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Abstract Although atypical motor behaviors have been

associated with autism, investigations regarding their pos-

sible origins are scarce. This study assessed the visual and

vestibular components involved in atypical postural reac-

tivity in autism. Postural reactivity and stability were

measured for younger (12–15 years) and older (16–33

years) autistic participants in response to a virtual tunnel

oscillating at different frequencies. At the highest oscilla-

tion frequency, younger autistic participants showed

significantly less instability compared to younger typically-

developing participants; no such group differences were

evidenced for older participants. Additionally, no signifi-

cant differences in postural behavior were found between

all 4 groups when presented with static or without visual

information. Results confirm that postural hypo-reactivity

to visual information is present in autism, but is contingent

on both visual environment and development.
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Introduction

Autism is a behaviorally variant phenotype with a neuro-

genetic basis characterized by atypical communication and

social interaction, co-occurring with restricted interests and

repetitive behaviours (American Psychological Association

1994). Visual information processing is also atypical in

autism, defined by a ‘‘perceptual signature’’ characterized

by superior performances on perceptual and cognitive tasks

where local or detailed processing of spatial information is

advantageous, and by a decreased ability or optional pro-

cessing for complex types of information requiring either

integrative, dynamic or global analysis (see Mottron and

Burack 2001; Mottron et al. 2006); Dakin and Frith 2005;

Behrmann et al. 2006; Bertone and Faubert 2006; Happe

and Frith 2006; Simmons et al. 2009; Bertone et al. 2010;

for reviews).

Posture is regulated via the integration of signals orig-

inating from three afferent sensory systems: the somato-

sensory, the vestibular and the visual systems (Peterka and

Benolken 1995; Nolan et al. 2005). These signals are then

used by the cortex and cerebellum to produce an appro-

priate motor output within a changing visual environment.

A deficit in any of these systems can affect posture and

balance. Given autism’s ‘‘perceptual signature’’, altered

postural regulation is expected since visual information

processing is involved in several visually-contingent

behaviors, including maintaining posture, or balance.

Although abnormalities of motor behavior, most often

described as ‘‘associated symptoms’’, (i.e., either clumsi-

ness, fine/gross motor deficits, apraxia, alterations in motor
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milestone development, etc.…) have been well docu-

mented in autism (Teitelbaum et al. 1998; Ghaziuddin and

Butler 1998; Ming et al. 2007), relatively few studies have

directly assessed either balance and/or postural reactivity in

autism. In one such study, Gepner et al. (1995) reported an

attenuation of reactivity to a radiating full-field optic flow

stimulus, which typically induces the illusory perception of

self motion, particularly for fast visual motion (see Gepner

and Mestre 2002a). This study involved a small group of

five young children with autism whose ages ranged

between 4 and 7 years (and whose intellectual level of

functioning was not documented). Gepner and colleagues

concluded that persons with autism, especially those with

low functioning autism (LFA), were insensitive to dynamic

visual information with regards to posture compared to

control participants, which probably originated from an

impairment in motion perception; a lack of attention to

stimuli was also suggested. However, it can also be argued

that postural attenuation might have resulted from a motor

functioning impairment in the autism group (particularly in

the LFA group), resulting in inadequate motor output

despite appropriate sensory functioning. These and other

results related to the perception of both social and non-

social information (Gepner and Mestre 2002a) have been

used to propose that a ‘‘rapid visual motion integration

deficit’’ (Gepner and Mestre 2002b), and more recently, a

‘‘temporo-spatial processing disorder’’ (Gepner and Féron

2009) may underlie postural anomalies in autism.

Subsequent studies assessing posture in autism have

manipulated proprioceptive input by having participants

stand on foam (or not) under different visual conditions.

For example, Molloy et al. (2003) demonstrated that on

average, autistic children were less stable when standing

passively and blindfolded, thus eliminating visual cues,

whether or not proprioceptive information was modified.

