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ABSTRACT

BACKGROUND: Sociocommunicative difficulties, including abnormalities in eye contact, are core diagnostic features
of autism spectrum disorder (ASD). Many studies have used eye tracking to measure reduced attention to faces in
autistic people; however, most of this work has not taken advantage of eye-tracking temporal resolution to examine
temporal profiles of attention.

METHODS: We used growth curve analysis to model attention to static social scenes as a function of time in a
large (N = 650) sample of autistic participants and neurotypical participants across a wide age range (6-30
years).

RESULTS: The model yielded distinct temporal profiles of attention to faces in the groups. Initially, both groups
showed a relatively high probability of attending to faces, followed by decline after several seconds. The neurotypical
participants, however, were significantly more likely to return their attention to faces in the latter part of each 20-
second trial, with increasing probability with age. In contrast, the probability of returning to the face in the autistic
participants remained low across development. In participants with ASD, more atypical profiles of attention were
associated with lower Vineland Adaptive Behavior Scales communication scores and a higher curvature in one
data-driven cluster correlated with symptom severity.

CONCLUSIONS: These findings show that social attention not only is reduced in ASD, but also differs in its temporal
dynamics. The neurotypical participants became more sophisticated in how they deployed their social attention
across age, a pattern that was significantly reduced in the participants with ASD, possibly reflecting delayed
acquisition of social expertise.

https://doi.org/10.1016/j.bpsc.2020.09.004

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder affecting 13.1 to 29.3 of every 1000 children
worldwide (1). Core diagnostic criteria include socio-
communicative impairments, such as difficulties in nonverbal
communication and reduced social interactions (2). Several
theoretical frameworks have emphasized the role that
reduced social attention may play in the early development of
ASD (3-6)—particularly the possibility of cascading effects
across development, whereby less attention to faces leads to
fewer rewarding social interactions and a reduced acquisition
of social expertise (7-10). Indeed, many studies have re-
ported a reduction in attention to social cues, such as faces
and eyes (11).

Despite a broad consensus in the literature for reduced
social attention in ASD, there is nevertheless significant

heterogeneity in findings (11,12). This not only may reflect
heterogeneity between people who received a diagnosis of
ASD (13), but also may be an artifact of small sample sizes,
narrow age ranges, and high variability of stimuli selection
and preprocessing choices (12). Furthermore, the majority of
studies do not exploit the temporal precision afforded by eye
tracking and simply examine averaged looking time over the
duration of a stimulus. In this article, we examine social
attention in a large and diverse cohort of autistic (AUT) in-
dividuals (i.e., with a clinical diagnosis of ASD) and neuro-
typical (NT) subjects (i.e., without a clinical diagnosis of ASD)
6- to 30-year-olds. We preserved the temporal dimension of
social attention by performing a growth curve analysis (GCA)
(14) on the time course of social attention within each trial.
This allowed us to detect transient changes in social
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attention between groups that may be lost in more traditional
approaches, in which variables are collapsed over time
4,15-17).

Endogenously driven changes in attention may be best
evaluated during static scene viewing, in which exogenous
changes in the stimulus do not confound results (18). Major
models of attention distinguish orienting and maintenance
stages that occur sequentially (19). On presentation of a static
social scene, initial fixations to the face are likely driven rela-
tively more by stimulus-driven, perhaps subcortically mediated
orienting processes (20,21); as time elapses, attentional se-
lection likely becomes increasingly driven by intrinsic interest
and motivation (15,16). A difference in the average looking time
at faces in ASD may thus reflect a failure of immediate social
orienting at the start of a scene (22) or a reduction in sustained
focus to social information after a period of time (17). Dis-
tinguishing these possibilities will illuminate the mechanisms
underlying atypical social attention in ASD. Indeed, an
emerging line of evidence from both infants and adults sug-
gests that subcortically mediated, rapid orienting to faces is
intact in ASD (4,23). In contrast, more top-down, cortically
driven aspects of social attention may be altered because of
reduced social engagement (24), social motivation (25), social
reward (10), or altered learnability of social information (26).
Distinguishing these stages by examining the temporal profile
of social attention within a trial should thus 1) increase sepa-
ration between group distributions and afford greater statistical
power, 2) allow us to identify developmental changes in
different components of social attention, and 3) more precisely
delineate the mechanisms underlying atypical social attention
through separating their temporal dynamics.

