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Abstract
Individuals with autism spectrum disorder (ASD) have been found to view social scenes differently compared to typically 
developing (TD) peers, but results can vary depending on context and age. We used eye-tracking in children and adults (age 
6–63) to assess allocation of visual attention in a dynamic social orientation paradigm previously used only in younger chil-
dren. The ASD group (n = 94) looked less at the actor’s face compared to TD (n = 38) when they were engaged in activity 
(mean percentage of looking time, ASD = 30.7% vs TD = 34.9%; Cohen’s d = 0.56; p value < 0.03) or looking at a moving 
toy (24.5% vs 33.2%; d = 0.65; p value < 0.001). Findings indicate that there are qualitative differences in allocation of visual 
attention to social stimuli across ages in ASD.
ClinicalTrials.gov identifier: NCT02668991.
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Introduction

Attention to faces and eyes gives insight into the emotional 
and mental states of others (Baron-Cohen et al., 2001; Peter-
son & Eckstein, 2012). Following cues such as gaze direc-
tion can help determine the focus and intentions of another 
person and infer meaning and context (Frischen et al., 2007; 
Senju et al., 2008). Modulation of attention to socially rel-
evant stimuli is an essential element for engaging in success-
ful social interaction (Freeth & Bugembe, 2019).

A core diagnostic feature of autism spectrum disorder 
(ASD) is impaired social interaction. There is extensive evi-
dence that individuals with ASD show decreased attention 
to socially informative elements of visual scenes (e.g., peo-
ple, faces, and gestures) compared with typically develop-
ing (TD) peers (Chita-Tegmark, 2016; Dawson et al., 1998; 
Frazier et al., 2017; Guillon et al., 2014; Klin et al., 2002). 
The cause for this decreased attention is likely multifactorial, 
particularly given the heterogeneity of clinical presentation 

of ASD. Researchers have postulated a number of contribut-
ing factors, ranging from biases in social perception, issues 
of motivation or salience (i.e., interest or preference), to per-
ceptual or cognitive biases (Del Bianco et al., 2018; Hessels 
et al., 2018).

Eye-tracking studies are typically used to examine dif-
ferences in gaze patterns between individuals with ASD 
and their neurotypical peers, or other developmental and 
psychiatric disorders. The main focus of these studies has 
been to assist with early detection and to understand early 
development. There are some indications that limited social 
attention may be predictive of later diagnosis and symptom 
severity in ASD (Campbell et al., 2014; Chawarska et al., 
2013; Jones & Klin, 2013). A large meta-analysis of gaze 
differences between ASD and control participants in eye-
tracking studies found that the overall effect sizes remained 
consistent across ages, indicating that social attention dif-
ferences develop early and remain consistent throughout 
adolescence and adulthood (Frazier et al., 2017). However, 
studies vary widely in rigor, nature and complexity of vis-
ual stimuli. The meta-analysis revealed that methodological 
issues [for example, region-of-interest (ROI) definition, and 
differences in the type of stimuli used, such as complexity 
of social interaction] influenced effect size of the apparent 
deficit, regardless of age (Frazier et al., 2017). Other studies 
have indicated that results may be influenced by contextual 
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factors and stimulus design, and that, in some contexts, 
individuals with ASD may have similar viewing patterns to 
those without ASD (Chevallier et al., 2015; Guillon et al., 
2014; Hanley et al., 2015; Kwon et al., 2019). A recent com-
parative study looked specifically at developmental changes 
in attention to social interaction in a large sample of ASD 
and TD individuals across a range of paradigms that had 
previously demonstrated between group differences in social 
attention (Fujioka et al., 2020). They found that whole group 
differences in viewing patterns were not replicated in all 
paradigms. Specifically, the static faces with moving or 
non-moving mouth showed no diagnostic group differences 
in attention to eyes, but did show an interaction between 
group and age, indicating that there are qualitative differ-
ences in allocation of social attention across ASD develop-
ment (Fujioka et al., 2020).

There is an increasing interest in the use of eye-track-
ing measures of social attention as potential biomarkers in 
clinical trials, as indicators of the presence or/and sever-
ity of ASD symptoms (Murias et al., 2018). In order for 
eye-tracking measures of social attention to be useful as 
biomarkers for stratification, diagnosis or change in symp-
tom severity, they must be reliable and interpretable across 
the lifespan of ASD. One way to test social attention for its 
potential as a valid biomarker of ASD is to develop and use 
the same paradigm consistently within different age groups. 
For example, several research groups report on a set of 
dynamic stimuli where context was manipulated to include 
four experimental conditions comprising activity without 
speech, viewer-directed speech, joint attention, and moving 
non-social object (a toy), against a background of non-social 
potential distractor stimuli (Campbell et al., 2014; Chawar-
ska et al., 2012, 2013; Wang et al., 2018). Use of different 
experimental conditions enabled investigation of contextual 
factors that modulate differences in allocation of attention 
within the groups of toddlers with or without ASD. Infants 
aged 6 months who were later diagnosed with ASD showed 
limited spontaneous attention to social scenes, particularly 
the actress’ body and the actress’ face, compared to other 
infants who did not receive the diagnosis later. For infants, 
the findings were across all contexts or experimental condi-
tions (Chawarska et al., 2013). In contrast, in toddlers with 
ASD, in experimental conditions without eye contact and 
speech, attention distribution was similar to that of TD and 
developmentally delayed (DD) control participants. Only 
the dyadic bid condition, where the actor engaged in direct 
speech and eye contact, resulted in differences between the 
diagnostic groups. Toddlers with ASD showed less time 
looking at this scene overall, and specifically less time look-
ing at faces and mouths compared to TD and DD controls 
(Chawarska et al., 2012). Using the same data and a different 
analytic approach (High-Cohesion Time Frames) to quantify 
atypical gaze, the ASD group gaze was found to be the least 

typical during the dyadic bid condition, and further that the 
atypicality was associated with more severe ASD symptoms 
(Wang et al., 2018). Similarly, in relation to symptom sever-
ity, increased attention to eyes and mouths at 2 years of age 
was shown to be positively related to functional outcome in 
the ASD group 1 year later (Campbell et al., 2014).

