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Abstract 

Background: The neurocognitive mechanisms underlying autism spectrum disorder (ASD) remain unclear. Progress 

has been largely hampered by small sample sizes, variable age ranges and resulting inconsistent findings. There is a 

pressing need for large definitive studies to delineate the nature and extent of key case/control differences to direct 

research towards fruitful areas for future investigation. Here we focus on perception of biological motion, a promising 

index of social brain function which may be altered in ASD. In a large sample ranging from childhood to adulthood, 

we assess whether biological motion preference differs in ASD compared to neurotypical participants (NT), how dif-

ferences are modulated by age and sex and whether they are associated with dimensional variation in concurrent or 

later symptomatology.

Methods: Eye-tracking data were collected from 486 6-to-30-year-old autistic (N = 282) and non-autistic control 

(N = 204) participants whilst they viewed 28 trials pairing biological (BM) and control (non-biological, CTRL) motion. 

Preference for the biological motion stimulus was calculated as (1) proportion looking time difference (BM-CTRL) and 

(2) peak look duration difference (BM-CTRL).

Results: The ASD group showed a present but weaker preference for biological motion than the NT group. The 

nature of the control stimulus modulated preference for biological motion in both groups. Biological motion prefer-

ence did not vary with age, gender, or concurrent or prospective social communicative skill within the ASD group, 

although a lack of clear preference for either stimulus was associated with higher social-communicative symptoms at 

baseline.

Limitations: The paired visual preference we used may underestimate preference for a stimulus in younger and 

lower IQ individuals. Our ASD group had a lower average IQ by approximately seven points. 18% of our sample was 

not analysed for various technical and behavioural reasons.

Conclusions: Biological motion preference elicits small-to-medium-sized case–control effects, but individual dif-

ferences do not strongly relate to core social autism associated symptomatology. We interpret this as an autistic 
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Introduction
Autism spectrum disorder (ASD) is a lifelong pervasive 

developmental condition, characterised by social-com-

munication and interaction difficulties and the presence 

of restricted and repetitive behaviours [2]. Premature 

mortality is higher than in the general population (OR 

2.56, [18]), and the economic cost of ASD in the USA 

in 2015 was estimated to be between 0.9% and 2% of 

US GDP (and growing, [30]). Despite these human and 

economic costs, effective treatments for the core symp-

toms of ASD are lacking, with clinical trials and drug 

development hampered by pronounced phenotypic and 

pathophysiological heterogeneity and a lack of robust 

and validated measures to assess symptom severity and 

track symptom progression. Observational studies may 

provide insights into the mechanisms that underpin 

symptom emergence and persistence and thus inform 

treatment development. However, such studies are often 

characterised by small sample sizes (the median N in 

Federici et al.’s [15] meta-analysis of biological motion in 

ASD was 31.5) and a focus on limited age ranges (Fed-

erici et al. categorised studies by age, as either “children”, 

“adolescents” or “adults” with no studies having a sample 

that spanned more than one category), leading to incon-

sistent findings and gaps in the literature. Thus, there is 

a need for rigorous observational studies with large sam-

ple sizes to identify neurocognitive mechanisms that can 

characterise or stratify the ASD phenotype, and serve as 

endpoints for use in the development of treatments [31].

Given the (often debilitating) social difficulties seen in 

ASD, much research has focused on the “social brain” 

(structures such as the amygdala, the orbital frontal cor-

tex, fusiform gyrus and the posterior superior temporal 

sulcus), which are hypothesised to be responsible for the 

initial stages of social information processing [35]. These 

networks generate representations of the complex kin-

ematics associated with human action and gesture which 

form the basis for more advanced social cognitive pro-

cesses such as inferring others’ emotions and intentions. 

Differences in this early-stage processing of the kinemat-

ics associated with human actions may contribute to the 

socio-communicative difficulties that characterise ASD.

One such function of the social brain that has received 

attention in ASD is the perception of biological motion, 

a class of motion pattern generated by the locomotion 

of another individual. Humans and other social species 

show a remarkable ability to detect biological motion 

even in highly impoverished visual displays and dem-

onstrate a preference for biological over non-biolog-

ical motion [4, 13, 37, 39]. This preference is present at 

birth [42], indicating the possibility of an evolutionarily 

ancient “life detector” [20] biasing attention towards con-

specifics, scaffolding future social learning and increasing 

cortical specialisation [11]. A reduction in (or absence 

of ) this bias in ASD may be an early cause of social dys-

function, leading to cascading atypicalities in subsequent 

social development. Bias towards biological motion may 

have a similar developmental pattern as bias towards 

faces, initially served by sub-cortical pathways in infancy 

[20] and cortical specialisation in older ages, with some 

eventual overlap in brain regions sensitive to both faces 

and biological motion (e.g. [14]). The extent to which 

social experience and expertise maintain these biases is 

unclear. Particularly in ASD, this may mean that a reduc-

tion in the bias towards biological motion reflects funda-

mentally different cortical network specialisation, or is 

a consequence of reduced social motivation and experi-

ence, or both.

One way to measure biological motion processing is to 

elicit it with the use of point light displays (PLDs), where 

the joints between limbs on a human body are replaced 

with points of light, effectively stripping out all visual 

cues relating to the body except for posture and motion 

[19]. Studies using such a design have demonstrated 

reduced looking times to biological over scrambled and 

non-biological motion in ASD in toddlers [16, 26, 27] 

and reduced detection performance in children [3, 5, 

34]. Whilst some studies in adults have found no case–

control differences (e.g. [32]), two recent meta-analyses 

find overall reductions in biological motion detection 

and preference in ASD (Todorova et al. 2019, [15]). Even 

these meta-analyses, however, disagree on how biological 

motion perception differs across development, Torodova 

and colleagues report a reduction in case–control differ-

ences as a function of increasing age, whereas Federici 

et  al.’s analysis found no such effect. This inconsistency 

likely arises from differences in the paradigms used by 

studies that were, or were not, included in the analyses. 

