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Abnormal Gait Patterns in Autism Spectrum Disorder and Their
Correlations with Social Impairments

Linlin Gong, Yajie Liu, Li Yi ¥, Jing Fang, Yisheng Yang, and Kunlin Wei

Ground walking in humans is typically stable, symmetrical, characterized by smooth heel-to-toe ground contact. Previous
studies on children with autism spectrum disorder (ASD) identified various gait abnormalities. However, they produced
inconsistent findings, particularly for the occurrence of toe walking and gait symmetry between feet, owing to their reli-
ance on retrospective reports, visual analysis of videos, or kinematic analysis of the gait. The present study examined gait
functions in children with ASD using plantar pressure that quantified foot—ground interaction with high spatial and tem-
poral resolutions. Fifty-eight 4-6-year-old children with ASD (12 low-functioning and 46 high-functioning autism) and
28 age-matched typically developed children walked straight 6 m at their preferred speed for 10 repetitions. We found
that both ASD groups walked with more flat-footed contact pattern, more left-right asymmetry, and larger step-to-step
variability than their controls. Furthermore, these abnormal gait characteristics were related to social impairments mea-
sured by the Autism Spectrum Quotient and Social Responsive Scale, supporting a close association between impaired
motor coordination and core symptoms of autism. Autism Res 2020, 13: 1215-1226. © 2020 International Society for
Autism Research, Wiley Periodicals, Inc.

Lay Summary: We examined gait functions among children with autism by measuring their foot plantar pressure during
simple straight walking. Children with ASD walked with a characteristic foot-ground contact pattern with inappropriate
contact forces and large step-to-step variability when compared with their age-matched controls. These walking abnor-
malities were dependent on their social impairments but independent from their intelligence, indicating a close relation-
ship between atypical motor coordination and core symptoms of autism.
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Introduction

Children with autism spectrum disorder (ASD) have
various motor impairments, including deficits in gross
and fine motor control [Fuentes, Mostofsky, & Bastian,
2009], impaired postural control [Doumas, McKenna, &
Murphy, 2016; Jansiewicz et al., 2006; Travers, Powell,
Klinger, & Klinger, 2013; Vanvuchelen, Roeyers, &
De Weerdt, 2007], alterations in motor planning
[Dowd, McGinley, Taffe, & Rinehart, 2012; Rinehart,
Bellgrove, et al., 2006], and abnormal motor coordina-
tion [Fournier, Hass, Naik, Lodha, & Cauraugh,
2010]. These motor impairments emerge as early as
infancy [Esposito & Venuti, 2008; Flanagan, Landa,
Bhat, & Bauman, 2012; Teitelbaum et al., 2004;
Teitelbaum, Teitelbaum, Nye, Fryman, & Maurer,
1998], continually occur in childhood [Fournier et al.,
2010] and adulthood [Doumas et al., 2016; Minshew,
Sung, Jones, & Furman, 2004; Travers et al., 2013].

There is a growing interest in motor aspects of autism
given their theoretical and practical significance [Cook,
2016; Fournier et al., 2010; Memari, Ghanouni,
Shayestehfar, & Ghaheri, 2014]. Motor abnormalities
emerge in early infancy, that is, postural asymmetry dur-
ing lying, sitting, and crawling and delayed sitting and
walking, and they have been proposed to serve as a first
diagnostic marker for ASD [Esposito, Venuti, Apicella, &
Muratori, 2011; Memari et al.,, 2014; Teitelbaum et al.,
2004]. Furthermore, various motor deficits, for example,
postural stability in quiet standing and the degree of
kinematic atypical in a manual tracking task, are corre-
lated with core autistic symptoms [Cook, Blakemore, &
Press, 2013; Radonovich, Fournier, & Hass, 2013; Travers
et al., 2013]. Researchers thus have proposed that motor
impairments, which might lead to atypical representa-
tions of movements [Cook, 2016] and limitation of social
interactions [Travers et al.,, 2013], contribute to the
development of core autistic symptoms. Interestingly,
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interventions targeting at improving motor skills have
been found useful to improve not only motor skill profi-
ciency [Bremer, Balogh, & Lloyd, 2015; Bremer & Lloyd,
2016; Ketcheson, Hauck, & Ulrich, 2017] but also social
skills [Bremer & Lloyd, 2016]. Hence, the examination of
motor functions among individuals with ASD becomes
vital not only for understanding the etiology of autism
but also for practical applications such as diagnosis and
intervention.

There are a number of previous studies investigating
the impairments of gait functions among individuals with
ASD [Cook, 2016; Valagussa, Trentin, Signori, & Grossi,
2018]. However, inconsistent findings of the occurrence of
toe walking and gait asymmetry have not been resolved.
Toe walking in children with ASD has been widely reported
[for a review, see Valagussa et al., 2018], but its reported per-
centage among children with ASD ranged from 15.2%
[Uljarevic, Hedley, Alvares, Varcin, & Whitehouse, 2017] to
100% [Barrow, Jaworski, & Accardo, 2011], with a rough
average of 30-40% as in various investigations [Shetreat-
Klein, Shinnar, & Rapin, 2014; Valagussa, Trentin, Balatti, &
Grossi, 2017]. The discrepancy among studies is at least par-
tially caused by using subjective assessments of gait, such as
parents’ reports, video observation, and questionnaires.
Without objective measures, researchers might find it hard
to judge the presence of toe walking. For example, children
with ASD exhibited reduced ankle dorsiflexion and knee
extension at initial foot contact [Vilensky, Damasio, &
Maurer, 1981] and toe-off [Nobile et al., 2011]. This atypical
lower-limb movement pattern results in a so-called flat-
footed walking pattern, which might be mislabeled as toe
walking even if the foot contacts the ground with a regular
heel contact. Previous quantitative studies have focused on
kinematical analyses of joint angles without examining the
foot-ground contact, leaving the inconsistency about toe
walking unresolved.