Reflecting over-reliance on visual input for maintaining

balance in the autism/ASD group, this result was inter-

preted as evidence for a multi-modal dysfunction in the

integration of information originating from visual,

somatosensory, and vestibular afferences in autism. Using

a larger sample of 79 high-functioning autistic participants

aged between 5 and 52 years, Minshew et al. (2004)

demonstrated that the postural stability of autistic partici-

pants was reduced when proprioceptive input was disrupted

by a sway-referenced platform. In addition, results dem-

onstrated that postural control started to develop later in the

autism group (12 years of age compared to 5 years in the

control group) and never reached neuro-typical, adult-like

levels. These results were also interpreted as evidence for

both delayed and underdeveloped postural control in aut-

ism, and also argued to result from a deficit of multimodal

sensory integration between the different neural systems

underlying postural control in autism.

Taken together, all of these results suggest atypical or

underdeveloped postural control in autism that may derive

from a multi-modal sensory integration deficit, either

resulting from impaired complex motion perception

(Gepner et al. 1995), or from atypical integrative func-

tioning between any of the subsystems involved in postural

control (Molloy et al. 2003; Minshew et al. 2004). In order

to isolate the subsystems underlying postural control in

autism, we have assessed postural behavior in response to

immersive visual environments differing only as a function

of oscillation frequency, while the other sub-systems,

namely the somatosensory and vestibular systems, were

kept constant. A fully immersive virtual reality approach

was used to measure postural reactivity and stability in

autism relative to a sway-inducing virtual tunnel (see

‘‘Methods’’ section) oscillating at three different frequen-

cies (see Greffou et al. 2008; Piponnier et al. 2009). Pos-

tural behavior was assessed above and below the age of

16 years (participants included in either 12–15 years, or

16–33 years age groups) in order to assess whether postural

behavior differs as a function of development. The age

ranges used to create our groups were chosen based on

previous findings demonstrating that postural reactivity to

the exact same visual environment used in the present

study reached adult-like levels at 16 years of age for neu-

rotypical participants (Greffou et al. 2008). In addition, the

immersive nature of our virtual reality approach minimizes

possible confounding variables such as inattentiveness to

the visual environment (Gepner et al. 1995) for both

autistic and control participants. This approach also allows

for the manipulation of visual environment characteristics

(tunnel oscillation frequency) on a continuum, rather than

on a categorical level (present or absent).

Methods

Participants

The autistic and typically-developing (TD) participant

groups were placed in either of two age groups: 12–15 year-

olds and 16–33 year-olds. Therefore, the study included a

total of four groups: a 12–15 year-old autism group (n = 8;

M = 13.0 ± 1.3 year-old), a 12–15 year-old TD group

(n = 11; M = 13.6 ± 1.6 year-old), a 16–33 year-old

autism group (n = 8; M = 21.0 ± 5.9 year-old), and a

16–33 year-old TD group (n = 23; M = 23.0 ± 5.4 year-

old).

Autism Group

Sixteen individuals (3F; 13 M) with autism were randomly

extracted from Rivière-des-Prairies’ hospital database and
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invited to participate in this study. Autism was diagnosed

using the Autism Diagnosis Interview-Revised (Lord et al.

1994) and the Autism Diagnosis Observation Schedule

(Lord et al. 2000), both of which were conducted by a

trained clinician-researcher (LM) who obtained reliability

on these instruments. Thirteen of the participants with

autism scored above the ADI and ADOS cut-off in the

three relevant areas for diagnosis (social, communication,

restricted interest and repetitive behaviours). One autistic

participant did not score above cut off in the Communi-

cation domain on both instruments; and two participants

were administered an expert (but not standardized) clinical

DSM-IV diagnosis of autism following a direct observation

based on the ADOS procedure. Participants with other

developmental DSM-IV Axis 1 diagnoses, except hyper-

activity and language disorders, potentially relevant Axis 3

diagnoses, non-corrected-to-normal vision (20/20 Snellen

acuity for both eyes) and without adequate stereoscopic

vision were excluded from enrolment in this study. Two

autistic participants (one in each age group) were taking

Concerta (a slow-release psychostimulant used to manage

ADHD) at the time of testing as part of their daily routine.

All participants in the autism group had full-scale Wechsler

IQ scores in the normal range (12–15 year-olds: 98.75 ±

16.2; 16–33 year-olds; 101.13 ± 12.0).

Typically Developing Group

Performance of participants with autism was compared to

that of thirty-four typically developing (TD) individuals.

