Control and Prevention
DSM Diagnostic and Statistical Manual

WHO World Health Organization

NOS Newcastle-Ottawa Scale

TD Typically Developing

ADOS Autism Diagnostic Observation Schedule
AQ-Child Autism Spectrum Quotient: Chlid's Version
ATEC Autism Treatment Evaluation Checklist
CARS Childhood Autism Rating Scale

ADI-R Autism Diagnostic Interview-Revised
MABC Movement Assessment Battery for Children
DCDQ Developmental Coordination Disorder Questionnaire
CAREN Computer Assisted Rehabilitation Network
IMUs Inertial Measurement Units

CoP Center Of Pressure

GRF Ground Reaction Forces

LFA Low-Functioning Autism

HFA High-Functioning Autism

VGRF Vertical Ground Reaction Forces

TTB Tip-Toe Behavior

cv Coefficient of Variations

FSIQ Full-Scale Intelligence Quotient

SRS Social Responsiveness Scale

WPPSI-IV Wechsler Preschool and Primary Scale of Intelligence-Forth Edition
SCQ Social Communication Questionnaire
WISC Wechsler Intelligence Scale for Children
WASI Wechsler Abbreviated Scales of Intelligence
AQ Autism Quatient checklist

CRP Continuous Relative Phase

vCRP Coordination Variability

MVIC Maximal Voluntary Isometric Contractions

Motor impairments, including repetitive and stereotyped move-
ments, such as body rocking or unusual hand postures are significant but
often underemphasized aspects of ASD.! Kanner described the gait of
children with ASD as “clumsy” and “uncoordinated” in 1943, high-
lighting the long-standing recognition of motor issues.>* These motor
deficiencies, may consist the first identifiable impairments observed in
toddlers and infants who may develop ASD diagnosis,” including delays
in motor milestones (sitting, walking independently).® These motor
delays are considered important as they could impact on spatial
perception, exploration of the environment, and interaction with care-
givers during the first months of life.” Despite the primary emphasis on
social and communication deficits, motor impairments are highly
prevalent, affecting up to 80% of individuals with ASD,®!! and have
been proposed as potential core features although a consensus has not
yet been reached.'>!

Motor skills deficits are also crucial for understanding the patho-
physiology of ASD and could depict the generalized neuromotor
dysfunction as well as the continuous interaction between the environ-
ment and the developing brain.”'*"1° It is further hypothesized that they
contribute substantially to the characteristic social impairments of
ASD>%17 and negatively impact daily functioning and quality of
life.5811:1318,19 They can lead to decreased participation in physical
activities, further exacerbating motor difficulties, thus creating a detri-
mental feedback loop.!” Reduced engagement in activities can subse-
quently result in social isolation, feelings of alienation, anxiety, and
depression thus affecting the psychosocial development and mental
health of children with ASD.%!1:17

Recent years have seen a surge in research focusing on motor skills in
children with ASD.?%?! Gait analysis, a fundamental component of
motor skills assessment, is particularly relevant due to its essential role
in mobility and independence.'®>?? Abnormal gait patterns, especially
toe walking, are frequently documented in children with ASD.?® Clinical
observation suggests variability in gait in autistic children, which is vital
for humans in order to adjust to environmental changes (different sur-
faces or objects). Though, too high or too low variability may consist a
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serious obstacle in this environmental adaptation.” Gait assessment in
ASD involves analysing various parameters such as gait abnormal-
ities,>® postural control,>?* stability,'> asymmetry,?>*® joint
mobility,”>?® and toe-walking.'"??

In light of the aforementioned reasons, it is of the utmost importance
to undertake further study of motor performance, which is currently still
limited.?” Improved understanding of motor impairments in ASD can
inform the development of more effective treatment and intervention
programs, »®11:13:17:25,28 1y addition, they are considered essential for
the inclusion in the key diagnostic criteria'® contributing to early
detection and intervention.'”

As has been previously observed, children diagnosed with ASD have
been shown to exhibit pervasive motor coordination deficits, altered
spatiotemporal gait parameters (e.g. increased step width, variable
stride length) and impairments in postural control when compared to
typically developing peers.®?® However, the extant reviews have either
covered motor skills more broadly or included only a limited set of gait
studies. In contrast to earlier reviews that synthesised a larger body of
heterogeneous studies, the present work focuses on a smaller but more
recent set of investigations, thereby providing an updated and targeted
overview of gait patterns in children with ASD.

This systematic review aims to synthesize the findings of recent
research on gait patterns in children with ASD over the past decade,
providing a comprehensive overview of the current state of knowledge
and identifying avenues for future investigation.

2. Methods
2.1. Protocol registration

The current review was conducted and reported with the guidance of
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA 2020) statement.’ The present study is prospec-
tively registered with PROSPERO (PROSPERO registration number:
CRD42024583687).

2.2. Materials

The literature search was conducted using the PubMed, Scopus,
PsychInfo and Google Scholar electronic databases. The search terms
employed were “autism”, “gait patterns” and “children”. The keywords
were combined by applying Boolean operators across all databases. For
instance, the PubMed strategy string was (autism OR “autism spectrum
disorder” OR ASD) AND (gait OR “gait patterns”) AND (child OR chil-
dren). Additionally, the diagnostic criteria for Autism Spectrum Disor-
der (ASD) were referenced using the electronic version of the 11th
edition of the International Classification of Diseases (ICD-11) provided
by the World Health Organization (WHO).! Although MeSH terms are
recommended for systematic reviews, we chose not to use them in this
study to avoid excluding recent publications (2023-2024) that have not
yet been indexed. While this approach may appear less complex than
traditional MeSH-based strategies, it was deliberately chosen to balance
comprehensiveness with sensitivity to newly published articles. To
further enhance transparency, a comprehensive record of the precise
keyword combinations utilized across various databases has been
documented and made accessible upon request.

2.3. Inclusion and exclusion criteria

Original full-text articles in English were included. Articles published
between January 2013 and April 2024 and published in a peer-reviewed
journal were included. Studies were included in the review if they
involved children aged 4-12 years, even if the overall sample also
contained younger or older participants. This age criterion was estab-
lished as childhood is conventionally considered to span from age 4 to
age 12, and this study focuses on investigating gait characteristics
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during this developmental period. If the sample was divided into age
groups, only data from the 4-12-year-old group were considered for gait
parameter analysis, while data from younger or older age groups were
excluded. Articles included studied gait parameters in children with
ASD.

Articles published in a language other than English were excluded.
Studies that did not include participants between 4 and 12 years old
were excluded. Studies searching for gait patterns after therapeutic
intervention, without reference to specific gait parameters or studies
comparing methodological issues regarding gait measurements were
also excluded. In addition, studies focusing exclusively on postural
control during quiet stance were excluded, as the present review aimed
specifically to synthesize gait parameters. Finally, studies that con-
cerned any other neurodevelopmental disorder or syndrome were
excluded.

To increase the clarity of our eligibility framework, we structured
our inclusion and exclusion criteria according to the PICOS approach
(Table 1). This framework allowed a systematic and transparent evalu-
ation of studies relevant to the review question, ensuring consistency
during screening and data extraction.

2.4. Data extraction

The PRISMA guidelines for systematic review were followed to
search literature, select studies and extract information (Fig. 1).
Screening of titles, abstracts and full-text articles was undertaken by two
independent reviewers, VP & IA who independently screened titles and
abstracts, and subsequently assessed full texts against predetermined
inclusion criteria. Discrepancies were addressed through deliberation,
and the involvement of a third reviewer was deemed necessary to
resolve any outstanding issues.