The other unresolved aspect of gait among individuals
with ASD is whether they have asymmetrical gait. Using
retrospective analysis of video, researchers revealed left—
right postural asymmetry during walking among infants
at 20.2 + 2.1 months old [Esposito & Venuti, 2008] and at
14.0 £ 1.4 months old who were later diagnosed as ASD
[Esposito et al., 2011]. This gait asymmetry echoes with
asymmetrical lying, sitting, and crawling among infants
with ASD who were later diagnosed as ASD [Esposito,
Venuti, Maestro, & Muratori, 2009]. The asymmetry in
motor behaviors might be related to the abnormal laterali-
zation in multiple brain networks among individuals with
ASD [Cardinale, Shih, Fishman, Ford, & Muller, 2013].
However, gait asymmetry was so far only identified in
autistic infants [Esposito & Venuti, 2008; Esposito et al.,
2011]. A recent study found that 5-9-year-old children
with ASD during straight walking did not exhibit asymme-
try in kinematic measures such as cadence, stride length,
and swing time [Chester & Calhoun, 2012]. However,

these general gait measures only quantify the kinematics
of strides, which are usually symmetric for a short walk.
Thus, whether gait asymmetry exists among children with
ASD is still unanswered by visual inspection and simple
kinematic analysis.

Plantar pressure measurements have been used to
quantify the foot contact with the ground during gait for
long [Cavanagh et al., 1997; Hennig & Rosenbaum, 1991;
Hennig, Staats, & Rosenbaum, 1994]. Foot-ground inter-
action typically involves a smooth roll-off pattern, char-
acterized by a gradual shift of the center of pressure (CoP)
from heel to toe [Cavanagh et al., 1997; Hallemans,
D’Aott, De Clercq, & Aerts, 2003]. With foot pressure,
toe walking can be clearly defined as an initial foot con-
tact in the forefoot region (including toe and metatarsal
regions) as opposed to the usual heel contact. The flat-
footed contact pattern can be characterized by an earlier
and longer contact of forefoot regions than the typical
heel-to-toe contact pattern. Note, the earlier forefoot con-
tact does not mean that the forefoot contacts the ground
first. The gait asymmetry can be characterized by examin-
ing the correlation of force development between two
feet. Notably, these quantifications of gait are hard to
obtain by motion capture systems that are extensively
used in previous studies. In the present study, we aimed
to resolve the inconsistent findings on toe walking and
gait asymmetry among children with ASD using plantar
pressure during straight walking. Besides investigating
possible differences from age-matched controls, we
sought possible correlations between gait abnormalities
and social impairments. Most motor deficits, previously
identified as being related to social impairments among
children with ASD, involve motor coordination. For
instance, quiet standing involves coordinating muscles
and body [Gatev et al., 1999; Suzuki, Nomura, Casadio, &
Morasso, 2012], and manual tracking involves coordinat-
ing hand movement with a visual target [Vercher &
Gauthier, 1988]. Straight walking, as simple as it appears,
is about coordinating multiple body segments, especially
those lower-limb joints. We thus hypothesize that atypi-
cal coordination during gait among children with ASD
would correlate with their core symptoms.

Method
Participants

Children with ASD were divided into two groups based
on their Full-Scale Intelligence Quotient (FSIQ): a high-
functioning group (HFA, age range: 4.21-6.82 years,
mean age: 5.39 &+ 0.65 years, n = 46) with FSIQ above
80 and a low-functioning group (LFA, age range: 4.53-
6.86 years, mean age: 5.77 £+ 0.65 years, n = 12) with FSIQ
below 80. The control group included 28 typically-
developing (ITD) children (age range: 4.60-6.81 years,
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mean age = 5.69 + 0.62) who matched the HFA group
with age and FSIQ. The comparison between the HFA
and the control group would help elucidate the autism-
related effect while controlling for IQ. All children with
ASD had been previously diagnosed by two professional
pediatric clinicians based on Diagnostic and Statistical
Manual of Mental Disorders—Fifth Edition [American
Psychiatric Association, 2013]. We further confirmed the
diagnosis of children with ASD by the Chinese version of
the Autism Spectrum Quotient: Children’s Version [AQ-
Child; Auyeung, Baron-Cohen, Wheelwright, & Allison,
2008] and the Social Responsiveness Scale [SRS;
Constantino & Gruber, 2002]. Parents completed the
scales before the study. We measured children’s IQ using
the Chinese version of Wechsler Preschool and Primary
Scale of Intelligence—Forth Edition [Wechsler, 2014]. All
descriptions of participant characteristics are listed in
Table 1.

Ethical approval for this study was obtained from the
Ethical Committee of School of Psychological and Cogni-
tive Sciences at Peking University. We obtained children’s
oral consent and parents’ written consent before chil-
dren’s participation.

