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Abstract

Background
Biological motion imparts rich information related to the movement, actions, intentions and affective
state of others, which can provide foundational support for various aspects of social cognition and
behavior. Given that atypical social communication and cognition are hallmark symptoms of autism
spectrum disorder (ASD), many have theorized that a potential source of this de�cit may lie in
dysfunctional neural mechanisms of biological motion processing. Synthesis of existing literature
provides some support for biological motion processing de�cits in autism spectrum disorder, although
high study heterogeneity and inconsistent �ndings complicate interpretation. Here, we attempted to
reconcile some of this residual controversy by investigating a possible modulating role for attention in
biological motion processing in ASD.

Methods
We employed high-density electroencephalographic (EEG) recordings while participants observed point-
light displays of upright, inverted and scrambled biological motion under two task conditions to explore
spatiotemporal dynamics of intentional and unintentional biological motion processing in children and
adolescents with ASD (n=27), comparing them to a control cohort of neurotypical (NT) participants
(n=35).

Results
Behaviorally, ASD participants were able to discriminate biological motion with similar accuracy to NT
controls. However, electrophysiologic investigation revealed reduced automatic selective processing of
upright biologic vs. scrambled motion stimuli in ASD relative to NT individuals, which was ameliorated
when task demands required explicit attention to biological motion. Additionally, we observed distinctive
patterns of covariance between visual potentials evoked by biological motion and functional social
ability, such that Vineland Adaptive Behavior Scale-Socialization domain scores were differentially
associated with biological motion processing in the N1 and P2 periods in the ASD and NT groups,
respectively.

Limitations
The cross-sectional design of this study does not allow us to de�nitively answer the question of whether
developmental differences in attention to biological motion cause disruption in social communication,
and the sample was limited to children with average or above cognitive ability.
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Conclusions
Together, these data suggest that individuals with ASD are able to discriminate, with explicit attention,
biological from non-biological motion but demonstrate diminished automatic neural speci�city for
biological motion processing, which may have cascading implications for the development of higher
order social cognition.

Introduction
Social processing is a hallmark of human cognition and socially salient signals can be detected from
greatly impoverished sensory information. A prime example is the highly specialized ability to detect
diverse social information, such as emotion, mood, and gender from biological motion point light
displays, in which body movements are represented through a small set of dots attached to the joints of
humans as they perform common motions (1–4).

Remarkably, preference for upright biological motion over scrambled or inverted motion point light
displays already appears to be present in children as young as two-days old (5, 6) and evolves rapidly
over the �rst two years of life (7). This preference for upright motion suggests an innate predisposition to
biological motion perception, with obvious implications for preferential detection of and responding to
caretakers early in life (5). Furthermore, accuracy in recognizing human and non-human biological
motion increases from ages three to �ve years, indicating that e�ciency of biological motion processing
continues to develop across early childhood in typical development (8). Given the obvious link between
biological motion processing and the ability of an observer to decode the emotional state or intentions of
another, it is not surprising that researchers have been interested in determining whether this capability is
weakened in individuals with autism spectrum disorder (ASD) (9), a neurodevelopmental disorder
characterized by di�culties in social interaction and communication (10).

Unfortunately, the literature has produced somewhat mixed results to date. The earliest behavioral
�ndings from Moore and colleagues reported a signi�cant impairment in children and adolescents with
ASD in the inference of internal emotional and mental states from biological motion point light displays,
but not in the categorization of overt biological actions (e.g. running, jumping, etc.), (11). This �nding,
which has been replicated in studies of high-functioning children with ASD as well as adolescents and
young adults with ASD, is consistent with an emotion-processing dysfunction rather than a more
fundamental sensory-perceptual biological motion-processing disorder (12, 13). Likewise, a lack of
observed differences in biological motion identi�cation and perception of speci�c biological motion
features (i.e. kinematic pro�le, action discrimination in noise, direction discrimination in noise) provide
further evidence for intact basic processing of biological motion in children, adolescents, and adults with
ASD (14–19). Yet, other studies do report signi�cant differences in recognition of biological motion, or
discrimination of actions or direction of biological motion among those with ASD (20, 21). Atkinson and
colleagues also describe a correlation between impaired emotion detection and motion coherence
thresholds in adults with ASD, suggesting that emotion detection impairments may be partially explained
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by a lower level visual motion processing de�cit (22). Furthermore, associations between reduced
biological motion processing and clinical autism symptom severity, as measured by the Autism
Diagnostic Observation Schedule and Childhood Autism Rating Scale or Autism Quotient, have been
described (23, 24), affording some additional support for the notion that disruption of biological motion
processing may be important in ASD. Three meta-analyses have attempted to integrate �ndings from
these individual studies exploring the perception of biological motion in point light displays (25–27).
These meta-analyses reveal an emerging pattern of overall small to moderate de�cits in biological
motion perception in ASD, but con�rm high heterogeneity among studies. They also con�rm that de�cits
in biological motion processing among autistic individuals tend to be more severe when inferring social
implications including intentionality or emotion from biological motion, as opposed to lower-level
detection of biological motion and discrimination of action or direction of biological motion in noise.