A data extraction protocol was meticulously designed to encompass a
comprehensive array of information. This protocol was implemented
through a piloted form, which systematically captured pertinent details
such as the author's credentials, the year of publication, the sample size,
and the characteristics of the participants, including the severity of
autism spectrum disorder (ASD), the presence of intellectual disability
(ID), and comorbidities. Additionally, the study design, the protocol for
gait assessment, the instrumentation utilized, the measured parameters,
and the primary outcomes were meticulously documented. The process
of data extraction was executed by a single reviewer and subsequently
verified by a second reviewer.

After the screening process, a total of 17 studies were identified that
met the above inclusion criteria. Detailed information regarding
methods, scales, main results, and limitations of each study is described
in Table 2.

2.5. Risk of bias assessment
Two independent assessors, I.A. and T. A., assessed the risk of bias

and quality of evidence for each of the included study separately.
Quality Assessment Tool for Quantitative Studies, Newcastle-Ottawa

Table 1
PICOS framework.

Sports Medicine and Health Science xxx (xxxx) xxx

Scale (NOS) for case control studies,>® was used to analyse the quality
of evidence and the risk of bias for the included studies. The NOS was
developed to assess the quality of nonrandomized studies and uses a
“nine-star system” in which a study is assessed for the least risk of bias in
three components: the selection of study groups (four points); the
comparability of groups (two points); and the ascertainment of exposure
and outcomes (three points).Thus, the maximum for each study is nine,
with studies having more than six points being identified as representing
at low risk of bias.? The rating system indicates that studies that score
0-2 have poor quality; 3-5 fair quality; 6-9 good/high quality.*® Two
investigators ranked the studies according to the NOS criteria. The two
investigators agreed on the ranking of the studies. In case of disagree-
ment, a third investigator would be asked to re-rank the studies to
resolve the discrepancy. Two studies were categorized as poor quality, 7
studies as fair quality and 8 studies as high quality (Table 3). The
rationale behind retaining the low-quality studies was to ensure the
comprehensive collection of research data, given the limited availability
of studies in this field. Furthermore, it was deemed essential to include
these findings, as they were deemed to be of significant importance and
should not be excluded from the analysis.

The data were only descriptively analysed, while the high level of
heterogeneity among the studies did not allow holding statistical anal-
ysis or meta-analysis.

3. Results
3.1. Study selection process

A total of 289 studies were initially identified through the search.
After removing duplicates, 223 articles remained for screening based on
the predetermined inclusion and exclusion criteria. Of these, 45 articles
were deemed eligible for data extraction and quality assessment, as
illustrated in Fig. 1. The most common reasons for exclusion were
studies focusing on age groups outside of childhood (toddlers or ado-
lescents), investigations of disorders or syndromes other than ASD, and
the absence of gait parameter analysis. Ultimately, 32 studies were
thoroughly evaluated using the inclusion and exclusion criteria and 17
studies met the criteria for inclusion in this review.

3.2. Study characteristics

In the analysis of each selected article, several critical factors were
systematically considered. These included:

“Age and Diagnosis of Participants™: The age range and diagnostic
criteria for ASD among the participants were scrutinized to ensure
consistency and relevance to the study objectives. Measures and Scales
that were used: The various “assessment tools and scales employed” in
each study were documented, providing insight into the reliability and
validity of the measures used. “Methods for measuring Gait Parameters™:
The “methodologies” used to evaluate gait parameters were examined.
This included motion capture systems, force plates, or other biome-
chanical assessment tools that were utilized. “Gait parameters™: The

PICOS

Participants

Intervention/
exposure
Comparators
excluded.
Outcomes
variability.
Study design

case reports, or intervention-only studies were excluded.

Children aged 4-12 years diagnosed with ASD; studies including wider age ranges were considered only if data for the 4-12 range were extractable.
Natural gait assessment or in loaded conditions in children with ASD, without therapeutic interventions (i.e., observational studies assessing gait patterns).

Studies with or without a control group; if present, controls were TD children. Studies with other neurodevelopmental disorders as comparators were
Quantitative analysis of gait parameters such as stride length, step width, cadence, postural control, joint mobility, toe-walking, asymmetry, COP, and gait

Original, peer-reviewed quantitative studies (e.g., observational, case-control, cross-sectional) published between 2013 and April 2024 in English. Reviews,

Abbreviations: ASD = Autism Spectrum Disorder, TD = Typically Developing, COP = Center Of Pressure.



Table 2
Description of manuscripts included.
Author Manuscript Year of Participants groups Scales used Purpose Methodology Procedure Results Limitations
publication,
place

Valagussa G., Quantitative 2024 50 ASD No group ADOS-2 (Autism Propose a Observational/ Structured TTB3 subgroup had - Requires two
Purpura G., assessment of tip- participants, deviation Diagnostic quantitative report-based, video- interviews, video- higher TTB time operators
Balatti V., toe behavior in 4-26 years Observation approach to TTB based coding recording during - higher ADOS - video
Trentin L., individuals with old (mean Schedule) (Tip-toe behavior), static and dynamic scores in TTB subjectivity,

Signori A., autism spectrum age = 13.35) assess feasibility, conditions group (p = 0.006) severity of ASD
Grossi E.'! disorder and analyse subgroups diagnosis affects
intellectual generalizability
disability: A
crossectional
study
Gong L., Liu Y., Abnormal Gait 2020 86 children 3 groups: ASD - Full-Scale Resolve Plantar pressure 6 m barefoot walking ~ ASD group had flat- - Small low-
Yi L., Fang J.,  Patterns in 4-6 years old high/low IQ & Intelligence inconsistencies in measurements on embedded footed pattern functioning
Yang Y., and Autism Spectrum control Quotient (FSIQ) gait asymmetry, pressure mat - more asymmetry group
Wei K.2° Disorder and Autism Spectrum correlate gait with in ASD group - no 3D motion
Their Quotient: social impairments - longer forefoot capture
Correlations with Children's Version contact
Social (AQ-Child) (p < 0.001)
Impairments Social
Responsiveness
Scale (SRS)
Wechsler Preschool
and Primary
Scale of
Intelligence-Forth
Edition-IV (WPPSI-
V)

Olivas N. A., Children with 2022 14 children -no group -no scales Examine 10-camera 3D 36 trials at preferred, - Altered ankle joint ~ No ASD scale,
KendallR. M.,  autism display with ASD deviation mentioned kinematics at motion capture fast, and slow speeds motion physical activity
Parada A., altered ankle (8-17 years different speeds - increased knee/ not checked,
Manning R., strategies when old) hip flexion growth/
Eggleston D. changing speed - reduced development
J.%6 during over- dorsiflexion variation

ground gait

Lim,B., Comparative gait 2016 30 children 2 groups, 1 - no scales Investigate gait via ~ GAITRite plantar Barefoot walking Longer gait cycle Cannot relate limb
O'Sullivan D., analysis between 8-12 years (n = 15) children = mentioned temporal-spatial pressure system over an 8 m path (p = 0.042), stance kinematics with
Choi B., Kim children with old with ASD and 1 and foot pressure time (p = 0.01), plantar pressure
M. autism and age- (n=15)TD variables double support time

matched
controls: Analysis
with temporal-
spatial and foot
pressure
variables

control group

(p = 0.004) for ASD
group -lower
cadence, step/
extremity ratio and
slower stride

velocity for ASD

group

- wider step width
(p = 0.008) and
later peak
pressure times
(p = 0.002) for
ASD children

(continued on next page)
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Table 2 (continued)