Procedure

Children were instructed to walk barefoot on a 6-m long
carpet for 10 trials at self-spaced speed. A plantar pressure
mat (RsScan, Inc.) was placed embedded in the middle of
the carpet; thus, the mat and the carpet had the same
height. The pressure mat has a size of 1 m x 0.4 m with a
sensor density of about 2.7/cm?. Each sensor sizes 5 mm
(medial-lateral) x 7 mm (anterior-posterior). The sample
rate of the pressure measurement was 100 Hz. Children
were encouraged to walk and look straight ahead while
fixating a 29.7 cm x 21 cm printed paper cross placed at
the end of the walkway. The paper cross was hung on
wooden support with a height of about 0.9 m. For chil-
dren who could not focus on the paper cross, they were
encouraged to fixate their mother or father standing at

Table 1. Characteristics of Participants

the end of the walkway. Formal data collection started
after several familiarization trials. The starting position
was adjusted for each participant to make it more likely
that the pressure mat can measure two footprints on a
single trial. A trial was valid if (a) at least two complete
footprints were collected, (b) children remained their fix-
ation on the target during walking, and (c) they did not
shuffle their feet to aim for the pressure mat during
walking.

Data Analysis

Typical foot roll-off pattern during walking involves a
smooth posterior-to-anterior weight shift, indicated as a
progressive shift of foot pressure from the heel to the toe
(Fig. 1A). This shift can be shown as the CoP “enters” the
foot around the heel, traveled longitudinally along the
foot, and “exits” the foot at the toe. We defined toe walk-
ing as touching the ground with the forefoot first, as
opposed to typical heel contact. The frequency of toe
walking occurrence was calculated. To characterize the
possible flat-footed walking pattern, we calculated the
traveling length of CoP (CoPy) along the longitudinal
axis of the foot, normalized by each individual’s foot
length. CoPy was computed by taking the difference
between the initial and the end position of CoP in the
anterior—posterior axis of the foot divided by the individ-
ual’s foot length. CoPy will be smaller when walking flat-
footed than walking with typical foot roll-off. To obtain
the anterior-posterior axis of the foot, we first calculated
the foot progression angle, that is, the angle between the
midline of the footprint and the walking direction, for
each trial. The progression angle direction serves as the
anterior—posterior axis of the foot (Y-axis), and its perpen-
dicular direction is defined as the mediolateral axis of the
foot (X-axis). The two-dimensional CoP trajectory was
defined in this coordinate system.

We also analyzed the force development of the foot
during a step (Fig. 1). The total force and the regional
force within the forefoot and hindfoot were analyzed as a

LFA, M (SD) HFA, M (SD) TD, M (SD) F-value P Post hoc

N 12 46 28 N/A N/A N/A
Male (female) 10 (2) 42 (4) 26 (2) N/A N/A N/A
Age (years) 5.77 (0.66) 5.38 (0.66) 5.65 (0.59) 2.517 0.087 N/A
FSIQ

Verbal IQ 67.08 (10.41) 107.72 (19.54) 115.25 (11.78) 38.42 <0.001 LFA < HFA ~ TD?

Performance IQ 69.42 (7.81) 108.93 (14.45) 108.93 (10.35) 51.64 <0.001 LFA < HFA ~ TD?
AQ 97.33 (9.13) 94.17 (14.31) 64.29 (10.02) 57.22 <0.001 LFA ~ HFA > TD?
SRS 112.08 (15.41) 101.24 (20.87) 53.46 (16.32) 62.24 <0.001 LFA ~ HFA > TDP

Note. < denotes significant decrease, > denotes significant increase, and ~ denotes no significant difference for post hoc pairwise comparisons.

“Corrected by Dunnett’s T3 for group comparisons.
PCorrected by Bonferroni correction.
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Maximal Force (a.u.)

Figure 1. Exemplary foot pressure and CoP from three typical
participants. (A) LFA, (B) HFA, (C) TD. Color denotes the maximal
force recorded at different foot regions. Black dots denote the
CoP trajectory during foot contact.

function of contact time. The time series data were nor-
malized by contact duration via interpolating raw force
measurements to 101 frames. The force for each region
has a single peak; we thus calculated its time series of
force, peak force (Fpeax), time of peak force (Tpear), and
contact duration (percentage of time relative to total foot
contact time). The total force typically exhibits a double-
peak pattern, with the first peak corresponding to initial
foot contact and the second peak corresponding to foot
push off the ground. The push-off phase is critical for
walking as it provides the propelling force (Hayafune,
Hayafune, & Jacob, 1999). We thus analyzed the time of
second force peak (Tsecond peaks @S @ percentage of time rel-
ative to total foot contact time) and its associated force
(Fsecond peak)- For normalizing the individual differences
in body weight and walking speed, all force-related vari-
ables were divided by the total force and the number of
data frames [Wen et al., 2012]. After normalization, the
dependent measures became unitless.

We evaluated gait asymmetry by correlating time-
varying CoP between the left and right foot measured in
the same walking trial. More symmetrical walking would
yield a higher left-right correlation. The same correlation
analysis was applied to force development in different
foot regions. To measure the step-to-step variance, we
computed the coefficient of variability (CV) of gait vari-
ables (GVs) across all footprints for each participant.