Likewise, neuroimaging studies in general suggest that individuals with ASD have biological motion task-
related hypoactivation in brain regions previously implicated in biological motion processing. This
includes the right superior temporal region (19, 28–31), an area that also appears highly linked to social
cognition in ASD (32, 33), as well as altered activation in right middle and inferior temporal gyri, middle
frontal gyrus, inferior parietal lobule, and supplementary motor area (26, 30, 34). Importantly, altered brain
activation has been observed regardless of the presence of identi�able performance de�cits, suggesting
individuals with ASD may employ different brain networks to accomplish the same goal of biological
motion processing (19, 30). Additionally, speci�c patterns of neural activation during biological motion
processing have been linked with clinical symptoms in ASD. For example, hypoactivation of the superior
temporal sulcus (STS), inferior frontal gyrus, and cerebellum during biological motion processing have
been linked with higher ASD symptom severity (35, 36) and impaired gesture production (37), and pre-
treatment STS activation selectivity to biological over scrambled motion predicts improvement in ASD
symptoms with pivotal response therapy (38). Furthermore, STS activation during biological motion
processing is one functional region that can distinguish aspects of familial risk for ASD (39, 40). While
the STS has repeatedly been implicated in fMRI studies of biological motion processing in ASD, our
understanding of associated temporal dynamics is somewhat more limited as fewer electrophysiologic
studies have been conducted to date. Studies of oscillatory dynamics including mu suppression and beta
activity during passive observation of biological motion have revealed no differences between individuals
with ASD and controls (26, 41, 42). When examining evoked potentials to biological motion, Kroger and
colleagues have found group differences in P1 amplitude along with atypical lateralization of visual
evoked potentials during processing of both biological and scrambled motion in ASD. This suggests
de�cits in general visual motion processing or processing of complex stimuli rather than a biological
motion-speci�c de�cit (43). However, a trend toward decreased right hemisphere P1 in response to
biological motion has been observed following social skills training in individuals with ASD, paralleling
the �ndings of the neuroimaging literature by drawing a potential link between electrophysiologic
mechanisms of biological motion processing and autism symptomatology (44).

Thus, although emerging evidence highlights possible differences in neural mechanisms of biological
motion processing in ASD, as well as potential implications for social function, a high degree of
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inconsistency in �ndings makes it di�cult to draw de�nitive conclusions. Variability in �ndings cannot be
accounted for by within-subject unreliability as several studies have shown that behavioral and
electrophysiologic responses to visual paradigms are highly consistent within individuals on repeated
measures (45, 46). Instead, potential mediators of such study heterogeneity may include between-
subjects developmental, cognitive and/or attentional factors. There are clear maturational changes in
biological motion processing, and developmental trajectories appear to differ in ASD as compared to
typical development. While NT children from ages 5-12 years steadily improve in their perceptual
sensitivity to biological motion, children with ASD show a �at developmental trajectory, overlapping with
NTs only at the youngest age, pointing to atypical development of biological motion perception in ASD
(20). Although impaired recognition of biological motion has also been observed in adults with ASD (47),
looking across studies, it appears that differences between ASD and NT participants decrease with age,
as children with ASD show more substantial de�cits than adolescents and adults (26), and the majority
of studies of older adolescents and adults report no differences in behavioral performance on biological
motion tasks.

The association between cognitive factors and biological motion processing has also been explored as a
source of heterogeneity, but does not appear to be strongly in�uential in accounting for variability in
study results. Individual studies have suggested that IQ may correlate with some aspects of biological
motion processing ability only among those with ASD (15–18, 21). However, meta-analyses suggest
minimal overall in�uence of IQ on biological motion processing (25, 26).

In contrast, attention remains a strong candidate mediator for some of the inconsistency in �ndings
across studies and biological motion paradigms, since studies that have demonstrated correlation
between differential �xations and task performance in biological motion paradigms suggest a
modulatory role of attention (41, 48, 49). Additionally, a recent fMRI study showed that, unlike NT adults,
adults with ASD did not have augmentation of STS functional activity in an explicit biological motion
processing task compared to passive processing task (50), suggesting an inability to adapt to attentional
task demands.

It is possible that this dysfunction results from very early attentional differences in children with ASD.
There seems to be a fundamental difference in preferential attendance to biological motion in children
with ASD in passive viewing paradigms as, unlike NT preschoolers, 2-3 year-olds with ASD did not show a
preference for upright over inverted motion in point light displays or for motion of people over geometric
shapes, and school-age children and adolescents with ASD likewise do not show a preference for
biological over non-biological motion point light displays (51–54). In fact, patterns of �xation to
biological over non-biological motion can even help distinguish children with ASD from NT children (55)
or predict a future diagnosis of ASD in preschoolers (53). Even older adolescents and adults with ASD
show a lower percentage of time �xating on movies of real people than on geometric shapes; however,
they do not show a difference from NT controls in preferential �xation on upright vs. inverted motion
point light displays (56). This may be due to developmental changes in biological motion processing, or
may relate to the complexity of social stimuli (51, 52, 56, 57). It is important to note that large individual
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variability in biological motion preference (range = 11.6 - 90.2%) has also been reported in 3-year-old
children with ASD, such that 8 out of 20 did show an intact biological motion preference (53). As
biological motion preference also covaries with adaptive functioning and predicted reduction in symptom
severity a year later, attendance to biological motion may well prove a sensitive measure of behavioral
characteristics in children with ASD and have a cascading in�uence on developmental trajectory (53).

Therefore, in parsing the heterogeneity of �ndings in the biological motion literature it is reasonable to
suggest that although individuals with ASD appear largely capable of discriminating basic non-emotional
features of biological motion when explicitly directed to do so, they may differentially attend to biological
motion which could impact detection of relevant social cues. As the modulatory role of attention on
neural mechanisms of low-level biological motion processing in ASD remains incompletely understood,
the current study takes advantage of a behavioral and electrophysiologic paradigm previously developed
by our research group (58) to map spatiotemporal dynamics of unattended and explicitly attended
processing of biological motion point light displays in typical development and ASD.

Methods

Participants
Thirty-two children and adolescents with ASD and thirty-seven age-matched neurotypical children (NT)
aged 6-16 years participated in the study. Two controls and �ve children with ASD were excluded from the
analysis as a result of failure to meet minimum accuracy criterion on the behavioral performance (see
“Measurements and Analyses: Behavioral Analyses” below); therefore, �nal analyses were conducted on
27 ASD and 35 NT children. Participant characteristics are outlined in Table 1.

