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Abstract

- Catherine Manning® - Kris Evers'> . Johan Wagemans'~2

Visual perception in individuals with autism spectrum disorder (ASD) is often debated in terms of enhanced local and
impaired global perception. Deficits in global motion perception seem to support this characterization, although the evidence
is inconsistent. We conducted a large meta-analysis on global motion, combining 48 articles on biological and coherent
motion. Results provide evidence for a small global motion processing deficit in individuals with ASD compared to controls
in both biological and coherent motion. This deficit appears to be present independent of the paradigm, task, dependent vari-
able, age or 1Q of the groups. Results indicate that individuals with ASD are less sensitive to these types of global motion,
although the difference in neural mechanisms underlying this behavioral difference remains unclear.

Keywords Autism spectrum disorder (ASD) - Meta-analysis - Motion perception - Biological motion - Coherent motion

Introduction

Autism spectrum disorder (ASD) is an early-onset neu-
rodevelopmental condition affecting approximately 1% of
the population. ASD is characterized by a co-occurrence
of impairments in social reciprocity and social communi-
cation, and rigid, repetitive patterns of behavior, interest
or activities (DSM-5; American Psychiatric Association
2013). Whereas the condition is best-known for its profound
impact on the social domain, its impact on the non-social
domain, which includes atypical responses to sensory input
or unusual interests in sensory aspects of the environment,
has gained increased recognition over the last decade (APA
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2013; Robertson and Simmons 2015). As such, sensory
atypicalities, like hypersensitivity to light (i.e., lights seem
overly bright) or hyposensitivity to sounds (i.e., seemingly
ignoring someone calling your name) have been found to
carry wide-ranging effects on everyday life, including family
life and education (e.g., Ashburner et al. 2008; Bagby et al.
2012; Robertson and Simmons 2015).

One sensory modality where atypicalities in ASD have
been particularly well-studied is vision (see Simmons et al.
2009 for a review). Here, we focus on an important aspect
of atypical visual processing in ASD which has received
much attention: global motion processing. Local motion pro-
cessing involves sensitivity to the direction of motion in a
small region of an image and depends on neurons with small
directional receptive fields in area V1 (see Movshon 1990
for a review). Global motion processing, obtained through
integration of local motion signals across space (Smith et al.
1994), depends on areas further along the dorsal stream,
primarily the MT/MST complex and a number of extrastriate
areas and areas in the intraparietal sulcus (Baker et al. 1991;
see Hadad et al. 2015 for an overview). Motion perception
lies at the interface between perception and action, allowing
individuals to track and/or grasp objects and navigate within
a dynamic world. As a result, atypical global motion pro-
cessing (Kaiser and Shiffrar 2009) will have marked effects
on how an individual perceives and interacts with the world.
Some studies have suggested altered or disturbed global
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motion processing in ASD, although the overall evidence is
mixed (Kaiser and Shiffrar 2009).

There are a number of neurocognitive theories that aim to
explain why global motion processing may be atypical in indi-
viduals with ASD. Some scholars have proposed theories that
postulate specific difficulties with processing motion or moving
information. For example, it has been suggested that motion
processing may be disproportionally impaired in a range of
developmental conditions, including ASD, due to an increased
vulnerability of the dorsal (Braddick et al. 2003) or magnocel-
lular (Greenaway et al. 2013) pathways. Along the same lines,
it has been suggested that motion processing in ASD may be
affected due to poor integration of information over space and
time (Gepner and Féron 2009). Other scholars have proposed
domain-general theories of ASD where more general impair-
ments may, amongst other abilities, affect motion processing
abilities as well. For example, it has been suggested that indi-
viduals with ASD focus more on details within a visual scene,
either due to enhanced processing of local details (Mottron et al.
2006) and/or a failure to integrate information (Happé and Frith
2006) in order to perceive the overall whole. As a result, one
could expect individuals with ASD to show particularly pro-
nounced atypicalities in tasks that require complex integration
of motion information in order to form a global percept.

Much of the global motion research has focused on two
motion paradigms in particular, namely coherent motion and
biological motion, as both these paradigms rely heavily on
integrating local motion information into a global motion
pattern (Kaiser and Shiffrar 2009). In a standard coherent
motion paradigm, which uses random-dot kinematograms
(RDKS5), observers are required to integrate individual local
motions into a global coherent motion. The stimuli are
made up of two populations of moving dots: a percentage
of dots moving “coherently” over time, (i.e., signal dots)
and a percentage of dots moving in random directions (i.e.,
noise dots) (Newsome and Paré 1988). Important stimulus
parameters include the density, speed and lifetime (how
long each dot persists on the screen) of the dots used. The
task at hand cannot be performed by processing single dots
alone, but requires integration across the local motion sig-
nals, and is thus assumed to reflect global motion processing.
Accordingly, motion coherence paradigms activate areas of
the brain involved in integrating motion signals, such as area
MT/VS5 (Britten et al. 1992; Tootell et al. 1995). Sensitiv-
ity to coherent motion is typically assessed by measuring
the observers’ coherence threshold: the minimum signal-to-
noise ratio required to detect coherent motion or discrimi-
nate motion direction at a predefined performance level.

The first study to assess motion coherence thresholds
in ASD was conducted by Spencer et al. (2000). Here, the
authors reported that children with ASD required a higher
proportion of coherently moving dots in order to perceive
the overall motion, compared to typically developing (TD)
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children. While this finding of elevated motion coherence
thresholds in ASD has been replicated many times (e.g.,
Koldewyn et al. 2010; Milne et al. 2002; Pellicano et al.
2005), other studies have failed to replicate the result,
instead finding comparable thresholds between individuals
with ASD and TD individuals (e.g., Brieber et al. 2010; Del
Viva et al. 2006; Jones et al. 2011; Koldewyn et al. 2013;
Milne et al. 2006; Price et al. 2012).