We first performed a two-way analysis of variance
(ANOVA) with group as a between-subjects factor and
foot (left vs. right) as a within-subject factor. When no
significant main effect of foot or interaction was detected,
one-way ANOVA was used to compare the group differ-
ence after combining the data from two feet. Otherwise,
we performed one-way ANOVA on the left and right foot
separately. Correlation coefficients were submitted to the
Fisher’s Z-transformation before one-way ANOVA. We
examined the potential associations between specific GVs
(i.e., the timing of foot contact and forefoot force) and
the variables about the severity of autism symptoms

(i.e., AQ and SRS scores) by using partial correlation with
FSIQ as a covariate. These GVs were related to abnormal
gait characteristics among children with ASD, as stated by
our study hypotheses. They included contact duration of
the forefoot and initial contact time of forefoot (charac-
terizing the flat-footed contact pattern), CV of contact
duration and initial contact time of forefoot (characteriz-
ing step-to-step variability), and left-right correlation of
forefoot force (characterizing left-right gait symmetry).
Though most gait measures did not differ between
the LFA and the HFA group (see below), we conducted
the correlational analysis with all groups included since
the unbalanced design with a small number of LFA par-
ticipants might prevent us from finding significant group
differences that were really there. All statistical analyses
were performed using SPSS (version 24.0). Statistical sig-
nificance was set at a = 0.05. For multiple comparisons,
Bonferroni or Dunnett’s T3 corrections were used
depending on the equality assumption.

Results

We observed extensive group differences in foot pressure
measures, especially in foot-ground contact patterns and
gait asymmetry during walking. Children with ASD wal-
ked with a flat-footed pattern though the occurrence of
toe walking was not more frequent when compared with
the control group. Furthermore, a detailed analysis of foot
pressure indicated that children with ASD walked with
more left-right asymmetry and more step-to-step vari-
ance. Importantly, we also found significant correlations
between gait abnormalities and the severity of autism
symptoms among our participants after controlling for
IQ differences.

Temporal Pattern of Gait Measures

Both autistic and TD children seldom walked with initial
toe contact. The occurrence of initial foot contact with
the forefoot, including the metatarsal and the toe
regions, was quite small. The majority of walking trials
from the ASD groups had initial heel contact. Impor-
tantly, there was no group difference (Table 2).

Though toe walking is rare, children with ASD con-
tacted the ground with a flat-footed pattern, as revealed
by detailed plantar pressure analyses. We found a signifi-
cant group difference in the initial position of CoP in
Y-axis, which indicates how forward the pressure loading
was upon the initial foot-ground contact (F(2, 83) = 4.91,
P =0.009, nIZJ =0.107, Fig. 2A). The post hoc pairwise com-
parison revealed that the HFA group started foot contact
more anteriorly on foot (i.e., closer to the toe) than the
TD group (P = 0.015). The LFA group did not differ from

1218 Gong et al./Abnormal gait patterns in autism

85USD| SUOLULLIOD SA RSO et dde au) Aq pauieA0B 88 S3RIe VO 1SN JO S3|NJ J0J ArIqIT BUIIUO AB]IM UO (SUORIPUOD-PUB-SLULBILOY A8 |IMAR.q U1 IUO//SA1Y) SUORIPUOD PUe SWi L 8U3 885 *[9202/60/c2] U0 Algiauliuo A|IM ‘UiesH AisieAun Buned Ag Zoez Ime/zo0T OT/I0p/0d A8 | Are.q 1 pu1IUO//SARY W1y papeojuMod ‘. ‘0202 ‘908E6E6T



Table 2. Gait Measures Associated with Toe Walking and Flat-Footed Contact Pattern

LFA, M (SD)

HFA, M (SD)

TD, M (SD)  F-value P R Post hoc

Percentage of initial forefoot contact

Percentage of initial hindfoot contact

Initial contact time of forefoot (100% contact duration)
Thirst peak (100% contact duration)

7% (0.15)
93% (0.15)
5% (2%)
25% (1%)

Ftirst peak (N-U.) 1.43 (0.04)
Feirst peak OF forefoot (n.u.) 0.32 (0.14)
Feirst peak OF hindfoot (n.u.) 1.08 (0.16)
Tsecond peak (100% contact duration) 65% (4%)

Fsecond peak of forefoot (n.u.) 1.04 (0.15)
Fsecond peak Of hindfOOt (n-u-) 0.22 (021)

5% (0.07)
95% (0.07)
6% (3%)
24% (1%)

3%(0.12) 070 050  0.02 N/A
97%(0.12) 070  0.50  0.02 N/A

9% (3%) 10.38  <0.001  0.24  TD > LFA ~ HFA®
24% (1%) 0.26 077 001 N/A

1.48 (0.05)  1.45(0.03)  1.46  0.24  0.03 N/A
0.37(0.15)  0.28 (0.12)  2.98  0.06  0.07 N/A
1.12(0.13)  1.13(0.13)  0.63 054  0.15 N/A
65% (5%)  70% (4%) 874  <0.001 0.17 TD=>LFA~ HFA®
1.05(0.14)  1.12(0.09) 691  0.001 0.14 TD> LFA~ HFA®
0.14 (0.14)  0.05(0.07)  8.04  0.002 0.16 TD < LFA~ HFA?

Note. < denotes significant decrease, > denotes significant increase, and ~ denotes no significant difference for post hoc pairwise comparisons.

Corrected by Bonferroni correction.

