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Recent predictive processing accounts of perception and action point towards a
key challenge for the nervous system in dynamically optimizing the balance
between incoming sensory information and existing expectations regarding
the state of the environment. Here, we report differences in the influence of
the preceding sensory context on motor function, varying with respect to
both clinical and subclinical features of autism spectrum disorder (ASD).
Reach-to-grasp movements were recorded subsequent to an inactive period in
which illusory ownership of a prosthetic limb was induced. We analysed the
sub-components of reach trajectories derived using a minimum-jerk fitting
procedure. Non-clinical adults low in autistic features showed disrupted
movement execution following the illusion compared to a control condition.
By contrast, individuals higher in autistic features (both those with ASD and
non-clinical individuals high in autistic traits) showed reduced sensitivity to
the presence of the illusion in their reaching movements while still exhibiting
the typical perceptual effects of the illusion. Clinical individuals were distinct
from non-clinical individuals scoring high in autistic features, however, in
the early stages of movement. These results suggest that the influence of
high-level representations of the environment differs between individuals, con-
tributing to clinical and subclinical differences in motor performance that
manifest in a contextual manner. As high-level representations of context help
to explain fluctuations in sensory input over relatively longer time scales,
more circumscribed sensitivity to prior or contextual information in autistic
sensory processing could contribute more generally to reduced social com-
prehension, sensory impairments and a stronger desire for predictability
and routine.

1. Introduction

An influential idea in cognitive science is that for the brain to successfully rep-
resent and interact with its environment, it engages in an unconscious process
of inference about the external causes of sensory stimulation. This idea arises in
response to the ambiguous relationship between sensory inputs and worldly
states, which seems to necessitate that sensory information be integrated with
prior and contextual information regarding the likely causes of input. Contempor-
ary predictive processing accounts of cortical function provide a computationally
and biologically plausible mechanism through which this process might occur
via the implementation of probabilistic generative models [1,2]. In a recurrent
hierarchical arrangement, hypotheses regarding the present causes of input are
used to generate predictions of sensory activity at subordinate levels. Hypotheses
at each level are then updated iteratively to more closely match predictions to
incoming data. In this manner, a dynamic representation of the causal structure
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of the world comes to be encoded across the neocortex, graded
from lower to higher levels of spatial and temporal abstrac-
tion. Action is situated within this framework as a process of
manipulating the sensory input to match predictions (e.g. pre-
dictions regarding the parameters of unfolding proprioceptive
feedback) [3,4].

When the brain is cast in this light, we gain a nuanced per-
spective on how systematic differences in perception and
action may emerge between individuals. To improve predic-
tions over time, the influence of sensory input on cortical
representations must be weighted by how informative the
input is expected to be concerning regularities in the world
(i.e. weighted in proportion to the expected precision of the
input relative to the precision of existing expectations) [5].
This captures the intuitive principle that sensory information
should be drawn upon to a greater degree (at the expense of
prior or contextual information) in contexts when the present
input is expected to be more highly reliable in determining
the state of the external world. Thus, a key task for the nervous
system is in optimizing the relative influence of (top-down)
prior or contextual information on low-level, local processing.
This task can be challenging because different contexts require
recruitment of different levels of the cortical hierarchy to accu-
rately represent the causal structure of the world. Changes in
sensory input could be best accounted for by inferring the pres-
ence of either shorter- or longer-term regularities, for example,
and could reflect changes in first- or second-order statistics (for
discussion, see [6]).

These concepts have been drawn upon very recently to
understand autism spectrum disorder (ASD) and non-clinical
variance in autistic features [6—13]. ASD is a highly prevalent
developmental condition (approx. 1%) characterized in sig-
nificant part by social, communicative and behavioural
atypicalities [14,15]. Other well-established features include
sensory hyper- and hypo-sensitivities, a detail-oriented pro-
cessing style, a strong preference for predictability and
routine, cognitive inflexibility and poor motor coordination
[16—-19]. Social and non-social ASD-like characteristics vary
to a significant degree across the general population, in
both children and adults (e.g. [20—-24]). Pellicano & Burr [8]
argue that non-social features of ASD can be understood as
a reduced influence of prior experience on sensory processing
(see also [25]). Within the predictive processing framework,
this idea has been developed in terms of an increased effect
of sensory stimulation on cortical representations of the
world, such that perception is bound more closely to lower
levels of representation—where the weighting of sensory
input is tied to estimations of state-dependent uncertainty
[6,9-11]. As mentioned, differences between individuals in
the modulation of lower-level processing by higher-level rep-
resentations can arise because there is not an unequivocal
answer regarding the appropriate levels of the hierarchy to
recruit in a given situation. Work has just begun in unpacking
the implications of this type of account for our understanding
of sensory, motor and social symptoms in ASD, as well as for
individual differences more broadly (e.g. [7,9,10,13,26-28]).