In a standard biological motion paradigm, which uses
point light animation displays (PLDs), observers are
required to perceive the motion of a living form (most
typically, a human figure carrying out a particular action
such as walking or dancing) constructed of moving points
of light (Johansson 1973). The paradigm requires integra-
tion across these points of light in order to disambiguate the
form. The PLDs can differ with regard to the number, speed
and position of dots, as well as the duration and type of the
displayed motion. As a control condition, paradigms on bio-
logical motion often include a condition where the original
motion trajectories are scrambled to create non-biological
motion with the same local motion signals. The perception
of biological motion has been shown to activate a network
of areas in the extrastriate cortex, in particular the posterior
superior-temporal sulcus (pSTS; Grossman and Blake 2002;
Grossman et al. 2000) and areas that receive input from both
the dorsal and ventral streams, as well as the ventral premo-
tor cortex (VPMC; Saygin 2007; for an overview, see Hadad
et al. 2015). Sensitivity to biological motion is typically
assessed by measuring the percentage correct (accuracy) or
reaction time necessary for observers to detect biological
motion or discriminate between certain types of motion.

The first study to investigate sensitivity to biological
motion in ASD was conducted by Moore et al. (1997).
Moore et al. reported that individuals with ASD were able
to distinguish human forms from inanimate objects and
recognize actions portrayed by human forms similarly to
those without ASD, but showed difficulties in discrimi-
nating attitudes and states portrayed in the displays. Later,
Blake et al. (2003) reported that individuals with ASD
showed basic impairments in distinguishing biological
motion from phase-scrambled motion displays compared
to typical individuals. Mirroring the motion coherence
literature, replication attempts on biological motion have
yielded mixed results, with some studies finding reduced
sensitivity to biological motion in ASD (Annaz et al.
2009; Blake et al. 2003; Koldewyn et al. 2010; Kold-
ewyn et al. 2011; Nackaerts et al. 2012; Price et al. 2012;
Rutherford and Troje 2012) or a lack of preferential look-
ing for biological motion versus phase-scrambled motion
(Annaz et al. 2012; Chaminade et al. 2015; Crawford
et al. 2016; Falck-Ytter et al. 2013; Franchini et al. 2016;
Klin et al. 2009; Wang et al. 2015; Wright et al. 2016),
and others finding no differences between individuals
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with and without ASD (Cusack et al. 2015; Hubert et al.
2006; Jones et al. 2011; Murphy et al. 2009; Saygin et al.
2010). However, results have been consistent in showing
a reduced ability in individuals with ASD compared with
TD individuals to extract emotional content from biologi-
cal motion displays (e.g., Hubert et al. 2006; Moore et al.
1997; Nackaerts et al. 2012; Parron et al. 2008).

What might account for the discrepancies in these
results for motion coherence and biological motion in
ASD? A number of studies have revealed considerable
individual variability in performance, with only a sub-
set of individuals with ASD showing elevated thresholds
in motion paradigms (Milne et al. 2002, 2006; Pellicano
and Gibson 2008; Takarae et al. 2008). Mixed findings
at the group level could therefore be the result of a sam-
pling error. In reviewing the existing evidence, however,
it becomes clear that differences in participant, stimulus,
task and/or paradigm characteristics are likely to play an
active role in explaining the discrepancies (see Kaiser
and Shiffrar 2009; and Simmons et al. 2009 for a discus-
sion). For example, differences in global motion process-
ing have been linked to participant characteristics such
as chronological age, verbal and non-verbal ability, and
language delays (Jones et al. 2011; Koldewyn et al. 2010;
McKay et al. 2012; Rutherford and Troje 2012; Takarae
et al. 2008) as well as stimulus characteristics such as
stimulus duration (Robertson et al. 2012; but also see
Davis et al. 2006), presentation location (Ronconi et al.
2012) and stimulus speed (Manning et al. 2013). Yet, it
is difficult to quantify the potential impact of these char-
acteristics by merely comparing or reviewing individual
studies, given the range of different participant groups,
stimuli, tasks and paradigms that have been used. It is,
however, of critical importance to understand these atypi-
calities in coherent motion and biological motion in order
to evaluate theories of perception in ASD.

Therefore, this study takes a meta-analytic approach
to assess the existing evidence on coherent motion and
biological motion in individuals with ASD relative to TD
individuals. This approach, interesting due the large num-
ber of studies using these two paradigms in participants
with ASD, allows us to systematically integrate findings
across studies, to conduct hypothesis-testing regarding
sources of heterogeneity, and to quantify biases. The
moderators included in this meta-analysis pertain to task
(e.g., type of paradigm, discrimination vs. detection or
sensitivity vs. ability), stimulus (e.g., stimulus duration or
stimulus speed) and participant characteristics (e.g., age,
gender or 1Q), and include those variables that are most
frequently reported in the global motion literature or have
been suggested to rule the variability and contradictions
in the present data (see below).

Methods
Sample of Studies

In order to find eligible studies, a literature search was
conducted using two supplementary search strategies.
Firstly, a computerized search was conducted using a
well-designed Boolean operation that combined ASD,
motion processing and vision as the three key compo-
nents: (“autis*” OR “ASD” OR “ASC” OR “asperger*”
OR “PDD#*”) AND (“motion” OR “mov*”) AND (“vis*”
OR “perc*”). We covered a wide time span (January
1980-August 2018), exploring titles, abstracts and key-
words, searching both Web of Science and PubMed elec-
tronic databases. In total, 1460 unique hits were obtained.
Secondly, a manual literature search was performed on the
reference and citation lists of ten review or primary study
articles in order to find studies that might be relevant but
were not yielded in the computerized search. This manual
search brought forth one additional study.