Further, there remain few investigations of the degree to 

which biological motion preference relates to individual 

differences in ASD symptomatology. This is important to 

understand whether biomotion preference is relevant to 

the maintenance of concurrent autism-related difficul-

ties and in turn whether biomotion preference paradigms 

difference (as opposed to a deficit) likely manifest in social brain regions. The extent to which this is an innate differ-

ence present from birth and central to the autistic phenotype, or the consequence of a life lived with ASD, is unclear.
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could provide sensitive measures of prognosis or proxy 

endpoints in clinical trials. Such effects are challeng-

ing to probe in a meta-analysis since the underlying raw 

data are not commonly available. There thus remains a 

need for large studies with consistent protocols applied 

with heterogeneous participants that can examine the 

presence of case–control differences, their generalis-

ability across ages and functioning levels and their rela-

tion to individual differences in concurrent and future 

symptomatology.

In this paper, we report such an eye-tracking experi-

ment that measured visual preference for biological 

over non-biological motion in a large (N = 486) sample 

of autistic and neurotypical participants, aged from 6 

to 30 years of age. Our aims were to robustly assess (1) 

the magnitude of case–control differences in biological 

motion preference (relative to non-biological motion); 

(2) relationships with ASD symptom severity; and (3) 

developmental effects across childhood, adolescence and 

adulthood. We consider these results and their implica-

tions for the broader literature on biomotion in ASD.

Material and methods
Participants

Eye-tracking data were collected in the context of the 

EU-AIMS Longitudinal European Autism Project (LEAP; 

[29]). The LEAP study as a whole involved 453 partici-

pants with ASD and 311 non-autistic controls, recruited 

at six sites across Europe (for a thorough description of 

the sample and a list of sites, see [10]. Participants with 

ASD had a clinical diagnosis of ASD (according to DSM-

IV/DSM-IV-TR/DSM-5/ICD-10 criteria). Ages between 

6 and 30 years old were included. Uncorrected hearing or 

visual impairments, a history of alcohol and/or substance 

abuse or dependence in the past year, and the presence of 

any MRI contraindications (e.g. metal implants, braces, 

claustrophobia) or absence of informed written con-

sent were exclusion criteria in the ASD group. Exclusion 

criteria of the TD group were the same, with the addi-

tional exclusion of diagnosis of psychiatric disorders, or 

a T-score ≥ 70 on the self-report (adult) or parent-report 

form (adolescents and children) of the Social Responsive-

ness Scale (SRS-2).

For details of exclusion from analyses, see section 

SM1.1 Data Quality. After exclusions, the sample that 

provided analysable data for the biological motion task 

was composed of 282 participants with ASD and 204 

non-autistic controls.

Assessments

At the time of publication, participants in LEAP had 

taken part in two assessments, baseline and follow-up, 

which occurred between 12 and 24 months later. The 

eye-tracking data we report here were acquired during 

the baseline assessment. We report associations between 

it and clinical data concurrently (using clinical data at 

baseline) and prospectively (using clinical data at follow-

up). Of the 486 participants included in the current study 

at Time 1 (baseline), 365 participants (75.1%) returned 

for a second visit, on average 16.9 months after the base-

line visit (SD = 5.0  months, Range = 7.1–30.0  months). 

We used follow-up data from the VABS-II Socialisa-

tion and Communication domains and the ADOS-2 and 

SRS-2 (available for N = 153 participants, before exclu-

sions based upon eye-tracking data quantity and quality). 

Descriptive summaries for key clinical and demographic 

variables at the baseline and follow-up assessments by 

diagnostic groups are given in Table 1.

Data acquisition

Eye-tracking data in the LEAP study were acquired at 

all sites. UCAM, RUNMC and UMCU used a Tobii 

(Tobii AB, Sweden) T120 eye tracker at a sampling rate 

of 120  Hz, and KCL, CIMH and UCBM used a Tobii 

TX-300 at a sampling rate of 300  Hz. Raw eye-tracking 

data were acquired via the Tobii Gaze Analytics SDK 3.0, 

processed and saved to disk. Trial onset and offset were 

associated with the current sample of gaze data and time-

stamped in the eye tracker’s time format. When a video 

was playing, an additional timestamp was recorded every 

30 frames, in order to ensure constant synchronisation 

between stimuli and data.

Stimulus presentation

The screen on a Tobii T120 eye tracker has a diagonal size 

of 17″ (34.5  cm × 25.9  cm, 32.1° × 24.4° @ 60  cm view-

ing distance), a native resolution of 1280 × 1024 pixels, 

and an aspect ratio of 5:4, whereas the screen on a Tobii 

TX-300 has a diagonal size of 23″ (58.42  cm × 28.6  cm, 

52.0° × 26.8° @ 60 cm), a native resolution of 1920 × 1080 

pixels and an aspect ratio of 16:9. To ensure that par-

ticipants saw equivalently sized stimuli at each site, we 

presented stimuli full-screen on the T120s and within 

a “virtual screen” corresponding to a 17″ 5:4 display on 

the TX-300 s, with black borders around the edge of the 

screen. Stimuli were therefore drawn with an effective 

display resolution of 37.1 pixels per cm (0.93° per cm) on 

the T120s and 32.9 pixels per cm (0.89° per cm) on the 

TX-300 s. To harmonise the reference frame of the gaze 

data across sites, those datasets from TX-300 sites were 

re-referenced to the extent of the virtual screen. Gaze to 

the black borders around the virtual screen was consid-

ered off-screen gaze and removed.

Stimuli were presented on Apple (Apple Inc., USA) 

Macbook Pro computers, using our custom-written 

stimulus presentation framework (Task Engine, sites.
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google.com/site/taskenginedoc/), running in MATLAB 

using Psychtoolbox  3 [6, 25] and the GStreamer library 

(gstreamer.freedesktop.org) for video decoding.