Table 1
Participant Characteristics

  NT (n=35) ASD (n=27) Signi�cance

Mean Age (SD) 11.6 (3.0) 10.9 (2.5) p=.589

Mean IQ (SD) 114 (14) 107 (19) p=.149

Percentage Male 87% 50% Χ = .014

Note: Missing age and/or IQ data automatically interpolated prior to analysis (nNT=6, nASD=4).

Participants were screened for normal or corrected-to-normal vision in both eyes. Exclusion criteria for
both groups included a history of seizures or head trauma. Other exclusion criteria for the NT group
included a history of developmental, psychiatric, or learning di�culties as assessed by a parent history
questionnaire. NT children were also excluded if they had a biological �rst-degree relative with a known
developmental disorder. All children were screened for attention de�cit hyperactivity disorder (ADHD).
Only NT children were excluded if their parents endorsed six items or more of inattention or hyperactivity
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on a DSM-IV ADHD behavioral checklist. Children with ASD were not excluded for presenting with
symptoms of inattention and hyperactivity, as such symptoms are very common in ASD. Parents of ASD
participants on stimulant medication were asked to refrain from administering the stimulant medication
during the 24-hour period prior to electrophysiological testing.

A diagnosis of autism was validated through the Autism Diagnostic Interview-Revised (59), the Autism
Diagnostic Observational Scale (60), and licensed clinical judgment. All children were administered the
Wechsler Abbreviated Scale of Intelligence (61) for the purposes of characterizing and matching the
samples. Exclusion criteria for both the groups included a Full Scale IQ below 70 as assessed by the
Wechsler Abbreviated Scale of Intelligence. Functional social communication was assessed for all
participants using the Vineland Adaptive Behavior Scale-2nd Edition (62).

The parent or guardian of each child provided written informed consent, and developmentally appropriate
assent was obtained from the child. All procedures had prior approval by the institutional review boards
of the Albert Einstein College of Medicine and the City University of New York. Participants received
modest remuneration for their time.

Stimuli and Tasks
Video-clips of an adult human engaged in common activities (e.g. running, kicking, climbing, throwing,
and jumping) were imported to a computer to create three stimulus types: upright biological motion (UM),
scrambled motion (SM), and inverted biological motion (IM) stimuli (Figure 1a). Markers were placed on
the actor’s joints in each frame of the sequence, such that the �nal clips were only composed of up to
twelve moving dots (i.e. point-light displays). SM sequences were created from the normal biological
animations and consisted of the same individual dots undergoing the same local motions as the
biological counterparts. Scrambling was achieved by randomizing the spatial locations of the dots in a
given animation, thereby distorting the hierarchical, pendular motions that are characteristic of biological
motion. As such, SM only retains intact local motion information that is insu�cient for the perception of
a human actor, thus establishing a control stimulus for undistorted UM. IM sequences were created from
the normal, UM by rotating the images 180 degrees. IM retains the overall global con�guration of the
point light displays and is generally detectable as biological motion (at least by adults). Nonetheless, IM
stimuli are not as readily interpretable as UM (5, 63, 64). The methodology behind the generation of
biological motion sequences is discussed more fully in previous studies (23, 65).

Displays were presented on a 26” ViewSonic® VP2655wb monitor controlled by Neurobehavioral
Systems™ Presentation® software. All experiments were conducted in a sound-attenuated electrically
shielded room illuminated by light from the video screen. Stimuli appeared as black against a white
background. Participants were instructed to maintain �xation on a central �xation-cross and eye-position
was monitored by vertical and horizontal electrooculogram.

Participants performed two tasks; henceforth termed “unattended” and “attended”. For each task they
were presented with six �ve-minute blocks of randomly ordered video-clips of all three stimulus types
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(UM, SM, and IM). The unattended task targeted involuntary, automatic processing of biological motion
while participants performed a distractor task. In all clips, one of the dots brie�y (67ms duration) turned
either red or green and participants were instructed to respond to the color-change by depressing one of
two mouse keys in a two-alternative forced choice task. To ensure that attention was maintained
throughout the duration of the clip to the entirety of the display, without reliance on prior experience, this
color change occurred at both random time and location. To maintain presumed naïveté in the
unattended task, participants were not explicitly informed that some of the clips portrayed human motion
until the attended task, which always followed completion of the entire unattended task. As such, the
electrophysiological differences in response to the different stimuli could be said to re�ect primarily
unintentional processing of biological motion.

In the attended task, participants were presented with the same video clips. However, instead, participants
were asked to judge whether or not the clips depicted human motion by depressing one of two mouse
keys (i.e. “the dots move like a person” [both “upright" and “upside-down”] vs. they “don’t look like a
person”). As such, the second task explored intentional processing of biological motion. The exact same
stimuli, including the color-changing dot, were used in both tasks to ensure that differences found in the
responses to the two task conditions were clearly re�ective only of the actual task manipulation
difference. In both tasks, subjects were also instructed to delay their responses until the completion of
each video-clip in order to diminish the impact of motor response-related artifacts.

In total, 120 distinct video-clips were used, forty of which represented upright point-light displays of
canonical biological motion, forty of which represented inverted point-light displays of canonical
biological motion, and forty of which represented scrambled motion. Each clip was composed of 29
frames presented at the monitor refresh-rate of 60 Hz, for a total frame-duration of 17ms and a total clip-
duration of 483ms. Because the practical constraints involved in studying young and/or clinical
populations necessitated relatively brief recording sessions, the inter-stimulus interval was also kept
relatively short (500-1000ms) to ensure that su�cient electrophysiological data could be obtained for
analysis. Both tasks were preceded by a set of practice trials to ensure participants understood the task.
Over the course of both tasks, participants were encouraged to take breaks between blocks as necessary
in order to maintain high concentration and reduce fatigue.