The selection and exclusion process of all abstracts
yielded in the search was done by three researchers, includ-
ing the first author. An overview of the selection and exclu-
sion process is shown in Fig. 1. Interrater agreement on in- or
exclusion of articles was checked for the first 200 abstracts,
and resulted in a Fleiss’ Kappa of 89%. The remaining
abstracts were divided amongst the three raters and evalu-
ated by at least one of the raters. In case of doubt or ambigu-
ity, the abstract was discussed amongst the three researchers.
Exclusion of research material was mostly related to fact
that the paper (1) did not discuss motion processing, (2) did
not administer the task to individuals with ASD (but used
ASD-relatives or typically developed individuals with ASD
traits), and/or (3) did not report any behavioral data. Data
that focused on the ability to extract social or emotional con-
tent from motion displays (e.g., Hubert et al. 2006; Moore
et al. 1997; Nackaerts et al. 2012; Parron et al. 2008) were
not included. The rationale behind this decision was that the
social or emotional content adds an extra level of difficulty to
global motion tasks and no longer allows us to extract a pure
measure of one’s global motion perception ability. Observers
may perceive global motion accurately, but fail to perform an
adequate social and/or cognitive analysis of the perceptual
information, impacting their overall performance.

The in- and exclusion process resulted in a set of 48
individual articles that evaluated coherent motion (N =28,
see Table 1 for an overview) or biological motion (N =20,
see Table 2 for an overview) in individuals with ASD and
a TD control group. Authors were contacted in case rel-
evant information was missing or included in a format that
was not directly accessible (e.g., summary data merely
presented in graphs or figures).
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Fig. 1 Selection process. This
flowchart displays the entire

in- and exclusion process of
gathering articles to be included
in the meta-analysis

Papers identified in the
initial search: n = 1460

£\

Excluded based on
abstract: n = 1343

Articles further reviewed:
n=117

e

£\

Common reasons

for exclusions:
a. No motion processing
b. No individuals with ASD

c. No behavioral data

Coding

All 48 articles were coded by one of three researchers,
including the first author. All coded data were later double-
checked by the first author. Data extraction included study
descriptors (e.g., author names and year of publication),
participant demographics (e.g., sample size, chronological
age, gender and 1Q), ASD diagnostic procedures, composi-
tion of the comparison group, and type of group-matching,
as well as details regarding the experimental task, such as
the type of paradigm (i.e., coherent motion vs. biological
motion), type of task (detection vs. discrimination), stimu-
lus details (e.g., motion speed, number of dots and dot size)
and descriptive statistics (means and standard deviations)
of the study findings. When the descriptive statistics were
not available, information on the test statistics (e.g., t- or
r-values) was collected.

Moderator Variables

The moderators included in this meta-analysis pertain to
task, stimuli and participant characteristics. In deciding
which moderator variables to focus on, we considered both
the extent to which the variables have been reported in the
existing literature as well as the degree to which variables
have been suggested with regard to variability within the
existing data.

With regard to task characteristics, the type of para-
digm (biological motion vs. coherent motion) the type of
task (motion discrimination vs. motion detection) and type
of dependent variable (accuracy, RT data, threshold or
d-primes) were retained for further analysis. The type of
paradigm, i.e. biological motion vs. coherent motion, may be
the most obvious characteristic to include. Both biological
motion and coherent motion rely on the integration of local
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Full-text articles included:
n =48

Full-text articles excluded:
n =49
Type of dependent variable (n = 5)

Other stimuli / tasks (n = 9)
Behavioral data not available

even after email contact (n = 2)
Data in previous paper (n = 2)
Related but not relevant (n = 31)

motion into a global motion pattern and both are consid-
ered prime global motion processing paradigms. However,
partially different neural network areas are thought to be
involved (Saygin 2007; Grossman and Blake 2002; Gross-
man et al. 2000; Britten et al. 1992; Tootell et al. 1995), sug-
gesting either paradigms may constitute unique challenges.
In addition, it has been argued that the social layer of bio-
logical motion makes it a more high-level paradigm, and
perhaps more difficult than the coherent motion paradigm,
especially for individuals with ASD (Kaiser and Shiffrar
2009). The type of task, i.e., motion detection versus motion
discrimination, has received far less attention in the ASD
literature. In a motion detection task, participants are asked
to detect global motion patterns (e.g., detect biological vs.
non-biological motion or detect coherent vs. non-coherent
motion), while in a motion discrimination task, participants
are asked to discriminate between different types of global
motion patterns (e.g., different types of PLD or different
directions of coherent motion). In other words, while for
motion detection the question is whether participants can
distinguish between global motion patterns and random
motion, for motion discrimination the question is to what
(fine-grain) extent participant can distinguish between dif-
ferent levels or different types of global motion pattern. As
such, one could argue that detecting the presence of global
motion (compared to noise or random motion) is a more
basic task compared to discriminating between different
types of global motion. Previous research has indicated
that different mechanisms and different neuronal popula-
tions are involved in motion detection compared to motion
discrimination (Hol and Treue 2001; Koyama et al. 2010),
highlighting its potential as moderator of the effect. Research
in typically developing individuals that compared thresholds
for a detection versus discrimination paradigm using flicker-
ing gratings (McCarthy et al. 1994) or investigated spatial
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offsets with Vernier stimuli (Harris and Fahle 1995) suggests
this distinction can be important. As final task characteristic,
the type of dependent variable was considered. Most global
motion studies record either accuracy, RTs, motion thresh-
olds, accuracy, or d-primes. However, while all four are valid
outcome measures, they do tap into different aspects of one’s
global motion perception performance, i.e., some people can
run, some people are fast runners, and some people are good
long-distance runners. As differences in visual performance
tasks between individuals with and without ASD are known
to depend on the dependent variable in question, i.e., com-
parable accuracy but longer RT’s for global processing in
individuals with ASD compared with TD individuals (e.g.,
Van der Hallen et al. 2015), the type of dependent variable
was considered as moderator of the effect.