Author Manuscript Year of Participants groups Scales used Purpose Methodology Procedure Results Limitations
publication,
place
Biffi E., Gait Pattern and 2018 31 children Two groups: —15 - Wechsler Examine gait 3D motion analysis Walking with split- - atypical hip Small sample, only
Costantini C., Motor 7-12 years with ASD Intelligence perturbation on treadmill belt perturbations flexion (p = 0.031)  high-functioning
Ceccarelli S., Performance old — 16 TD Scale for response in ASD and anterior pelvis  children
Cesareo A., During Discrete Children fourth displacement
Marzocchi G.M., Gait Perturbation edition (WISC- (p = 0.007)
Nobile M., in Children With V) - Reduced ankle
Molteni M. Autism Spectrum - Social GREF, increased hip
and Crippa Disorders Responsiveness flexion, wider
A Scales (SRS) base of support
(parents)
- SCQ-Lifetime
(parents of TD
children)
- Movement
Assessment
Battery for
Children 2
(MABC2)
- Developmental
Coordination
Disorder
Questionnaire
(DCDQ)
(parents)
Manicolo O., Gait in children 2018 68 children 32 children with MABC Examine gait - GAITRite — 10m walking - ASD group had - GAITRite does
Brotzmann with infantile/ 4-17 years ASD and 36 variability and electronic walkway - Gait parameters higher gait not take
m., atypical autism: old controls motor skills system measured: variability, wider individual
Hagmann- Age-dependent correlations velocity, stride base of support walking patterns
von Arx p., decrease in gait time, stride (p < 0.001) into
Grob a., variability and length, base of - no differences for consideration
Weber p.° associations with support, gait velocity, stride — most children
motor skills variability time, or stride were not under
length medication so no
- older walking age possible
in ASD children medication
(16.4 months vs effects were able
13.3) to be explored
Hasan C. Z. C., The analysis of 2017 40 children 2 groups, 1 -no scales used Investigate 3D Force plates analysis Barefoot walking on - Higher maximum - insufficient
Jailani R., three- 4.3-12.4 (n = 15) children ground reaction 6.5 m walkway braking force of quantitative
Tahir N., Ilias dimensional years old with ASD and 1 forces (GRF) the anterior- results
s.13 ground reaction (n=25) divergence in ASD posterior GRF in - small sample size
forces during gait Typically ASD group - no examination
in children with Developing (TD) (p = 0.029) of the
autism spectrum children - greater instability relationship
disorders and inconsistency between gait
in ASD children parameters
- great anterior-
posterior vari-
ability and verti-
cal GRF patterns
Eggleston D. J., Examination of 2018 — 8 children 1 group - no scales Examine lower — 10- camera - Walking with/ - no symmetry - ASD previous
Landers R. gait parameters with ASD mentioned extremity motion capture without weighted changes in loaded diagnosed
M., Bates T. during perturbed 7-16 years mechanics under system (200 Hz; vest/backpack (15 processes - no control group
B., over-ground old Vicon Motion

(continued on next page)

‘1D 32 nopwupoj 'y

XXX (XXXX) XXX 99U21DS YIDIH PUD dUIIPI Siods



Table 2 (continued)

Author Manuscript Year of Participants groups Scales used Purpose Methodology Procedure Results Limitations
publication,
place
NagelhoutE.,  walking in weighted Systems, Ltd., trials for each - vno significant — 15% BM mass
Dufek S. J.> children with conditions Oxford, UK). condition. affection in knee may be too
autism spectrum or ankle impact much weight
disorder - no walking
homogeneity
regarding
wearing shoes
- no female
participants
Eggleston D. J., Lesser 2020 - 20 — 2 groups, 1 - no scales used - Examine gait - 8-camera three- — 12 motion trials - different lower - small sample size
Harry R.J., magnitudes of children (n = 11) with variability in dimensional mo- during walking on extremity vCRP - little
Cereceres A. lower extremity 5-12 years ASD and 1 ASD tion capture system a9-m path at a for ASD group in developmental
P., Olivas N. variability during old n=9 (120 Hz; Vicon self-preferred every gait cycle and diagnostic
A., Chavez A. terminal swing typically Motion Motion speed sub-phase details
E., Boyle B. J. characterizes developing Systems, Ltd., Ox- (p <0.05) - gait speed not
, Dufek S. J.>*  walking patterns children ford, UK) - no significant checked
in children with stride length
autism variability
- greater stride
width variability
in ASD group
Ly, Age-related gait 2021 29 children 3 subgroups - no scales Investigate age- - Inertial - self-preferred- - greater ankle - small sample
Koldenhoven development in with mild based on age, one mentioned related gait measurement units speed walking dorsiflexion - group variations
M. R, Liu T, children with ASD 6-14 6-8 years old, changes (IMU, Noraxon - ten consecutive (p < 0.01) and could influence
Venut E. C.° autism spectrum years old one 9-11 years USA Inc., steps (i.e., five knee flexion at walking variables
disorder old and one Scottsdale, AZ, consecutive heel-strike - different types of
12-14 years old USA) were used to strides) for each (p < 0.01), shoes may affect
collect kinematic child were reduced energy- the results
data at a sampling analysed. efficient walking - different physical
frequency of and restricted arm activity between
100 Hz swing in younger children
children
- (p <0.01)
increased ankle
dorsiflexion at
heel strike and
increased
(p < 0.01) knee
flexion angle at
heel strike
- significantly
increased ankle
dorsiflexion angle
(p = 0.01) at toe-
off
-no symmetry
differences
Shetreat-Klein Abnormalities of 2014 76 children 2 groups, 1 - no scales Examine joint - video recording of - maximum active - greater supple - small sample size
M., Shinnar joint mobility 2-10 years (n = 38) with mentioned mobility and gait gait joint mobility joints in ASD - short video
S., Rapin I.2° and gait in old ASD and 1 abnormalities measured group (p < 0.000 duration
children with (n = 38) typically - recording while 1-0.02) - the reliability of
autism spectrum developing walking and - older age of clinical gait
disorders children running without autonomously scoring is
shoes on a hallway walking in ASD inconsistent

(continued on next page)
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Table 2 (continued)

Author Manuscript Year of Participants groups Scales used Purpose Methodology Procedure Results Limitations
publication,
place
in physician's children (mean - blinding to ASD
office for 1-2 min 1.6 months older) diagnosis is
(p = 0.005) problematic
- more frequently
toe-walking in
children with ASD
(p = 0.000 1)

Wu X, D. Clinical gait 2024 22 children, 2 groups, 1 - no scales Compare gait and — 15 camera Vicon — 22 retro-reflective — 6% shorter stride - sensory
Dickin C. D., analysis in older 9-17 years (n = 11) with mentioned knee muscle system v on an markers and 6 length impairments not
Bassette L., children with old ASD and 1 length in ASD AMTI force- marker clusters — 8% greater evaluated
Ashton C., autism spectrum (n=11)TD instrumented placed on cadence
Wang H.* disorder control group treadmill children - no differences in

— 5min stride width
familiarization (»=0.33)
walking on the — 14% greater
treadmill. Antero-Posterior

- maximal braking GRF
voluntary — 15% shorter knee
isometric extension
contractions - reduced peak-off
(MVIC) on a vertical GRF
Cybex
dynamometer

Hasan C. Z.C, Vertical Ground 2018 60 2 groups, 1 No scales To identify key Eight-camera 3D — 35-retroflective - reduction of the - no limitations
JailaniR., Reaction Force participants (n = 30) ASD mentioned Vertical Ground motion capture markers second peak of mentioned
Tahir N. M., Gait Patterns 4-12 years group and 1 Reaction Forces system and two force bilaterally placed VGRF (p < 0.01)

Desa H. M.*>* During Walking old (n=30) TD (VGREF) gait plates on childrens' for ASD children
in Children with group features in ASD bodies - lower push-off
Autism Spectrum children - Straight barefoot rate (p < 0.05) for
Disorders walking on a ASD children