In the present study, we tested whether our large cohort of
AUT individuals look less at faces, whether this varies over the
temporal course of the stimulus presentation, and whether this
changes across our wide age range. To strengthen the specifi-
cation of the fixed effect, we carried out a prespecified stepwise
process of selection (27). Furthermore, we combined a categorical
group comparison approach with correlation analysis of dimen-
sional data and a clustering analysis to test whether atypicalities in
social attention (either absolute measures of temporal trends or
degree of atypicality relative to the cohort profile) relate concur-
rently and/or predict clinical characteristics (28) across the AUT
group in general, or within data-driven subtypes.

METHODS AND MATERIALS

Sample

We used the eye-tracking data from the multisite EU-AIMS
LEAP (European Autism Interventions Longitudinal European
Autism Project) study (29). The LEAP study involved 453 AUT

'Alternative approaches to examining within-trial temporal
dynamics exist, such as modeling categorical time bins in a
traditional analysis of variance. However, any follow-up tests
on individual time bins must be corrected for multiple
comparisons, thus imposing a trade-off between temporal
resolution and statistical power. The modeling approach used
in GCA allows us to represent attentional dynamics using a
mathematical function and to test differences in the shape of
these dynamics in one model.
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participants diagnosed with ASD and 311 NT participants; for
the list of the sites, and the inclusion and exclusion criteria, see
Supplement sections 1.1 and 1.2. For the full protocol details,
see (29).

The main characteristics of the participants included in the
analysis are reported in Table 1. Of the total 764 participants,
86.91% (n = 664) had data for the specific task targeted by the
current study (see Supplement section 1.3 and Table S1 for
details). Five of these participants were excluded for having
>75% missing gaze samples in any of the presented trials (see
Table S2 for number of excluded trials); 9 others were excluded
for not having a record of the Full Scale 1Q (FSIQ). The final
dataset consisted of 650 participants (age range = 6-30 years;
mean FSIQ = 100.46, SD = 19.65). Clinical assessments of
AUT traits (Social Responsiveness Scale, Second Edition
[SRS-2]) and adaptive communication and socialization
(Vineland Adaptive Behavior Scales [VABS]) were collected
concurrently with the eye-tracking data (time 1), and at a
second visit after 12 to 24 months (time 2).

Eye Trackers, Stimuli, and Procedure

Stimuli were 6 validated photographs of people in natural
settings (full description in Supplement section 2.1; original
images available for consultation upon request) (29,30). Par-
ticipants viewed the photographs for 20 seconds each in
pseudorandom order while gaze was recorded with Tobii eye
trackers (Tobii, Danderyd, Sweden) (Supplement section 2.4).
The stimuli were presented full screen on the T120 (17 inches,
1280 X 1024 pixels, aspect ratio 5:4), and with black borders
corresponding to a 17-inch, 5:4 display on the TX-300 (23
inches, 1920 X 1080 pixels, aspect ratio 16:9). Participants
were approximately 60 cm from the screen; stimuli covered
approximately 33 X 18 visual degrees of angles.

Areas of interest (AOls) were manually drawn on each image
(see Figure 1). Given our focus on social attention, analyses
were focused on the proportion of looking on the “head”—
encompassing hair, upper, and lower face (31)—relative to
the whole scene.

The eye-tracking session began with online feedback as to
the participant’s position in front of the eye tracker. The
experimenter positioned the participant in the center of the eye
tracker headbox (32). A 5-point calibration sequence was run
(see Supplement section 2.2), followed by the task battery; the
progression between stimuli was gaze-contingent (see
Supplement section 2.3).

Data Aggregation and Analysis

As a sanity check on the distribution of data quality, we tested
for group and age differences in the percentage of missing
values with a mixed model including the trial time course with a
GCA approach; additionally, we tested differences in accuracy
and the number of AOIs sampled by trial with multiple linear
regression (see Supplement section 3.3 for details).

Trials and time bins with >75% missing data were excluded
(see Table S2 for sample size before/after exclusion); the
proportional looking time (PLT) (equal to samples in AOl/total
valid samples) on the head was calculated in 1-second bins for
each stimulus (see Supplement section 3.2 for details).
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Table 1. Descriptive Statistics of the Sample