Measurements and Analyses

Behavioral Analysis
D-prime scores were calculated for correctly identifying biological motion (UM, IM) as compared to SM in
the attended condition and for correctly identifying green as compared to red color change in the
unattended condition. In signal detection theory, D-prime serves as an index of the actual signal relative
to the noise and can be measured as the difference between the normalized hit rates and false alarm
rates (66). Participant data were excluded from all subsequent analyses if the average d-prime score
across the attended and unattended conditions was less 0.25, resulting in the exclusion of 5 ASD and 2
NT participants. Ten participants (4 ASD, 6 NT) were missing age and/or IQ data. Missing data were



Page 9/29

automatically interpolated in SPSS based on all available predictor variables in the study to preserve
sample size and prevent any unrecognized introduction of bias in excluding such cases. Participant
characteristics prior to imputation are summarized in Additional File 1. Performance in the resulting two
groups (nASD=27, nNT=35) in each of the two conditions was compared using a generalized linear model
with covariates of IQ and age. For all analyses, alpha criterion was set at 0.05.

Electrophysiology
A Biosemi ActiveTwo (BioSemi B.V., Amsterdam, Netherlands) 64-electrode array was used to record
continuous EEG signals. The set up includes an analog-to-digital converter, and �ber-optic pass-through
to a dedicated acquisition computer (digitized at 512 Hz; DC- to-150 Hz pass-band). Data were referenced
to an active common mode sense electrode and a passive driven right leg electrode. EEG data were
processed and analyzed o�ine using custom scripts that included functions from the EEGLAB (67) and
ERPLAB Toolboxes (68) for MATLAB (69). After acquisition, data were re-referenced to a medial-frontal
site (FPz) for analysis and �ltered using an IIR Butterworth �lter (roll-off 12db/oct, 40db/dec, order 2) with
a bandpass set at 0.1–40Hz. Bad channels were automatically or manually rejected and then
interpolated using EEGLAB spherical interpolation. Data were then divided into epochs that started
100ms before the presentation of each stimulus and extended to 1300ms post-stimulus onset. All epochs
were baseline corrected to the 50ms pre-stimulus interval. Trials containing severe movement artifacts or
particularly noisy events were rejected if voltages exceeded ±125µV. Because of the relatively long
duration of each video-stimulus, artifacts were only rejected before 600ms. The number of interpolated
channels and accepted trials for each condition and group is presented in Additional File 2. The
remaining artifact-free epochs were averaged separately for each condition, and to isolate biological
motion-speci�c processing, we also obtained the difference in evoked response between UM and SM.

In order to examine the effects of biological motion processing and attention in ASD and NT, while
limiting type-II errors, the initial analysis was restricted both spatially and temporally. A pair of bilateral
regions-of-interest comprising electrode sites on or near the parieto-occipital junctions bilaterally (PO7
and PO8) were de�ned based on our �ndings in NT adults using a near-identical paradigm to the present
study, in which we sourced biological motion-related activity to underlying higher order visual-processing
areas such as posterior STS (58). Areas-under-the-curve were computed for visual evoked potential
components that were de�ned based on grand-averaged waveforms collapsed across all groups, tasks,
and stimuli (i.e. without regard for or bias from the dependent measures of interest). These encompassed
three time-windows centered at peak activity (P1=136-156ms; N1= 209-229ms; P2 = 392-472ms) (Figure
1b). As the earliest components were more “dynamic” with higher frequencies, their duration is
correspondingly shorter than the later, lower frequency P2 component. For each of these components, we
�rst implemented separate generalized linear mixed model analyses within a between-subjects factor of
group (NT, ASD) and within-subject factors of motion-type (UM, IM, SM), task (unattended, attended), and
hemisphere (left-PO7, right-PO8), with age and IQ as covariates.

Given the skewed sex ratio in the ASD group, we also explored any effect of sex by conducting a post-hoc
analysis separately on the NT group only. Data from NT participants were analyzed using a generalized
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linear model with a between-groups factor of sex and within-subject factors of motion-type (UM, SM, IM),
task (unattended, attended), and hemisphere (right, left), as well as age and IQ as continuous covariates
across the same three P1, N1, and P2 time windows used in the primary analysis.

Finally, in order to incorporate more fully the wealth of information provided by our high-density
electrophysiological dataset, we also implemented an exploratory factorial mass analysis across all 64
scalp electrodes and time points (100-500ms) with a between-subjects factor of group (NT, ASD) and
within-subject factors of motion-type (UM, IM, SM) and task (unattended, attended). We controlled family-
wise error via a cluster-corrected mass permutation approach, which presumes that true evoked effects
are more likely than noise to be co-located in space and time (70, 71). We used a family-wise alpha level
of 0.05 and default 10,000 permutations. Any electrodes within approximately 5.44 cm of one another
were considered spatial neighbors. Data points that are spatially and temporally adjacent and that
exceed the threshold for inclusion are considered a cluster. All F-values in the cluster are then summed,
and compared to a null distribution for cluster mass signi�cance estimated with permutations. This
analysis was implemented in the Factorial Mass Univariate Toolbox (72), which extends the existing
Mass Univariate Toolbox (70)

Correlations of Biological Motion Processing with Social
Ability
To assess the relationship between biological motion processing and functional social ability, we
conducted stepwise multiple regression analyses separately within each diagnostic group, correlating
Vineland Adaptive Behavior Scale-2nd Edition Socialization domain scores with the UM-SM difference
waveform areas under the curve in the unattended and attended tasks (averaged across the PO7 and PO8
electrode sites) within each of the three-time windows of interest (P1, N1, P2). Participants for whom a
Vineland was not completed (6 ASD, 10 NT) were excluded from this analysis.