0.15 0931
ELFA

EEHFA
ENTD

o

0.84

o
f=3
53

0.75

Initial position of CoP in Y-axis (% foot length) >
CoPy of left foot (% foot length)
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0.96 — 0.96 1 ek
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| —

CoPy of right foot (% foot length)
Contact duration of forefoot
(% total contact duration)
g

0.88
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Figure 2. Group averages of GVs associated with flat-footed
walking among children with ASD. (A) The initial position of CoP
on the Y-axis. (B, C) The traveling distance of CoP in Y-axis for
the left foot and the right foot, respectively. (B) Contact duration
of the forefoot (relative to total contact duration). Error bars
denote SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

the other two groups (P = 0.84 and P = 0.16, respectively)
though they showed a similar trend as the HFA group.
Furthermore, the traveling distance of CoP (CoPy) was
significantly smaller in the two autistic groups than
in the TD group (for left foot, F(2, 83) = 6.87, P = 0.002,
;712) =0.142, Fig 2B; for right foot, F(2, 83) = 6.36, P=0.003,
'7%) =0.133, Fig. 2C). Post hoc pairwise comparisons

showed that two autistic groups had a shorter CoPy than
the TD group for the left foot (P = 0.018 and P = 0.003,
respectively) and the right foot (P = 0.022 and P = 0.009,
respectively), while two autistic groups did not differ
from each other (for left foot, P = 1.00; for right foot,
P = 0.62). The small CoPy indicated that children with
ASD did not have complete foot roll-off. Overall, their
CoP traveled approximately 10% less for the left foot
and 6% less for the right foot than TD children. We also
found that for all groups, the right foot had a signifi-
cantly larger CoPy than the left foot since the two-way
ANOVA showed a significant main effect of foot (F(1, 83) =
26.43, P<0.001, ’7;2, = 0.242). This was because our partici-

pants were all right-handed and used their right foot
more to negotiate with the ground.

Besides the CoP, the foot contact duration also indi-
cated the flat-footed pattern among children with ASD.
First, the total contact duration had no group difference
(P = 0.56), indicating that average walking speed did not
differ between groups when walking at their preferred
speed. However, contact duration of the forefoot signifi-
cantly differ between groups (F(2, 83) = 7.24, P = 0.001,
;712) = 0.15, Fig. 2D). Post hoc comparison revealed that
two groups with ASD had a significantly longer contact
duration in the forefoot than the TD group (P<0.001 and
P = 0.008, respectively). The prolonged contact duration
for the forefoot might be associated with the earlier initial
contact of the forefoot. This earlier initial contact of the
forefoot was found among both ASD groups when they
were compared to the control group (P<0.001, Table 2).
We did not find a group difference for the hindfoot
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(P = 0.93). Putting together, results of CoP and contact
duration indicated that children with ASD loaded the
forefoot earlier with a shorter travel of CoP than the con-
trol group despite that they had initial foot-ground con-
tact with the heel.

All our participants showed typical double peaks of the
total force. We did not observe any group differences for
the first force peak (Table 2). However, analyses of the
second force peak revealed abnormal push off among
children with ASD. The timing of this second peak
(Tsecond pear) differed between groups (F(2, 83) = 8.74,
P <0.001, ’7%, = 0.174, Fig. 3A). Post hoc comparisons rev-
ealed that both LFA and HFA groups reached the second
peak force earlier than TD group (P = 0.018 and P<0.001,
respectively) without significant differences between two
groups with ASD (P = 1.00).

Examining the force in the forefoot and the hindfoot
separately at Tiecond peax, We found that the two ASD
groups loaded less force on the forefoot but more
force on the hindfoot. Fsecona peak Of both hindfoot
and forefoot showed a significant group difference
(F(2, 83) =8.04 and 6.91, P = 0.001 and 0.002, ;112) =0.162
and 0.143, respectively; Fig. 3B,C). The hindfoot, sup-
posed to lift off the ground during the push-off phase,
produced less force. Post hoc comparison revealed that
LFA and HFA groups had a larger loading on hindfoot
than the TD group (P = 0.052 and P<0.001, respectively),
and they did not differ from each other (P = 0.63). In con-
trast, the forefoot, the major contributor of the propelling
force for walking at the second peak time, produced less
force among autistic children than among the TD chil-
dren. Post hoc comparison found the significant differ-
ences between the two groups with ASD and the TD
group only (P = 0.028 and P = 0.002 for LFA and HFA,
respectively). These results indicated that children with
ASD pushed their foot off the ground with less force with
the forefoot and simultaneously loaded more on the

hindfoot, echoing the same flat-footed pattern as rev-
ealed by other measures.

Measures of Gait Asymmetry

We examined the gait symmetry by the left-right correla-
tion of GVs. The correlation coefficients between the left
and right CoP were computed for each participant.
Though left and right CoP were highly correlated among
all participants, one-way ANOVA revealed significant
group difference for the correlation of CoP in the
Y direction (F(2, 83) = 3.99, P = 0.022, ﬂf, = 0.088). Post
hoc pairwise comparison showed that both LFA
(0.93 £0.05) and HFA groups (0.95 £ 0.05) walked with a
lower level of symmetry than the TD group (0.98 £0.03,
P = 0.036 and P = 0.097). However, they did not differ
from each other (P = 0.80).

The force development of foot regions also indicated gait
asymmetry among children with ASD. We found that
the forefoot regions, the predominant region for generating
propelling force for walking, revealed a similar group
difference on left-right correlation (F(2, 83) = 6.07,
P = 0.003, ;7}2) = 0.13): both LFA (0.84+0.11) and HFA
(0.87 £0.07) groups showed a smaller correlation than the
TD group (0.91+0.05, P = 0.029 and P = 0.006, respec-
tively). Together, these results indicated that children with
ASD walked more asymmetrically, as revealed by less simi-
larity in CoP and force development between feet.