In this study, we employed an alternative version of the 
Chawarska’s paradigm (Plesa Skwerer et al., 2019) for the 
first time in older children and adults with ASD. The pri-
mary goal was to examine whether older children and adults 
with ASD differed from neurotypical peers in allocation of 
visual attention when viewing dynamic social videos. Spe-
cifically, we were interested in whether there was a poten-
tial modulation of those differences in gaze duration and 
quality by context. Based on previous findings in toddlers, 
we hypothesized that children and adults with ASD would 
spend less time looking at faces and face core features than 
the TD controls, with this difference being more prominent 
in the context with viewer-directed speech and eye contact. 
We also tested for relationships between the level of visual 
attention allocated to different experimental conditions or 
context and severity of ASD symptoms, as captured by sev-
eral social behavior rating scales. Our hypothesis was that 
severity of ASD symptoms would correlate with time spent 
looking at faces.

Methods

Participants

Participants aged ≥ 6 years (range: 6–51) with a confirmed 
diagnosis of ASD based on clinical examination, caregiver 
interview and use of the Autism Diagnostic Observation 
Schedule, 2nd edition (ADOS-2) (Lord et al., 2012) were 
enrolled. Key exclusion criteria were a measured composite 
score on the Kaufmann Brief Intelligence Test-2 (KBIT-
2) (Kaufman & Kaufman, 2004) of < 60, and history of or 
current significant medical illness. Each site also enrolled 
a control sample of TD participants, aged ≥ 6 years (range: 
6–63), with a score in the normal range on the Social Com-
munication Questionnaire (Rutter et al., 2003) who did not 
meet criteria for any major mental health disorder (American 
Psychiatric Association 2013), as assessed using the Mini-
International Neuropsychiatric Interview (MINI) (Sheehan 
et al., 1998) for those 18 years old and above, and MINI-KID 
caregiver interview (Sheehan et al., 2010) for participants 
under 18 years. Age of 6 years was used as the cut off for this 
study, since it is the lower regulatory age bound for clini-
cal studies in psychiatry. Note that the KBIT-2 data were 
collected only in individuals with ASD but not in TD con-
trols. There were no exclusion criteria based specifically on 
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vision. If participants required corrective lenses to view the 
screen and were able to obtain calibration on the measure at 
the start of each test set, then their eye-tracking data were 
included in the study.

Participants were enrolled within the framework of a 
large, observational, multi-center study that was conducted 
from 6 July 2015 to 14 October 2016 at nine study sites in 
the US (ClinicalTrials.gov identifier: NCT02668991). The 
study consisted of multiple free viewing tests (Bangerter 
et al., 2020a, b; Jagannatha et al., 2019; Manfredonia et al., 
2019; Manyakov et al., 2018; Ness et al., 2017; Sargsyan 
et al., 2017) and both ASD and TD groups completed all of 
the tests during the same visit. In total, 136 individuals with 
ASD and 41 TD controls completed the study. Out of those, 
after exclusions due to technical or calibration failures, 94 
(69.1%) individuals with ASD and 38 (92.7%) TD controls 
formed the study population. Table 1 lists participant char-
acteristics. Further details on the participant characteristics 
can be found in Ness et al. (2017). Note that individuals with 
ASD that were included in analysis versus those excluded 
did not differ in the overall severity of ASD symptoms (Sup-
plementary Table 11).

Stimuli

The stimuli were adopted from the alternative version of the 
Chawarska’s paradigm (Plesa Skwerer et al., 2019) and were 
similar to those first reported (Chawarska et al., 2012). Each 
participant viewed two videos, with one video presenting a 
female actor (total duration 73 s) and another one present-
ing a male actor (90 s). The presentation order of the two 
stimuli was random across participants. In each video, an 
actor was filmed while sitting in front of a table in a brightly 
lit room with barren walls (Fig. 1). There was  a tablet com-
puter standing on the table on one side of the actor and a 
multi-legged walking robot toy on the other. The table also 

accommodated two wooden stands, with one on each side 
of the actor. A single toy was placed on top of each of these 
stands. All toys, except for the walking robot toy, and the 
stands remained static throughout the videos. The position 
of the walking robot toy alternated across the videos.

The stimuli were designed to depict an actor performing 
an activity, occasionally looking at the camera and trying to 
engage a viewer or looking at the toys positioned in the four 
corners of the screen, with one toy either remaining still or 
moving. Specifically, each video consisted of four stimulus 
conditions (Fig. 1), with each condition being presented over 
multiple episodes. Each stimulus condition represented an 
instance of the behavior associated with that condition. In 
the Activity condition, an actor looked down at the table 
while either making a snack (female actor, five episodes, 
total duration 45 s) or wrapping a book in paper (male actor, 
4 episodes, total duration 63 s). No direct actor’s gaze or 
speech cues were present in this condition. In the Dyadic 
Bid condition, an actor lifted up the head, looked toward 
the camera and engaged in a viewer-directed speech, thus 
resembling a bid for dyadic attention (female vs. male actor: 
3 episodes in each video, 14 vs. 16 s). The content of actor’s 
speech was related to the events presented in a video and 
included a greeting to the viewer (e.g., “Oh, hello!”), com-
ments on the performed activity (“It’s my friend’s birthday 
today. I bought him a book.”) and its completion (“It’s done 
now. I think I like it.”). In the Joint Attention condition, the 
walking robot toy suddenly began to move on the table while 
making noise generated by its actuators. This immediately 
interrupted actor’s activity and made an actor turn toward 
the toy. An actor was continuously maintaining attention on 
the moving robot toy until it returned to the initial position 
and stopped. After the toy stopped, an actor continued to 
carry out his/her activity (female vs. male actor: 1 episode 
in each video, 9 vs. 6 s). The Moving Toy condition was 
the same as the Joint Attention condition, except that an 