Stimuli

Participants viewed 28 trials, each composed of one 

silent video each showing two point light walkers (PLDs, 

see Video SM1 for examples), one on the left and one 

on the right-hand-side of the screen. All videos were 

614 × 582 pixels at 30 frames per second and were scaled 

to 32.6  cm × 31.0  cm (30.4° × 29.0° @ 60  cm) on screen 

(1210 × 1150 pixels on the T120; 1071 × 1019 pixels 

on the TX300). Each PLD was approximately (depend-

ing upon the spatial extent of each particular motion) 

10.0 cm × 16.2 cm (9.5° × 15.4° @ 60 cm), and the sepa-

ration between the left-hand and right-hand PLDs was a 

minimum of 16 cm (15.4° @ 60 cm).

Within each pair of clips, one PLD exhibited biological 

motion (biomotion condition) and the other non-biolog-

ical motion (control condition). The biological motion 

videos were based upon Annaz et  al. [3] and included 

primitive motor, affective, communicative, tool-oriented 

or goal-oriented movements from the CMU motion 

capture database [8]. The control motion videos were 

either: (1) rotated control, in which the PLD was in the 

same starting posture as the matched biomotion PLD but 

rotated on the y-axis and used the dominant frequency 

of hip motion from the human biological motion, as 

determined by autocorrelation, to define the rotational 

speed, and (2) scrambled control, in which the light 

point locations were scrambled but moved with velocity 

and acceleration profiles matched to the biomotion 

PLD, phase-scrambled at each point light by a random 

assignment of phase offsets evenly sampled across the 

dominant hip movement frequency and random shuf-

fling of point z-coordinates (head-to-heel axis). Embed-

ded conditions included the control type (scrambled or 

rotational) and the orientation (horizontally flipped or 

not flipped), as well as the specific content class of the 

human biological motion: locomotion (11 videos), action 

(pulling/digging, 4), greeting (4), shaking hands (4) and 

dancing (5). Stimuli content (i.e. the base human bio-

logical motion video) was shown in a fixed order, with 

control type and orientation counterbalanced across 

participants.

Procedure

The biomotion stimuli were presented as one part of an 

approximately 50-min eye-tracking protocol embed-

ded within a larger battery of experimental tasks and 

behavioural assessments (see [29], for a comprehensive 

description). Trials were presented in four blocks of seven 

trials, which were interspersed amongst other tasks (not 

reported here). The four blocks of the biological motion 

task were presented within an approximately 15-min sec-

tion of the battery, starting after approximately 10  min 

of stimulus presentation. Five breaks were programmed 

into the script, one of which occurred before the start of 

the biological motion task and another of which occurred 

in the middle after two blocks. Participants could take 

additional breaks at any point if desired.

Table 1 Clinical profile of the sample with biomotion data

Summary values are Mean (Standard Deviation)

Baseline Follow-up

N ASD NT Comparison N ASD NT Comparison

Sex 77F, 205 M 58F, 146 M 70F, 182 M 51F, 122 M

Age (years) 282 ASD
204 NT

17.1 (5.6) 6–31 17.9 (5.6) 6–31 t(1484) =  − 1.649, 
p = 0.100

213 ASD/152 
NT

18.2 (5.5) 8–32 18.5 (5.4) 8–33 t(1363) =  − 0.568, 
p = 0.571

Full-scale IQ 278 ASD
203 NT

100.0 (18.3) 
55–148

107.0 (14.6) 
62–142

t(1479) =  − 4.495, 
p =  < 0.001

N/A N/A N/A N/A

ADOS-2 social 
affect CSS

237 ASD 6.0 (2.6) 1–10 N/A 145 ASD 5.9 (2.6) 1–10 N/A

ADOS-2 RRB 
CSS

237 ASD 4.4 (2.7) 1–10 N/A 145 ASD 4.9 (2.7) 1–10 N/A

SRS-2 T-score 
(parent)

232 ASD
99 NT

71.7 (11.9) 
43–95

46.5 (6.9) 
37–71

t(1329) = 19.749, 
p =  < 0.001

83 ASD/54 NT 73.0 (10.9) 
43–90

45.6 (6.8) 
37–64

t(1135) = 16.529, 
p =  < 0.001

Vineland 
socialisation 
standard score

233 ASD 71.5 (16.2) 
20–119

N/A 171 ASD 76.3 (14.5) 
30–111

N/A

Vineland com-
munication 
standard score

237 ASD 75.5 (15.4) 
21–122

N/A 176 ASD 75.2 (15.0) 
21–108

N/A



Page 5 of 13Mason et al. Molecular Autism           (2021) 12:74  

At the start of the eye-tracking assessment, the experi-

menter positioned each participant in front of the eye 

tracker. Online feedback was given to allow a position 

to be chosen as close as possible to the centre of the eye 

tracker head box, to maximise data quality. An automatic 

five-point calibration was then performed. Participants 

were told “I’m now going to show you some pictures and 

videos on the screen. You don’t have to respond to them, 

so sit comfortably and watch them as they appear”. At the 

beginning of each trial, a gaze-contingent fixation stimu-

lus was presented in the centre of the screen; when gaze 

fell upon this stimulus, the trial started. If the participant 

became bored or fussy, the experimenter could skip the 

current trial and move on to the next. Skipped trials were 

marked in the data and excluded from analysis. At the 

end of each trial, the script automatically started the next 

trials of either the same or a different task.

Data reduction and metric generation

Preprocessing

All data were downsampled to a 60 Hz sampling rate. For 

gaze samples where binocular information was available 

(both eyes detected by the eye tracker), we took the arith-

metic mean of the left and right eye position. For monoc-

ular samples, we used the position of whichever eye was 

available.