As for stimulus characteristics a wide range of param-
eters (i.e., speed, size, surface area, stimulus duration, etc.)
was coded, both for biological motion and coherent motion.
Previous studies have actively investigated a number of
stimulus parameters in the hopes of explaining the discrep-
ancies in the existing findings. For example, elevated motion
coherence thresholds have been found in individuals with
ASD specifically for stimuli that were (1) presented at short
but not long durations (Robertson et al. 2012; but also see
Davis et al. 2006), (2) presented centrally but not peripher-
ally (Ronconi et al. 2012) and (3) presented at slow but not
fast stimulus speeds (Manning et al. 2013). These studies
have particular value as they each investigated the effect of
these stimulus parameters within the same set of individuals,
whilst controlling other variables, providing evidence for the
importance of these parameters. Interestingly, a recent meta-
analysis on coherent motion processing in dyslexia found the
number of dots to be particularly important (Benassi et al.
2010). While a wide range of parameters was coded in the
current study, not all parameters were included in the analy-
sis. For some parameters not enough information proved
available (information not reported in papers) in order to be
included in the analysis. Examples of these include dot size,
dot density and central versus peripheral stimulus presenta-
tion. Stimulus duration and motion speed (for both biologi-
cal motion and coherent motion) and number of dots (for
coherent motion) were considered valuable and retained for
further analysis.

With regard to participant characteristics, mean chrono-
logical age, mean intellectual abilities and type of group-wise
matching were included for further analysis. Previous stud-
ies have suggested that participant characteristics such as age,
verbal and non-verbal ability, and language delay may contrib-
ute to differences in performance on motion processing tasks
(Jones et al. 2011; Koldewyn et al. 2010; McKay et al. 2012;
Rutherford and Troje 2012; Takarae et al. 2008). However,
the question remains whether a difference in performance is
(more) influenced by maturation (i.e., slower development
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with age in ASD) and/or cognitive ability (i.e., discrepant IQ
profiles in ASD). In addition, participant characteristics may
prove particularly relevant given motion thresholds are known
to change throughout development (Hadad et al. 2011; Hadad
et al. 2015).

Data Analysis

For each observation, using the descriptive statistics or test
statistics (e.g., #- or r-values) present in the included papers, we
calculated Hedges’ g as the estimate of the difference in popu-
lation means divided by the common standard deviation. A
standard correction to Hedges’ g was applied to account for a
bias for small sample size (Hedges 1981). In addition, we esti-
mated the standard error ¢ of each observation, to determine
the weight of each effect size and to estimate the precision of
the estimates of the parameters of our meta-analytic model.
According to our model, Hedges’ g is negative when the ASD
group is outperformed by the typically developing group and
positive when the ASD group outperforms the typically devel-
oping group. According to the guidelines of Cohen (1988), an
absolute effect size of 0.2 to 0.3 is regarded as a small effect,
around 0.5 as a medium effect and from 0.8 on as a large effect.

All analyses were conducted with Hedges’ g as the depend-
ent variable. Each individual effect size was weighted by the
estimated precision, the inverse of the (estimated) variance
of the effect size estimate. Because the data of most studies
resulted in more than one effect size, a traditional (two-level)
random effects model was extended to a three-level random
effects model (Van den Noortgate et al. 2013). Henceforth,
random sampling variation of observed effect sizes, vari-
ance between outcomes studied within the same study, and
between-study variance are taken into account. This three-level
model is a linear model that entails a residual term for each
kind of variance. The simplest model, a model without mod-
erator variables, is given in the Eq. 1:

ik = Po + Vi + Uy + e €))
where g is the observed effect size for outcome j within
study k; 3, is the overall mean effect size, across all out-
comes and studies. Element v, refers to the random devia-
tion of the (mean) effect in study k from the overall effect
over studies, U o the deviation of the effect for outcome j in
study k from the mean effect in study &, and e is the residual
due to sampling fluctuation, indicating the deviation of the
observed effect size from the population effect size for out-
come j in study k. All three residuals, v, uy, e; are assumed
to be independently normally distributed with zero mean.
Because the sampling variance (i.e., the squared standard
error) for each g has been estimated using reported data
before conducting the meta-analyses, only the mean effect
size f3,, the between-study variance af and the within-study

variance 05 are estimated in the meta-analysis. This model
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was extended by including each of the coded study char-
acteristics as predictors in separate models, as in ordinary
regression models, to investigate their impact.

Parameters of the three-level meta-analytic models were
estimated using the restricted maximum likelihood estima-
tion, implemented in the mixed procedure of the general
statistical software package SAS, Version 9.4 of the SAS
System for Windows (SAS University Edition 2013). All
significance tests were conducted with a significance level
of 5%.

Results

This meta-analysis examined 48 articles: 20 articles (127
effect sizes) which related to biological motion and 28 arti-
cles (100 effect sizes) which related to coherent motion.
Mean age of participants ranged from 6 to 37 years (M =21,
SD =7), gender ratio from 0% to 57% females (M=11%,
SD =13%), and mean full scale IQ from 42 to 125 (M =111,
SD =9). The total sample size (across participant groups)
ranged from 18 to 141 per study (M =34, SD=13).

A random effect analysis of the overall effect size
revealed a mean estimate of —0.30, with 95% confidence
limits from —0.17 to —0.44, #(36.8)=—4.47, p<.0001. In
line with Cohen’s (1988) guidelines, this effect is regarded
as a small mean effect. Overall, participants with ASD were
less accurate, slower or needed more information when
detecting or discriminating global motion patterns, relative
to participants without ASD. Both the between-study vari-
ance (73 (estimate=0.12, z=2.72, p=.003) and the within-
study variance 0'3 (estimate=0.07, z=3.04, p=.001) were
significant, suggesting that effect sizes varied significantly
both across and within studies.