TD individuals were recruited by word of mouth in the

community, and none of them reported problems when

screened by a semi-structured interview documenting his-

tory of psychiatric or neurological condition, learning

disabilities, family history (1�) of mood disorders, perva-

sive developmental disorders or schizophrenia, defective

vision or audition and intake of medication. All partici-

pants were informed of the goals of the study and nature of

the tasks and their consent was obtained. All participants

were compensated monetarily for their time. Testing

commenced after the ethics committees at the Rivière-des-

Prairies Hospital and at the University of Montreal (where

the testing took place) approved of the study.

Apparatus

Postural reactivity to visual information was assessed using

a fully immersive virtual environment (CAVE system,

FakespaceTM). The CAVE is an 8 9 8 9 8 feet room

including three canvas walls (one frontal and two laterals)

and an epoxy floor, all serving as surfaces for the projection

of images (Fig. 1). The resolution of each surface image

was 1,280 9 1,024 pixels, and was generated by Marquee

Ultra 8500 projectors.

The CAVE was under the control of a SGI ONYX

3200� computer equipped with two Infinite Reality II

graphics cards and a magnetic motion tracker system

(Flock-of-Birds�) measuring postural reactivity by regis-

tering body movement at the head level. A previous study

conducted in the laboratory (Faubert and Allard 2004)

along with some pilot data using the same setup as was

used in the present study showed that the measures taken at

the head level (sensor positioned on the stereo goggles)

yielded comparable results to those obtained when sensors

were positioned on the lower back (lumbar 2–3). This

demonstrates that, at least under our present conditions, the

postural response of our participants resembled that of an

inversed pendulum motion pattern. We have therefore

decided to use only the sensor at the head level so as to

avoid adding methodologically superfluous and potentially

invasive lumbar sensors. The polarized stereoscopic gog-

gles (Crystal Eyes�, StereoGraphics Corporation; Fig. 2)

Fig. 1 The CAVE is an 8 9 8 9 8 feet room that includes three

walls (one frontal and two lateral) and a floor that all serve as surfaces

for the projection of images

Fig. 2 The stereoscopic goggles
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were equipped with a magnetic motion sensor allowing for

the precise tracking and measurement of their motion (thus,

the motion of participants). Three dimensional vision being

the result of the computation of two different images (one

from each eye) by the brain, wearing of stereoscopic

goggles allowed for the alternating occlusion of the left and

right eyes at a high frequency (96 Hz). This occlusion was

synchronized with the projection frequency on the screens,

resulting in a three-dimensional perception of the envi-

ronment. For more details on the equipment used, please

visit the following website: http://vision.opto.umontreal.ca/

English/Techno/CAVE.html.

Procedure

Participants were first familiarized with the virtual envi-

ronment. Visual acuity and stereoscopic vision were then

assessed without glasses (using a Snellen eye-chart and a

Random Dots Stereo-acuity Test). Participants were then

asked to wear the stereoscopic goggles, and were posi-

tioned at 1.50 m from the CAVE’s central wall with shoes

off, feet together, and arms crossed. This position was

chosen in order to minimize the use of individual strategies

from the limbs to maintain posture, and helped maximize

the effect of the visual stimulation (Kawakita et al. 2000).

For all conditions, participants were asked to fixate a red

dot located at the horizon. Behavioral information was

recorded as participants simply stood in the virtual reality

environment while they were presented with the visual

stimulation.

Experimental Paradigm

The postural reactivity of participants was assessed using

the ‘‘Virtual Tunnel Paradigm’’ (Fig. 3; for a video of this

paradigm: http://vision.opto.umontreal.ca/Techno/CAVE.

html). The tunnel had an inner texture made of a check-

erboard pattern, where each high-contrast square was

scaled for linear perspective (for a detailed description, see

Greffou et al. 2008; Piponnier et al. 2009). Two types of

visual environments, dynamic and static, were used in this

study.