AOI scoring and interpolation

Next, we placed an area of interest (AOI) around the loca-

tion of each of the two PLDs and counted the total num-

ber of gaze samples within the biomotion and control 

PLD AOIs. To minimise the confounding effect of data 

quality on our measures of Proportion Looking Time and 

Peak Look Duration, we performed two post-processing 

steps on the AOI scores (1) interpolation of missing data 

in AOI scores over gaps of < 200  ms between two iden-

tical AOIs and (2) only allowing an AOI to be activated 

after a minimum number of gaze samples (representing 

50 ms) fell inside its area. After post-processing the AOI 

scores, we then computed two DVs per AOI (biomotion/

control) for each trial: Proportion Looking Time (number 

of samples in AOI/number of samples in both AOIs) and 

Peak Look Duration (duration of the longest look to that 

AOI during the trial duration). For more details of these 

steps, please see SM1.2.

Clinical measures

Autism diagnostic observation schedule‑second edition 

(ADOS‑2)

The ADOS-2, a standardised observation assessment 

for core ASD symptoms, was used to assess current 

symptoms in ASD participants (Module 1: n = 1; Mod-

ule 2: n = 1; Module 3: n = 102; Module 4: n = 140; 

missing: n = 2). Calibrated severity scores (CSS) for 

social affect (SA), restricted and repetitive behaviours 

(RRB) and Overall Total were computed, which provide 

standardised autism severity measures that account for 

differences in the modules administered. CSS range 

from 1 to 10, with higher scores indicating more severe 

ASD symptom severity.

Internalising and externalising behaviours were 

measured using the Development and Well-Being 

Assessment (DAWBA; [17]), a semi-structured parent/

carer interview designed to generate prediction scores 

for ICD-10 [44] and DSM-IV-TR [1] psychiatric diag-

noses. DAWBA scores reflect six levels of predication 

(i.e. from ~ 0.1 to > 70%) of the probability of meeting 

clinically relevant diagnostic criteria for a disorder, 

ranging from very unlikely (~ 0.1%) to probable (risk 

score > 70%).

Cognitive function

Cognitive function was assessed with either the 

Wechsler Abbreviated Scales of Intelligence-Second Edi-

tion (WASI-II), or if unavailable the WISC-III/IV in 

children and WAIS-III/IV in adults. Standardised esti-

mates of verbal IQ (VIQ), performance IQ (PIQ) and 

full-scale IQ (FSIQ) with M = 100 and SD =  ± 15 are 

reported.

To standardise data across sites, IQ was prorated from 

two verbal subtests (vocabulary and similarities) and 

two performance subtests (matrix reasoning and block 

design) using an algorithm developed by Sattler [38] that 

produces an estimated IQ score that is highly correlated 

(r = 0.93) with a full-Scale IQ obtained by administering 

the complete test. Age-appropriate national population 

norms for each site were used to derive standardised esti-

mates of an individual’s intellectual functioning. Where 

recent IQ scores from previous assessments were availa-

ble (less than 12 months in children; less than 18 months 

in adolescents and adults), IQ tests were not repeated.

Vineland adaptive behavior scale‑second edition (VABS‑II)

The VABS-II [40] is a semi-structured parent interview 

that assesses adaptive functioning across three domains 

in > 6-year-olds: Communication, Socialisation, and 

Daily Living Skills. For each domain, standard scores 

have a mean of 100 (SD = 15), with lower scores indi-

cating greater functional impairment, i.e. level of func-

tional skills not commensurate with neurotypical age 

expectation. Because of our interest in the social domain, 

we used the standard scores from the Socialisation and 

Communication domains of the Vineland.
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Autism diagnostic interview‑revised (ADI‑R)
The ADI-R [36] is a parent interview measure con-

ducted with parents or carers of participants with ASD. 

Algorithm scores were derived from current and his-

torical symptom presentation to compute relevant total 

scores for Reciprocal Social Interaction (Social), Com-

munication, and Restricted and Repetitive Behaviours 

(RRB).

Social responsiveness scale, second edition (SRS‑2)
The SRS-2 [9] is a 65-item questionnaire measure of 

continuous current autistic traits. The total raw score 

is transformed into age-adjusted T-scores (and sex-

adjusted where applicable). To allow for consistency 

in the type of rater across the broad age range of the 

cohort, parent/caregiver-reported scores are used 

where available.

Statistical analyses

All statistical analyses were performed in MATLAB 

R2020b and SPSS 24. For full details of the definition of 

the linear effects models, please see SM1.5.

Data quality and quantity

To understand whether data quality differed between 

groups, we first counted the number of excluded tri-

als due to (1) low proportion valid samples (< 25%) in a 

trial; (2) low trial duration (< 4 s); (3) high spatial error 

(accuracy + precision > 5°). See SM1.1 for full details. 

For each of these variables, we performed separate 

linear effects models with a fixed factor of Diagnosis 

(ASD/NT) and fixed effect of mean-centred Age (in 

years).

We then focused on valid trials only, and compared 

the mean (1) proportion valid samples; (2) trial dura-

tion; (3) accuracy; and (4) precision between groups. 

For each variable, we used a separate linear effects 

model with a fixed factor of Diagnosis (ASD/NT) and 

fixed effect of mean-centred Age (in years).

Presence or absence of biomotion preference

To test for the presence or absence of a biological 

motion preference, we performed separate one-sample 

t-tests against zero (representing no preference) for 

each group, on each DV (Proportion Looking Time, 

Peak Look Duration).

Time on task

The biological motion task was presented within a 

larger 50-min eye-tracking battery. To investigate 

whether fatigue affected our results, we investigated 

how preference for biological motion (as indexed by 

Proportion Looking Time) and attention to the screen 

(indexed by Proportion Valid Samples—see 2.8.1) 

changed as a function of Block number (1–5). We per-

formed two linear mixed models, on Proportion Look-

ing Time and Proportion Valid Samples, with fixed 

effects Diagnosis and Block.

Case–control differences

For each of the biological motion preference DVs (Pro-

portion Looking Time, Peak Look Duration), we per-

formed a linear effects model with fixed independent 

factors Diagnosis (NT/ASD), Sex (Male/Female) and 

Site, repeated factor Control Type (Rotated/Scram-

bled), and mean-centred (across the overall sample) 

Full-Scale IQ and Age as fixed effects. We examined 

second-order interactions between Diagnosis and all 

other factors and effects. We calculated scores on each 

DV (e.g. proportion looking time) for both the biologi-

cal and control motion AOIs. To aid interpretability, we 

transformed each DV from these two separate values 

(biological/control) to a scalar preference score (biolog-

ical motion—control motion), with zero indicating no 

preference, and positive values indicating a preference 

for biological over control motion.