Step-to-Step Variability in Gait Measures

Unstable walking is characterized by large variance from
step to step. For each GVs, we computed their variability
across steps using CV (Table 3). Significant larger step-to-
step variabilities were found in autistic groups than in TD
group for gait measures characterizing initial foot contact
and contact duration, including initial contact position

A Total force B Hindfoot C Forefoot
1.4 1.4
=
ory oy ~ EFCoIZoooIzooy
= = B Elmmmm————— - 1 Force
< =< < 3 I (mean + SEM)
s - ~, @ ]
@ 0. @ 07 @k . I L FA
9 o ¥ P> n
= = 3 - n HFA
é é 2 é n I 1D
(=] I n
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Contact Duration (%)

Contact Duration (%)
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Figure 3. Force development as a function of contact time. (A) Total normalized force. Children with ASD reached the second peak
force earlier than TD children. (B) Normalized force for the hindfoot. The force at the second peak time was larger in LFA and HFA than
in TD. (C) Normalized force for the forefoot. Both LFA and HFA had earlier initial contact time and smaller force at the second peak time
than TD. Lines denote subject averages and the color shade denotes SEM.
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Table 3. CV of GVs Showing More Step-to-Step Variability Among Children with ASD
LFA, M (SD) HFA, M (SD) TD, M (SD) F-value P '1;2) Post hoc

CoPy 0.16 (0.13) 0.19 (0.21) 0.07 (0.10) 4.33 0.018 0.09 D < HFA?
Initial position of CoP in Y-axis 0.12 (0.08) 0.13 (0.11) 0.06 (0.07) 5.12 0.008 0.11 D < HFA?
Contact duration 0.14 (0.05) 0.11 (0.05) 0.07 (0.03) 11.38 <0.001 0.22 TD < LFA ~ HFA®
Toeak f hindfoot 0.35 (0.14) 0.30 (0.14) 0.17 (0.07) 12.15 <0.001 0.23 TD < LFA ~ HFA®
Teecond peak 0.11 (0.05) 0.12 (0.08) 0.06 (0.04) 7.78 0.001 0.16 TD < LFA ~ HFA®
Feccond peak Of forefoot 0.27 (0.12) 0.25 (0.12) 0.15 (0.06) 8.55 <0.001 0.17 TD < LFA ~ HFA®
Initial contact time of forefoot 0.69 (0.25) 0.73 (0.31) 0.41 (0.22) 10.81 <0.001 0.22 TD < LFA ~ HFAP

Note. < denotes significant decrease, > denotes significant increase, and ~ denotes no significant difference for post hoc pairwise comparisons.

?Corrected by Dunnett’s T3 for group comparisons.
PCorrected by Bonferroni correction.

Table 4. Partial Correlation Between Each GVs and Scores of AQ and SRS
All children Children with ASD
Score of AQ Score of SRS Score of AQ Score of SRS
r P r P r P r P

Contact duration of forefoot 0.21 0.05 0.24 0.027 -0.12 0.36 —0.03 0.82
Initial contact time of forefoot -0.30 0.006 —0.35 0.001 0.13 0.33 0.03 0.82
CV of contact duration 0.28 0.01 0.42 <0.001 —-0.03 0.84 0.18 0.18
CV of initial contact time of forefoot 0.32 0.003 0.41 <0.001 —-0.03 0.82 0.14 0.28
Correlation of forefoot force —-0.20 0.07 -0.31 0.004 0.09 0.51 -0.11 0.41

of CoP in Y-axis, initial contact time of forefoot and
total contact duration. Similar increases in variance were
found for the measures that characterize force loading in
individual foot regions, including Tpeak Of the hindfoot,
Tsecond peaks aNd Fsecond peak Of the forefoot. Note, we
observed more variance among children with ASD than
TD children for all the significant group differences.
Thus, children with ASD showed larger step-to-step vari-
ability in an extensive range of gait measures when com-
pared with TD children.

Correlation Between Gait Impairments and Scores of AQ
and SRS

When examining the correlation between gait character-
istics and AQ/SRS scores, we focused on GVs about the
timing of foot contact and forefoot force. We found that
all these five GVs correlated significantly with SRS scores
after controlling for IQ, with absolute values of correla-
tion coefficients between 0.21 and 0.42 (Table 4). The
same partial correlation analysis revealed that AQ scores
were significantly correlated with three of the five vari-
ables. In fact, the correlation with the other two variables,
contact duration of forefoot and correlation of forefoot
force, was marginally significant. Their absolute correla-
tion coefficients were between 0.21 and 0.32 with a mod-
erate effect size. Importantly, the more abnormal the
GVs, the more severe the autism symptoms. Partial corre-
lation for different subscales of AQ and SRS were shown

in Table S1. The correlation between gait impairment and
the severity of core symptoms seldom reach significance
if only children with ASD were considered.