For the dynamic condition, the simulated motion of the

tunnel was defined by an anterior–posterior (front-back)

sinusoidal translation motion oscillating around the par-

ticipants at 3 different frequencies: 0.125, 0.25, or 0.5 Hz

(for further details on the choice of these frequencies or on

the physical properties of the tunnel, please refer to Gref-

fou et al. 2008). For each frequency, participants performed

three 68 s trials, resulting in a total of 9 dynamic trials,

presented in a pseudo-random order. The initial frequency

was randomly selected and each consecutive presentation

of a given frequency was always separated by at least one

presentation of each of the two other frequencies. Static

conditions served as control conditions, thus allowing us to

separate the effect of dynamic visual stimulation on pos-

tural reactivity from that of static visual stimulation and

spontaneous sway. In the static tunnel condition, partici-

pants had to fixate a red dot presented at the horizon during

two 68 s trials, while standing in the virtual tunnel in its

static state (0 Hz, i.e. motionless). Since the structure,

dimension and texture of the tunnel were identical in both

dynamic and static conditions, the unique variable differ-

entiating the two conditions was its apparent motion. For

the eyes closed condition, participants were asked to

position their heads as if they were fixating the horizon, but

had their eyes closed. This condition was added to measure

the extent to which visual input, whether dynamic or static,

affected postural reactivity. In summary, all participants

performed thirteen 68 s trials in the following order; 2

static tunnel trials, 9 dynamic tunnel trials, and 2 eyes-

closed trials. A trial was considered incomplete if either a

participant lost balance during the trial (i.e., he or she could

not remain standing with feet together), or asked for the

trial to be stopped. If a participant was unable to complete

two out of the three dynamic trials for a given oscillation

frequency, his/her data was excluded from statistical

analyses.

Fig. 3 The virtual tunnel paradigm (http://vision.opto.umontreal.ca)
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Behavioral Measures

Changes in posture were monitored using two measures:

Body Sway (BS) and Postural Perturbations (PP), (see

Greffou et al. 2008). BS is the anterior-posterior dis-

placement of a participant as a function of the virtual

tunnel’s oscillation frequency. Due to the variation of

height as a function of age group, angular displacement

(Fig. 4) was used as the dependent measure of postural

reactivity as opposed to linear displacement. PP is defined

as the root mean squared (RMS) of total body velocity in

the horizontal plane (i.e., anterior-posterior ‘‘z axis’’ and

medial–lateral displacements ‘‘x axis’’) in angles per sec-

ond (Faubert and Allard 2004; Greffou et al. 2008;

Piponnier et al. 2009). This measure was used in order to

quantify postural perturbations induced by the visual

stimuli. The PP measure is distinct from the BS one in that

it is not computed relative to a single specific frequency;

rather, it reflects body instability at all frequencies minus

the one at which the tunnel ‘‘moves’’ during the trial of

interest.

Results

Statistical Analyses

Separate analyses were performed for Body Sway (BS) and

Postural Perturbations (PP) given that each of these two

variables represents a different element of postural reac-

tivity: BS reflecting synchronicity to stimulation, and PP

reflecting general instability. In the dynamic tunnel con-

dition, results from 3 trials were averaged for each

frequency, resulting in one value per frequency for each

participant. The same principle was applied for the control

conditions: 2 trials per frequency were averaged for each

participant; therefore, each participant had only one score

per frequency, per condition (dynamic tunnel, eyes closed

and static tunnel). Raw scores were converted to log val-

ues. Note that the data of one autistic participant in the

12–15 year-old group was removed from statistical analy-

ses as he was unable to complete all of the 0.25 Hz trials

due to dizziness and to technical problems during testing.

Body Sway Analyses (BS)

An Age (2) 9 Group (2) 9 Frequency (3) mixed factorial

analysis of variance (ANOVA) was performed for the

dynamic condition. A significant main effect of Age

(F(1, 45) = 13.01, p = .001, g2 = .224) and a non-sig-

nificant Group (autism vs. TD) 9 Frequency interaction

(F[1.84, 82.90] = 0.52, p = .58) demonstrated that

younger participants (12–15 year-old) swayed more than

older participants across all frequencies regardless of

whether they belonged to the autism or TD groups.