We used a compound symmetry covariance matrix 

for the repeated measure. When following up signifi-

cant interactions in the linear effects model, we used 

Bonferroni-corrected simple main effects F and t tests. 

For each of the three data quality metrics, we calculated 

the number of trials excluded from analysis for each 

participant. We then performed a linear effects model 

with fixed factor Diagnosis (ASD/NT) and fixed effect 

Age in order to ascertain patterns of excluded trials.

Associations with ASD symptoms and traits

To investigate associations with symptoms, we exam-

ined bivariate and partial (controlling for age) correla-

tions between Proportion Looking Time preference 

score and both concurrent and change in socially-rele-

vant autism traits within the ASD group only (ADOS-2 

Social Affect Calibrated Severity Scores; Vineland 

Socialisation and Communication Standard Scores; and 

Social Responsiveness Scale Parent Report t-scores). 

Because within visual preference tasks a score of zero 

reflects a lack of preference (compatible with a lack 

of discrimination), we also tested for the presence of 

quadratic associations between biological motion pref-

erence and the variables listed above (linear models 

with the clinical variable as the dependent variable, and 

the linear and quadratic effects of biological motion 

preference as the predictors).
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Results
Data quantity and quality

Out of the 593 participants from the LEAP study who 

were assessed on the biomotion task, 486 (82.0%) con-

tributed valid data. A breakdown of reasons for exclusion 

from analysis is given in Table 2.

Comparison of data quality and quantity between diagnostic 

groups

We performed separate linear effects models on the 

number of trials excluded due to (1) low proportion valid 

samples (< 25%) in a trial; (2) low trial duration (< 4  s); 

(3) high spatial error (see 2.6.1 for full details). The ASD 

and NT groups did not differ on any of these measures, 

and nor did Age interact with Diagnosis, all F’s < 2.848, 

all p’s > 0.092. We then performed separate linear effects 

models on three metrics of data quality for valid trials 

only, (1) Proportion of Valid Samples; (2) Accuracy; and 

(3) Precision. The ASD and NT groups did not differ on 

any of these metrics, and again Age did not interact with 

Diagnosis, all F’s < 0.843, all p’s > 0.359.

Biomotion preference

Proportion looking time

A preference for biological over non-biological 

motion was present in both groups, ASD: M = 4.26%, 

SD = 23.03%, 95% CI = 1.55–7.00%, t(278) = 3.096, 

p = 0.002; NT: M = 11.65%, SD = 25.72%, 95% CI = 8.10–

15.19%, t(204) = 6.482, p < 0.001. This biological motion 

preference was significantly smaller in the ASD than in 

the NT group, F(1,466.098) = 9.829, p = 0.002, d = 0.31 

(Fig. 1, top panel).

Peak look duration

A similar pattern occurred for Peak Look Dura-

tion, with both groups showing a longer look dura-

tion towards biomotion (indicated by a positive Peak 

Look Duration), ASD: M = 462  ms, SD = 893  ms, 95% 

CI = 356  ms-568  ms, t(278) = 3.662, p < 0.001; NT: 

M = 747  ms, SD = 1037  ms, 95% CI = 603–890  ms. The 

greater duration of looking at biological motion vs non-

biological motion was again smaller in the ASD than 

the NT group, F(1468.904) = 11.097, p = 0.001, d = 0.30 

(Fig. 1, bottom panel).

Table 2 A breakdown of valid datasets and those excluded from 

analysis

N %

Valid 486 82.0

Task not reached in battery 5 0.8

Not acquired (technical fault) 18 3.0

Not acquired (failed to calibrate) 2 0.3

Not acquired (no reason recorded) 34 5.7

Raw data missing 24 4.0

Too few valid trials 24 4.0

Fig. 1 Top panel The main effect of diagnostic group on biological motion preference, Proportion Looking Time. A larger preference in the NT 

than the ASD group. Bottom panel The main effect of diagnostic group on biological motion preference, Peak Look Duration (PLD). A longer PLD 

to biological vs control motion in the NT than the ASD group. Left panels individual data, mean, SEM and SD; Right panels distribution of biological 

motion preference by diagnostic group, gaussian smoothed histogram. Dashed zero line represents no preference for biological or control motion



Page 8 of 13Mason et al. Molecular Autism           (2021) 12:74 

Effect of non‑biological motion control type

For both Proportion Looking Time and Peak Look 

Duration, the preference for biological motion across 

the whole sample was larger on trials with rotating 

than scrambled control stimuli (indicating that scram-

bled motion competed more successfully for attention 

against biological motion than did rotating motion), 

Proportion Looking Time: F(1460.569) = 329.263, 

p < 0.001, d = 0.69; Peak Look Duration, 

F(1464.164) = 223.922, p < 0.001, d = 0.59. However, the 

case–control differences (reported in 4.2.1 and 4.2.2) 

did not significantly vary by Control Type, both for Pro-

portion Looking Time, F(1458.747) = 0.021, p = 0.884, 

and for Peak Look Duration, F(1462.206) < 0.001, 

p > 0.999.

Effect of age and IQ on biomotion preference

Across the whole sample, Age did not affect Propor-

tion Looking Time, F(1466.781) = 0.117, p = 0.732, nor 

Peak Look Duration, F(1469.621) = 0.100, p = 0.752. 

IQ also did not affect either Proportion Looking Time, 

F(1469.142) = 0.098, p = 0.755, or Peak Look Duration, 

F(1472.104) = 0.087, p = 0.768.