Fig.2 Funnel plot of the 227 160
effect sizes (Hedges’ g) as a
function of the sample size. 140
Negative effect sizes indicate
worse performance for individu- 120
als with ASD compared with
the TD group. The dotted line o 100
represents the mean estimated %
effect size, — .30, while the full %_ 80
line represents a mean estimated £
effect size of zero. BM biologi- )
cal motion, CM coherent motion
40
20 i
0
-5.00

-3.00

Publication Bias

As a first evaluation of publication bias, each observed
effect size was plotted against its corresponding sample
size in a classic funnel plot (Egger et al. 1997). In the
absence of publication bias, one can expect studies to be
distributed symmetrically around the mean effect size.
By contrast, in the presence of publication bias, one can
expect the bottom of the plot to show a higher concen-
tration of studies on one side of the mean than on the
other, indicating that smaller studies are more likely to be
published if they have larger than average effects (Cooper
2009). For the current data, the funnel plot shows a slight
asymmetry to the left, which could be an indication of
publication bias (Fig. 2) in favor of a global motion defi-
cit for individuals with ASD. However, as a funnel plot
merely offers a visual sense of the relation between the
observed effect size and the corresponding sample size
and its interpretation is largely subjective, a Begg and
Mazumdar (1994) rank correlation test was performed
in an attempt to quantify the amount of bias captured by
the funnel plot. If asymmetry is caused by publication
bias one would expect high standard errors (small stud-
ies) to be associated with larger effect sizes. For the cur-
rent data, however, Kendall’s tau correlation coefficient,
used to assess Begg and Mazumdar’s rank correlation test,
revealed no correlation between the sample size and the
observed effect size, T=.006, p=.89, indicating there is
no true publication bias present in the data. This is not
surprising, given the fact that global motion research in
ASD is known for its mixed results, making all data, both
significant and non-significant results in either directions,
likely to be considered valuable and accepted for publica-
tion to equal extents.
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Moderator Analysis
Task Characteristics

With regard to task characteristics, the type of paradigm
(biological motion vs. coherent motion), the type of task
(motion discrimination vs. motion detection) and type
of dependent variable (accuracy, RT data, threshold or
d-primes) were evaluated. To examine whether the type of
global motion paradigm influenced the size of the group
difference between the ASD and TD group, we compared
the mean effect size for biological motion and coherent
motion. Yet, this analysis revealed no significant modera-
tor effect, F(1, 56)=.29, p=.59. Mean effect size estimates
for biological motion (M =—.26; CI —0.06 to —0.46) and
coherent motion (M =-.33; CI —0.16 to —0.51) did not
significantly differ, indicating that global motion differ-
ences between participants with and without ASD are of
comparable size for both paradigms. To examine whether the
type of global motion task influenced the size of the group
difference between the ASD and TD group, we compared
the mean effect size for detection vs. discrimination tasks.
This analysis, however, revealed no significant moderator
effect, F(1, 68)=.72, p=.40. Mean effect size estimates for
global motion detection (M =—.26; CI —0.07 to —0.44)
versus global motion discrimination (M =—.36; CI —0.17
to —0.55) did not significantly differ, indicating that global
motion differences between participants with and without
ASD are of comparable size for both task types. To examine
whether the type of dependent variable influenced the size
of the group difference between the ASD and TD group, we
compared the mean effect size for accuracy, RT, threshold
and d-prime data. However, comparing these mean effect
size estimates, the analysis revealed no significant modera-
tor effect, F(3, 158)=.73, p=.53. A negative mean effect
size was revealed for each of the four dependent variables
(ps <.005) but all four were comparable in size, or at least,
not significantly different. Note, that while these last two
analyses were conducted for biological and coherent motion
data combined, neither of these analyses produced formally
different results when ran for each paradigm separately.

Stimulus Characteristics

As for stimulus characteristics, stimulus duration and motion
speed (for both biological motion and coherent motion)
and number of dots (for coherent motion) were evaluated.
To examine whether the stimulus durations used in global
motion paradigms influenced the size of the group differ-
ence between the ASD and TD group, we included stimulus
duration as a continuous variable, ranging from 160 ms to
6500 ms. Yet, this analysis revealed no significant moderator
effect, F(1, 35.2)=0.06, p=.80. Again, while this analysis
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was conducted for biological (range 540 to 6500 ms) and
coherent motion (160 to 6000 ms) data combined, this analy-
sis did not produce formally different results when ran for
each paradigm separately.

To examine whether the speed of motion used in global
motion paradigms influenced the size of the group differ-
ence between the ASD and TD group, we included motion
speed as a continuous variable, ranging from 2.0 deg/s to
12.0 deg/s. However, this analysis produced no significant
moderator effect, F(1, 37.9)=0.95, p=.34. While motion
speeds were available for most of the coherent motion data,
they were less often available for biological motion data.
We therefore confirmed that running the analysis on motion
speed for coherent motion data separately did not produce
formally different results. To examine whether the number of
dots used in the coherent motion influenced the (size of the)
group difference between the ASD and TD group, ranging
from 100 to 2000. Again, this analysis revealed no signifi-
cant moderator effect, F(1, 42.4)=4.78, p=.63. Note that
the number of dots used in biological motion tasks was not
included in the analysis because it does not vary as much as
in coherent motion paradigms.

Participant Characteristics

With regard to participant characteristics, mean chronologi-
cal age, intellectual ability and group matching were evalu-
ated. To examine whether the participants’ chronological age
influenced the (size of the) group difference, we included
mean age as a continuous variable. Comparing global
motion studies across development, no significant moderator
effect was revealed, F(1, 37.7)=1.17, p=.29. To examine
whether participants’ intellectual abilities influenced the size
of the group difference, we included mean VIQ, mean NVIQ
and mean FSIQ as continuous variables. However, none of
these analyses revealed a significant moderator effect, (VIQ:
F(1, 15.9)=.04, p=.85; NVIQ: F(1, 16.9)=2.14, p=.16;
FSIQ: F(1, 23.4)=1.36, p=.26). Finally, we examined
whether matching both groups on IQ influenced the size
of the group difference between the ASD and TD group,
comparing effect sizes for groups matched on IQ (i.e. VIQ,
NVIQ and/or FSIQ) with groups not matched on 1Q. Yet,
this analysis revealed no difference in the size of the group
differences, F(1, 58.8)=.93, p=.34.