Discussion

Our study examined gait abnormality among children
with ASD using plantar pressure measurements. Com-
pared with age-matched controls, they walked with a flat-
footed contact pattern shown by distinct CoP move-
ments and contact duration of the forefoot. Interestingly,
their forefoot did not contact the ground first, contradic-
tory to previous reports of frequent toe walking among
children with ASD. We also found increased gait asym-
metry among children with ASD, as indicated by
decreased correlation of CoP and force development
between feet. They also showed increased step-to-step
variance than the control group in various gait measures.
Importantly, most variables characterizing the gait abnor-
malities correlated with the severity of autism symptoms
after controlling the effect of IQ. Our findings thus sug-
gest that abnormal motor coordination among children
with ASD is associated with their core symptoms.
Previous studies reported the prevalence of toe walking
among individuals with ASD [Barrow et al., 2011;
Uljarevic et al., 2017; Valagussa et al., 2018]. However,
toe walking has been either described as presence or
absence [Ming, Brimacombe, & Wagner, 2007] or graded

Gong et al./Abnormal gait patterns in autism

1221

85U80|7 SUOWLIOD 3ARea.D 8|qedl|dde aup Aq pausenob afe sajoie O SN JO Sa|n. 10} ARiq1T8ulUO A3|IA UO (SUOTPUCD-PpUe-SWBI W00 A3 (1M AReIq 1[pulUO//:Sdny) SUORIPUOD pue SWwie | 8u 88S *[920z/60/6Z] U0 AriqiTauliuo /1M ‘WiesH Aiseaun Bunked Aq Zoez Ine/zo0T 0T/10p/wo0 A8 |imAreiq 1 euljuo//Sdny wo. pepeojumod ‘2 ‘0202 ‘908E6E6T



by retrospective reports and observations [Accardo &
Whitman, 1989]. The reliance on subjective evaluations
probably leads to a wide range of reported occurrences
across studies. For regular heel-to-toe walking, the initial
foot contact coincides with a flexed hip, an extended
knee, and a dorsiflexed ankle. However, individuals with
ASD exhibit a reduced knee angle and an increased ankle
angle at initial contact [Vilensky et al., 1981]. Thus, these
kinematic deviances might make them prone to mislabels
as toe walkers. With high-resolution plantar pressure
measurements, we found that children with ASD do not
toe walk but walk flat-footed. The unusual foot-ground
contact is consistent with a previous report that children
with ASD have a more dorsiflexed ankle at initial foot
contact [Vilensky et al., 1981].

Other walking studies have found that children with
ASD exhibit a reduced ankle flexion and knee flexion-
extension at the toe-off phase of walking [Nobile et al.,
2011; Vilensky et al,, 1981] and a reduced range of
motion of all lower-limb joints [Nobile et al., 2011]. While
these kinematic differences lead to the impression that
individuals with ASD walk with a more “clumsy” and
“ataxic” gait [Fournier et al., 2010], they are consistent
with the flat-footed contact pattern as identified in the
present study. We further demonstrated that, compared
to the control, their forefoot produced less force, and
their hindfoot produced more force during the push-off
phase, suggesting an abnormal force distribution when
propelling the body forward.

Though postural asymmetry during walking has been
reported among toddlers who were later diagnosed with
ASD [Esposito et al., 2011], researchers failed to find gait
asymmetry in 5-9 years old children with ASD [Chester &
Calhoun, 2012]. Our plantar pressure measurements,
instead, revealed that children with ASD walked more
asymmetrically than the age-matched controls. Chester
and Calhoun (2012) focused on general GVs such as
stride length, stance time, and swing time using a motion
capture system. However, if people walk straight for a
short distance, these kinematic variables shall show high
left-right symmetry. In contrast, we evaluated gait asym-
metry by analyzing left-right correlations of plantar pres-
sure with kinetic variables reflecting how the whole body
interacts with the ground. For instance, the lower limbs
can generate distinct force profiles even when their
motion remains symmetrical. Our plantar pressure mea-
sures indeed were sensitive to detect the increased asym-
metry in gait among children with ASD. One caveat is
that our participants were older than toddlers in the
study of Esposito et al. (2011) but younger than those in
the study of Chester and Calhoun (2012). It is still possi-
ble that individuals with ASD walk asymmetrically at a
young age but gradually normalize their gait during

We also found that children with ASD showed
increased step-to-step variance in a variety of GVs. Previ-
ous studies have found that their walking is more variable
in stride length and stride time [Nayate et al.,, 2012;
Rinehart, Tonge, Iansek, et al., 2006]. Accordingly, we
found that the contact duration, a component of stride
time, showed an increase in the groups with ASD. We
went further to show that the traveling distance of CoP,
initial CoP position, and a variety of GVs showed
increased variance. These results suggest that children
with ASD plant their foot on the ground more variably
on a step-by-step basis than their age-matched controls.

Our study identified a significant correlation between
gait abnormalities and core autistic symptoms when data
from all three groups were pooled together. This correla-
tion was not significant when only the two ASD groups
were considered. There is growing evidence that motor
deficits are associated with the severity of core autistic
symptoms. For instance, impaired performance of skilled
gestures has been shown as a strong predictor for the
defining features of autism as measured by Autism Diag-
nosis Observation Schedule [Dziuk et al., 2007]. It has
been proposed that motor deficits contribute to the
development of autism symptoms during early develop-
ment [for a review, see Cook, 2016]. As early as in
infancy, individuals later diagnosed with autism exhibit
various motor abnormalities [Esposito et al., 2011;
Teitelbaum et al., 1998]. Previous studies on TD children
have revealed that poor coordination and slowed move-
ments are associated with poor social participation and
increased anxiety during playtime in preschool and kin-
dergarten [Bar-Haim & Bart, 2006; Piek, Bradbury,
Elsley, & Tate, 2008]. This has led people to suggest that
shared experiences during the playtime are important for
building friendships and social connections during typi-
cal development [Bhat, Landa, & Galloway, 2011]. Simi-
larly, researchers have found that children with
developmental coordination disorder had more social
problems than TD controls [Dewey, Kaplan, Crawford, &
Wilson, 2002]. For example, motor clumsiness is corre-
lated with long-term social impairments among children
with cerebral palsy [Whittingham, Fahey, Rawicki, &
Boyd, 2010]. It is thus conceivable that motor atypicality
among children with ASD may lead to missed opportuni-
ties and reduced interactions with their coordinated and
agile peers, limit the initiation and maintenance of
friendships, and exert an accumulative effect on their
social development. We also acknowledge that our find-
ings do not imply a causal link between gait abnormality
and social impairment. Though people have implied that
motor deficits contribute to the development of social
impairments, it is possible that social impairments can
also affect motor development. For example, it has been