Age did not interact with Diagnosis on Proportion 

Looking Time, F(1458.208) = 0.012, p = 0.911 nor on 

Peak Look Duration, F(1461.053) = 0.241, p = 0.624. IQ 

similarly did not interact with Diagnosis on Proportion 

Looking Time, F(1,458.208) = 0.780, p = 0.378, nor on 

Peak Look Duration, F(1461.053) = 0.855, p = 0.356.

Sex differences

At the level of the whole sample (across diagnostic 

groups), we observed a non-significant effect of Sex on 

Proportion Looking Time: F(1456.008) = 3.629, p = 0.057, 

d = 0.019, Females: M = 10.7%, SD = 24.9%, 95% CI = 6.5–

15%, Males: M = 6.0%, SD = 24.0%, 95% CI = 3.5–8.6% 

and on Peak Look Duration, F(1467.245) = 3.519, 

p = 0.061, d = 0.014, Female: M = 678  ms, SD = 955  ms, 

95% CI = 514–842  ms, Male: Mean = 546  ms, 

SD = 969  ms, 95% CI = 444–649  ms. The case–control 

effect not did not interact with Sex for either Proportion 

Looking Time, F(1456.008) = 0.015, p = 0.903, or for Peak 

Look Duration, F(458.744) = 0.009, p = 0.927.

Site effects

We did not observe any Site effects across the sample, for 

Proportion Looking Time, F(5466.894) = 0.740, p = 0.594, 

or for Peak Look Duration, F(5469.739) = 0.514, 

p = 0.766, nor did we observe an influence of Site on 

case–control effects for either Proportion Looking Time, 

F(5458.198) = 0.668, p = 0.648, or for Peak Look Duration 

F(5461.046) = 0.449, p = 0.814.

Relationship between Proportion Looking Time and Peak 

Look Duration

The pattern of case–control effects was the same for 

Proportion Looking Time and Peak Look Duration. 

We calculated the bivariate correlation between these 

two variables, separately for each group. The variables 

were highly correlated in both groups, ASD: r = 0.894, 

p < 0.001; NT: r = 0.951, p < 0.001.

Time on task

Linear mixed models on Proportion Looking Time 

(indexing biological motion preference) and Propor-

tion Valid Samples (indexing looking to the screen) 

revealed a change in both variables as a function of 

Block. Proportion Looking Time increased across 

blocks, F(31,415.887) = 57.471, p < 0.001, and Propor-

tion Valid Samples decreased, F(31,415.346) = 7.101, 

p < 0.001. There was no interaction between Diagno-

sis and Block for either Proportion Looking Time, 

F(31,415.887) = 1.656, p = 0.175 or Proportion Valid 

Samples, F(31,415.346) = 0.894, p = 0.444.

Association with ASD symptoms and autistic traits

In the ASD group only, we also examined bivariate and 

age-partialled correlations between Proportion Look-

ing Time and measures of socially relevant autism traits 

(ADOS-2 Social Affect Calibrated Severity Scores; Vine-

land Socialisation and Communication Standard Scores; 

and Social Responsiveness Scale Parent Report t-scores). 

None survived corrections for multiple comparisons, all 

p’scorr > 0.16. We also examined correlations between Pro-

portion Looking Time and change in ADOS-2, Vineland 

and SRS-2 scores, between Time 1 and Time 2, taken 

12–24 months after participants took part in the biologi-

cal motion eye-tracking task. None survived corrections 

for multiple comparisons, all p’scorr > 0.18.

Given the nature of the preference task, it may be that 

social difficulties are indicated by a lack of preference for 

either the biomotion or control stimulus. We therefore 

tested for the presence of quadratic relations between 

biomotion preference scores and the same set of con-

current and prospective clinical phenotypes within the 

ASD group. The quadratic model was significant for the 

prediction of concurrent SRS-2 t-scores from biomotion 

preference, F(2227) = 7.39, p =  < 0.001 (below the FDR-

corrected threshold for eight associations, ɑ = 0.006). 

There was both a significant linear effect, β = 9.15, 

t(227) = 2.41, p = 0.017, and quadratic effect, β =  − 40.09, 

t(227) =  − 3.79, p < 0.001, such that a lack of preference 

(a score in the middle of the scale) was associated with 
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higher SRS-2 scores; the quadratic relation remained 

significant if age and IQ were included in the model, lin-

ear: t(227) = 1.34, p = 0.18; quadratic: t(227) =  − 2.21, 

p = 0.028. The quadratic effect was not present in the 

NT controls, linear: t(97) =  − 2.32, p = 0.023; quadratic: 

t(97) = 1.12, p = 0.23 (Fig.  2). There were no quadratic 

associations with the ADOS-2 or Vineland measures 

either concurrently or prospectively, or change in SRS-2 

scores (F’s < 3.2, p’s > 0.07).

Discussion
We measured preference for biological motion in a large 

sample of autistic and neurotypical participants across a 

wide developmental range, from 6 to 30 years of age. We 

show a reduction in biological motion preference in ASD, 

with a small-to-medium effect size. This effect was stable 

across age (when modelled continuously) and unaffected 

by IQ and sex differences. Further, within the ASD group 

a lack of differential preference was associated with 

higher autistic traits (measured with the SRS-2). Coupled 

with recent meta-analyses [15, 43], these results should 

prompt a shift in research emphasis from testing whether 

group differences in biological motion preference are 

apparent in autism to studying the cognitive and neural 

mechanisms that underpin these effects.

It must be noted that not all NT participants showed 

a preference for biological motion, and that the range 

of scores in both groups were largely similar (approxi-

mately − 0.6 to + 0.8, using Proportion Looking Time). 

Nevertheless, the mean for both groups showed an 

overall preference that was greater than zero, and this 

preference was larger in the NT than ASD group. The 

magnitude of the biological motion preference across the 

sample was stable across development. This stability is 

noteworthy in that it suggests that the attentional bias to 

biological motion is not merely present in infancy to scaf-

fold socio-communicative learning and development, but 

rather that it serves an adaptive social purpose through-

out the lifespan. Much like face processing, the extent to 

which biological motion bias is an innate phenomenon 

“hard coded” into the social brain, or a consequence of 

exposure to and expertise with social visual information 

that acts to specialise the social brain for this class of 

stimulus, is not clear.