Here, we examine the influence of the preceding sensory
context on sensorimotor function with respect to both clinical
and subclinical features of ASD. Specifically, we investigate
how reach-to-grasp movements unfold following exposure to
the rubber-hand illusion (RHI)—a multisensory illusion
of ownership for a prosthetic limb [29,30]. Induction of this illu-
sion (via synchronous tactile stimulation of a visible prosthetic

limb and the occluded real limb) influences bodily represen-
tations for perception and action, reflected, for example, in
drift in perceived arm position towards the prosthetic limb
[31,32]. Moving the arm subsequent to an inactive period of
illusion induction is therefore likely to require integration
between prior, context-sensitive expectations regarding limb
position and sensory (proprioceptive) feedback received once
movement is underway. This provides a novel setting for
examining consequences of the dynamic interaction between
sensory evidence and higher-order expectations specified by
predictive processing. In this type of paradigm, sensitivity to
the context of the illusion can be understood in terms of the
relative influence of higher-level representations filtering
down the cortical hierarchy to modulate predictions at lower
levels. We therefore expected that divergence between individ-
uals across illusory and non-illusory conditions would be
revealing in terms of the processing imbalances hypothesized
by inferential accounts of ASD. In particular, we expect
individuals higher in autistic features to be increasingly disin-
clined to let higher-level representations be informative about
low-level sensory input; conversely, they should be more
inclined to consider their sensory input informative.
Non-clinical individuals grouped by their level of autistic
traits show differences in sensitivity to the presence of the
RHI in reaching movements [7] (see also [33]). Specifically,
individuals low in autistic features exhibit reduced smooth-
ness of movement following the illusion compared with a
control condition, while individuals high in autistic features
show uniformly smooth movements across conditions. In
this study, we examined whether adults with ASD demon-
strate similarly reduced sensitivity in movement to the
preceding context of the RHI. Crucially, we compare those
with a diagnosis of ASD with both non-clinical individuals
high in autistic features and non-clinical individuals low in
autistic features. This allows us to assess how the predictive
processing account of individual differences we described
and developed above coheres with clinical and non-clinical
features of movement. Additionally, we decompose reaching
trajectories into sub-components (described in §2) to more
closely examine whether differences in action following the
illusion are consistent with differences in the context-sensitive
integration of sensory feedback with prior expectations.

2. Material and methods

(a) Participants
Three participant groups were involved in this experiment.
Thirty non-clinical adults were recruited via university and hos-
pital advertisements and separated into two groups based on a
median-split of autism-spectrum quotient scores (AQ, an adult
inventory measure of social and non-social autistic traits [20]).
Thus, we examined a Low AQ group of 15 non-clinical individ-
uals (eight female; mean age: M = 30.20, s.d. = 7.31 years; AQ:
M=38.07, s.d. =3.96) and a High AQ group of 15 non-clinical
individuals (five female; mean age: M =29.87, s.d.=8.61
years; AQ: M =22.13, s.d. =5.74). A third group of 15 adults
with ASD were recruited via advertisements and the Monash
Alfred Psychiatry Research Centre volunteer database (four
female; mean age: M = 2927, s.d.=9.17 years; AQ: M = 28.60,
s.d.=1047).

Diagnoses were of either autistic disorder (high-functioning)
or Asperger’s disorder. All diagnoses were according to DSM-IV-
TR criteria [34] and established by a qualified clinician external to
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the study (psychiatrist, paediatrician or clinical psychologist).
All participants were right-handed. Further demographic and
clinical characteristics are reported in electronic supplementary
material, table S1.

(b) Procedure

Participants sat at a desk with their right arm resting in a fixed
position. A prosthetic right arm was posed in an anatomically
plausible position in front of the participant, while the partici-
pant’s corresponding limb was hidden from view. The limbs
were spaced 20 cm apart in the horizontal plane (as measured
from the middle fingers), aligned in the vertical plane and posi-
tioned with approximately equivalent hand configuration and
orientation. The prosthesis was visually similar to a human limb
with respect to physical proportions, skin detail and compression
to touch. An experimenter applied stroking concurrently to each
limb using a pair of soft brushes (2-2.5 x 0.5 cm tip size). Stimu-
lation was applied to the dorsal surface of the fingers and hand.
Each trial consisted of either synchronous or asynchronous stimu-
lation, applied for 3 min at approximately 1-2Hz. In the
synchronous stimulation condition, stroking was applied in tem-
poral synchrony to corresponding locations of each limb. In
asynchronous stimulation trials, stroking was both temporally
and spatially asynchronous. Asynchronous stimulation constitutes
the standard control condition in research employing the RHI and
tends not to elicit behavioural and physiological responses charac-
teristic of the RHI (for review, see [30]). Participants were
instructed to attend to the stroking of the prosthetic limb during
stimulation. Sixteen trials were conducted in total (eight with syn-
chronous stimulation; eight with asynchronous stimulation). Trial
order was randomized for each participant.