6.5 m walkway - earlier relative
with two force time to the second
plates peak of VGRF in
ASD children
- higher peak ratio
in ASD children
(p <0.01)
- no differences in
walking speed and
stance time

Bungariu N., de Motor functionin 2013 14 children 2 groups, 1 - no scales - to assess V-gait CAREN system - two 30 s stance - balance improves - no limitations
Weerd C., children with 2-12 years (n=7)ASDand 1 mentioned balance, (Computer Assisted trials with increasing mentioned
Young C., Autism Spectrum old (n =7) TD group walking, Rehabilitation - one-minute age
Longnecker Disorders reaching and Environment walking on the - ASD children are
R., Garver C., pointing out in Network) treadmill treadmill less stable than TD
van Loon E., ASD children with a dual belt and - reaching and children
Rockenbach integrated force pointing out - higher variability
K., Patterson plates “target” (ducks) in of COP in ASD
R. M.* 12 camera Motion Virtual children

Analysis System at
120 Hz

Environments

- balance and
walking improves
slower in ASD
group

(continued on next page)
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Table 2 (continued)

Author Manuscript Year of Participants groups Scales used Purpose Methodology Procedure Results Limitations
publication,
place
Dufek J. S., A Comparative 2017 20 children 2 groups, 1 - no scales - to compare gait eight-camera motion — 19 retro-reflective - decreased stability - lack of ASD
Jeffrey Evaluation of 5-12 years (n =10) ASD and mentioned characteristicsin  capture system markers placed in ASD children diagnosis
Eggleston D., Gait between old 1(n=10)TD children ASD (120 Hz; Vicon bilaterally on - reduced ankle verification
Harry R. J. Children with group and TD children Motion Systems, childrens' bodies joint mobility - small range of
and Hickman Autism and Oxford, UK), one — 20 walking trials (probably in a try gait
R. A% Typically Kistler and two AMTI at a self-preferred for maintaining categorisation
Developing force platforms speed stability - no pair matching
Matched Controls - larger magnitudes for cognitive
of joint motion level of
variability in ASD participants
children - no controlling of
gait velocity
Pauk J., Gait Deviationsin 2017 58 children 3 groups, 1 - CARS - to compare gait - optoelectronic - walking in self- - higher velocity - no limitations
Zawadzka N., Children with (n = 18) with - IQ measurement strategies system with six preferred speed in (p = 0.005) and mentioned
Wasilewska Classic High- high-functioning test between autism cameras, sampling three trials for TD lower cadence in
A., Godlewski functioning autism (HFA), 1 groups and at 60 Hz (SMART, children LFA compared to
p.%¢ Autism and Low- (n = 10) with controls BTS, Italy), and 2 - walking toward an td group
functioning Low-functioning Kistler (Kistler, attractive toy - no significant
Autism Autism (LFA) model 9286AA-A, (three to six trials) differences for
AND 1 (n = 30) Kistler In- for ASD groups stride length, step
TD control group struments, - plantar pressure length, stance
Switzerland) was measured by phase duration,
platforms walking 50 m in double support
- a pedobraograph athletic shoes - greater hip flexion
based on shoe in stance and
insoles with swing for ASD
capacitive sensors groups
- no significant
group differences
for anterior-
posterior ground
reaction and the
mediolateral force
- significant lower
heel pressure for
ASD groups
Yang C.,, Lee G.,  Comparative gait 2014 30 children 2 groups, 1 - no scales - to investigate - GAITRite® system - after - longer cycle time - no limitations
Lim Y., and analysis between with mean (n=15) ASD and mentioned gait in ASD familiarization, (p = 0.042), mentioned
Lim B.*” children with age 11 years 1(n=15)TD children children walked double support
Autism and Age- old group barefoot in self- time (p = 0.004)

matched controls

preferred-speed on
the 8-m walkway
and stopped on the
GAITRite pressure
mat

three trials on
average

stance time
(p =0.01),
cadence
(p = 0.048) for
ASD group

- slower normalized
velocity
(p = 0.009) and
stride velocity
(p = 0.038) for
ASD children

- wider step width
(p = 0.008) and
lower step/

(continued on next page)

‘1D 32 nopwupoj 'y

XXX (XXXX) XXX 99U21DS YIDIH PUD dUIIPI Siods



A. Ioannidou et al.

Table 2 (continued)

Limitations

Procedure Results

Methodology

Purpose

Scales used

Year of Participants groups

Manuscript

Author

publication,
place

extremity ratio

(p = 0.017) for
experimental
group

Autism Spectrum

Autism Diagnostic Observation Schedule, AQ-Child =

Autism Diagnostic Interview-Revised, MABC

Autism Spectrum Disorder, TD = Typically Developing, COP= Center Of Pressure, ASD Autism Spectrum Disorder, ADOS
Childhood Autism Rating Scale, ADI-R

Abbreviations: ASD

Movement Assessment Battery for Children,

Quotient: Chlid's Version, ATEC Autism Treatment Evaluation Checklist, CARS

Ground Reaction Forces, LFA = Low-Functioning Autism,

Full-Scale Intelligence Quotient, SRS

Computer Assisted Rehabilitation Network, IMUs = Inertial Measurement Units, GRF

Developmental Coordination Disorder Questionnaire, CAREN

DCDQ =
HFA
I\

Social Responsiveness Scale, WPPSI-

Wechsler Abbreviated Scales of Intelligence,

=Tip-Toe Behavior, CV=Coefficient of Variations, FSIQ=

Vertical Ground Reaction Forces, TTB

High-Functioning Autism, VGRF
Wechsler Preschool and Primary Scale of Intelligence-Forth Edition, SCQ

Wechsler Intelligence Scale for Children, WASI=

Social Communication Questionnaire, WISC

Coordination Variability, MVIC

Maximal Voluntary Isometric Contractions.

Autism Quatient checklist, CRP =Continuous Relative Phase, vVCRP=

AQ =
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gait parameters analysed in each study, such as stride length, step width,
stability, postural control, gait speed, symmetry and joint mobility
variables were identified.“Results section”: The findings of each study
were summarized, highlighting the key outcomes related to gait ab-
normalities in children with ASD. “Limitations™ limitations of each
study were documented to provide context for the interpretation of re-
sults and to identify areas for future research. In the included studies, the
age of participants ranged from 4 to 12 years, with ASD diagnoses pri-
marily established through the utilisation of DSM-5 or ICD-10/11
criteria. The majority of studies utilized motion capture systems or
pressure-sensitive walkways, and analysed gait parameters including
stride length, step width, cadence, and postural control. The majority of
studies consistently reported increased step width and prolonged stance
time in children with ASD, while smaller samples investigated joint
mobility or asymmetry, often noting methodological limitations such as
small sample sizes and heterogeneous protocols.

A synthesis of the included studies revealed that, while employing
diverse designs and tools, the majority of studies converged on findings
of increased step width and prolonged stance time in individuals with
ASD. Furthermore, greater heterogeneity was observed in parameters
such as joint mobility and asymmetry.

3.3. Characteristics of the participants

The inclusion criteria mandated the age range of participants to fall
within childhood, specifically between 4 and 12 years old. This criterion
ensured that the studies focused on developmental stages pertinent to
gait analysis in children with ASD. Adolescents were included only if
their data were part of studies that did not distinguish between children
and adolescents.