Since a preference for orienting to biological motion 

is present from birth [42], consideration of age-related 

effects is important. In one meta-analysis, Todorova et al. 

[43] found larger effect sizes in younger participants’ 

behavioural performance (although not for eye-tracking 

measures during passive viewing, where only six studies 

provided enough information for inclusion in the meta 

analysis), which they interpreted as evidence of autistic 

people “catching up” to neurotypical controls through 

adolescence and into adulthood. However, we observed 

no significant effect of continuous age between the ASD 

and NT groups in our eye-tracking data. Our results are 

therefore most consistent with the presence of a develop-

mentally stable and persistent reduction in preference for 

biological motion in autism, although this pattern may 

not be the same for active behaviour as it is for passive 

viewing.

Both ASD and NT groups showed a larger prefer-

ence for biological motion stimuli when paired with 

rotating versus scrambled control stimuli. The motion 

of the scrambled stimuli was less coherent than that of 

the rotating stimuli, more chaotic and therefore more 

information-rich, and unlike the rotating stimuli likely 

resembled nothing the participants had seen before. We 

therefore think it probable that this difference reflects a 

preference for novelty or complexity. Importantly, the 

magnitude of the case–control differences in biologi-

cal motion preference was remarkably stable across the 

two different types of control motion. This suggests that 

the autistic participants as a group showed no greater or 

lesser preference for the less coherent, more novel and 

information-rich motion of the scrambled stimuli than 

the neurotypical controls. This in turn suggests that the 

reduction in looking time seen in the ASD group was 

related to a decreased interest in biological motion per 

se, rather than an active role of greater attraction to the 

control stimulus (see [28]), for similar findings in terms of 

sensitivity thresholds to coherent vs biological motion).

The stability of our results across age, sex and site, and 

the size of our sample, indicates that a reduction in bio-

logical motion preference is a fundamental and likely 

replicable effect in ASD. The data quality achieved in this 
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multi-site sample was high, and our results are not con-

founded by differential data quality between groups. We 

found no differences in missing samples of data, accuracy, 

precision or number of excluded trials between the ASD 

and NT groups. This is a demonstration that coordinated 

eye-tracking data collection across multisite studies is 

practical whilst maintaining high data quality, even in the 

face of cultural and linguistic differences in participants 

and testers, and differences in eye-tracking hardware.

The effect size we report of approximately d = 0.30 is 

smaller than the mean effect size reported by Todorova 

et al. [43] of g = 0.66 and Federici et al. [15] of d = 0.60, 

although these estimates are largely focused on behav-

ioural rather than eye-tracking measures, and the behav-

ioural tasks that participants completed varied. Todorova 

and colleagues estimated an effect size for the five eye-

tracking studies they analysed of g = 0.92, although this 

effect was not significant, and the lower bound of the 95% 

CIs was close to our observed effect size at d = 0.36. The 

limited number of studies and the relatively restricted age 

ranges recruited make it difficult to estimate an expected 

effect size, but on the surface we report here a smaller 

reduction in biological motion preference in ASD than 

is found in the extant literature. We speculate that the 

size and diversity of the LEAP sample (crossing inter-

national, linguistic and cultural boundaries) may more 

accurately reflect the heterogeneity of the autistic popu-

lation. Smaller, less diverse studies may be effectively sub-

sampling this population. Todorova et al. (2020) detected 

a risk of publication bias in the literature, in the direction 

of more studies being published with larger effect sizes 

and large standard errors, and Federici et  al. [15] cal-

culated that inclusion of smaller studies estimate to be 

absent due to publication bias reduced the mean effect 

size to d = 0.47. It may therefore be that smaller studies 

have produced inconsistent findings, and publication bias 

has led to only those with significant effect and larger 

effect sizes being published, thus inflating the mean effect 

size in the literature.

Another possible explanation for reduced effect sizes 

is fatigue. A time on task analysis revealed an increase in 

biological motion preference and a decrease in looking to 

the screen as a function of experimental block. This latter 

decrease in attention to the screen in general is likely a 

result of fatigue; however, the decrease was small (~ 2%) 

and we believe our quality control procedures (excluding 

trials with low attention to the screen and interpolating 

small gaps) were sufficient for this not to threaten the 

validity of the main findings. It is unclear why biological 

motion preference increased with time. It may be that the 

stimuli that the nature of the stimuli presented in later 

blocks elicited larger preferences, or that by the time par-

ticipants reached the later blocks they understood the 

structure of the experiment and spent less time explor-

ing the control stimuli and instead attended more rapidly 

to the biological motion stimuli. Importantly, we did not 

find any interaction with Diagnosis for either of these 

effects, indicating that despite effects of block on the 

overall sample, the case–control effect remained stable 

across the experiment.

Once effects have been robustly demonstrated, 

research to probe the mechanisms that yield them is 

warranted. Future research using EEG or neuroimag-

ing methods to examine neural correlates of biological 

motion processing (e.g. [46, 45]) may be important in 

this regard. Further, longitudinal studies beginning from 

birth are important to understanding whether these 

effects could contribute to symptom emergence. Inter-

estingly, one study found that preference for biological 

motion may reduce between birth and 3 months, when it 

re-emerged and became stable through toddlerhood [41]. 

This profile is consistent with other components of social 

attention (like face and gaze preferences) and may result 

from a general shift from subcortical to cortical control 

in the first months of life [21, 23]. Early infancy may be a 

key window in which to examine the emergence of atten-

uated preference for biological motion in autism, given 

that others have observed differing trajectories in other 

aspects of social attention (e.g. eye gaze) in this period 

[24]. Overall, the reduction in (as opposed to absence of ) 

a preference in the ASD group suggests an attentional 

style that down-weights but does not entirely disregard 

social content. Such a profile was notably not altered 

in the presence of more severe symptoms of ASD. Our 

results may thus be better interpreted as an autistic dif-

ference than an autistic deficit—the autistic participants 

chose differently, not poorly.