Each trial included pre- and post-stimulation estimates of limb
position and a post-stimulation reach-to-grasp movement. At
the end of each trial, participants completed a questionnaire to
assess their subjective experience of the illusion. Throughout the
experiment, the real and prosthetic limbs were situated in separate
compartments of an observation box that spanned the length of the
desk. Compartmentalized lighting allowed the prosthetic limb
to be visible only in the stimulation phase of each trial, while the
participant’s limb was occluded throughout the experiment. The
reach target was presented only in the reaching phase of each
trial. A smock blocked the participant’s view of how the real and
prosthetic limbs entered the box.

(c) Perceptual measures

(i) Musion statements

Participants reported on their experience of the stimulation period
in each trial using a questionnaire comprising 11 statements (see [7]
for full description). Three statements were worded to capture the
typical phenomenological qualities of the illusion: (i) ‘It seemed as
if I was feeling the touch of the paintbrush in the location where I
saw the rubber hand being touched’, (ii) ‘It seemed as though the
touch I felt was caused by the paintbrush I could see touching the
rubber hand’ and (iii) ‘It felt as if the rubber hand was my hand’.
Also included were eight control statements that were not expected
to differ systematically between synchronous and asynchronous
conditions (e.g. ‘It seemed as if I might have more than one right
hand or arm’). Participants rated their agreement with each state-
ment on a 20 cm horizontal visual analogue scale. Average
ratings across illusion-related and control items were analysed.
Statement order was randomized for each trial.

(ii) Nlusion onset latency

Participants pressed a footswitch during the stimulation phase of
each trial when they first agreed with the statement, ‘It seemed as
though the touch I felt was caused by the paintbrush I could see

touching the rubber hand’, or the statement, ‘It seemed as if I was n

feeling the touch of the paintbrush in the location where I saw
the rubber hand being touched’. Participants were not required
to press the footswitch if they did not agree with either statement
(these trials were treated as missing data; missing data owing to
equipment issues described below). The illusion onset latency for
each trial was recorded as the duration between when the exper-
imenter first began applying stimulation and when the
participant first pressed the footswitch.

(iii) Proprioceptive drift

Directly before and after each stimulation period, participants
estimated the position of their right hand. A bar was positioned
across the box, above the participant’s right hand, in the horizontal
plane from the participant’s perspective. The experimenter slid a
marker across the bar, and the participant verbally indicated
when the marker was estimated to be directly above the centre
knuckle of their hand. The experimenter recorded the position
of the marker to the nearest millimetre. Proprioceptive drift
was calculated as the difference between pre- and post-stimulation
estimates, with positive values indicating drift towards the
prosthetic limb.

(d) Kinematic measures

Participants performed a reach-to-grasp movement in each trial
using the hand that had received stimulation. The target of the
movement was a 4.5 x 18 cm bright yellow cylinder, located
13 cm forward and 5 cm to the right of the participant’s hand.
Participants began the movement when a light was switched
on to allow vision of the upper approximately 2cm of the
target; vision of their hand and the prosthetic limb was blocked
throughout the movement.

Displacement was recorded continuously by an electromag-
netic tracking device together with a sensor attached centrally
to the dorsal surface of the hand (Ascension Technology Corpor-
ation 3DGuidance trakStar with mid-range transmitter; reported
resolution of 1.4 mm and 0.5°). Recording was at 60 Hz with a
50 Hz notch filter. The three spatial dimensions of movement
were the subject of analyses. All trials were visually screened
for recording artefacts. Two participants were excluded from
reach analyses owing to extensive recording failures in these ses-
sions; across the remaining 43 participants (688 trials), 11 trials in
total were similarly excluded owing to equipment issues. For
each trial, movement onset and offset were defined as when vel-
ocity first exceeded 20mms ' for 0.05s when proceeding
anterograde and retrograde through the time series, respectively
(this follows [7,35,36]). A Savitzky—-Golay filter was used to
smooth and then differentiate displacement data (frame
length = 11-19; polynomial order = 2-3).