Group Difference

Group Time NT Group AUT Group Between-Group %2 (df), p (Cohen’s d Effect Size)®
Total Participants, n 1 273 377
2 243 346
Female, n; Male/Female Ratio 1 94; 1.90 105; 2.5 2.92 (1,650), .09
2 88; 1.76 99; 2.49 3.46 (1,589), .06
Age, Years, Mean (SD) 1 17.35 (5.89) 16.75 (5.68) 0.03
2 16.78 (5.71) 16.26 (5.44) 0.03
Full Scale IQ, Mean (SD)” 1 104.28 (18.79)  97.64 (19.81) 0.28
Proportional Looking Time on Screen, Mean (SD) 1 0.84 (0.16) 0.80 (0.18) 0.002
SRS-2 T-Score, Mean (SD) 1 48.38 (9.45) 72.25 (11.78) 1.29
2 46.12 (8.15) 73.11 (10.86) 1.58
VABS
Communication score, Mean (SD) 1 89.75 (25.79) 74.64 (17.37) 0.55
2 80.49 (35.58)  73.74 (17.22) 0.20
Socialization score, Mean (SD) 1 95.37 (25.08) 69.90 (16.56) 0.94
2 90.82 (31.60)  74.19 (16.79) 0.54
DAWBA ADHD Score, Mean (SD)° 1 0.46 (1.08) 2.00 (1.60) 0.09

ADHD, attention-deficit/hyperactivity disorder; AUT, autistic; DAWBA, Development and Well-Being Assessment; NT, neurotypical; SRS-2,
Social Responsiveness Scale, Second Edition; VABS, Vineland Adaptive Behavior Scales.

(n1 —1)s3 + (np —
(n1 - n2) -2

m

— 1 2
2Formula: WHT )% . Effect sizes <0.2, between 0.5 and 0.8, >0.8

2 with m = group mean, and s = pooled SD =\/

correspond to small, medium, and big effects, respectively.

PThe Full Scale IQ was standardized across countries (see Supplement section 1.2.1 for additional information).
°The DAWBA was used to screen for comorbidities in the current sample and is reported in terms of effect size given the possible influence of

attention (but it is not otherwise mentioned elsewhere in this work).

To present the findings of a traditional analytical approach
for comparability to other literature, we first conducted an
analysis of variance by age and group to examine group
differences in head looking (see Supplement section 3.4).
Then, we used mixed GCA to investigate temporal profiles of
attention (see Supplement section 3.5). Briefly, our base
model included linear, quadratic, and cubic terms as fixed
effects, and varying intercepts and slopes per participant; we
then tested the progressive increase in fit of other models
(see Supplement section 3.5.1) and selected the model with a
significant decrease in Akaike information criterion but no
increase in Bayesian information criterion for the rest of the
analyses with the likelihood ratio test (see Supplement
section 3.5.1.3). The final model included group in
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interaction with continuous age, and with sex and FSIQ as
covariates.

Second, we examined dimensional relations to concurrent
and future clinical traits measured with the SRS-2 and the
VABS (see Supplement section 3.9). Specifically, we extracted
measures of both individual temporal profiles (beta co-
efficients) and their degree of deviance from the overall tem-
poral profile of their group (standard deviations of the random
effect) from the base model. We associated those beta co-
efficients with both concurrent and future symptoms, and
standard deviations with concurrent symptoms (given the lack
of directionality of the standard deviation).

Finally, to examine whether there were discrete subgroups
within the AUT group, we conducted a hierarchical cluster

Figure 1. Areas of interest drawn on the elements
of the stimulus (red = hair, green = upper face, blue =
lower face, pink = body, maroon = background
people). The red, green, and blue areas form the
head.
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Table 2. Results from the Analysis of Variance of the Proportional Looking Time on the Head by Group and Age

Variable Sum of Squares Mean Squared F (df) p Value Adjusted p Value Cohen’s F
Group 0.13 0.11 11.17 (1) <.001 .001 0.13
Age 0.10 0.10 9.70 (1) .001 .005 0.12
Sex 0.05 0.05 4.99 (1) .02 .05 0.10
Full Scale 1Q (Scaled) 0.06 0.06 6.18 (1) .01 - 0.10
Group X Age 0.04 0.04 4.15 (1) .04 .08 0.08
Residuals 6.51 0.01 (644)

analysis (see Supplement section 3.10). We compared
phenotypic data across clusters. We ran a parallel analysis in
the NT group to see whether the clusters were ASD specific.
Within the AUT clusters, we reran concurrent and predictive
correlations with temporal profiles and degree of deviance
from the overall temporal profile. We assumed a significance
threshold of p values < .05 (adjusted with the Bonferroni
correction where appropriate)® throughout.

RESULTS

Quality Check

In the uncleaned dataset, the percentage of missing data
diminished more with age in the NT group than the AUT group
(%% = 45.55, p < .001) (see Table S3a and Supplement section
3.3.1 for the full list of coefficients); both groups developed a
curved and descending trend with age (quadratic component),
with a higher curvature in the NT group compared with the AUT
group (%2, = 30.34, p < .001) (see Table S3b). The groups did
not differ in terms of slope or cubic component, configuring a
similar ascending trend over the time of the trial (see
Figure S1).