Table 1  Participant 
characteristics

The reported p values are two-sided. ‘n’ indicates the number of participants
ADOS-2 Autism Diagnostic Observation Schedule 2nd edition, ASD autism spectrum disorder, IQ intelli-
gence quotient, KBIT-2 Kaufman Brief Intelligence test-2, SD standard deviation,  TD typically developing

Characteristic ASD TD

Sex, n (%) 94 38
 Male 68 (72.3) 25 (65.8)
 Female 26 (27.7) 13 (34.2)
 χ2 test, p value 0.16

Age, years
 Mean (SD) 14.5 (7.3) 16.7 (13.6)
 Median (range) 12.0 (6–51) 12.0 (6–63)
 Kolmogorov–Smirnov test, p value 0.69

ADOS-2 Total score, mean (SD, range) 7.5 (1.7, 4–10) –
KBIT-2 IQ composite score, mean (SD, range) 100.3 (19.2, 60–136) –



4222 Journal of Autism and Developmental Disorders (2022) 52:4219–4232

1 3

actor turned toward and was continuously looking at the toy 
placed on the wooden stand on the diametrically opposite 
side to the walking robot toy (one 5-s long episode in each 
video). The walking robot toy moved only in the experimen-
tal conditions of Joint Attention and Moving Toy and not in 
the other two.

Episodes associated with different stimulus conditions 
were interleaved throughout the videos in order to provide 
variation and increase participant’s interest. Supplemen-
tary Table 1 lists the order of episodes of different stimulus 
conditions in each video as well as their duration. To avoid 
extraneous attentional cues and disruption in processing of 
social scenes (Hirose et al., 2010), each video consisted of a 
stream of activities with no breaks to re-engage or re-center 
participant’s visual attention. This type of display required 
participants to adjust their viewing patterns depending on 
the context, as they would do in real-life circumstances, 
without the benefit of extraneous cues directing their atten-
tion to the screen in general or to any of the specific elements 
of the scene.

Procedure

Participants sat in a comfortable chair approximately 60 cm 
from a 23-inch computer screen (1920 × 1080 pixels). The 
height of the chair and screen were adjusted to ensure that 
participants’ eyes were level with the center of the screen. 
Eye-tracking data were collected using the Tobii X2 eye 
tracker, with a sampling rate of 30 Hz, mounted below the 
screen. iMotions Biometric Research Platform (https:// imoti 
ons. com/) was used for stimuli presentation, data synchroni-
zation, and automatic calibration. Participants could freely 
observe presented stimuli. To ensure high accuracy of the 

eye movement recordings (Blignaut & Wium, 2014), each 
recordings session was preceded by a five-point calibration 
procedure that consisted of presentations of animated car-
toon characters paired with an auditory cue. The calibration 
procedure was aimed to reach the mean distance between 
the participant’s gaze direction and the target points of less 
than 0.5° of visual angle.

Behavior Rating Scales

Scale data were collected concurrently with eye-tracking 
data. Parents or caregivers of individuals with ASD were 
required to spend at least 3 days per week with participants, 
to have sufficient opportunity (over several days) to observe 
recent behavior and symptoms and allow accurate reporting. 
They completed the following scales:

• Autism Behavior Inventory (ABI) assesses changes in 
core and associated ASD symptoms (Bangerter et al., 
2017).

• Aberrant Behavior Checklist—Community (ABC) 
assesses general behaviors (Aman & Singh, 2017; Aman 
et al., 2004)

• Child Adolescent Symptom Inventory (CASI) assesses 
a range of behaviors related to common emotional and 
behavior disorders (Gadow & Sprafkin, 1997).

• Social Responsiveness Scale 2™ (SRS-2) identifies pres-
ence and severity of social impairment due to ASD (Con-
stantino et al., 2003).

• Repetitive Behavior Scale-Revised (RBS-R) provides a 
quantitative measure of the full spectrum of repetitive 
behaviors (Lam & Aman, 2007).

Fig. 1  Stimuli and stimulus conditions. Each of the four stimulus 
conditions is represented by a single frame from each of the two 
video stimuli. One video shows a female actor (A), whereas the other 

shows a male actor (B). Stimulus conditions are indicated in bold 
above the frames in the first row (A)

https://imotions.com/
https://imotions.com/
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Each of the above scales and ADOS-2 consist of several 
subscales that reflect different ASD symptoms.

Data Analysis

Standard ROI analysis techniques were adopted for the 
analysis of gaze patterns. The variables of interest were the 
proportions of time spent looking at each of the regions (i.e., 
the total amount of time the participant’s point of regard was 
located within each region) and included (a) overall atten-
tion to the scene (% Valid Time), (b) proportion of overall 
attention (% looking time) directed toward an actor (includ-
ing Body, Hands/Activity area, Face as a whole and its core 
features Eyes, Mouth, and Hair), and (c) attention toward 
distractors (Toys) and background (Background). All pro-
portions (% looking time) were computed for each stimulus 
condition separately. The proportion of total looking time 
(% Valid Time) in each of the four stimulus conditions was 
standardized by the total duration of the video display in that 
condition. The remaining variables were standardized by the 
total looking time at the scene per stimulus condition. All 
analyses were based on % looking time for different ROIs 
averaged across the two video stimuli.

A linear mixed-effects model was used to compare the 
level of overall visual attention across the four stimulus con-
ditions between the two groups of participants. The model 
included % Valid Time as a dependent variable, and partici-
pant’s age and sex, participant group, stimulus condition and 
interaction between these two factors as fixed effects:

To account for within-participant variability in % Valid 
Time, the model included a participant identifier as the 
random intercept. The model was fit by using the R pack-
age “nlme” (Pinheiro et  al., 2018) and maximizing the 
restricted log-likelihood function. Significance of the fixed 
effects was assessed using the analysis of variance type 
III sum of squares and the Wald χ2 test (Supplementary 
Table 2), as implemented in the R package “car” (Fox & 
Weisberg, 2011). Post hoc pair-wise comparisons were per-
formed using the Tukey–Kramer correction for multiple 
comparisons (Supplementary Table 3). The least-squares 
mean estimates and their 95% two-sided confidence inter-
vals for different levels of the modelled categorical factors 
were obtained with the R package “lsmeans” (Lenth, 2016) 
(Supplementary Table 4). This package was also used to run 
post hoc pair-wise comparisons.