Area under the curve of the Euclidean jerk profile was a
measure of interest. Jerk is the change in acceleration over time
(the third derivative of displacement). Minimization of mean or
integrated squared jerk is a theoretical criterion for producing
smooth, naturalistic point-to-point trajectories [37]. Previous
clinical studies have used jerk measures to quantify movement
performance (e.g. [38—40]), and we have previously demon-
strated that individuals low in autistic features show increased
integrated jerk in reaching movements following the RHI [7].

Movement sub-components were also examined to probe
for features that may underlie differences in overall execution.
This analysis drew on a fitting method recently developed by
Friedman and colleagues to decompose recorded trajectories
into constituent sub-movements [41,42]. This procedure finds
the minimum number of (potentially overlapping) sub-move-
ments that sum together to reproduce the observed velocity
profile. Individual sub-movements are assumed to minimize
jerk (i.e. show a Gaussian velocity profile) and fit certain
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Figure 1. Perceptual measures of the RHI. Mean illusion ratings and drift in
perceived arm position are shown across RHI conditions. synch., synchronous;
asynch., asynchronous. Error bars indicate s.e.

temporal and spatial constraints. The fitting procedure described
in [42] was run for 1: 10 sub-movements with an error threshold
of 0.03. Spatial bounds were set for x (—200 to 300) and y (—100
to 200) dimensions based on the physical proportions of the task
environment. This procedure returned two to three sub-move-
ments for 84% of trials, with a single trial returning no valid
solution after not converging. The average reconstruction error
was 0.0166 (s.d. = 0.0026), similar to [42]. We examined par-
ameters of the first two velocity sub-movements as more than
99% of trials contained at least two sub-movements. These par-
ameters were peak velocity, time to peak velocity, full width at
half maximum (a measure of duration) and onset time.

3. Results

(a) Perceptual measures
The typical perceptual effects of the RHI were observed across
groups. A 2 x 2 x 3 mixed ANOVA was performed for self-
reported ratings of the illusion, with statement type (control
versus illusion-related), stimulation type (synchronous versus
asynchronous) and group (low AQ versus high AQ versus
clinical) as factors. Importantly, a significant interaction was
observed between statement type and stimulation type
(F1,42=113.09, p <0.0001). Post hoc t-tests indicated that
illusion items were rated higher following synchronous
stimulation (M = 12.52, s.d. = 5.55) compared with asynch-
ronous stimulation (M =3.99, s.d.=3.79), t44 =11.09, p <
0.0001, Hedges’ ., = 1.81 (figure 1). Similarly, illusion items
were rated higher than control items for synchronous stimu-
lation, f44=9.03, p <0.0001, Hedges’ g, =1.32 (illusion
ratings: M =12.52, s.d.=5.55; control ratings: M = 6.74,
s.d. = 3.16), but not for asynchronous stimulation, for which
a lesser difference in the opposite direction was observed,
ty = —4.59, p <0.0001, Hedges’ g, = 0.37 (illusion ratings:
M=3.99, s.d. =3.79; control ratings: M = 5.25, s.d. = 3.00).
Together, these results indicate that the phenomenological
features of the illusion typically reported in the literature
tended to be experienced following synchronous stimulation
but not asynchronous stimulation, as expected. A significant
interaction effect was also observed between statement type,
stimulation type and group (Fp4p =4.33, p = 0.02). Post hoc
tests indicated that all three groups demonstrated the same pat-
tern of effects as reported above for the whole sample, however
(these post hoc tests and further main effects are reported in the
electronic supplementary material).

Groups similarly did not differ in the average time
required to induce the illusion in the synchronous stimulation
condition. A Kruskal—-Wallis test with group as the factor was
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20F T === ASD
19¢
(=
@ 18t
|
E
% 17 3 L
8, &
3
= 16
g
£ 15t
14}
13}
asynch. synch.

stimulation type

Figure 2. Mean integrated jerk of reaching movements performed subsequent
to the RHI. synch., synchronous; asynch., asynchronous. Error bars indicate s.e.

performed on illusion onset latency during synchronous
stimulation. (A non-parametric test was used because the dis-
tribution of this data was positively skewed.) There was no
significant difference across the three participant groups,
X (2, n=233)=0.14, p=0.93. Mean onset latency for the
full sample was 51.25s (s.d.=42.29; median = 48.65;
median absolute difference = 36.60).