Moreover, a 2 (Group) 9 2 (Age) 9 3 (Frequency) mixed

factorial ANOVA revealed a significant three-way inter-

action F[1.84, 82.90] = 3.67, p = .033, g2 = .075); pair-

wise comparisons using Bonferroni correction revealed that

amongst the autistic group, the 12–15 year-olds manifested

significantly more Body Sway than did the adults for the

0.125 and 0.25 Hz. The same was true of the TD groups,

where 12–15 year-olds showed significantly more body

sway than did the adults but this time for the 0.25 and

0.50 Hz. A between-group difference in Body Sway for

younger participants failed to reach statistical significance

for all of the frequencies, but a trend was noted at 0.50 Hz

where younger participants with autism swayed less than

younger TD ones (See Fig. 5).

Age (2) 9 Group (2) 9 Frequency (3) mixed factorial

analyses of variance were also performed for both of the

Eyes Closed (EC) and Static Tunnel (ST) conditions

Fig. 4 Angular displacement of a person Fig. 5 Body sway as a function of frequency and group
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(Figures not shown). For EC, no significant main effect of

Group (F[1, 45] = 1.27, p = .27) nor a significant three-

way interaction (F[2, 90] = 1.19, p = .31) were found.

Likewise, for the Static Tunnel condition (ST), no signifi-

cant main effect of Group (F[1, 45] = 0.072, p = .79) or a

significant Age 9 Group 9 Frequency interaction were

found (F[2, 90] = 1.31, p = .28). Finally, an ANOVA

comparing Eyes Closed and Static Tunnel, where BS

scores were collapsed across frequencies, showed that

participants were less reactive during the Static Tunnel

condition as compared to during the Eyes Closed condition

(F[1, 6] = 7.02, p = .038) regardless of frequency, as no

significant Condition 9 Frequency interaction was found

(F[2, 12] = 3.31, p = 0.072).

Postural Perturbations Analyses (PP)

Age (2) 9 Group (2) 9 Frequency (3) mixed factorial

analyses of variance were performed. For the dynamic

condition, a significant main effect of Age (F[1, 45] =

20.16, p = .000, g2 = .309) demonstrated that younger

participants (12–15 year-old) were less stable than older

participants across all frequencies regardless of whether

they belonged to the autism or TD groups. Furthermore,

a 2 (group) 9 2 (age) 9 3 (Frequency) mixed factorial

ANOVA revealed a significant three-way interaction

(F[1.67, 75.13] = 4.23, p = .024, g2 = .086); pairwise

comparisons using Bonferroni correction revealed that at

0.50 Hz, the 12–15 year-old autism group (M = -1.62,

SD = .18) manifested significantly more postural stability

than did the 12–15 year-old TD group (M = -1.42,

SD = .32), (t(16) = 2.08, p = .043); as was previously

mentioned, the same tendency was observed for BS

although it failed to reach statistical significance for

0.50 Hz (See Fig. 6).

Age (2) 9 Group (2) 9 Frequency (3) mixed factorial

analyses of variance were also performed for both the EC

and ST conditions (Figures not shown). For EC, no sig-

nificant main effects of Group was revealed (F[1, 45] =

.029, p = .86) nor was a significant three-way interaction

(F[1.07, 48.07] = .36, p = .57). Similarly, for ST no sig-

nificant main effect of Group (F[1, 45] = 1.11, p = .30) or

a significant Age 9 Group 9 Frequency interaction were

evidenced (F[1.84, 82.56] = .44, p = .63). Finally, an

ANOVA comparing Eyes Closed and Static Tunnel, where

PP scores were collapsed across frequencies, showed that

participants, as was the case for BS, were more stable

during the Static Tunnel condition as compared to during

the Eyes Closed condition (F[1, 6] = 5.10, p = .065)

regardless of frequency, as no significant Condition 9

Frequency interaction was found (F[1.2, 7.2] = 2.80,

p = 0.14).

Discussion

Although atypical motor behaviors are often described as

associated behavioral symptoms of autism, their etiology

remains unknown. Given the altered visually-related

information processing in autism, an important component

of motor regulation, we assessed the visual and vestibular

components involved in postural reactivity in autism by

measuring perturbation and body sway induced by a virtual

tunnel oscillating at different frequencies for younger and

older participants with autism. Compared to typically-

developing participants, younger participants with autism

were hypo-reactive showing significantly less postural

perturbation to the sway-inducing virtual tunnel only at the

highest oscillation frequency (0.50 Hz). No significant

differences in postural reactivity were found between the

two older groups across the three frequencies tested in the

dynamic condition. In addition, postural behavior did not

differ between groups when immersed in control environ-

ments, where afferent visual input was either present and

static (immersed in static tunnel) or absent (eyes closed

condition). These results suggest that hypo-reactivity to

visual-inducing information in autism is contingent on both

visual environment (ex: speed of visual stimuli) and

development (chronological age), and probably not the

result of a vestibular dysfunction; if such were the case,

between groups differences would be found throughout all

of the experimental conditions, particularly Eyes Closed,

where the vestibular system is more strongly solicited.