A similar approach was applied to compare percentage of 
time spent looking at different ROIs between the two groups 

%Valid time ∼ Age + Sex + Group + Condition + Group × Condition.

of participants. The data of each of the four stimulus condi-
tions were modelled separately. Each linear mixed-effects 
model included percentage looking time as a dependent vari-
able, and participant’s age and sex, participant group, ROI 
and an interaction between these two factors as fixed effects:

Each model included a participant identifier as the ran-
dom intercept. Tests of significance of the fixed effects and 
post hoc pair-wise comparisons were performed in the same 
manner as in the model of overall visual attention (see above). 
Two separate sets of ROIs were tested. The first set comprised 
Background, Body, Hands/Activity, Face and Toys that consti-
tuted the entire visual scene (Supplementary Tables 5 and 6), 
whereas the second one represented the core features of faces 
and included Eyes, Mouth and Hair (Supplementary Tables 7 
and 8). Note that qualitatively similar results were obtained 
when incorporating % Valid Time per stimulus condition as 
an additional factor into the models (data not shown). Given a 
higher complexity of these models and similarity of the results 
they produced, all results reported in this article were obtained 
with the models described above that did not include % Valid 
Time. Since no linear mixed-effects model revealed a signifi-
cant effect of either participant’s age or sex on % looking time 
(Supplementary Tables 5 and 7), Cohen’s d was computed to 
assess the effect of participant group on % looking time for 
each ROI and stimulus condition separately (Tables 2 and 3).

All reported correlations  (rS) between either % Valid Time 
or % looking time for different ROIs and the KBIT-2 IQ com-

posite score were Spearman correlations (Supplementary 
Table 9). Relationships between % Valid Time, % looking time 
for different ROIs on one hand and severity of ASD symptoms 
were assessed using Spearman partial correlations, with par-
ticipant’s age, sex and KBIT-2 IQ composite score serving as 
covariates (Supplementary Table 10). Spearman partial cor-
relations and corresponding p values were computed using 
the R package “ppcor” (Kim, 2015). The choice of Spearman 
correlations was attributed to a generally lower susceptibility 
of this type of correlations to potential outliers present in the 
data, as compared to Pearson correlations. All reported p val-
ues were two-sided. No correction for multiple comparisons 
was performed. The exploratory nature of this study prevented 
specification of all tests prior to their conduct. As a result, 
the exact cut-off for significant p values in each analysis is 
debatable. For this reason, p values were reported “as is” with 
values < 0.05 considered significant.

%Looking time ∼ Age + Sex + Group + ROI + Group × ROI.
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Results

Level of Overall Visual Attention Across Stimulus 
Conditions

The level of overall visual attention (% Valid Time) was 
high in each of the two groups of participants and signifi-
cantly varied across stimulus conditions (p value < 0.0005) 
(Supplementary Table 2 and Fig. 1). Mean % Valid Time in 
individuals with ASD ranged from 85.3% in the condition 
Activity to 87.0% in the experimental conditions of Joint 
Attention and Moving Toy (Supplementary Table 4). Mean 
% Valid Time in TD controls varied between 87.9% in the 
condition Activity and 90.4% in the condition Dyadic Bid. 
Post hoc comparisons revealed no significant difference in 
% Valid Time between the two groups of participants in any 
of the four stimulus conditions (all p values > 0.59) (Sup-
plementary Table 3).

% Looking Time for ROIs that Constituted the Visual 
Scene

In each of the four stimulus conditions tested separately, 
% looking time significantly varied across ROIs (all p val-
ues <  10−15) (Supplementary Table 5), and this held true 
in each of the two groups of participants (Fig. 2). The 

participants spent least time looking at Background and Body 
across the four stimulus conditions (Table 2). In contrast, % 
looking time for the remaining three ROIs was consider-
ably higher and spanned a broader range of values (Table 2), 
thus suggesting that changes in allocation of visual attention 
across experimental conditions were mainly subject to these 
ROIs. Participant’s age or sex did not significantly modulate 
% looking time for any of the stimulus conditions (all p val-
ues = 1.0) (Supplementary Table 5). Although participant 
group did not significantly modulate % looking time for dif-
ferent ROIs in any of the four stimulus condition models (all 
p values > 0.52), the interaction between participant group 
and ROI reached statistical significance in all experimen-
tal conditions (all p values < 0.02), except Moving Toy (p 
value = 0.90) (Supplementary Table 5). Post hoc compari-
sons of % looking time per ROI between the two groups 
of participants performed for each stimulus condition sepa-
rately revealed a significantly lower % looking time for Face 
in individuals with ASD as compared to TD controls in the 
stimulus conditions Activity (mean % looking time, ASD vs. 
TD: 30.7% vs. 34.9%; Cohen’s d = 0.56; p value < 0.03) and 
Joint Attention (mean % looking time, ASD vs. TD: 24.5% 
vs. 33.2%; Cohen’s d = 0.65; p value < 0.01) (Table 2). No 
other ROI showed a significant difference in % looking time 
between the two groups of participants in any of the four 
stimulus conditions.