The first and most frequently screened group deviation involved
comparison between two groups. Most studies (n = 11) divided partic-
ipants into two groups: one consisting of children diagnosed with ASD
and one control group of typically developing (TD) children. This
dichotomous grouping facilitated direct comparisons of gait parameters
between children with ASD and their TD counterparts.®!%21-23,31-35.37,
41

Between-groups deviation in three groups was facilitated in three
studies. Gong et al.?® and Pauk et al.>® categorized participants based on
their functional levels, including high-functioning ASD children,
low-functioning ASD children, and a TD control group. This stratifica-
tion enabled comparisons across functional levels (low-functioning,
high-functioning and TD) %! Conversely, Li et al. segmented participants
by age, creating three distinct groups: ages 6-8, 9-11, and 12-14 years.
This age-based division enabled the researchers to examine develop-
mental changes in gait parameters across different childhood stages.
This age-matched deviation enabled analysis of developmental changes
in gait analysis.”

Homogeneity between participants was characteristic in three
studies where groups were featured without significant demographic
deviations and no control group was retrieved for these studies,
composing one of studies’ limitations. >

These varying group classifications provided a comprehensive
overview of gait patterns in children with ASD, accounting for potential
variability due to age and functional level. This detailed approach
allowed for more precise conclusions and the identification of specific
gait abnormalities associated with different subgroups within the ASD
population.

3.4. Diagnostic scales for ASD

- “Autism Diagnostic Observation Schedule (ADOS)”: ADOS was
employed in one investigation to ascertain ASD diagnoses.'! ADOS is
a direct observer measure of social interaction and communication
behaviors, providing high reliability and validity.
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- “Autism Spectrum Quotient: Children's Version (AQ-Child)”: Utilized
by Gong et al.,*° this questionnaire quantitatively measures the
extent of autistic traits in children 4-11 years old based on parents'
reports.

“Childhood Autism Rating Scale (CARS)”: Employed by Pauk et al.,>°
CARS is a behavior-based rating system designed to identify and
diagnose autism. Consisting of 14 domains assessing autistic be-
haviors and a 15th domain rating general impressions of ASD, total
scores can range between 15 and 60, with higher scores indicating
severe impairments.

3.5. Scales for motor assessment

In order to supplement the biomechanical evaluation of gait in
children diagnosed with ASD, several studies have utilized standardised
motor assessment tools. The scales employed were the following:

- Movement Assessment Battery for Children 2 (MABC-2): Biffi et al.?!
and Manicolo et al.® utilized this tool, which is designed to assess a
range of motor skills and identify motor impairments in children and
adolescents 3-16 years old, including new items, either revised or
created compared to the previous version.

Developmental Coordination Disorder Questionnaire (DCDQ): Also
used by Biffi et al.,?! this parent-completed questionnaire assesses
coordination and subtle motor difficulties in children between 8 and
14 years old, supplementing the findings from the MABC-2.

Despite the fact that these scales do not directly measure gait pa-
rameters, they offer complementary insights into the broader motor
profile of children diagnosed with ASD. The utilisation of these metrics
serves to enhance the interpretation of gait findings by situating them
within the broader context of the participants' motor functioning.

Sports Medicine and Health Science xxx (xxxx) xxx

3.6. Methods utilized for gait assessment

A variety of methodological approaches were employed to assess gait

parameters in children with ASD across the studies:

- Observational/Report-Based Protocol: Valagussa et al.'! utilized an
observational/report-based assessment protocol to evaluate tip-toe
behavior (walking/running/standing on tiptoes) in children with
ASD. This dynamic (walking) and static (standing) test was con-
ducted in a play environment under the supervision of a familiar
therapist, with three trials recorded for each child. Children were
instructed to stand and walk without shoes, only wearing their socks,
on linoleum flooring. The child's motor behavior was video recorded
from a floor perspective, depicting the region between the pelvis and
the feet, in order to assess the gait parameters with greater accuracy.
Three trials were taken into assessment for each child. The authors
noted that the use of video recordings is subjective, as there is the
possibility of variations in the evaluation of parameters between
investigators.

Plantar Pressure Measurements: Lim et al.>’ and Gong et a
employed plantar pressure measurements, with participants walking
barefoot on an 8-m>® or 6-m*° carpet equipped with a plantar pres-
sure mat. Children were first given the time to get familiarized with
the environment. They were then instructed to walk on their per-
sonal speed. Gong et al. encouraged participants to walk while
looking straight ahead at a paper cross hanging on the wall at a 0.9 m
height. Where children seemed to struggle with the latest instruction,
they were encouraged to keep their sight to their parents at the end of
the walkway.

Motion Capture Systems that were described in the studies include
Vicon Motion Systems and Motion Analysis System with Dual Belt
Instrumented Treadmill. Eggleston et al.® and Olivas et al.%° utilized
a ten-camera three-dimensional motion capture system (Vicon

1.30

Records identified
5 from databases: 289 Records removed before
= screening:
2 Databases: Pubmed (n = 93) Duplicate records removed
= Scopus (n=11) (n=21)
2 Psyclnfo (n=5) Not relevant to key words
= Google Scholar (n=180) (n =223)
—
Records excluded
Records screened (n = 5) other syndrome
(n =45) (n=3) adolescents
o (n=1) toddlers
=
g v
3 Reports not retrieved
Reports assessed for eligibility — | (n=1)Russian abstract
(n =36) (n=1) adults
(n=2) reviews
Reports excluded:
Intervention method (n = 4)
3 Studies included i : No gait variables (n=6)
3 (nu= |1e7$)|nc uded inreview m— Method comparison (n = 2)
e Toddlers (n=1)
= Gait as a diagnostic criterion (n=2)

Fig. 1. The PRISMA statement of the articles that were excluded and included, according to the exclusion and inclusion criteria of the present review.
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Table 3
Quality assessment of included studies by Newcastle-Ottawa Scale.
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NEWCASTLE- OTTAWA QUALITY ASSESSMENT SCALE

Selection

Comparability ~ Exposure

Adequate Cases' Controls' Controls'
definition representa- selection definition
tiveness

Comparability ~ Ascertainment of Same ascertainment method  Non-

exposure for cases and controls response
rate

Valagussa et al., v v - -
2024

3/9

Gong et al., v - - -
202020

5/9

Olivas et al., v - - -
20222°

2/9

Limetal, 2016°" v v - -

6/9

Biffi et al., v v - v
2018%

7/9

Manicolo et al., v v v v
2018°

8/9

Hasan et al., v v v v
2017"3

7/9

Eggleston et al., v - - _
2018°

2/9

Eggleston et al., v - - v
2020

5/9

Lietal, 2021* v v . _

3/9

Shetreat-Klein v v v v
et al., 2014%

8/9

Wu et al,, 2024** v/ - — v/

6/9

Hasan et al., v v v v
2018

8/9

Bungariu et al., v v - -
2013%*

5/9

Dufek et al., v - - v
2017%

6/9

Pauk et al., v - - v
2017°°

5/9

Yang et al., v - - -
2014%7

5/9

44

L4

L4

L4

44

44

L4

L4

4

4 - _

Motion Systems), with spherical retro-reflective markers placed
bilaterally on the children's bodies. Participants were instructed to
walk on a dynamic-force pressure walkway. Olivas et al. instructed
their participants to walk at three speed conditions (self-preferred
speed, faster and slower than their preferred speed) in order to
examine the speed influence on participants' gait variations whereas
Eggleston et al. differentiated their examination conditions by
weight. Children walked at their preferred speed on the walkway in
the first condition and they were then loaded with a weighted vest
15% of their body mass. These conditions aimed to enlighten the
differences in walking patterns with and without weight. Wu et al.
employed a 15-camera Vicon Motion Capture system, and the
walking task was performed on an AMTI force treadmill with force
plates to capture 3D ground reaction forces at a frequency of 2
000 Hz. Twenty-two retroflective markers were placed on the