Discussion

Potential deficits in global motion perception in individuals
with ASD have long been a topic of intense investigation.
The conclusions to be drawn from this literature, however,
have remained unclear, with a wide variety of differences
in task, stimulus and participant characteristics as well as
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divergence in study findings. In this paper, we conducted a
meta-analysis to examine whether individuals with ASD dif-
fer in global motion processing, investigating both biological
motion and coherent motion, compared to TD individuals.
Our results reveal a small mean effect of —0.30, with 95%
confidence limits from —0.17 to —0.44, indicative of global
motion processing difficulties in ASD. This mean negative
effect was apparent for both biological motion as well as
coherent motion paradigms. None of the potential modera-
tors that were evaluated proved essential in understanding
performance differences between both groups.

Moderators of the Effects

First of all, our results revealed a mean effect of —0.30,
indicating that overall participants with ASD were less accu-
rate, slower or needed more information when detecting or
discriminating global motion patterns, relative to TD partici-
pants. In line with Cohen’s (1988) guidelines, a mean effect
of —.30 is regarded as a small effect. Similar size mean
effects have been found for other aspects of visual function-
ing in ASD, for instance, local-global visual processing of
static stimuli (ES=—0.23; Van der Hallen et al. 2015) and
visual orienting in Posner-like tasks (ES=—0.44; Landry
and Parker 2013). In order to detect small effects, large sam-
ple sizes (N> 200) are required, if not, the effect will not be
revealed in a consistent manner and the literature as a whole
will become subject to inconsistencies (G*Power; Faul et al.
2007). As all researchers are limited in the amount of time
and participants they can secure for individual studies and
large samples sizes are required if one wants to detect similar
small effects, collaborative efforts should be welcomed in
future to increase the number of participants and to avoid
new underpowered studies on visual processing in ASD.

To further examine the mean difference in global motion
processing between individuals with and without ASD that
was revealed, a number of potential moderators were inves-
tigated. Despite the wide range of potential moderators that
were investigated, no significant main effects were found.
This is somewhat surprising, given the substantial (and sig-
nificant) between- and within study variability.

With regard to task characteristics, the type of paradigm
(biological motion vs. coherent motion), type of task (detec-
tion vs. discrimination) and the type of dependent variable
were evaluated. The importance of the type of paradigm, i.e.
biological motion versus coherent motion, has been argued
for previously in an attempt to unravel the mixed evidence in
the current literature. When reviewing the literature, Kaiser
and Shiffrar (2009) noticed that, while initial findings on
coherent motion seemed promising (in finding pronounced
group differences), later findings seemed to indicate that
deficits in global motion processing in ASD were limited
to biological motion, and not seen so much for coherent

motion. In addition, it has been suggested that while both
paradigms rely on the integration of local motion informa-
tion into a global motion pattern, the social nature of biolog-
ical motion might make it more difficult for individuals with
ASD, and for that reason, may elicit greater group differ-
ences (e.g., Koldewyn et al. 2010). Yet, when we compared
the size of the group difference between the ASD and TD
group for biological motion vs. coherent motion paradigms,
no significant difference was revealed. Note, however, that
data which focused on the ability to extract social or emo-
tional content from motion displays (e.g., Hubert et al. 2006;
Moore et al. 1997; Nackaerts et al. 2012; Parron et al. 2008)
were not included in the analysis. In line with the fact that
the type of paradigm did not have pronounced moderating
effects, group differences were also not impacted differ-
ently depending on the type of task (i.e. motion detection
vs. motion discrimination) or the type of dependent variable
(i.e. accuracy, RT, d-prime or thresholds). While the poten-
tial importance of the type of task, i.e. motion detection
versus motion discrimination, has not received particular
attention, one could easily argue that detecting some global
structure in a range of motion patterns is a more low-level
task than discriminating or identifying a range of specific
global motion patterns or more high-level attributes speci-
fied by them. As discussed, previous research has already
suggested that different mechanisms and different neuronal
populations are involved in motion detection compared to
motion discrimination (Hol and Treue 2001; Koyama et al.
2010). However, comparing performances for motion detec-
tion and motion discrimination tasks, no differences between
both tasks were revealed. The type of dependent variable
has proved important in a previous meta-analysis on visual
processing in ASD using static, non-social stimuli, where
RT was more important than accuracy (Van der Hallen et al.
2015). Yet, when evaluating the size of the group difference
for the different dependent variables with regard to global
motion processing, no difference was revealed. It is difficult
to speculate as to why the dependent variable proved impor-
tant in the meta-analysis on local versus global processing of
static stimuli but not in the current meta-analysis on global
motion perception tasks, as there are a number of similari-
ties and differences, however, it is tempting to presume that
the intrinsically dynamic nature of motion has something
to do with it.