Table 2  Percentage of time 
spent looking at regions of 
interest for each stimulus 
condition and group of 
participants separately

Cells contain mean % looking time, with the corresponding standard deviations being provided in paren-
theses
p values correspond to between-group comparisons of % looking time and are obtained using linear mixed-
effects models and the Tukey–Kramer correction for multiple comparisons. p values below 0.05 are high-
lighted in bold
ASD autism spectrum disorder, TD typically developing

Condition Group Region-of-interest

Background Body Hands/activity Face Toys

Activity ASD 3.7 (2.9) 3.9 (2.0) 47.9 (10.2) 30.7 (8.2) 13.7 (6.8)
TD 3.0 (1.9) 3.6 (1.5) 46.3 (7.1) 34.9 (5.1) 12.2 (7.6)
Cohen’s d 0.27 0.17 0.17 0.56 0.22
p value 1.00 1.00 0.95 0.03 0.96

Dyadic bid ASD 4.0 (4.8) 4.6 (4.9) 33.8 (14.9) 49.3 (15.9) 8.4 (7.5)
TD 2.7 (3.7) 3.9 (2.5) 39.4 (12.3) 48.6 (12.0) 5.4 (5.8)
Cohen’s d 0.28 0.16 0.40 0.05 0.42
p value 1.00 1.00 0.12 1.00 0.89

Joint attention ASD 5.4 (5.4) 3.2 (3.1) 36.5 (12.1) 24.5 (13.0) 30.4 (14.9)
TD 4.7 (5.5) 3.1 (2.5) 34.6 (8.7) 33.2 (13.8) 24.3 (13.3)
Cohen’s d 0.12 0.03 0.17 0.65 0.42
p value 1.00 1.00 1.00 10–3 0.09

Moving toy ASD 3.4 (4.3) 2.7 (2.8) 12.9 (11.3) 25.5 (16.6) 55.4 (19.7)
TD 2.0 (2.9) 3.1 (3.0) 14.0 (8.8) 26.6 (15.8) 54.2 (17.4)
Cohen’s d 0.35 0.13 0.10 0.07 0.06
p value 1.00 1.00 1.00 1.00 1.00
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% Looking Time for the Core Features of Faces

Restricting analyses to the core features of faces (Eyes, 
Mouth, and Hair) showed a significant modulation of % 
looking time by ROI in each of the four stimulus conditions 
(all p values < 0.0001) (Supplementary Table 7), and this 
held true in each of the two groups of participants (Fig. 3). 
Both groups of participants spent least time looking at 
Hair (Table 3). This suggests that changes in allocation 
of visual attention to faces across conditions were mainly 
subject to Eyes and Mouth. Neither participant’s age (all 
p values > 0.28) nor sex (all p values > 0.13) significantly 
modulated % looking time for different ROIs in any of the 
four stimulus conditions (Supplementary Table 7). Simi-
larly, participant group showed no effect on % looking time 
for different ROIs in any of the four stimulus conditions 
(all p values > 0.06) (Supplementary Table 7). The interac-
tion between participant group and ROI reached statistical 
significance only in the condition Activity (p value < 0.01) 
and not in the other three (all p values > 0.26) (Supplemen-
tary Table 7). Post hoc comparisons of % looking time per 
ROI between the two groups of participants performed for 
each stimulus condition separately revealed a significantly 
lower % looking time for Mouth in individuals with ASD as 

compared to TD controls in the stimulus condition Activ-
ity (mean % looking time, ASD vs. TD: 24.7% vs. 28.5%; 
Cohen’s d = 0.53; p value < 0.002) (Table 3). Mean % look-
ing time for Eyes and Mouth was consistently lower in 
individuals with ASD than in TD controls across the four 
stimulus conditions. Moreover, the same ranking of mean % 
looking time was observed across the four stimulus condi-
tions in both groups of participants for Eyes (in ascending 
order: Activity, Moving Toy, Joint Attention, Dyadic Bid) and 
Mouth (Joint Attention, Moving Toy, Dyadic Bid, Activity) 
(Table 3). Similar results were obtained when using median 
% looking time (data not shown). Altogether this suggests 
a similar pattern of visual attention allocation on these two 
core features of faces in both groups of participants, with 
the level of attention being lower in individuals with ASD 
as compared to TD controls.

Relationship Between Participant’s IQ and % 
Looking Time for Different ROIs

The data on participants’ intelligence, as assessed by KBIT-
2, were collected only in individuals with ASD. This pre-
vented the use of these data in comparisons of % Valid Time 
and % looking time between the two groups of participants. 
When relating % Valid Time and % looking time for differ-
ent ROIs to the KBIT-2 IQ composite score in the ASD 
sample for each of the four stimulus conditions separately 
(n = 39 correlation coefficients computed), no significant 
relationship was observed (all p values > 0.10) (Supplemen-
tary Table 9). Repeating the same analysis in the groups 
of individuals with ASD with a specific level of IQ (n = 3 
levels tested) revealed two significant relationships out of 
117 tested ones (Supplementary Table 9). The KBIT-2 IQ 
composite score positively correlated (1) with % Valid Time 
in the condition Dyadic Bid  (rS = 0.280, p value < 0.04) in 
the group of individuals with ASD with average IQ (range: 
85–115; n = 54 participants) and (2) with % looking time for 
Toys in the condition Moving Toy  (rS = 0.482, p value < 0.03) 
in the group of individuals with ASD with low IQ (range: 
60–84; n = 21 participants) (Supplementary Fig. 2). Note, 
however, that these correlations would not remain significant 
if correction for multiple testing was performed, thus ruling 
out the explanation of significant differences observed in % 
looking time by participant’s IQ (Figs. 2 and 3).