Atypical Postural Behavior And Dynamic Information

Processing in Autism

As was mentioned in the Introduction, the paradigm used in

the present study is novel in that postural behavior in

autism was not simply assessed as a function of whetherFig. 6 Postural perturbations as a function of frequency and group
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afferent visual input was present or not (i.e., eyes-closed

vs. eyes-opened). We assessed the implication of vestibular

and visual components of postural behavior by measuring

how this behavior was differentially affected by manipu-

lating the dynamicity (tunnel frequency oscillation) of the

visual environment wherein the participants were

immersed. Results demonstrated that for younger partici-

pants with autism (12–16 years), hypo-reactivity (i.e., less

postural perturbation) to a sway-inducing visual environ-

ment was only manifested for the highest oscillation fre-

quency (0.50 Hz); between-group differences were not

demonstrated for slower oscillation frequencies. Moreover,

a similar trend was noted for the Body Sway measure

where young participants with autism swayed less than the

young TD; body sway being mostly a measure of syn-

chronicity to stimuli (see ‘‘Methods’’ section), this implies

that our younger autistic participants seem not to have

synchronized normally to the fastest stimulation frequency

whereas they were able to do so for lower frequencies. In

summary, autistic participants were able to integrate and

translate most sensory information into an appropriate

motor response under most experimental conditions except

when the processing and integration of fast visual stimuli

was required.

These results are consistent with the ‘‘visual-motion

integration deficit’’ (Gepner and Mestre 2002a) and/or the

‘‘temporo-spatial processing disorder’’ (Gepner and Féron

2009) hypotheses proposing that atypical postural reactiv-

ity in autism is specific to fast moving visual stimulation.

In general, these hypotheses are based on findings of

decreased postural reactivity of autistic participants to a

2-dimensional flow-field, defined by an oscillating circu-

larly-symmetric, frequency-modulated concentric grating

(Gepner et al. 1995), particularly for fast visual motion

(Gepner and Mestre 2002a). In these two studies (the latter

described as a replication and extension of the former), the

oscillation frequency—or driving frequency—of the grat-

ing was set at 0.2 Hz, resulting in different local angular

velocities across the stimuli since the spatial frequency of

the concentric rings defining the flow field decreased from

center of focus of expansion/contraction. It is important to

note that the effect of velocity on reactivity was computed

by transforming (Fast Fourier Transformation or FFT)

center-of-pressure measures into the fore-aft sway axis into

components at each local angular velocity (ranging from 6�
to 100�/s). Therefore, the interpretations of Gepner and

colleagues are based on postural reactivity findings with

respect to local (peak) angular velocities, and not to the

consequence of manipulating the overall velocity of the

sway-inducing flow-fields. It is also worth noting that

although the hypotheses advanced by Gepner and Mestre

were based on results originating from rather small sample

sizes (i.e., Gepner and Mestre 2002a: autistic disorder,

n = 3; Asperger n = 3; neurotypical, n = 9), they are

consistent with ours as only young participants with an

autistic disorder diagnosis (and not Asperger) demonstrated

differential reactivity to visual information.

In the present study, three different dynamic driving

frequencies were assessed (0.125, 0.25 and 0.5 Hz). By

assessing postural behavior under different levels of

dynamic visual stimulation, and not only comparing pos-

tural behavior in dynamic versus static environments,

perceptual versus visuo-motor origins of atypical postural

reactivity in our autism group were dissociated. The finding

that postural behavior in the autism group was comparable

to that of controls for the lower velocities argues against

the suggestion that atypical postural behavior in autism is

due to motion perception impairments (Gepner et al. 1995).