Implications for biomarker discovery, and phenotypic 

associations

Whilst case–control differences may provide insight into 

putative mechanisms that could contribute to the aetiol-

ogy of autism, it is also important to probe the extent to 

which the case–control differences have utility to other 

researchers, to industry, and to improving the day-to-day 

functioning of autistic people. The relatively high distri-

butional overlap between groups and the lack of concur-

rent or prospective associations with most clinical scales 

(except concurrently with the SRS-2) suggest that prefer-

ence for biological motion does not sensitively track core 

socio-communicative symptoms in ASD, nor is it sensi-

tive to change over time in these symptoms. This chal-

lenges the potential utility of measures of passive visual 

preference biological motion tasks as proxy endpoints 

for use in clinical trials. Further, the normally distributed 

preference scores show no indication of the presence of 
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distinct subgroups within the autistic population. Thus, 

the current data do not provide support for the use of 

passive visual preference biological motion measures 

in isolation as stratification biomarkers. Further work 

should explore whether multivariate methods encom-

passing a broader battery of social attention measures or 

measurement at multiple levels (including brain activity) 

could provide more effective stratification. Alternatively, 

more complex biological motion tasks that move beyond 

“first-order” motion detection to instrumental processing 

of information contained within the biological motion 

stimulus (e.g. detecting emotion or intention) or the 

use of temporally (rather than spatially) scrambled con-

trol stimuli may be more fruitful [15]. It may also be that 

atypicality in biological motion preference (a particularly 

high or low score) can serve as a data point within a mul-

tivariate composite of other experimental tasks. Such an 

approach may have promise for the discovery of stratifi-

cation markers where individuals are grouped according 

to pattern of scores across a constellation of measures 

(e.g. [33]).

The lack of clear associations between biological 

motion preference and dimensional symptomatology 

measures within the autistic group does not, however, 

indicate that reduced preference for biological motion 

is not autism-relevant. It is likely that a variety of herit-

able causal factors act additively or interactively in early 

infancy to alter the likelihood of the subsequent devel-

opment of the behavioural autistic profile [7]. Behav-

ioural symptoms themselves may represent adaptive or 

compensatory reactions to these early developmental 

risk factors [22]. Indeed, whilst autism is a highly herit-

able condition, individual differences in symptom levels 

within individuals with an autism diagnosis show less 

evidence of heritability and are instead shaped largely by 

non-shared environmental factors [12]. When studying 

neurocognitive phenotypes in individuals with autism, 

we must thus disentangle those that underpin concurrent 

symptomatology from those that represent vestiges of 

early-emerging differences that might have triggered the 

emergence of behavioural symptoms, but are not related 

to their maintenance. Given that preference for biologi-

cal motion is present in neonates [42], that alterations 

in biological motion preference are apparent in toddlers 

with ASD [16, 26, 27], biological motion preferences may 

represent the archaeological trace of a causal factor that 

acted primarily in early development. Indeed, the quad-

ratic association between lack of preference for biomo-

tion and SRS-2 scores within the ASD group might be 

consistent with this view. However, such a proposition is 

not consistent with evidence that 10-month-old infants 

with later ASD do not show alterations in biological 

motion preference [16]. Thus, further work is required to 

understand exactly how and why alterations in biological 

motion preferences relate to the emergence of ASD.

Limitations

The paired visual preference task design used here has 

two related limitations. First, presenting two stimuli 

simultaneously is more cognitively demanding than 

serial presentation, in that participants must scan both 

stimuli first in order to understand what each represents; 

this may be exacerbated by the relatively visually-sparse 

nature of PLDs. We might expect younger participants 

and those with a lower IQ to spend proportionately more 

time engaged in this initial scan of the stimuli at the 

expense of time spent expressing a preference. However, 

we did not find any interaction between visual preference 

and IQ or age. Second, it is possible that some partici-

pants showed a novelty or complexity preference for the 

control stimuli. This is likely to interact with their prefer-

ence for biological motion. However, we note that whilst 

the type of control stimulus (rotating or scrambled) did 

affect looking times, it did not affect the magnitude of 

case–control differences.

A two-alternative forced choice (2AFC) paradigm, in 

which participants must respond as quickly and as accu-

rately as possible to the presence of biological motion 

in serial presentation, may avoid some of these limita-

tions, although possibly at the cost of disadvantaging 

the youngest and least cognitively able participants by 

imposing additional task instructions and requirements.

Despite efforts at recruitment, our NT sample had an 

average IQ approximately seven points higher than the 

ASD group, although we believe including IQ as a covari-

ate in our models mitigates this limitation. Our mild-

ID (IQ < 70) group was relatively small compared to the 

majority of the sample without ID, which may limit the 

representativeness to the autistic population. At follow-

up, our quantities of clinical data suffered due to attrition 

across the sample and challenges in acquiring question-

naire data a second time. Finally, we did not analyse data 

in approximately 18% of the sample. For 5% of the sam-

ple, data were not analysed for reasons that may occur 

more often in the ASD or mild-ID groups (e.g. too few 

valid trials), although our statistical comparisons of this 

data suggested that dropout due to these reasons was as 

common in the NT as the ASD group.

Conclusions

This large study robustly demonstrates that there is a 

reduced (but present) preference for biological motion 

in children, adolescents and adults with ASD. The lack 

of dimensional associations with prospective social-

communication symptomatology challenges the utility 

of measures of biomotion as a marker of prognosis or 
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treatment efficacy. However, the clinical profile of autism 

may result from a common process triggered by a range 

of underlying factors that leave detectable traces in later 

development, but have by then become untethered to 

most surface features of the phenotype [7]. Our data are 

consistent with the proposal that differences in orienting 

to biological motion could be a relevant underlying fac-

tor, and indicate the importance of pursuing longitudinal 

studies from infancy of this phenotype.
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