11

participants' compression garments. Participants were asked to walk
on the treadmill to familiarize themselves with the procedure and
then walked at a constant speed for 5 min. After a 5 min rest, they
were instructed to perform maximal voluntary isometric contrac-
tions on a Cybex dynamometer to measure knee muscle strength.>
Pradhan et al.*! and Bungariu et al.>* utilized Vicon Motion Systems
with 12-camera while Eggleston et al.,”> Hasan et al.>> and Dufek
et al.>® 8-camera configurations, respectively.’>*! Children walked
at a self-preferred speed. Biffi et al.>! employed a 3-D motion analysis
system with a dual-belt, instrumented treadmill to assess gait pa-
rameters. In this study, children walked for 6 min capturing 20 steps
under evaluation. Afterwards a discrete perturbation was imple-
mented during walking by the dual belt system. Steps during and
after perturbation were also recorded aiming to assess the pertur-
bation's impact on children's motor performance.?! Optoelectronic
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system with six cameras, sampling at 60 Hz was implemented by
Pauk et al.>® in a laboratory environment. V-gait CAREN (Computer
Assisted Rehabilitation Environment Network) system treadmill
with a dual belt and integrated force plates was used by Bungariu
et al.** which can be utilized either in self-preferred speed or in speed
selected by the researchers. Perturbations can also be implemented
during the walking measurement.>*

Other Gait Measurement Methods retrieved from the studies involve
the GAITRite electronic walkway system, AMTI force platform, video
recordings, Force Plates and pedobraograph. Manicolo et al.® and
Yang et al.’’ utilized the GAITRite electronic walkway system to
evaluate statio-temporal gait parameters, base of support and vari-
ability, while Dufek et al.>® preferred an AMTI force platform for
postural control assessment. Li et al.? utilized Inertial Measurement
Units (IMUs) to qualify spatiotemporal gait parameters in relation
with age maturation and Shetreat-Klein et al.** conducted video
recordings during walking in an adjusted physician's office in order
to assess joint mobility in children with ASD. The Force Plates were
used by Hasan et al.'® which primarily utilized force plates to mea-
sure stability and ground reaction forces during gait assessments.
Kistler force plates were preferred by Dufek et al.>® and Pauk et al.>®
for joint mobility and kinetics respectively. Pauk et al.*® also sup-
plemented the methodology with a pedobarograph based on shoe
insoles with capacitive sensors for plantar pressure assessment.

These diverse methodologies were implemented across studies to
encompass diverse aspects of gait performance in children with ASD.
Each of the aforementioned methods was focused on a different set of
aspects of gait performance, for instance, spatiotemporal parameters,
joint kinematics, or kinetic outputs.

Across these methodologies, the studies consistently reported altered
gait patterns in children with ASD, such as slower walking speed,
increased step width, longer stance times, and reduced joint range of
motion. Kinetic analyses further revealed diminished ground reaction
forces and challenges in adapting to perturbations, suggesting a reduced
capacity for gait adaptability in comparison to TD peers.

3.7. Summary of findings

The synthesis of findings indicates that some gait parameters, such as
increased step width, prolonged stance/double support time, and
decreased stability, are consistently reported across studies. In contrast,
parameters such as stride length, cadence, gait speed, joint range of
motion, symmetry, and tip-toe behaviour have yielded contradictory
results, which is likely attributable to methodological differences,
sample heterogeneity, and variability in assessment tools (Table 4).

4. Discussion

This study represents a pioneering effort in aggregating the myriad
observations regarding gait patterns in children diagnosed with ASD.
Gait analysis, encompassing both kinetic and kinematic parameters,
serves as a window into understanding deviations from typical loco-
motor patterns. While kinematics delineates bodily movements, kinetics
delves into the underlying forces and moments driving motion.'* Kinetic
features have the potential to contribute to the accurate and interpret-
able classification of autism and control patterns in children.*!

The complexity of gait as an understudied variable in ASD is also
distinguished by the wide variety of parameters studied in each research
examining gait. In several studies, step width, a frequently studied
parameter, was found wider for autistic children®>*"%” whereas other
researchers focused on step length confirming shorter steps in
ASD.®?232 1im et al.,>! Yang et al.’’ and Wu et al.>? investigated
cadence which was derived to be lower for experimental group in the
first study but greater in the last one whilst other studies delved into
asymmetry as an examined parameter concluding in more asymmetrical
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patterns in ASD children.>?%° Toe-walking was also examined as a
clinically present behavior in children with ASD, although not
concluding consistent findings.'»?>*° Lim et al.*’ and Yang et al.*’
found longer cycle time in children with ASD, whereas Olivas et al.?®
focused on joint mobility concluding in increased knee extension in
children with ASD. Joint mobility was also studied by Li et al.>> and
Olivas et al.”° coming in agreement regarding the increased knee flexion
and increased ankle dorsiflexion. Results were conflicting for dorsi-
flexion, as Lim et al.>! found increased dorsiflexion, ereas Olivas et al.®
decreased ankle dorsiflexion. The set of surveys agreed in varied Ground
Reaction Forces (GRF) used by children with ASD,!3:21,33,32

Our synthesis reveals a nuanced landscape of findings across various
gait parameters, discussed below in detail.

4.1. Spatio-temporal gait parameters

Regarding step width, findings indicate a statistically significant
wider step width (p = 0.008) in children with ASD compared to their
typically developing counterparts.>"*” Eggleston et al. as also Wu et al.
noted a divergence, reporting substantially higher magnitudes of stride
width variability in children with ASD.?>3? Stride length, described as
the distance between the heel points of two successive steps of the same
foot,® was found with no significant differences compared to TD
peers®??> whereas Wu et al.>? revealed a shorter stride length (6%
shorter, p = 0.03) in ASD children. These discrepancies can be attributed
to methodological and sample-related differences. Firstly, a conspicuous
disparity was observed in the age ranges: Manicolo et al.® examined
children aged 4-17 and Eggleston et al.>? 5-12, whereas Wu et al.>
focused exclusively on older children (9-17 years), potentially capturing
developmental changes that influence stride characteristics. Secondly, a
variety of measurement tools were utilized. Manicolo et al. employed
the GAITRite electronic walkway system, which captures spatiotem-
poral parameters on flat surfaces in a linear path, while Wu et al. utilized
a high-resolution 15-camera Vicon motion capture system, which may
provide more sensitive kinematic data in three dimensions. Thirdly, the
observed discrepancy in sample size, with the former study® comprising
of 68 and the latter of 22 participants,? has the potential to influence
statistical power and the detection of effects. It should also be under-
lined that as researchers state, the same results in spatiotemporal vari-
ables between the groups while they appear to have differences in gait
variability, emphasizes the significance of incorporating variability
measures as they may provide a more accurate and sensitive measure of
gait performance.® Biffi et al. also indicate a tendency to shorter step
length in ASD children, though not statistically significant (p = 0.371)*!
while Pauk et al. found no difference in step length between
Low-Function Autism (LFA), High-Functioning Autism (HFA) and TD

Table 4
Summary of findings.