Synchronous stimulation induced drift in perceived arm
position towards the prosthetic limb, and, consistent with
other perceptual measures, this effect did not differ in relation
to autistic characteristics. A 2 x 3 mixed ANOVA was perfor-
med for proprioceptive drift measurements, with stimulation
type (synchronous versus asynchronous) and group (low AQ
versus high AQ versus clinical) as factors. Drift in perceived
arm position towards the prosthetic limb was significantly
greater for synchronous (M =1.86, s.d.=2.74) than asyn-
chronous stimulation (M = 0.10, s.d. = 1.91), F1 4, =43.73, p <
0.0001, nf, =051, n% =0.13 (figure 1). No other main or
interaction effects were significant (p > 0.05).

(b) Kinematic measures

(i) Integrated jerk

While the perceptual effects of the RHI were intact across
groups, autistic characteristics were found to modulate reach-
ing movements performed subsequent to the experience of
the illusion. A 2 x 3 mixed ANOVA was performed for the
integrated jerk index of movement performance, with stimu-
lation type (synchronous versus asynchronous) and group
(low AQ versus high AQ versus clinical) as factors. A signifi-
cant interaction was observed between stimulation type and
group, Fp 49 =5.26, p = 0.009, n% = 0.21 (figure 2). In replica-
tion of our previous study in non-clinical individuals [7], the
low AQ group showed increased integrated jerk in move-
ments performed subsequent to synchronous stimulation
(M =15.77, s.d. = 3.58) compared with asynchronous stimu-
lation (M = 14.30, s.d. = 3.06), t;3 = 3.55, p = 0.004, Hedges’
Qav = 0.43. By contrast, the high AQ group showed no differ-
ence between synchronous (M =14.14, s.d.=4.10) and

[SSLYL0T (28T § 208 Y 20id  biorbuiysiigndfranosiesorqdsi H



(@)
250
= 200
£ 150
>
5 100
2
£ 50
0 0.5 1.0 1.5 2.0
time (s)
(®)
T 300
g
g
= 200
k)
2
100
E
(9]
=
0
asynch. synch.
stimulation type
(©)
o 0.6
>
5 —~ 05
E g 04
- = 0.3
Q 5]
g é 0.2
= 0.1
£
= L H ASD L H ASD
group group

Figure 3. Sub-component analysis of reach-to-grasp movements. (a) Modelled
sub-components of a single reach-to-grasp movement. Black, recorded data; red,
first sub-movement; green, second sub-movement; blue, third sub-movement.
(b) Mean peak velocity of the second sub-movement for the low AQ group
across RHI conditions. (c) Mean time to peak velocity (first sub-movement)
and onset time (second sub-movement) across participant groups. L = low
AQ; H = high AQ. Error bars indicate s.e. (Online version in colour.)

asynchronous (M = 14.06, s.d. = 3.79) stimulation conditions,
t13=10.23, p=0.83, Hedges’ g,, = 0.02. Moreover, in this
study, we were able to extend this analysis to individuals
with ASD, who similarly showed no change in integrated
jerk across synchronous (M = 18.18, s.d. =5.90) and asyn-
chronous (M = 18.56, s.d. =6.05) conditions, t;4 = —0.79,
p = 0.44, Hedges’ g,, = 0.06. Additionally, there was a main
effect of group, F40=3.59, p=0.037, n% = 0.15. Pairwise
comparisons with Bonferroni adjustment indicated that the
clinical group (M = 18.37, s.d. = 5.90) exhibited significantly
greater integrated jerk in their reaching movements (across
conditions) than the high AQ group (M = 14.10, s.d. = 3.89;
p=0.015). The low AQ group did not differ significantly
from either other group (p >0.05). No other main or
interaction effects were significant (p > 0.05).

(ii) Sub-movement analysis

Modelling the constituent sub-components of the reach-
to-grasp movements performed subsequent to the illusion
shed light on the features of movement that likely contributed

to the differences in performance noted in the previous section. [ 5 |

Fitted sub-components for a single trial are illustrated in
figure 3a. Parameters of the first and second sub-movements
were each analysed ina 2 x 3 mixed ANOVA, with stimulation
type (synchronous versus asynchronous) and group (low AQ
versus high AQ versus clinical) as the factors.