Relationship Between Severity of ASD Symptoms 
and % Looking Time for Different ROIs

To test whether overall severity of ASD symptoms affected 
time spent (%) looking at the presented stimuli or at a specific 
ROI, % Valid Time and % looking time for different ROIs 
were assessed for correlation with the total score of multiple 
behavior rating scales (n = 5). The correlation coefficients 

Table 3  Percentage of time spent looking at the core features of faces 
for each stimulus condition and group of participants separately

Cells contain mean % looking time, with the corresponding standard 
deviations being provided in parentheses
p values correspond to between-group comparisons of % looking time 
and are obtained using linear mixed-effects models and the Tukey–
Kramer correction for multiple comparisons. p values below 0.05 are 
highlighted in bold
ASD autism spectrum disorder, TD typically developing

Condition Group Region-of-interest

Eyes Mouth Hair

Activity ASD 4.9 (4.8) 24.7 (7.5) 1.1 (1.8)
TD 5.7 (4.3) 28.5 (5.8) 0.8 (1.0)
Cohen’s d 0.17 0.53 0.21
p value 0.95 2 × 10–3 1.00

Dyadic bid ASD 24.8 (17.2) 19.5 (10.0) 3.5 (7.3)
TD 25.4 (18.0) 21.0 (12.0) 1.2 (2.7)
Cohen’s d 0.03 0.14 0.32
p value 0.99 0.99 0.92

Joint attention ASD 11.5 (10.4) 7.8 (7.3) 5.2 (7.7)
TD 14.9 (13.8) 11.9 (7.7) 6.3 (8.2)
Cohen’s d 0.30 0.56 0.14
p value 0.41 0.20 0.99

Moving toy ASD 10.5 (9.1) 11.4 (11.6) 3.6 (7.5)
TD 12.3 (10.4) 12.8 (11.5) 1.6 (3.4)
Cohen’s d 0.19 0.12 0.31
p value 0.93 0.98 0.86
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were computed for each ROI, stimulus condition and behav-
ior rating scale separately. Out of 120 computed correlation 
coefficients (Table 4), only 11 (9.2%) reached statistical sig-
nificance (all p values < 0.05). Greater overall severity of 
ASD, as assessed using the ABI scale, was associated with 
lower overall visual attention (% Valid Time) to the presented 
stimuli (stimulus condition Joint Attention:  rS =  − 0.250, p 
value < 0.02; Moving Toy:  rS =  − 0.225, p value < 0.03). Fur-
thermore, individuals with greater severity of ASD symp-
toms, as assessed using the ADOS-2 scale, tended to look 
more at Background  (rS = 0.227, p value < 0.03) and Toys 
 (rS = 0.288, p value < 0.01) in the condition resembling a 
bid for dyadic attention (Dyadic Bid). Greater overall sever-
ity of ASD symptoms was associated with an attenuated 
interest in Toys when the actors in the presented video 
stimuli allocated their attention on the walking robot toy 
(stimulus condition Joint Attention). This was evident on 

both ABI  (rS =  − 0.261, p value < 0.01) and SRS-2 scales 
 (rS =  − 0.283, p value < 0.01). In addition, overall severity of 
ASD symptoms in the condition Joint Attention significantly 
correlated with % looking time for Face (RBS-R:  rS = 0.216, 
p value < 0.04) and Hands/Activity (ADOS-2:  rS =  − 0.218, p 
value < 0.04). After the actors diverted their attention away 
from the walking robot toy (stimulus condition Moving Toy), 
more severely affected individuals with ASD tended to pay 
more attention to Toys, as was evident on the ADOS-2 scale 
 (rS = 0.246, p value < 0.02). Moreover, overall severity of 
ASD symptoms in the condition Moving Toy was also signif-
icantly associated with % looking time for Background (ABI: 
 rS = 0.265, p value < 0.01) and Face (ADOS-2:  rS =  − 0.222, 
p value < 0.03). No significant relationship between % look-
ing time for Body and overall severity of ASD symptoms was 
observed (all p values > 0.09) for any of the four stimulus 
conditions and five behavior rating scales. Supplementary 

Fig. 2  Distributions of % looking time for each stimulus condition, 
group of participants and region-of-interest separately. The data are 
summarized in a form of boxplots. Black dots in each panel denote 
individual participants. The white and grey boxplots correspond to 
the data of individuals with ASD and TD controls, respectively. ‘n’ 

indicates the number of participants. Only significant between-group 
differences are shown. *p value < 0.05, **p value < 0.005 (corrected 
for multiple comparisons for each stimulus condition separately using 
the Tukey–Kramer method) (Color figure online)
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Table 10 lists correlations between % looking time for dif-
ferent ROIs and individual ASD symptoms. Only 37 of 696 
computed correlation coefficients (5.3%) were significant.

Discussion

This study examined spontaneous visual attention to 
dynamic stimuli across specific experimental conditions in 
participants with and without ASD, aged 6–63 years. Atten-
tion to the screen, measured by % Valid Time, was above 
85% on average in both the ASD and TD groups, suggesting 
good task attention overall. There was no significant dif-
ference between the two groups for attention to the screen 
between the four experimental conditions, and both groups 
showed similar patterns of visual attention allocation across 
ROIs in the four conditions. Specifically, in relation to social 

attention, there was no significant difference in average 
looking time at faces between the groups in the Dyadic Bid 
condition, contrary to what was previously reported in tod-
dlers with ASD (Chawarska et al., 2012). Both ASD and TD 
groups allocated more visual attention to faces during this 
condition. However, unlike the findings in toddlers, signifi-
cant differences in attention to faces were seen in the Activity 
and the Joint Attention experimental conditions. This indi-
cates that while social attention is reduced in older children 
and adults with ASD, compared to TD groups, there are 
qualitative differences in the allocation of visual resources 
across the developmental trajectory of ASD. Differences in 
experimental conditions, or context, do not impact alloca-
tion of social attention in the same way across different age 
groups in ASD.

We also replicated findings that within general viewing 
of the face the ASD group paid less attention to eyes and 

Fig. 3  Distributions of % looking time for the core features of faces 
for each stimulus condition and group of participants separately. 
The data are summarized in a form of boxplots. Black dots in each 
panel denote individual participants. The white and grey boxplots 
correspond to the data of individuals with ASD and TD controls, 

respectively. ‘n’ indicates the number of participants. Only significant 
between-group differences are shown. **p value < 0.005 (corrected 
for multiple comparisons for each stimulus condition separately using 
the Tukey–Kramer method) (Color figure online)
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mouths. However, similarly, this difference was only sta-
tistically significant in one specific experimental condition 
(Activity condition), where the ASD group paid less atten-
tion to the mouth area.