Gait Parameter Consistent Findings in

ASD

Conflicting/Inconsistent
Findings

Step width Increased compared -
to TD

Stride length - Shorter vs no difference

Cadence - Lower vs higher
Gait speed - Reduced vs no difference
Stance time/Double - Prolonged time vs no difference
support in some studies
Joint range of - Increased vs decreased (ankle,
motion knee)
Variability Increased gait -
variability
Symmetry - Increased vs unchanged
Stability Decreased stability -

during gait
Tip-toe behavior - Higher prevalence vs flat-foot

patterns
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group.®® Concerning stride time, no difference was retrieved between
children with ASD and controls.® Stride velocity was significantly slower
(p = 0.038) in the ASD group compared to their typical controls.>!*’

Consistent findings across studies indicate a longer cycle time,
“defined as time elapsed from the first contacts of two consecutive
footprints of the same foot™! in children with ASD compared to control
groups and especially statistically significant longer (p = 0.042).>1:%7
Double support time was also found significantly longer (p = 0.004) for
children with ASD in a comparative gait analysis study.>! In the study of
Lim et al., stance time was recorded significantly lower (p = 0.01) in
ASD group related to TD control group,>! whereas Hasan et al. found no
significant group differences between ASD and TD children.**

Up to cadence (steps per minute),* lower levels observed in children
with ASD reflects a slower walking pace relative to typically developing
peers in self-preferred walking speed.*"**” However, Wu et al. revealed
an increased cadence rate in children with ASD at 8% compared to
control group.>? This difference might be attributed to different research
procedures. Wu et al. asked children to accelerate through the process
while the rest studies did not imply speed alterations.

Overall, spatio-temporal analyses indicate that children with ASD
exhibit wider step width, longer cycle times, and slower stride velocity.
However, findings concerning stride length and cadence remain incon-
sistent across studies.

4.2. Gait force parameters

Lim et al. examined pressure variables and retrieved statistically
lower segmental integrated pressure over time in the hind foot
(p = 0.023) for the ASD group, as well as lower active area of pressure in
the hind foot (p = 0.039). Peak pressure was also statistically lower
(p = 0.002) and peak pressure times were in general later in children
with ASD compared to TD control group.31

Ground reaction forces (GRF), the most essential force in gait anal-
ysis, refers to the force excerted by the ground on the foot and supports
the body against gravity and accelerates the body's center of mass during
gait.'® Variability in anterior-posterior and vertical ground reaction
force patterns underscores the unique gait dynamics observed in chil-
dren with ASD.'®>*® The maximum braking force of the
anterior-posterior GRF was significantly higher in children with ASD
(p = 0.029). Research group displayed a tendency, even not statistically
significant (p = 0.07), in applying smaller (4% less) vertical GRF during
the push-off phase and a significant (p = 0.03) larger (14%)
Antero-posterior braking GRF compared to their typically developing
children.>? Notably, children with ASD exhibit distinct strategies, such
as increased ground reaction forces at the ankle to maintain stability
during perturbated locomotion.?! The second peak of Vertical Ground
Reaction Forces (VGRF) was recorded significantly reduced for ASD
children (p < 0.01) as well as the push-off rate (p < 0.05). The relative
timing of the second peak of VGRF occurs at an earlier point in the gait
cycle for children with ASD, indicating a significant difference compared
to typically developing individuals. The peak ratio was found notably
greater in children with ASD.*3

Significantly wider base of support (p < 0.001) observed in children
with ASD underscores the altered gait dynamics in this population.®

In Gong's et al. study, ASD children (high- and low-functioning)
when compared to their matched typical controls, revealed an
abnormal force distribution when walking forward, producing less
forefoot and more hind foot force.>°

In summary, children with ASD exhibit divergent force patterns
during gait, thus emphasizing the implementation of distinct compen-
satory strategies.

4.3. Tip toe behavior

The prevalence of toe walking, or “Tip-toe behavior” (TTB) as pro-
posed by Valagussa et al.,'' a noted clinical observation, remains
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contentious in the literature. Gong et al. did not find a higher prevalence
of toe walking in children with ASD but observed a “flat-footed” pattern
among autistic children.>® Valagussa et al. divided the sample into three
groups according to tip-toe behavior: one group that showed TTB only
during running, one during walking and running, and one during
walking, running, and standing. Their findings implicate that children
who showed TTB during walking, running and standing, utilized this
pattern more frequently than the other two groups. Consequently,
children from the second group, showed TTB more often than the first
group. It should also be underlined that the majority of the sample were
diagnosed with Intellectual Disability which, after the multivariable
analysis, was found to be statically related TTB (p < 0.001).!! By
contrast, Shetreat et al. reported a significantly higher incidence
(p = 0.001).%® It is noteworthy that the methodology employed in the
two subsequent studies was based on video recording, in contrast to
Gong et al.>* where the assessment was conducted using a plantar
pressure mat highlighting methodological questions. The extant litera-
ture on the prevalence of toe walking in ASD remains inconsistent, with
findings being influenced by factors such as sample characteristics and
methodological differences.

4.4. Gait variability

Manicolo et al. studied gait in children with atypical/infantile
autism. This group exhibited significantly higher gait variability
compared to children without ASD. Gait variability was also correlated
with motor skills revealing significant differences in gait variables
through Coefficient of Variations (CV). More specifically, lower scores in
M-ABC-2 were associated with lower scores in all gait variability scores
(CV stride velocity p = 0.016, CV stride time p = 0.045 and CV stride
length p = 0.027). Age was also associated through regression analysis
with lower gait variability scores unveiling significant differences in all
gait variables, CV stride velocity p = 0.004, CV stride time p = 0.002 and
CV stride length p = 0.002.° Overall, gait variability appears to be
enhanced in individuals diagnosed with ASD, and this variability is
closely associated with the level of motor skills exhibited by the indi-
vidual, as well as their age.

4.5. Joint mobility

Increased hip extension (p = 0.001) as well as knee flexion, partic-
ularly under conditions of increased walking speed, was observed in
children with ASD.?>?° Less knee flexion was observed in older children,
thus providing impetus for further investigation into the influence of age
on motor performance.>?

Regarding the knee extension, after the application of discrete gait
perturbations, ASD participants increased their knee extension in an
effort to proximalize the control of their lower limbs.?!

Concerning the ankle, while some studies observed significant
increased ankle dorsiflexion (p < 0.01) in children with ASD,? others
noted a decrease in dorsiflexion in PS-w under conditions of increased
walking speed, though without a typically developed control group
comparison.?® In loaded conditions, ankle joint position was not
significantly influenced.®

The findings on joint mobility in ASD are inconsistent, suggesting
that age as well as task conditions have a significant influence on lower-
limb kinematics.

4.6. Stability

Decreased stability remains a constant conclusion among the
research outputs,>**° and yet, it is recommended that balance improves
slower in children with ASD comparing to their neurotypical peers.>*
Children with ASD demonstrate unique adaptations to maintain stability
during perturbations, including alterations in walking speed and
impaired coordination of joint processes.?"*>
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4.7. Asymmetry

Consistency between research shows that increased left-right asym-
metry, coupled with asymmetrical movement patterns under external
load conditions, characterizes gait abnormalities in children with
ASD.>3° Asymmetry was not confirmed by Li et al.%® attributed by the
authors to heterogeneities in the sample (age, height, body mass).

4.8. Speed

Regarding their walking speed, Manicolo et al. did not find signifi-
cant differences between ASD and control group.®>> Speed was also
employed as a study variable in order to examine the effect of altering
speed (walking faster or at their preferred speed) on gait parame-
ters,'»?° leading to the conclusion that when gait speed is altered, the
ankle2 goint is the primary kinematic strategy applied by children with
ASD.

4.9. Age

Age is mentioned in the present section as two studies examined age
as a co-variable under examination related to gait parameters. It was
indicative of motor milestones as children with ASD walk autonomously
later than typically developing children although early motor mile-
stones, like sitting upright, do not seem to be indicative of later gait
development during childhood.®??