Peak velocity of the first sub-movement did not differ
across groups or RHI conditions, nor was there an interaction
effect (p > 0.05). However, for the second sub-movement, there
was a significant interaction between stimulation type and
group, F>40=4.88, p=0.013. There was no main effect of
either factor (p > 0.05). Post hoc t-tests indicated that the low
AQ group showed greater peak velocity in the second sub-
movement following synchronous stimulation (M = 280.06,
s.d. = 46.87) compared with asynchronous stimulation (M =
259.82, s.d. =43.09), tj3=3.527, p=0.004, Hedges" g,, = 0.44
(figure 3b). By contrast, the high AQ and clinical groups
showed no difference in peak velocity between the synchro-
nous (high AQ: M = 260.46, s.d. = 44.50; clinical: M = 288.96,
s.d. = 112.95) and asynchronous (high AQ: M =273.35, s.d. =
45.50; clinical: M = 301.48, s.d. = 121.01) stimulation conditions
(high AQ: t;3= —1.39, p=0.19, Hedges" g,, = 0.28; clinical:
tia = —1.28, p=0.22, Hedges’ g, = 0.10).

There was a significant main effect of group for time
to peak velocity of the first sub-movement, F49=3.85, p =
0.03, nf? = 0.16 (figure 3c). Pairwise comparisons with Bonfer-
roni adjustment indicated that the clinical group (M = 048,
s.d. = 0.21) took longer to reach peak velocity of the first sub-
movement than the high AQ group (M = 0.33, s.d.=0.07;
p=0.009). The low AQ group did not differ significantly
from either other group (p>0.05). The other main
and interaction effects for this variable were non-significant
(p > 0.05). Time to peak velocity of the second sub-movement
showed no main or interaction effects (p > 0.05).

A significant main effect of group also existed for
the onset time of the second sub-movement, F; 4= 3.39,
p=0.044, nf, = 0.15 (figure 3c). Similar to the difference in
time to peak velocity of the first sub-movement, pairwise com-
parisons with Bonferroni adjustment indicated that the onset
time of the second sub-movement was later for the clinical
group (M =042, s.d. =0.24) than for the high AQ group
(M =0.25, s.d. = 0.10; p = 0.016). The low AQ group did not
differ significantly from either other group (p > 0.05), and
the further main and interaction effects for this variable were
non-significant (p > 0.05). Further analysis of the reach data
is reported in the electronic supplementary material.

4. Discussion

This study was designed to examine sensitivity to the preced-
ing sensory context in motor function with respect to clinical
and subclinical autistic features. In non-clinical individuals,
those higher in autistic characteristics were less sensitive to
the presence of the RHI in their reaching movements than
those lower in autistic characteristics. Adults with a diagnosis
of ASD similarly exhibited little difference in kinematic par-
ameters across illusory and control conditions. Sensitivity to
the illusion manifested in the low AQ group as increased
integrated jerk (in replication of our previous study of subcli-
nical autistic characteristics; [7]) and increased peak velocity
in the second sub-component of movement. The latter feature
is likely to contribute to or underlie increased integrated jerk,
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as integrated jerk is responsive to changes in the shape of the
velocity profile. All groups reported the typical subjective
effects of the illusion and exhibited the same degree of drift
in perceived arm position towards the prosthetic limb.
Thus, the observed differences in reaching movements are
explained better in terms of an association between autistic
features and sensitivity to prior (contextual) information
rather than a general resistance to the illusion in the high
AQ and clinical groups.

This pattern of results supports and extends to movement
the recent notion that the autism spectrum is characterized by
reduced top-down modulation of sensory processing [6-10].
In a predictive processing view of the RHI paradigm, initial
expectations for arm position influenced by the illusion are
updated iteratively with sensory (proprioceptive) feedback
received once movement is underway. In the low AQ group,
movement in illusory and control conditions began in the
same manner (as indicated by the lack of difference between
conditions in the parameters of the first sub-movement) but dif-
fered in peak velocity of the second sub-movement. This is
consistent with the hypothesis that movement performance
in this group is modulated by conflict between sensory feed-
back and illusory expectations for arm position: as movement
unfolds, participants in the low AQ group accumulate sensory
evidence for the true position of the arm and in that light make
in-flight corrections to the movement. Following on from this,
we can understand the reduced sensitivity to the illusion in
the high AQ and clinical groups as reflecting a greater weight-
ing of sensory feedback in determining arm position during
movement, such that prior representations of the environment
are relatively circumscribed in their influence.