Mirroring the lack of moderating effects of more general
task characteristics, no moderating effects for the stimu-
lus characteristics were revealed. As mentioned, previous
research in ASD has revealed interesting results with regard
to stimulus duration (Robertson et al. 2012; but also see
Davis et al. 2006), presentation location (Ronconi et al.
2012) and motion speed (Manning et al. 2013). In addition
to that, research with regard to typical development has
suggested that dot lifetime, speed and density are important
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parameters (Hadad et al. 2015, although see 2011). Nev-
ertheless, in our analysis no moderating effect of stimulus
duration, motion speed or number of dots was revealed. One
possibility is that these factors are in fact not important when
it comes to group differences in motion processing in indi-
viduals with ASD relative to TD individuals. Another pos-
sibility, however, is that their potential effect was clouded
by pooling the data across studies which differed on a num-
ber of other characteristics (i.e., overshadowing the effect),
while complex unknown interactions could be at play. For
instance, while no effects of motion speed where revealed,
future investigations focusing on spatial displacement may
still reveal important effects. Unfortunately, only a few stud-
ies exist which have actively investigated a particular task
or stimulus characteristics within one and the same group,
making it difficult to otherwise assess the potential impact
of the parameters that have been investigated. In light of
that, we would argue that to further evaluate the effect of
these stimulus parameters, more within-participants designs
are needed which actively investigate a particular parameter
while controlling for all other variables (same participants,
same age categories, same IQ abilities, same task, same set-
ting, etc.).

Finally, participant characteristics such as the mean
chronological age, mean intellectual ability and type of
group matching were evaluated as potential moderators. To
start, it is important to note that nearly all previous global
motion studies in ASD have taken chronological age and/or
the mental age of both participant groups into account. This
is imperative, as it has been found that, depending on the
speed, motion thresholds can change during development
(Hadad et al. 2015, however, Hadad et al. 2011). Whereas
early studies on global motion processing in ASD focused
largely on children and/or adolescents, recently, more stud-
ies have started to include adult populations. Some of the
studies have found a link between intelligence and global
motion and/or have argued that individuals with higher
levels of intellectual functioning may be better equipped to
develop compensatory strategies to reach equal performance
levels via routes that are bypassing or modulating the default
perceptual modes of processing (Atkinson 2009; Koldewyn
et al. 2010; Rutherford and Troje 2012). Nevertheless, a
large number of studies have not found a relation between
either verbal or nonverbal 1Q and global motion performance
(e.g., Parron et al. 2008). In line with that, the results of our
meta-analysis suggest that differences in global motion per-
ception between individuals with and without ASD are not
strongly linked to chronological age or mental age, as neither
age, nor (matching on) intellectual abilities proved to be an
important moderator in ruling the variability.

As this meta-analysis did reveal significant within- and
between-study variability, but failed to identify significant
moderating variables, one has to wonder whether a large
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amount of individual variability, not accounted for by chron-
ological age or 1Q, might be at play and might cloud these
results. In fact, one of the most pertinent features of motion
data, for both participants with and without ASD, is the large
amount of individual variability in motion thresholds (Hadad
et al. 2015; Manning et al. 2014). With such inter-individual
variability, it is likely that some degree of overlap between
both participant groups exist, hindering the more-detailed
moderator analyses and our understanding of differences.
Future research will be needed to understand what factors
contribute to this large inter-individual variability in motion
processing.

Understanding Task Impairment in ASD

With results indicating a small, though statistically signifi-
cant global motion processing impairment in ASD, one is
left to wonder what is actually driving this difference. One
possibility could be that these differences between individu-
als with and without ASD in global motion processing are
unrelated to motion processing, but domain-general dif-
ferences in task motivation, attentional abilities or visual
integration skills are at the core of this. If participants with
ASD are less motivated to participate or struggle more to
attend to the motion stimuli, this might explain these group
differences. However, researchers have gone to considerable
lengths to ensure that their participants engage in the task
and remain motivated by using game-like scenarios (e.g.,
Manning et al. 2013), capturing sounds (e.g., Del Viva et al.
2006), catch trials (e.g., Manning et al. 2013; Milne et al.
2006), or control attention using eye-tracking measures (e.g.,
Manning et al. 2015). Moreover, some researchers have
revealed group differences to be specific to motion coher-
ence tasks as opposed to other visual (integration) tasks,
such as form-processing tasks (e.g., Spencer et al. 2000;
but see Milne et al. 2006). While we cannot rule out this
hypothesis based on the results of the meta-analysis, the
existing evidence does suggest other, motion-related causes
to be at play.

Currently, the most popular interpretation of global
motion processing difficulties in these tasks, is that of atypi-
cal integration of motion signals in individuals with ASD
(Annaz et al. 2009; Frith and Happé 1994; Gepner and Mes-
tre 2002; Manning et al. 2013; Pellicano et al. 2005; Robert-
son et al. 2012). That way, motion perception in individuals
with ASD is not inherently atypical, but their integration
of local motion signals into a global motion percept oper-
ates differently. What speaks in favor of this idea of atypi-
cal integration, is the fact that individuals with ASD have
shown typical or enhanced performance on motion tasks
that did not require integration of local motion cues (e.g.,
Bertone et al. 2003, 2005; Foss-Feig et al. 2013; Pellicano
et al. 2005) and have shown elevated motion coherence
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thresholds for stimuli presented at short but not long dura-
tions, suggesting individuals with ASD need more time to
properly integrate the information (Robertson et al. 2012;
but also see Davis et al. 2006). However, the standard global
motion paradigms do not provide a pure measure of motion
integration abilities, as the ability to integrate information is
confounded by the ability to perceive local motion and the
ability to segregate signal from noise.

Individuals with ASD may show difficulties in global
motion processing due to a reduced ability to estimate the
local motion of each dot, which could be a consequence of
increased internal noise (neural variability) in individuals
with ASD (Simmons et al. 2009). Evidence for increased
internal noise in ASD has been found in a number of neu-
roimaging studies, revealing increased trial-by-trial vari-
ability or spontaneous fluctuations in neural activity (e.g.,
Milne 2011; Pérez Velazquez and Galan 2013). However,
more recently Davis and Plaisted-Grant (2015) argued these
results to be inconsistent with increased internal noise, and
argued reduced internal noise in ASD instead. Alternatively,
it has been suggested that difficulty with motion perception
is due to a poor ability to segregate signal dots from masking
noise dots (Manning et al. 2015; Van de Cruys et al. 2016;
Zaidel et al. 2015). The idea here is that individuals with
ASD are less able, or less inclined, to segregate the signal
from the noise, pooling all available “information” regard-
less of its nature. In most global motion tasks, segregating
signal from noise is an important (implicit) part of the task
at hand. Interestingly enough, some studies with noiseless
motion paradigms (e.g., Chen et al. 2012; Foss-Feig et al.
2013) have shown enhanced motion perception in ASD.