development. This possibility =~ warrants further  argued that children with more severe autistic symptoms
investigations. may imitate others’ actions less often [Travers et al.,
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2013]; this can negatively impact motor development
given the importance of imitation and observational
learning among children. Additionally, neurophysiologi-
cal studies have also found that motor functions and
social functions share some common neural basis. Cere-
bellum and basal ganglia, important neural structures for
motor control and learning, are also involved in social
processing [Fatemi et al., 2012; Scott-Van Zeeland,
Dapretto, Ghahremani, Poldrack, & Bookheimer, 2010].
The gait abnormalities revealed by our plantar pressure
measurements can be viewed as affected motor coordina-
tion among children with ASD. Walking is associated with
distributed brain regions, including both cortical and sub-
cortical areas [Hamacher, Herold, Wiegel, Hamacher, &
Schega, 2015]. Among the wide range of neural alterations
for autism [see a recent review, Hernandez, Rudie, Green,
Bookheimer, & Dapretto, 2015], we postulate that the
abnormality in basal ganglia and cerebellum contribute the
most to gait impairments [Chukoskie, Townsend, &
Westerfield, 2013; Rinehart, Tonge, lansek, et al., 2006;
Qiu, Adler, Crocetti, Miller, & Mostofsky, 2010]. General
deficits of motor coordination among individuals with
ASD have been linked to disrupted frontostriatal pathways
and basal ganglia, dysfunctions in the cerebellum and
brain stem [Fournier et al.,, 2010]. The straight walking
requires accurate coordination of body segments. Flat-foot
contact and large step-to-step variability identified here can
be characterized as poor coordination of ankle movements
in the chain of lower limb segments. In the neural hierar-
chy of motor control, the cerebellum and basal ganglia
play an essential role in motor coordination [Bostan,
Dum, & Strick, 2013; Debaere, Wenderoth, Sunaert, Van
Hecke, & Swinnen, 2004; Spanne & Jorntell, 2013]. In fact,
individuals with ASD have shown structural differences in
cerebellum and basal ganglia [Chukoskie et al., 2013], that
is, reduced size of cerebellar hemispheres and vermis subre-
gions [Ecker et al., 2012; Kaufmann et al., 2003], atypical
size and shape of basal ganglia [Qiu et al., 2010]. Of note,
many other brain regions and networks might contribute
to gait deficits. For example, the asymmetrical gait might
be associated with alterations in corpus callosum among
individuals with ASD [Prigge et al.,, 2013; Wolff et al,
2015]. Future studies should combine gait analysis and
neurophysiological examinations to reveal the neural basis
of motor impairments among individuals with ASD.
Automatic classification of infants or children with ASD
has been gaining popularity in recent years. Facial expres-
sions [Liu, Li, & Yi, 2016], behavioral observations or
brain activities [Crippa et al., 2015; Deshpande, Libero,
Sreenivasan, Deshpande, & Kana, 2013; Duda, Kosmicki, &
Wall, 2014; Kosmicki, Sochat, Duda, & Wall, 2015; Stahl,
Pickles, Elsabbagh, Johnson, & Team, 2012] have been
used as features for classification. The gait deficits identi-
fied by our study could serve as potential features
given that infants and toddlers start to develop

independent walking from an early age. Though the corre-
lation between gait abnormalities and social impairments
identified here does not mean causality, we conceive that
motor problems such as walking could contribute to the
development of core ASD symptoms. Thus, gait problems
deserve more attention for clinicians and parents as they
may not be merely motor problems during development.
In fact, people have suggested that interventions targeting
motor skills have the potential to improve the overall
development of children with ASD [Bremer et al., 2015;
Bremer & Lloyd, 2016; Pan et al., 2017].

Our study can be improved in at least two aspects. First,
we had a small sample size for the LFA group. The reason
to have two separate ASD groups is to obtain a group of
participants with ASD (the HFA group) who had compara-
ble 1Q as the control group. In fact, our two groups with
ASD did not differ in most gait measures. Though small
and unbalanced sample sizes may lead to the failure of
detecting their difference, we still obtained decent power
for all the GVs, which ranged from 0.798 to 0.997. We
think that the LFA group indeed walk similarly as the HFA
group since partial correlation analyses also indicated a
negligible effect of 1Q. Second, our study did not combine
plantar pressure measurements with three-dimensional
(3D) motion capture to evaluate limb kinematics. We
opted to use plantar pressure measurement alone since our
aim is to resolve the inconsistent findings of toe walking
and gait asymmetry among children with ASD. In the
future, 3D kinematical measurements, particularly impor-
tant for quantifying upper body motion, can complement
the foot pressure measurement, particularly important for
quantifying lower-limb kinetics, to evaluate gait deficits
among children with ASD comprehensively.
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