Results

Behavioral Performance
There was no statistically signi�cant main effect of diagnostic group on performance as measured by d-
prime (F(1, 58)=1.275, p=.263, ηp

2 = .022) nor main effect of task (F(1, 58)=.174, p=.678, ηp
2 = .003), and

there was no group x task interaction (F(1, 58)=.389, p=.535, ηp
2 = .007) after controlling for age and IQ.

However, on average the ASD group did appear to perform slightly more poorly than the NT group,

particularly in the attended condition (Unattended: ASD=1.26±.78; NT=1.53±.74; Attended: 

ASD=1.05±.76; NT=1.44±.77). D-prime values for all groups and conditions are presented in Additional
File 3. The lack of task main effect indicates that the tasks did not signi�cantly differ in di�culty. There
were main effects of both age (F(1, 58)=6.575, p=.013, ηp

2 = .102) and IQ (F(1, 58)=11.435, p=.001, ηp
2 

−

x

−

x

−

x

−

x
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= .165), with older or higher IQ participants tending to demonstrate better performance (see Additional �le
4).

Electrophysiology

Stage one analysis: regions-of-interest and ERP
components
Grand-average visual evoked potentials at the a-priori de�ned regions of interest (PO7 and PO8) for each
of the three types of motion (UM, SM, IM) in the attended and unattended tasks are presented for each
group (NT, ASD) in Figure 2. To highlight biological motion-speci�c processing, the difference in evoked
response to UM minus SM is also represented for each group and attentional task. To aid in visualization
of age-related effects, grand average evoked potentials to each motion-type subdivided by younger (age
6-10) and older (age 11-16) participants are presented in Additional File 5. In the initial analysis, data
were analyzed using separate generalized linear mixed model designs for each of the three time-windows
of interest.

For the P1 component (136-156ms), there were no signi�cant main effects of group (NT, ASD),
hemisphere (left-PO7, right-PO8), task (unattended, attended), or motion-type (UM, IM, SM) after
controlling for age and IQ. There was also no main effect of IQ or IQ-related interactions. There was an
early emerging group x motion-type interaction (F(1.750,101.49*)=3.325, p=0.046, ηp

2 = .054,
*Greenhouse-Geisser corrected for violation of Mauchly’s test of sphericity). NT participants had an early
suppression of the P1 response to biological motion stimuli (UM and IM) relative to SM, while individuals
with ASD showed the reverse pattern (Figure 3a). There was also a main effect of age (F(1, 58)=9.942,
p=.003, ηp

2 = .146) with younger participants showing higher amplitude P1 (Additional File 5). No other
effects were signi�cant.

For the N1 component (207-227ms), there were no main effects of group, task, motion-type, age or IQ.
There was a main effect of hemisphere (F(1, 58)=4.921, p=.030, ηp

2 = .078), with slightly increased
amplitudes to all motion types in the right relative to left hemisphere. There was a group x motion-type
interaction (F(2,116)=5.224, p=.007, ηp

2 = .083) and a group x motion-type x task interaction

(F(2,116)=4.811, p=.010, ηp
2.077). In the unattended condition, NT participants had greater magnitude N1

to the UM with stepwise reduction in response to the IM and �nally SM, whereas ASD participants
showed an opposite pattern with reduced magnitude responses to UM and elevated responses to IM
relative to SM (Figure 3b). In the attended condition, both NT and ASD participants showed equivalent
responses to UM and SM. However, NT participants showed relative suppression in response to IM
whereas ASD participants had an augmented N1 to IM (Figure 3b). There was also a motion-type x age
interaction (F(2,116)=5.675, p=.004, ηp

2 = .089) whereby biological motion-speci�c processing effects
tended to diminish with increasing age (Additional File 5). No other interactions were signi�cant.
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For the P2 component (370-450ms) there was a main effect of task (F(1, 58)=5.175, p=.027, ηp
2=.082)

whereby P2 was greater for the attended task. There was also a group x motion type x task
(F(2,116)=5.093, p=.008, ηp

2 = .081) interaction. In the unattended condition, the NT group showed
continuation of the pattern observed in the N1 period extending into P2 suppression, such that lowest
magnitude P2 was observed to the UM, followed sequentially by IM and SM. ASD participants had
equivalent P2 to UM and SM with atypically elevated response to IM (Figure 3c). In the attended
condition, NT participants showed the most P2 suppression to SM, with more equivalent responses to UM
and IM. In contrast, the ASD group continued to have atypical suppression of the P2 to IM relative to the
other two motion types. ASD participants also showed greater magnitude P2 to all motion types in the
attended condition relative to NT controls (Figure 3c). There was also a modest hemisphere x motion-type
x age interaction (F(2,116)=3.275, p=.041, ηp

2 = .053). Older participants showed more rightward
lateralization and less differentiation across motion-types than younger participants. Younger
participants showed more leftward lateralization and a stepwise decrement in P2 with highest magnitude
P2 to SM, followed in order by IM and UM (Additional File 5). Lastly, there was a continuation of the
motion-type x age interaction (F(2,116)=3.580, p=.031, ηp

2 = .058) originating in the N1 period. No other
main effects or interactions were signi�cant in this time window.