4.10. Social and communicative impact

Research has progressively focused on the nature of perceptual-
motor impairments, highlighting their impact on the social, communi-
cation and behavioural skills of individuals with ASD.> Walking, as a
primary activity, plays a vital role in the progressive development of
children's communication skills.!” However, restricted motor develop-
ment in ASD individuals can severely limit their ability to participate in
activities of daily living and team sports.® The ability to perform
everyday tasks, such as maintaining postural control and coordinating
movements towards a goal, is essential for promoting social interactions,
communication skills and play.!” Therefore, these well-documented
motor skill deficiencies are thought to contribute significantly to the
social impairments that characterize individuals with ASD.’ It has been
shown that children with ASD have various types of movement im-
pairments that adversely affect their daily physical activities, specif-
ically gait.!®> These motor disorders are clinically significant because
they can interfere with participation in activities that are critical for the
development of age-appropriate behavioral, cognitive, social and
communication skills.” In addition, motor difficulties can affect partic-
ipation in physical activities that are essential for optimal health and
well-being.!!

4.11. Previous literature review conclusions

In recent years, there have been numerous attempts to conduct sci-
entific studies on the subject of gait in ASD children. The results of these
studies have largely corroborated the findings of the present study.
Motor performance in ASD children is characterized by significant
qualitative and quantitative differences in comparison to neurotypical
children, with substantial impairments observed in motor coordination
and postural control.® As demonstrated by the findings of the present
review, individuals diagnosed with ASD generally demonstrate reduced
coordination.®?” The presence of motor coordination deficits is perva-
sive, suggesting that these deficits are a fundamental symptom of ASD.?’
Children with ASD have been observed to exhibit increased step width,
and, albeit controversially, decreased step length and stride length.*” A
longer double support time, stance time, and step time are observed in
children with autism, indicating a less fluid and more effortful gait.
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However, no significant differences were found in gait cycle time.” Older
ASD groups tend to have longer gait cycle times and slower cadences,
but age is not associated with a direct impact on stride length.” While
ASD does not universally affect all parameters of gait, the findings
indicate a consistent pattern of motor coordination difficulties, which
may reflect a more rigid and less adaptive movement pattern overall.”

4.12. Limitations of evidence included in the review

A secondary aim of this review was to identify the limitations of all
studies in order to provide directions for future research. A small sample
size was a difficulty in most studies, eliminating the generalizability of
research findings. A further limitation is the lack of control groups. It is
established that children with ASD exhibit variations in gait pattern.
However, a control group is of utmost necessity to make a more accurate
comparison and to identify potential avenues for intervention and
improvement. Another issue is the functioning level of ASD research
groups. As autism is a broad spectrum disorder, the symptoms of a child
with low-functioning ASD differ significantly compared to those of a
child with high-functioning ASD. Most studies included only high-
functioning children, thus restricting the knowledge about low-
functioning children's motor impairment.

4.13. Scope for future studies

One of the most imperative needs for future studies is to include
participants from across the spectrum and imply a group deviation based
on participants’ functional level. It is also important to consider the issue
of medication, as there is likely to be an effect on individuals' mobility.
These effects are urgently needed to be identified in order to avoid
adverse effects or to be used for the benefit of children. The physical
fitness of participants should also be considered, as different levels of
fitness will also lead to heterogenous results.

A comparison of the studies reveals discrepancies in the findings
when the participants’ age differs, underscoring the necessity of
considering age as a crucial research variable. It is argued that as chil-
dren with ASD move into adulthood, the motor variations in their gait
pattern become blunted over time. However, it is important that
improvement is pursued throughout the school life of individuals to
avoid any form of exclusion due to their motor deficits.

Another issue concerning methodology issues is related to the type of
method applied as some studies use observation methods, while others
use video recording. Similarly, some utilize plantar pressure mats, while
others employ motion capture systems. Differences in methodological
approaches lead to differences in results obtained. It is therefore
important that similar research methods are used in order to facilitate
comparison and enhance the validity of research results.

It is also important to highlight that, although studies have indicated
a correlation between motor deficits and social deficits in children with
ASD, there is currently a lack of comprehensive research that accurately
elucidates this interaction. It is imperative that future studies are
designed to examine this relationship more closely in order to contribute
to the development of more effective and personalized treatment plans.

5. Conclusions

The amalgamation of findings underscores the complexity of gait
abnormalities in children with ASD. While certain parameters exhibit
consistent deviations from normative values, discrepancies persist
across studies. Methodological variations, participant characteristics,
and sample size limitations contribute to this heterogeneity. Although a
variety of methods provide a wide range of results on the complex
function of gait, it is important that research methods are carefully
designed. For example, gait analysis systems, such as the GAITRite
plantar pressure mat, offer significant advantages in the investigation of
motor function, particularly in populations such as autistic children. The
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authors assert that the GAITRite system exhibits high reliability and
validity, thereby establishing it as a robust research tool. The system's
ease of use, minimal preparation, and non-invasive nature are particu-
larly beneficial for autistic children, who may experience difficulties in
unfamiliar environments and exhibit heightened sensory sensitivities.
However, the system has certain limitations. For instance, it is unable to
analyse the relationship between lower-limb kinematics and plantar
pressure. While force plates are able to measure ground reaction forces,
they are unable to capture muscle activity. Video recordings, despite
their widespread use, present subjective inconsistencies in clinical
scoring. Furthermore, although motion capture systems are informative,
they are often impractical for autistic children due to their complexity
and the sensory challenges posed by reflective markers.

Regarding the research groups, the nature of the sample is unique,
but small participant sizes limit the generalizability of the results.
Another issue that usually arises is the functional level of the partici-
pants. Low-functioning children are usually excluded because of their
inability to understand and perform the procedures. However, since in
most studies the level of motor deficits seems to be related to the core
symptoms of ASD, it would be important to find a way to adapt the
measurement methods to the level of the whole functional spectrum or
to try to identify methods that are applicable and suitable for children
across the whole spectrum.

The results of the studies reviewed indicate that the gait of children
with ASD exhibits notable differences compared to their typically
developing peers. These include difficulties in maintaining balance, an
increased step width and length, challenges in stability, difficulties in
adapting to changes in speed or weight bearing, alterations in joint
mobility, particularly in the knee and ankle joints. These data are
particularly useful for clinicians involved in the diagnostic process
(psychiatrists, psychologists, special educators, paediatricians) and for
staff engaged in the therapeutic design of interventions for children with
ASD (occupational therapists and psychologists). A comprehensive un-
derstanding of the spectrum of motor deficits enables mental health
workers to make accurate and timely diagnoses and to develop more
effective treatment plans. For instance, an occupational therapist may
focus on enhancing these deficits with the objective of improving the
child's daily functioning and social integration. Additionally, parents
may be encouraged to engage in sports activities that facilitate the
development of skills such as balance and stability, including gymnastics
or dance. With an accurate diagnosis and early intervention, motor
deficits can be addressed and the impact on children's lives (exclusion
from team sports, difficulties in daily functioning) can be reduced.

In addition to conventional biomechanical approaches, recent liter-
ature has highlighted emerging technologies with potential relevance to
gait research in ASD. For instance, 3D printing has been increasingly
applied in the development of customised footwear and orthoses,
demonstrating the capacity to redistribute plantar pressures and
improve comfort, although evidence for long-term efficacy remains
limited.*? In a similar vein, the integration of wearable sensors with
machine learning algorithms has demonstrated efficacy in the identifi-
cation of atypical movement patterns and stress-related physiological
changes in children diagnosed with ASD. This finding supports the hy-
pothesis that the incorporation of Al-driven analytics into gait assess-
ment and intervention protocols holds significant potential.**>*** These
technological innovations, while still in the early stages of development,
highlight future opportunities for more individualised, objective, and
scalable approaches to the study and management of motor impairments
in ASD.

Robust investigations, accounting for these factors, are imperative to
unravel the intricacies of gait dysfunction in ASD. Enhanced under-
standing holds promise for tailored interventions and improved clinical
management strategies. Thus, the imperative for further research in this
domain persists, offering avenues for advancing our comprehension of
motor impairments in ASD and guiding targeted interventions.
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