Unfortunately, the standard coherent or biological motion
paradigms cannot distinguish between local and global hin-
drance to global motion perception, and are uninformative
with regard to the source of global motion difficulties in
ASD (Dakin and Frith 2005). One way to investigate the
source of global motion processing difficulties in ASD is
to use an equivalent-noise paradigm (Barlow and Tripathy
1997; Dakin et al. 2005). This paradigm allows the relative
contributions of local internal noise and global averaging
ability on performance to be quantified, while removing the
demand for segregating signal-from-noise. Whereas typical
global motion paradigms contain both signal and noise dots,
equivalent noise stimuli only contain dots with directions
sampled from a single Gaussian distribution on a given trial
(Dakin et al. 2005; Tibber et al. 2014). Rather than manipu-
lating trial difficulty by adding incoherently moving noise
dots, stimulus variability (i.e., external noise) is controlled
by varying the standard deviation of the Gaussian of dot
directions across trials. When an equivalent noise function
is fitted to thresholds collected at varying levels of external
noise, estimates of the individual’s internal noise and global
averaging ability can be derived. Manning and colleagues

have used such an equivalent noise paradigm to evaluate to
what extent poor motion processing is due to local noise
and/or poor averaging in both typically developing children
(Manning et al. 2014) and children with ASD (Manning
et al. 2015). Compared to typically developing children, the
children with ASD showed typical levels of internal noise,
but, surprisingly, enhanced integration of motion informa-
tion. Yet, the children with ASD performed similarly to typi-
cally developing children in a standard motion coherence
task. Taken together, these results argue against an explana-
tion of global motion differences in terms of poor integra-
tion or an explanation in terms of atypical levels of internal
noise, but rather suggest motion perception in ASD may be
characterized by increased integration of motion signals in
combination with reduced segregation of signal from noise.

Interestingly enough, difficulties in segregating signal-
from-noise align nicely with more recent, domain-general
accounts of ASD which have taken inspiration from infor-
mation processing models of typical cognition (Lawson
et al. 2014; Pellicano and Burr 2012; Van de Cruys et al.
2014). Particularly influential in these new proposals is the
predictive coding framework (Clark 2013; Friston 2012),
which assumes that our brains build models about the per-
ceptual inputs it receives. While each of the new accounts
suggests a slightly different model, the common ground is
that predictions in individuals with ASD end up clouded by
irrelevant information, biasing the generated predictions in
faulty directions (see Van de Cruys et al. 2016 for further
discussion).

Although a number of possible factors have been put for-
ward which could constitute the underlying cause of these
differences in global motion processing, it is clear that fur-
ther research is necessary in order to move forward with this.
As the standard motion coherence or biological motion para-
digm do not allow to actively study the underlying factors, as
has become evident from this discussion, others paradigms
such as the equivalent noise framework should receive prior-
ity in going forward.

Implications for Other Disorders

Atypical global motion thresholds have been reported in a
range of developmental conditions, such as Williams syn-
drome (e.g., Atkinson et al. 2006; Reiss et al. 2005), Fragile
X (e.g., Gallego et al. 2014; Kogan et al. 2004) schizophre-
nia (e.g., Chen et al. 2003; Kandil et al. 2013) and dyslexia
(see Benassi et al. 2010 for a review). Consequently, it
makes for an interesting question whether atypical global
motion processing (and the underlying driving mechanism)
is different for each of these developmental conditions or
merely a general consequence of atypical development.
Pellicano and Gibson (2008) assessed the integrity of
the dorsal visual pathway at lower subcortical (measuring
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sensitivity to flicker contrast) and higher cortical (measuring
sensitivity to global motion) levels in TD children, children
with ASD and children with dyslexia. While children with
ASD demonstrated intact lower-level but impaired higher-
level dorsal-stream functioning, children with dyslexia dis-
played abnormalities at both lower and higher levels of the
dorsal visual stream, suggesting that these disorders can
be dissociated according to the origin of the impairment
along the dorsal-stream pathway (Pellicano and Gibson
2008). More recently, similar efforts were made by Tibber
and colleagues using the equivalent noise paradigm. In a
series of studies Tibber and colleagues investigated the fac-
tors underlying motion processing in schizophrenia (Tibber
et al. 2015), individuals with migraine (Tibber et al. 2014),
and ASD (Manning et al. 2015), revealing interesting differ-
ences. These results highlight the value of systematic cross-
syndrome investigations of motion processing. To move
forward in determining whether atypical motion relates to
domain-specific versus domain-general development, cross-
syndrome and cross-domain comparisons of full develop-
mental trajectories are needed using appropriate motion
paradigms (Annaz and Karmiloff-Smith 2005).

Conclusion

This meta-analysis constitutes a first important step in under-
standing global motion processing in ASD, leading to three
main conclusions. First, a small, though, significant overall
group difference was revealed, indicative of global motion
difficulties in individuals with ASD. Secondly, as none of
the potential moderators proved informative with regard to
group differences, global motion research should be con-
trasted more systematically with studies on basic motion
processing, as well as focus more on within-study task
manipulations, and avoid underpowered studies or between-
study comparisons that are easily clouded by large inter-
individual variability. Tasks such as the equivalent-noise
paradigm, which allow for an active investigation of the fac-
tors potentially driving global motion impairments, should
receive high priority. Last but not least, more efforts should
be spent toward systematic cross-syndrome investigations of
motion processing, given atypical global motion processing
has been reported for a range of developmental conditions.
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