Stage two analysis: Whole brain exploratory statistical
cluster plots
Dynamics of biological motion processing across the whole scalp are depicted by topographic maps of
difference in evoked response to UM as compared to SM for each group and attentional task (Figure 4).
The ASD group displayed notably more attention-related modulation of whole brain activity than the NT
participants, with selective response to UM over SM corresponding much more with NT activation
patterns only in the attended condition (Figure 4). (Full topographic maps for both groups across all
conditions are depicted in Additional File 6). To explore this, we implemented an exploratory cluster-
corrected factorial mass analysis across all electrodes and time points (100-500ms) with a between-
subjects factor of group (NT, ASD) and within-subject factors of motion-type (UM, SM, IM) and task
(unattended, attended) (Figure 5). This revealed a main effect of motion type whereby greater negativity
was generated in the left, midline, and right parietal-occipital regions by UM stimuli, most pronounced
between 250-350ms post-stimulus onset (Figure 5a). Task-related effects were noted in similar regions
originating slightly earlier between 200-300ms with attention to biological motion generating a greater
difference in amplitude of evoked response to UM as compared to SM (Figure 5b). Smaller magnitude
group x motion-type x task interaction effects were noted in bilateral frontal regions between 100-150ms,
followed by bilateral frontal-parietal and midline occipital-parietal regions between 200-250ms, and
�nally right frontal along with bilateral parietal and midline parietal and occipital regions between 375-
450ms (Figure 5c).

Supplemental analysis: Sex-related effects in NT
development
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Given the skewed sex ratio in the ASD group, we explored any effect of sex by conducting a post-hoc
analysis separately on the NT group only. Data from NT participants were analyzed using a generalized
linear mixed model with a between-groups factor of sex and within-subject factors of motion-type (UM,
SM, IM), task (unattended, attended), and hemisphere (right, left), as well as age and IQ as continuous
covariates, across the same three P1, N1, and P2 time windows used in the primary analysis. There was
no main effect of sex or sex-related interaction in any of the time windows tested (Additional File 7).

EEG-Phenotype Correlations
Stepwise linear regression analyses of the relationships between the UM-SM difference waveform in each
of the P1, N1, and P2 periods and tasks (unattended, attended) with Vineland Adaptive Behavior Scale
Socialization domain scores was conducted separately within the ASD and NT groups. Figure 6 depicts
signi�cant relationships. The results of the full analysis are also included in Additional File 8. Within the
ASD group, greater magnitude difference in the N1 evoked by UM as compared to SM stimuli in the
attended condition predicted better functional social communication, accounting for 34% of the variance
in Vineland Socialization scores (R2 = .342, F(1, 18) = 9.343, p< .007). In the NT group, no such
relationship between the N1 in the attended condition and socialization was observed. Instead, within the
NT group, greater magnitude difference in the P2 evoked by UM as compared to SM stimuli in the
attended condition predicted better functional social communication, accounting for 22% of the variance
in Vineland Socialization scores (R2 = .223, F(1, 18) = 6.601, p< .017). Given one apparent outlier in the
NT group (marked by * in Figure 6), for completeness an exploratory regression analysis was repeated
excluding this participant, but the overall pattern of signi�cance of the model was unchanged. Visual
responses evoked by biological motion in the unattended condition did not contribute signi�cantly to
variance in social ability in any of the time-windows tested.

Discussion
In this study, we sought to address gaps in the understanding of biological motion processing in ASD by
delineating the spatiotemporal dynamics of biological motion processing and their modulation by
attention among children with and without ASD. Despite behavioral similarity to NT children and
adolescents in their ability to discriminate biological from non-biological motion, individuals with ASD
demonstrated distinct differences in their patterns of unintentional and intentional neural processing of
biological motion stimuli. These �ndings suggest atypical development of low-level biological motion
processing mechanisms with potential implications for higher order social cognitive functions in ASD.

Development of biological motion processing
A previous study assessed biological motion processing in neurotypical adults and revealed three waves
of activity over bilateral parieto-occipital sites; the earliest phase of activity (100-200ms) was unaffected
by task, the second phase (200-350ms) was ampli�ed during the attended task, and the third phase
(400+ms) was only evident in the attended task condition (58). Children and adolescents in the present
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study demonstrated topographic similarity to the biological motion processing observed in the previous
adult study, albeit with evidence of continued developmental tuning. With increasing age, we observed
progressively decreased P1 amplitude and decreased differentiation in processing of biological and non-
biological motion during the N1 and P2 periods. This appeared similar to the age-related linear
decrements in occipito-temporal P1-N1 intensity described in a previous study of childhood biological
motion development by Hirai and colleagues (73). We also observed maturational effects on hemispheric
lateralization of biological motion processing, with more pronounced rightward lateralization of
biological motion-speci�c processing during the P2 component in the older as compared to younger
participants. Consistent with this, a common �nding in the adult literature is an ampli�ed response to
biological motion stimuli in the right hemisphere relative to the left, although evidence of biological
motion processing is observed bilaterally as well (58, 74–76). While previous behavioral studies have
shown that aspects of biological motion processing appear to be innate and present from birth (5), our
�ndings of age-related effects on biological motion processing do suggest that the visual system
continues to tune its processing of these fundamental stimuli during development. Given the dynamic
nature of the human brain in general, it is perhaps not surprising that biological motion processes
continue to mature through childhood and adolescence in typical development.

Of note, no relationship between IQ and any of the factors tested was observed, echoing the conclusions
of previous meta-analyses that cognitive factors do not appear to substantially impact development of
biological motion processing (25, 26). Likewise, no sex-related effects were observed in biological motion
processing. Although sex differences have been occasionally described in biological motion processing
among adults such that females may have more activation to biological motion over scrambled motion
in social regions (i.e. amygdala, medial temporal gyrus, temporal pole), these differences are notably less
pronounced in children (77), which may coincide with the absence of sex-related effects among NT
children observed here.