Consideration of the context in which patterns of eye gaze 
differ across age may help with understanding the mecha-
nisms and developmental trajectory of social attention in 
ASD. The Activity condition was distributed throughout the 
duration of the video stimuli, but the vast majority of activity 
time was in the first portion of the videos. Individuals with 
ASD did attend to the faces during this time, but the TD 
group attended longer. It may be that the result of competing 
non-social factors, which were novel at the beginning of the 
videos, was that the ASD group did not prioritize attention 
to faces at the point at which they were first exploring the 
visual scene. This would be consistent with a previous report 
(Kwon et al., 2019) that hypothesized that the presence of 

distractors rather than attention to faces was a driving factor 
moderating differences in viewing. The authors suggest that 
competition between faces and external distractors might be 
a more robust measure than attention to faces itself.

Salience of non-social stimuli may also explain the differ-
ences seen in the Joint Attention condition. This experimen-
tal condition always preceded the Moving Toy condition, in 
which the actor was looking at a static toy while the same 
toy as previously was moving. Therefore, the novelty of the 
toy moving in the Joint Attention condition might have been 
more salient and attracted more attention from individuals 
with ASD. In the second condition with the moving toy, the 
actors’ face may have not had the same competition for sali-
ence and therefore no differences were observed.

Unlike the studies in toddlers (Campbell et al., 2014; 
Chawarska et al., 2012), the Dyadic Bid condition did not 
reveal any differences in attention to faces. This may be a 

Table 4  Correlations between % Valid Time, % looking time for different regions of interest and the total score of behavior rating scales in indi-
viduals with ASD

Cells contain Spearman partial correlation coefficients along with the corresponding two-sided p values in parentheses. The correlation coeffi-
cients are computed on the data of all individuals with ASD with participant’s age, sex and the KBIT-2 IQ composite score being used as covari-
ates. Cells with p values below 0.05 are highlighted in bold
n indicates the number of participants, ASD autism spectrum disorder, IQ intelligence quotient, KBIT-2 Kaufman Brief Intelligence Test-2

Condition Region-of-interest

% Valid time Background Body Hands/activity Face Toys

Autism behavior inventory (n = 93)
Activity − 0.205 (0.05) 0.147 (0.17) 0.179 (0.09) − 0.081 (0.45) 0.067 (0.53) − 0.081 (0.45)
Dyadic bid − 0.146 (0.17) 0.117 (0.27) 0.014 (0.89) 0.013 (0.90) − 0.056 (0.60) − 0.016 (0.88)
Joint attention − 0.250 (0.02) 0.158 (0.14) 0.080 (0.45) − 0.023 (0.83) 0.190 (0.07) − 0.261 (0.01)
Moving toy − 0.225 (0.03) 0.265 (0.01) − 0.020 (0.85) 0.027 (0.80) 0.054 (0.61) − 0.148 (0.16)
Autism diagnostic observation schedule, 2nd edition (n = 94)
Activity − 0.076 (0.47) 0.090 (0.40) 0.006 (0.96) − 0.122 (0.25) − 0.133 (0.21) 0.193 (0.07)
Dyadic bid − 0.086 (0.42) 0.227 (0.03) − 0.018 (0.87) − 0.173 (0.10) − 0.001 (0.99) 0.288 (0.01)
Joint attention − 0.081 (0.45) − 0.002 (0.98) − 0.002 (0.98) − 0.218 (0.04) − 0.047 (0.66) 0.177 (0.09)
Moving toy − 0.141 (0.18) 0.099 (0.35) − 0.167 (0.11) − 0.106 (0.32) − 0.222 (0.03) 0.246 (0.02)
Child adolescent symptom inventory—anxiety (n = 94)
Activity − 0.050 (0.63) − 0.029 (0.79) 0.045 (0.67) − 0.102 (0.33) 0.170 (0.11) − 0.004 (0.97)
Dyadic bid 0.074 (0.49) 0.025 (0.81) − 0.100 (0.35) 0.114 (0.28) − 0.071 (0.51) − 0.067 (0.53)
Joint attention − 0.037 (0.73) − 0.106 (0.32) 0.112 (0.29) 0.063 (0.55) 0.106 (0.32) − 0.140 (0.18)
Moving toy − 0.078 (0.46) 0.160 (0.13) 0.059 (0.58) 0.153 (0.15) − 0.082 (0.44) − 0.015 (0.89)
Repetitive behavior scale—revised (n = 94)
Activity − 0.084 (0.43) − 0.006 (0.95) 0.028 (0.79) − 0.120 (0.26) 0.107 (0.32) 0.030 (0.78)
Dyadic bid − 0.070 (0.51) 0.023 (0.83) − 0.062 (0.56) − 0.098 (0.36) 0.114 (0.28) − 0.027 (0.80)
Joint attention − 0.129 (0.22) − 0.066 (0.53) 0.023 (0.83) − 0.085 (0.42) 0.216 (0.04) − 0.100 (0.35)
Moving toy − 0.067 (0.53) 0.125 (0.24) − 0.093 (0.38) − 0.011 (0.92) 0.091 (0.39) − 0.086 (0.42)
Social responsiveness scale 2 (n = 93)
Activity − 0.032 (0.76) 0.005 (0.96) − 0.053 (0.62) 0.015 (0.89) 0.076 (0.47) − 0.082 (0.44)
Dyadic bid 0.038 (0.72) 0.030 (0.78) − 0.141 (0.18) 0.057 (0.59) 0.030 (0.78) − 0.116 (0.28)
Joint attention − 0.175 (0.10) 0.098 (0.36) 0.086 (0.42) 0.075 (0.48) 0.126 (0.24) − 0.283 (0.01)
Moving toy − 0.081 (0.45) 0.136 (0.20) − 0.001 (0.99) 0.105 (0.33) − 0.019 (0.86) − 0.099 (0.35)
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result of developmental changes in one or both groups, either 
with experience or training or both. For example, improve-
ments in processing of social information in TD individuals 
may mean that less attention is given to faces, as pertinent 
information can be garnered in a shorter time (i.e., they 
infer more information from faces more quickly). In con-
trast, some individuals with ASD may have learned or been 
specifically taught the relevance of attention to looking at a 
person who is talking to them, thus resulting in longer gaze 
time. Alternatively, increased efficiency of social attention in 
the TD group may not be picked up when using ROIs to ana-
lyze the eye-tracking signal. This hypothesis requires addi-
tional eye-tracking features to determine whether focus on 
the amount of viewing time might have masked other differ-
ences potentially existing between the two groups. Some evi-
dence comes from a time-course analysis study that showed 
no difference in viewing time for faces between the ASD and 
TD groups but found that the TD group was quicker to look 
first and then look less as time went on (Freeth et al., 2010). 
Other studies with older individuals with ASD also indicate 
that although total looking time may be the same, differences 
may be found in the timing and slower response to socially 
informative elements in the TD group (Caruana et al., 2018; 
Fletcher-Watson et al., 2009; Frost-Karlsson et al., 2019). In 
terms of impact on social functioning, less urgency to look 
to faces might mean that important information is missed.