Individuals with ASD were also distinct from non-clinical
individuals high in autistic traits, the former showing greater
integrated jerk in movements across conditions. The sub-
movement analysis was again revealing about the features of
movement that may contribute to this performance difference;
specifically, the clinical group (compared to the high AQ
group) showed a later time to peak velocity of the first sub-
component of movement and a later onset time of the second
sub-component of movement. This sluggishness in the early
stage of movement coheres with previous research investi-
gating abnormalities in movement initiation and preparation
in ASD (e.g. [43,44]). Thus, while non-clinical individuals
higher in autistic traits resemble clinical individuals in their
lack of motor sensitivity to the RHI, these groups are distinct
in early features of movement that manifest across contexts.
A regression analysis indicated no relationship across the
sample between AQ score and movement performance
across conditions (reported in the electronic supplementary
material), similarly suggesting that these features of move-
ment are specific to clinical individuals. This highlights how
examining both clinical individuals and non-clinical varia-
tion in autistic traits in the same experiment can provide a
more complete characterization of how the clinical condi-
tion presents with respect to variation that exists across the
general population. Furthermore, this pattern of results
points to the possibility that the processing differences that
contribute to reduced sensitivity to the RHI in the high
AQ and ASD groups occurs to such an extent in the latter
that difficulties in motor performance are experienced
across contexts.

Motor incoordination (e.g. clumsiness) occurs commonly
in ASD across a range of different motor behaviours, including

reaching movements and gait [18,19]. The results of this study n

furnish an account of the motor symptoms of ASD in terms of
the relative weighting of prior or contextual information
against sensory feedback. A fundamental assumption of the
Bayesian approach to perception is that sensory informa-
tion is noisy and ambiguous, such that drawing upon prior
and contextual information is necessary to determine the
state of the external world. Thus, the increased weighting
of sensory information in perceptual inference that is sugges-
ted to occur in ASD leads directly to an account of motor
incoordination in terms of how the brain estimates the state
of the body during movement. Namely, relying too highly on
the incoming sensory information at the expense of prior
information should typically lead to a less accurate sense of
body position, which may contribute to clinical symptoms
of motor incoordination (and the reduced smoothness of
movement observed for the clinical group in this study).
Moreover, while the context of the illusion misleads perform-
ance in the RHI, sensitivity to higher-order contextual
information may more commonly be of benefit to accurate
motor performance (e.g. when performing movement without
visual feedback, or when contextual factors like weight on the
arm modulate the relationship between actions and their
Sensory consequences).

The concepts that we draw upon to elucidate differences in
sensitivity to the RHI across the groups may also be useful in
understanding the observed differences in movement initiation
in ASD. In their application of predictive processing to action,
Friston and co-workers [45] have emphasized the role of
sensory attenuation in movement initiation. In brief, their
notion is that action comes about when predictions regarding
the flow of proprioceptive input are fulfilled by peripheral
responses that engage the muscles to change the bottom-up
signal [3,4]. This contrasts with the more passive process of
updating predictions to match input suggested to occur in
the perceptual system. To begin movement, sensory evidence
for the hypothesis concerning the current (true) arm position
must be down-weighted such that alternative hypotheses
regarding arm position are favoured. As noted, the mechanism
thought to underlie a reduced influence of prior or higher-level
expectations in autistic perception is a tendency to weight the
sensory input highly relative to top-down predictions (i.e.
increased gain on prediction errors) [7,9,10]. An implication of
increased sensory weighting may be that the attenuation of
sensory evidence that is suggested to facilitate movement
initiation is compromised, contributing to differences in the
early stages of movement.

Is increased sensory weighting in ASD contextually driven
or a chronic feature of sensory processing? In the predictive
processing framework, the relative weighting of sensory
information against prior expectations is adjusted top-down
in a state-dependent manner in response to changes in the
expected precision of sensory signals (i.e. the estimated uncer-
tainty of the environment). This is a mechanism that has the
potential to add further nuance regarding how subtle differ-
ences in sensory processing may manifest in a complex
manner across contexts, which may be crucial in accounting
for the complex pattern of sensory differences in ASD and
the heterogeneity in symptoms reported between and within
individuals with ASD. The results of this study point to both
context-independent differences in ASD, exhibited in move-
ment performance across conditions, and context-dependent
differences in ASD, exhibited in differing responses to the
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illusion in movement. While there is evidence that propriocep-
tive estimates in non-illusory conditions are no more accurate
or precise in ASD than in controls [46], this study differs in
incorporating an uncertain context in which conflict between
cues for arm position derived from the illusion and pro-
prioceptive input during illusion induction may induce an
expectation for low precision in the sensory input. That is, sen-
sorimotor input can normally be interpreted unequivocally
under long-held, very stable expectations about body-image,
body-schema and bodily self-awareness, but the RHI challenges
these expectations and throws doubt on the sensory input. Those
higher in the autism spectrum may therefore weight sensory
input more strongly than others in particular contexts owing to
a reduced response to cues that suggest that sensory input
should be distrusted.