Biological motion processing in autism spectrum disorder
When processing biological motion stimuli, both the NT and ASD groups were able to discriminate
upright and inverted biological motion from scrambled motion with roughly equivalent accuracy. The
ASD group showed slightly poorer behavioral performance as compared to NT children on both the
attended and unattended task, although this difference did not reach a threshold of statistical
signi�cance and was not modulated to a signi�cant extent by any of the experimental conditions under
study. Thus, on a behavioral level, biological motion processing appears fairly intact in ASD. However,
previous studies have reported a dissociation of neural de�cits from performance de�cits, suggesting
differential deployment of neural circuitry in biological motion processing in ASD (19, 30). Consistent
with this, distinctive differences in neurophysiologic mechanisms of biological motion processing
between NT and ASD participants in our study were apparent beginning in the P1 period and were
accentuated in the N1 extending through P2 periods, particularly when subjects were not actively
attending to biological motion. In general, NT participants showed automatic biological motion related-
processing with N1 augmentation and P2 suppression that was most pronounced to upright motion
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followed sequentially by IM and SM. In contrast, ASD participants did not show the same automatic
biological motion related N1 augmentation and P2 suppression pattern. Hirai and colleagues have also
reported similar unattended biological motion processing dynamics in children; in NT controls but not
ASD participants, they found augmentation of right hemisphere amplitudes in response to a point light
display of a walking person relative to its scrambled counterpart, appearing to emerge between 100-
200ms post-stimulus onset and becoming most pronounced between 250ms-500ms (78). Our �ndings of
motion-type effects that emerge in the NT group around 140ms in the P1 component and become more
evident in the 200ms-450ms N2 and P2 components are therefore highly consistent with their �ndings.

Notably, differences between the NT and ASD groups during processing of UM and SM were much more
subtle when participants were explicitly directed to discriminate biological from non-biological motion.
Even when NT participants were focused on a distractor task and not explicitly cued to the presence of
biological motion, they had ampli�ed neural responses distinguishing UM and SM, likely suggesting an
automatic and involuntary allocation of attentional resources to biological motion processing. In
contrast, the ASD group demonstrated this pattern of substantial biological motion-related segregation in
visual evoked responses predominantly only during the explicitly attended task, perhaps paralleling other
studies showing that children and adolescents with ASD are not as susceptible to the automatic capture
of attention by socially salient stimuli (51, 79). Thus, these �ndings lend support for the model that
individuals with ASD may not have the same degree of tuning to biological motion processing at baseline
but are able to process biological motion when actively attending. This electrophysiologic evidence, along
with previous studies demonstrating correlation between differential �xations and biological motion task
performance, highlights the critical need to consider attentional factors during biological motion
paradigms in studies of ASD.

Given that similar spatiotemporal dynamics of biological motion processing have been localized to the
STS during the same tasks in NT adults (58), our current �ndings of ASD-related dysfunction in these
processes seem to coincide with the neuroimaging literature that has implicated hypoactivation of
occipitotemporal regions such as pSTS in disordered biological motion processing in ASD (19, 31, 50,
80). Consistent with our �ndings, a recent functional neuroimaging study by Alaerts and colleagues using
similar biological motion stimuli and attentional manipulations reported STS hypoactivation to biological
motion over scrambled motion in the ASD group relative to NT controls in the unattended condition,
although both groups did show some evidence of biological motion processing (50). However, in contrast
to our �nding that explicitly attending to biological motion stimuli partially ameliorates de�cits in
automatic biological motion processing mechanisms among those with ASD, Alaerts and colleagues
revealed instead a lack of enhanced STS neural activity for the explicit attention condition as compared
to the passive condition in ASD adults (50). Although both studies potentially implicate similar brain
regions in biological motion processing de�cits among those with ASD and emphasize the importance of
attention as a modulating factor, the attentional in�uence appears to be reversed. It is unclear whether
this discrepancy in study �ndings is attributable to age or to differences inherent in functional imaging as
compared to electrophysiologic modalities of measurement. This potentially could be resolved by future
studies employing both techniques in the same cohort.
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Interestingly, we also noted atypical prominence across multiple components of the visual evoked
potential to IM stimuli irrespective of task in the ASD group. Although inversion of biological motion point
light display stimuli affects both perception of biological motion and preferential attendance, IM stimuli
do retain overall global con�guration of biological motion point light displays and are therefore more
perceptually salient than SM, but not UM stimuli. The preservation of some biological motion information
(5, 6, 64, 81) likely explains why the average visual evoked response amplitude for IM was intermediate
between UM and SM stimuli in NT participants. In accordance with this, similar segregations in functional
activity between UM, IM and SM have also been reported within the posterior STS (64). Studies of
inverted biological motion stimuli in ASD, though, have been fairly limited and present some discrepant
�ndings. One study by Klin and colleagues found that toddlers with ASD did not exhibit the same passive
viewing preference for upright over inverted biological motion point light displays that both NT children
and children with non-ASD developmental delay exhibited (51). Another more recent study of children and
adolescents age 2-18 did not reveal signi�cant differences in preference for upright over inverted motion
between ASD and NT groups, but it was acknowledged that synchronous presentation of sound with the
motion stimuli may have contributed to this null �nding (82). As re�exive orientation of attention to UM
over IM stimuli has been shown to mature over early development (83), the atypical processing of IM
within our ASD sample may represent either delay or deviation from typical development in children with
ASD. However, given unresolved controversy surrounding the potential for atypical processing of inverted
stimuli in this population, further investigation is warranted to better understand the developmental
mechanisms of inverted biological motion processing and their implications for individuals with ASD.

Finally, the emergence of biological motion processing group differences in the very early sensory-
perceptual period suggests that biological motion processing differences in ASD are not limited to higher
order social-cognitive dysfunctions such as identi�cation of intentions or affective states and lends
support for the possibility that speci�c biological motion and/or other low level sensory de�cits early in
development may feed the social-cognitive dysfunctions that are a hallmark of the disorder. Indeed, the
idea of shared circuitry underlying neural dysfunction in both biological motion processing and social
cognition has been proposed previously in a growing body of literature (9, 22–24, 35, 36), and several
studies have reported associations of weaker biological motion processing with higher autism symptom
severity (35, 36, 80). Here, we found that greater biological motion-speci�c processing in the N1 period for
the ASD group and P2 period for the NT group was associated with better socialization adaptive ability. It
is di�cult to speculate on why socialization scores in those with ASD would be predicted by explicitly
attended biological motion processing in the N1 period, while in NT participants this relationship would
be observed later in the P2 period, and the cross-sectional design of the present study also precludes the
ability to draw conclusions on directional causal relationships. However, these �ndings convincingly raise
the possibility that discrepant development of low-level visual processing mechanisms may contribute to
social atypicality in ASD. Given the potential relevance of basic biological motion processing
mechanisms to higher order aspects of social communication and cognition such as imitation, gesture
production and empathy, these relationships warrant continued attention in future investigations.