The Activity condition revealed more looking at the mouth 
by the TD group, which was also the reverse of the results 
observed in toddlers, where mouth viewing has been related 
to poor outcomes in the ASD group (Chawarska et  al., 
2012). Here, however, in older children and adults, mouth 
viewing may be an effective strategy that has developed in 
TD individuals—scanning of face and attention to mouth in 
anticipation of verbal communication. In contrast, studies 
comparing ASD and TD adults in both real-life or online 
Skype situations have found increased attention to mouths 
by ASD participants in certain contexts, for example when 
discussion relates to emotional factors (Hutchins & Brien, 
2016). The relationship between attention, as manifested in 
% looking time, to the core features of faces is complex in 
ASD. A multitude of bottom-up and top-down processes 
may potentially influence the allocation of social attention 
in both groups, and it is likely that these become more sensi-
tive to modulation by context with development and learning 
between toddlerhood and older child and adulthood.

Previous studies reported significant relationships 
between severity of ASD symptoms, as captured by a 
variety of behavior rating scales, and eye-tracking based 
measurements (Frazier et al., 2018; Murias et al., 2018). 
We hypothesized that similar relationships could have 
been established in our data. However, only a few relation-
ships, not many more than would be expected by chance, 
were identified. A recent comparative study also did not 

report substantial relationships between behavior rating 
scales and eye-tracking behavior (Fujioka et al., 2020). 
This lack of consistent finding of relationships may be due 
to, as the authors propose, the scale measures capturing 
a wide range of social deficits, of which eye looking or 
contact is only one. Further, it could be that allocation of 
social attention, measured by eye-tracking, is a different 
construct to that captured in behavioral report and pro-
vides something additional to assessment of social atten-
tion. In the context of biosensors such as eye-tracking for 
use in clinical trials it is important to compare how both 
direct and behavioral report measures change over time 
to determine whether one may be more sensitive as an 
outcome measure than the other, and also whether short-
term biosensor changes may lead to longer term changes 
in observable behavior as reported in scales.

The purpose of this study was to investigate the use of a 
paradigm that has been well established in one age group 
(toddlers) in the literature (Chawarska et al., 2012, 2013, 
2016; Wang et al., 2018) in a group of older individuals with 
ASD in order to explore its potential as a biomarker in clini-
cal trials. Often the paradigms designed to measure social 
attention typically minimize the number of examined param-
eters in order to facilitate comparison between the ASD and 
TD groups. As a consequence, a possible limitation is that 
this increasingly results in a situation when a tested para-
digm does not resemble a real-life social interaction. In par-
ticular, the paradigm tested in the current study was devel-
oped to be suitable for younger children. Although we were 
able to establish persistent differences in social attention 
between an older group of TD controls and ASD individu-
als, the tested paradigm in older children and adults may be 
less reflective of a real-life social interaction than it may be 
for toddlers (Macari et al., 2021). Therefore, the differences 
observed may be anomalies of the paradigm rather than typi-
cal viewing patterns of either group in real-life (Grossman 
et al., 2019; Hanley et al., 2015; Risko et al., 2016). Further-
more, by combining the response to both naturalistic and 
experimentally controlled or probe paradigms might lead 
to more helpful characterizations of social attention in ASD 
that could help with subtyping for clinical trials, similar to 
the approach adopted for the development of the Autism 
Risk Index (Frazier et al., 2018). In addition, albeit helpful 
and important in replication of other eye-tracking studies, 
the use of ROIs may mask other differences in features that 
may be more consistent across ASD development, could be 
more closely related to ASD symptoms, or more sensitive 
to change. Such additional features could reflect scan-path 
length and recursion during exploration of a visual scene as 
well as fixation rate (Heaton & Freeth, 2016), duration and 
frequency of saccades (Vabalas & Freeth, 2016), and vari-
ability of gaze patterns (Avni et al., 2020). Future studies 
should include these features to ensure that differences and 
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similarities in viewing patterns are captured and character-
ized more fully.

In conclusion, the present findings support the general 
observation that eye-tracking studies using ROI can demon-
strate differences in allocation of visual resources to social 
scenes in individuals with ASD compared to TD groups. 
However, the differences in allocation are context specific, 
and, depending on the experimental condition, there may be 
no differences between the groups, or the results could differ 
by age of the participants. Studies such as this can contrib-
ute to our understanding of the developmental trajectory of 
social attention in ASD, as well as support the process of 
identification of biomarkers for clinical trials. For utility of 
eye-tracking and social attention as a potential biomarker 
we need to select paradigms that include context and probes 
that have been shown to detect differences in the target age 
group. In addition, we should consider features of eye-track-
ing beyond ROI that may capture more information about 
the qualitative differences in response to social stimuli.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10803- 021- 05279-z.
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