Specifically, a motion perception deficit would predict

atypical reactivity across all oscillation frequencies asses-

sed, since the visual environment induced frequency-

dependant sway for most conditions in the autism group.

This finding is especially pertinent since the frequency-

contingent autistic behavior occurred within an identical

dynamic visual environment in all frequency conditions

(except for its velocity level), and cannot be explained by

inattention to stimuli, given the immersive character of the

virtual visual environment and the small intra-subject

variance between the 3 trials at each frequency. In addition,

although there is some evidence of motion perception

impairments in autism under specific experimental condi-

tions (Bertone et al. 2003; see Bertone and Faubert 2006;

Kaiser and Shiffrar 2009 for reviews), it is unlikely that

such subtle perceptual deficits alone would translate into

the atypical postural behavior observed in this study, given

the intensity of the high-contrast information defining the

virtual tunnel.

Plausible neural mechanisms contingent on dynamic

information processing include the visuo-cerebellar circuits

due to their role in the speed and temporal coding of

dynamic visual input. Interestingly, visuo-postural mis-

coupling is representative of a sensory-motor coupling

disorder, first described 40 years ago (Ornitz and Ritvo

1968; Ornitz 1974) as a possible etiology of some autistic

behaviors (see Ornitz et al. 1985: visuo-vestibular discon-

nect). In addition, anomalies of cerebello-premotor-motor

cortex loops, due to the contribution of both the cerebellum

and the basal ganglia to real-time fine-tuning of motor

output and to motor learning via their projections to the

motor, premotor, prefrontal, temporal and parietal cortices

may also be candidate mechanisms that are underdevel-

oped in autism. This disordered under- or over- visuo-

postural coupling in children with ASD may partly explain

sensory-motor and motor disturbances, such as poor motor

coordination, poor or enhanced postural control, and gross

or fine motor clumsiness (Ornitz 1974; Damasio and
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Maurer 1978; Kohen-Raz et al. 1992; Leary and Hill 1996;

Green et al. 2009 for reviews).

Developmental Trend of Postural Behavior in Autistic

and Neurotypical Individuals

Previous results assessing visually-driven postural reac-

tivity during typical development demonstrated that both

children and young adolescents show less stability in

reaction to dynamic visual scenes (dynamic virtual tunnel,

as was used in this study) than adults; they reach adult-like

levels between 16 and 19 years of age, suggesting an

important transitory period for sensorimotor development

(Greffou et al. 2008). In the present study, autistic and non-

autistic participants who were 12–15 years of age exhibited

more body sway and postural perturbations (vRMS) than

did older participants. This finding is in accordance with

the developmental trajectory observed in the aforemen-

tioned study. In addition, only in this younger age range

were between-group differences contingent on the visual

environment (oscillation frequency) manifested, suggesting

that atypical postural reactivity behavior in autism is most

evident before the critical period of sensorimontor devel-

opment in neurotypical individuals. In another study,

Minshew et al. (2004) demonstrated that the postural

control of persons with autism aged 5–52 year-old did not

begin to improve until the age of 12 years, but never

reached adult-like levels. Methodological differences

(stimulation and measures) between the Minshew et al.

(2004) and the present study may account for discrepancies

regarding the transitory periods of sensorimotor develop-

ment in autism. However, both studies suggest that

development is an important component of atypical pos-

tural behavior in autism. These findings may be related to

the reduced prevalence of motor deficits (fine motor control

and programming) in older children with autism spectrum

disorder, whether through natural progression, results of

interventional therapy, or the combination of the two (Ming

et al. 2007). In conclusion, the finding that postural hypo-

reactivity in autism occurred in the younger autism group

when the inducing motion was fastest is suggestive of a

delayed development of sensory-motor coupling in autism.