Limitations
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The current analysis was focused on the early sensory-perceptual period; however, there are substantial
effects related to biological vs. non-biological motion that appear to persist beyond the end of this period,
and speci�c investigation of post-perceptual processing may also be of interest. Additionally, generators
identi�ed in the previous adult study imply a role for STS in the processing of biological motion and the
electrophysiologic patterns observed (58), but it would be useful to directly assess electrophysiologic and
functional imaging correlates of biological motion processing within the same subjects to clarify this
relationship. With regard to the study sample, due to task demands participation was limited to high-
functioning individuals with ASD and the �ndings may not be generalizable to children with intellectual
disability. Lastly, while this study helps to clarify the role of explicit attention in the processing of
biological motion in children and adolescents with ASD, there is a high comorbidity in ASD and ADHD
diagnoses (84) and children with ADHD have been shown to have similar biological motion-related N2
effects (85). As children with ASD and comorbid ADHD were not excluded from this study, we cannot
de�nitively separate the relative contribution of these two developmental diagnoses in this sample. These
�ndings, along with a growing body of literature implicating covert and overt attentional mechanisms in
multiple aspects of sensory processing (86), emphasize the need to consider a possible role of disrupted
attentional mechanisms when designing and executing paradigms to investigate sensory perception in
ASD.

Conclusions
Overall, this study addresses a critical gap by directly assessing the impact of attention on neural
mechanisms of low-level biological motion discrimination in NT development and in children with ASD.
Although children with ASD were able behaviorally to discriminate biological motion with roughly similar
accuracy to NT children, electrophysiologic investigation demonstrates reduced automatic selective
processing of upright biological vs. scrambled motion stimuli that improves with explicit attention to
biologic motion. The association between neural mechanisms of biological motion processing and a
measure of real world social adaptive function lends credence to a model whereby biological motion
processing in the early sensory-perceptual period may contribute to aspects of atypical higher-order
social cognition among children and adolescents with ASD.
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Figure 1

A. Sequences of frames from sample clips of upright biological motion (UM), inverted biological motion
(IM), and scrambled biological motion (SM). B. Components used in the stage one analysis as overlaid
over the two analyzed bilateral parieto-occipital sites (PO7 and PO8), collapsed across all groups (ASD
and TDs), conditions (UM, SM, and IM), and tasks (unattended and attended).
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Figure 2

Grand average visual evoked potentials at bilateral parieto-occipital sites (PO7 and PO8) obtained in NT
(left) and ASD (right) participants to UM (orange), SM (purple), and IM (blue) in the unattended (top
panel) and attended (bottom panel) tasks. Shaded regions mark ± SEM. Black tracing represents the
difference waveform of the evoked potential to UM minus SM.
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Figure 3

Area-under-the-curve estimated marginal means evaluated at age=11.262, IQ =110.94 for the ASD (blue)
and NT (green) groups depicting the A) group x motion-type interaction in the P1 period, B) group x
motion-type x task interaction in the N1 period and C) group x motion-type x task interaction in the P2
period. Error bars = 95% CI.

Figure 4

Topographic representation of the difference in instantaneous amplitude of evoked response between
UM and SM in the A) unattended and B) attended for NT and ASD participants at 50ms intervals between
100-400ms post-stimulus onset.
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Figure 5

Results of the stage two exploratory cluster-corrected factorial mass analysis across all electrodes and
time points (100-500ms) with a between-subjects factor of group (NT, ASD) and within-subject factors of
motion-type (UM, SM, IM) and task (unattended, attended). A) Regions and time points showing a main
effect of motion-type. B) Regions and time points showing a main effect of task. C) Regions and time
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points showing a group x motion-type x task interaction. No other main effects or interactions were
signi�cant.

Figure 6

Scatter plots depicting the correlations between Vineland Socialization Standard Scores and areas under
the curve of the difference waveform (UM-SM) in the A) N1 and B) P2 periods for ASD (blue) and NT
(green) participants. *Denotes an NT outlier that was explored. Data was ultimately included in the
analysis.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

AdditionalFile1.docx

AdditionalFile2.docx

AdditionalFile3.docx

AdditionalFile4.docx

AdditionalFile5.docx

AdditionalFile6.docx

AdditionalFile7.docx

AdditionalFile8.docx

https://assets.researchsquare.com/files/rs-992031/v1/e6bc0eb037df39bede3bdca4.docx
https://assets.researchsquare.com/files/rs-992031/v1/0e04660eb8e75ad616d7f19b.docx
https://assets.researchsquare.com/files/rs-992031/v1/1a33d92bdd9c737a68b02e8d.docx
https://assets.researchsquare.com/files/rs-992031/v1/17bde7e4f84c45f41cf5f905.docx
https://assets.researchsquare.com/files/rs-992031/v1/1f9d3ab235d6b308be61458f.docx
https://assets.researchsquare.com/files/rs-992031/v1/0cb2c55b6d903a4db5ebade8.docx
https://assets.researchsquare.com/files/rs-992031/v1/e17618cbbe3fb88ce551ef7c.docx
https://assets.researchsquare.com/files/rs-992031/v1/3cf0525f117472ccad2d90bd.docx