Importantly, we can begin to see how differences in the
depth of the cortical hierarchy through which updating
occurs could underlie clinical and subclinical autistic features.
Specifically, we can situate non-clinical individuals lower in
autistic traits as tending to appeal more to higher-level
causes to explain sensory input when compared with those
higher in autistic features, while clinical individuals have a
tendency to predominantly recruit levels that are lower
again. It is clear that differences in this regard could be adap-
tive (as in non-clinical variation in autistic features) or not (as
in the clinically defined condition), given the equivocal chal-
lenge of determining where in the causal hierarchy to account
for changes in sensory input from within the skull. We can
speculate that differences in the recruitment of higher levels
in the hierarchy may be reflected in neurobiological features
found in ASD, such as reduced long-range connectivity
(e.g. [47]) and greater intra-individual variability in evoked
cortical responses [48]. As representations of context help to
explain fluctuations in sensory input over relatively longer
time scales, more circumscribed context sensitivity in autistic
sensory processing could contribute more generally to
reduced social comprehension, sensory impairments and a
stronger desire for predictability and routine.

There is evidence that the perceptual experience of the RHI
is facilitated by prior expectations regarding bodily repre-
sentation (e.g. [31,49]). That the typical perceptual effects of
the RHI were exhibited by the ASD group thus suggests that
individuals with ASD are able to learn informative priors but
differ instead in the relative weighting of priors against conflict-
ing sensory signals (see [9,12,13] for discussion). This is
consistent with the mixed evidence on visual illusions
in ASD, which tends to suggest that prior information influ-
ences visual perception in ASD but to a lesser extent than
controls [50]. The differences in motor behaviour following
the illusion despite the similar perceptual experience across
groups points to how subtle atypicalities in the integration
of prior expectations with sensory information may manifest
differently across tasks depending on factors such as the
nature of the priors involved (e.g. expectations regarding
bodily representation developed over long time scales versus
shorter-term contextual information regarding body position
during movement). Similarly, the predictive processing account
emphasizes the continual and dynamic integration of incoming
sensory signals with existing expectations regarding the causes
of sensory input. The reaching task used in the present exper-
iment is likely to be more sensitive to this process when
compared to perceptual measures of the illusion, owing to the
immediate demand of integrating sensory feedback with

existing estimates of arm position as movement unfolds. Thus,
it may similarly be important for future research in this area
to consider the temporal nature of perceptual inference and
include measures that are sensitive to this process.

Reduced sensitivity to the RHI in movement fits broadly
with established theories of autistic perception that suggest
reduced sensitivity to more global or contextual information
(weak central coherence, WCC; [17]) or enhanced lower-level
perceptual functioning (EPF; [51]). Specifically, WCC may pre-
dict a reduced sensitivity to the illusion in general owing to
reduced global integration of sensory information, while EPF
may predict better movement performance in the context of
the RHI owing to enhanced discriminability of proprioceptive
input (though previous research has not supported better
proprioceptive discrimination in ASD [46]). The predictive
processing account has an advantage in this regard in account-
ing for why the RHI is experienced similarly in the ASD group
but modulates subsequent movement differently in low AQ
controls (as discussed earlier), and further, why movement
performance is generally poor in the ASD group in addition
to this group showing insensitivity to the context of the RHI.
Inferential accounts of autistic perception formalize the dis-
tinction between bottom-up and top-down sensory processes
[8] within a computational framework and situate clinical
symptoms and related non-clinical variation within a general
model of brain function. Drawing on the biological and
computational depth of inferential models may be impor-
tant for elucidating the mechanisms underlying autistic
symptoms; for example, the concept of WCC can be cast in pre-
dictive processing terms, leading to corresponding hypotheses
regarding the cortical circuitry and neurotransmitter systems
involved [9,10]. Further research may also be able to dis-
tinguish predictive processing accounts from other theories
by examining the role of sensory uncertainty in modulating
differences in perceptual or sensorimotor outcomes between
ASD and controls.

In this study, we find that both individuals with ASD and
non-clinical individuals high in autistic traits show reduced
sensitivity to a multisensory illusion of limb ownership in
subsequent reaching movements despite experiencing the
perceptual effects of this illusion. In addition, clinical and
non-clinical individuals high in autistic traits are distinguish-
able in the integrated jerk and earlier phases of movement
across conditions. These sensorimotor differences can be
understood in terms of the relative weighting of sensory feed-
back against existing expectations for body position as
movement unfolds; these results thus extend recent predictive
processing accounts of ASD to sensorimotor function and to
differences across the non-clinical population.
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