Vestibular and Somatosensory Effects on Postural

Behavior in Autism

Although direct assessments of vestibular functioning in

autism has been relatively limited, studies assessing ves-

tibulo-ocular responses have demonstrated that vestibulo-

related autistic dysfunction is most probably due to inte-

grative deficits between the vestibular and other afferent

systems (i.e., visual and/or somatosensory), rather than

specific deficits to the peripheral vestibular system (Ornitz

et al. 1985). This notion is consistent with our findings

since a between-group difference in postural behavior

(either reactivity or stability) was not evidenced for static

conditions. In addition, behavior did not differ across the

different static conditions (i.e., static tunnel vs. eyes-

closed), suggesting that stability was typical in participants

with autism whether or not afferent visual information was

available. These results suggest that atypical postural

reactivity for our autistic participants did not originate

uniquely from a vestibular dysfunction. In addition, the

lack of between-group differences for the static conditions

(and most dynamic conditions) also suggests that if mus-

cular or morphological differences between autistic and

non-autistic participants were present (Leary and Hill

1996; Hallett et al. 1993; Vilensky et al. 1981), they were

not significant enough to affect postural behavior under the

experimental conditions and paradigm used.

Somatosensory afferent input was kept constant across

conditions in this study given that the main goal was to

isolate and assess the effect of visual environment on

postural behavior (participants stood passively with their

shoes off and feet together on a cushionless platform). In a

previous study, modifying somatosensory input using a

cushioned platform failed to significantly affect postural

stability, defined by a sway area covered during a 30 s trial,

in a group of 8 boys with ASD (Molloy et al. 2003).

Results from this study also demonstrated that the stability

of the ASD group significantly decreased during ‘eyes-

closed’ conditions, regardless of whether somatosensory

input was modified or not. This result was interpreted as

suggestive of an over-reliance on visual input to maintain

balance in the group assessed and is, in general, consistent

with a reduced integration between different afferent sen-

sory systems (Molloy et al. 2003; Minshew et al. 2004).

Findings in Relation to the Autistic Behavioral

Phenotype

Although the presence of repetitive behaviors is considered

to be a core characteristic of autistic spectrum disorder,

there is presently little understanding regarding basic issues

such as pathogenesis, purpose, preservation, and ulti-

mately, the management of such behaviors in autism.

Nevertheless, hypotheses implicating emotional (Baron-

Cohen et al. 2000), executive (Ozonoff et al. 1991; Joseph

and Tager-Flusberg 2004; Hill 2004; see Turner 1999

for reviews) and sensory/perceptual (Rimland 1994;

O’Gorman 1967; Delacato 1974; Mottron et al. 2007)

origins have been advanced. The latter hypothesis suggests

that characteristic repetitive behaviors serve as coping

mechanisms by persons with autism in response to an

atypically interpreted environment. The present study

demonstrated that the postural behavior (passive) of
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autistic participants differed under specific conditions of

visual stimulation (i.e., higher oscillation frequencies),

suggesting an association between perceptual environment

and subsequent behavior. This association can be translated

into real-life situations where temporally-changing visual

environments are actively produced by behaviors often

manifested by persons with autism that include: (a) visual

rotation induced by repetitive spinning movements, and

(b) the periodic visual stimulation induced by periodic

hand or finger movements in the visual field. Whereas

spinning behaviours are a reliable part of the autistic phe-

notype (Bracha et al. 1995), atypical lateral fixations are

associated with produced or searched periodic movements

(Mottron et al. 2007).

The production of periodic body movements by autistics

has generally been interpreted as the semi voluntary

behaviour implicating a vestibular input within a frame-

work of atypical sensory modulation (Ornitz 1974). How-

ever, our findings suggest that any explanatory model for

atypical body movements in autism should consider a

possible decoupling between vestibular and visual systems

under certain conditions of dynamic visual stimulation.

Anecdotally, this suggestion is supported by the frequently

reported behavioural observation that prolonged rocking,

spinning and whirling behaviours in autism do not result in

dizziness (Ornitz 1974; Grandin 1996).

Limitations and Future Directions

Findings from this study are specific to participants diag-

nosed with autism who have an IQ comparable to that of

typically-developing persons. It is unknown whether this

pattern of results transfers across the autism spectrum

(Asperger syndrome or Pervasive Developmental Disorder

not Otherwise Specified). However, the passive nature of

the fully immersive task makes it possible to assess chil-

dren with limited language and cognitive ability. Future

studies could compare different types of dynamic stimuli

(e.g. swaying floors), and use non-periodic or unpredictable

visual scene movement in order to verify whether abnor-

malities are manifested in other contexts where efficient

visuo-motor integration and complex visual perception is

required.
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