Group and age did not influence accuracy throughout the
session and the average number of AOls sampled by trial. The
full list of coefficients and p values is available in Supplement
sections 3.3.2 and 3.3.3.

The process of preparation with the threshold of 75%
determined the exclusion of 228 individual trials (5.73% of total
completed trials) and 5 AUT participants (see Table S2 for the
full report). In order to account for the group and age differ-
ences and possible effects introduced by thresholding data of
differential missingness, we tested the contribution of the co-
variate overall looking time to the screen to the final model,
which did not result in significantly influencing temporal pro-
files (beta coefficient = 0.03, SE = 0.02, p = .09) (see
Supplement section 3.5.1.3). The robustness of this finding
echoes the small effect size of the group difference in overall
time looking at the screen (Cohen’s d = 0.002) (see Table 1).

Case-Control Comparison

Raw data per AOI are visualized in Figure S1. The analysis of
variance showed greater looking at the head in the NT versus
AUT groups (F; = 11.17, p < .001, adjusted p = .001) and
greater looking at the head with older age overall (F1 =9.70,p =
.001, adjusted p = .005). An age X group interaction, indicating

2Adjusted p value = p value/number of comparisons (12 = 4
terms X 3 variables for each of the 3 independent hypotheses,
as specified in Supplement section 3.9.
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a developmental change in the NT group that was diminished
in the AUT group just below the significance level (F; = 4.15,
p = .04), did not resist correction for multiple comparisons
(adjusted p = .08) (Table 2 and Figure 2).

Temporal and Developmental Profiles (GCA)

Model Selection. With the likelihood ratio test, we selected
a final model with group modulated by age as fixed effect, and
sex and the FSIQ as covariates (Akaike information criterion =
46331.83, Bayesian information criterion = 46588.43, degree of
deviance = 46275.83; x% = 5.91, p < .001). The formula of the
final model is reported in equation 1. For a full list of the out-
puts, see Tables S6-S10.

Equation 1:yjjs = Bo+61Xj+61XzZi+k1 +ko +50fj+50iv+50/
+ Bos +B4iX+ B4ixiy +Beyx; + &+ i+ g+ s

where y;;s = proportional looking time on the head of the ith
participant (i) nested in the jth site (j) for the sth stimulus (s),
o= fixed intercept, §;= fixed group slope, x;= polynomials
up to degree 3 at site j for the ith participant, z; = age of
the ith participant, ki; ko = covariates (sex and FSIQ),
Bo; = random intercept for the ith participant at site j, 8q;; =
random intercept for the ith participant within one site j, 60,- =
random intercept at site j, §ys = random intercept for the sth
stimulus, §4x; = random slope at site j for the ith partici-
pant, {)’1,-x,-v = random slope for the ith participant within one
site j, 84x; = random slope at site j, ¢; = overall variability,
g = variability within one site j, = site variability, and es=
stimulus variability.

Growth Curve Analysis. The overall PLT on the head was
significantly above zero (~34% on average, SE = 5.71, p <
.001; 95% confidence interval [Cl], 23.48 to 45.86) (see Table
S12). The significant, negative slope indicated that the
average PLT decreased across the ftrial (beta
coefficient = —16.16, SE = 3.06, p < .001; 95% CI, —22.17
to —10.16). The significant and positive quadratic component
indicated a U shape, with attention on the head being high
initially (beta coefficient = 6.94, SE = 2.79, p = .02; 95% ClI,
1.47 to 12.41).

The average height of PLT (i.e., the intercept) varied by
group and age (3%, = 20.98, p < .01); there was a greater
increase in the NT intercept (overall looking) with age (beta
coefficient = 0.33, SE = 0.07, p <.001; 95% Cl, 0.18 to 0.48)
than in the AUT intercept (beta coefficient = 0.19, SE = 0.07,
p = .01; 95% ClI, 0.04 to 0.33). The slope and quadratic
components did not significantly vary with group or age
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‘ Figure 2. (A) Group-level averages and 95%

confidence intervals of the observed proportional
looking time on the head over the course of the trial
by group and putative age group. (B) Change in
linear slope by group and age (interaction term) with
95% confidence intervals (line). AUT, autistic; NT,
neurotypical.
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(slope [x%, = 3.56, p = .16], quadratic component [¢2, =
1.11, p = .57]), indicating a similar early orienting response
to the face and following rate of decay. The groups did differ
by age in the cubic component (x2, = 9.76, p = .007). The
negative beta coefficient for the effect of age in the cubic
component in the NT group (beta coefficient = —0.36, SE =
0.12, p < .001; 95% CI, —0.60 to —0.12) indicated an age-
related increase in the late-trial rise in social looking (see
Figure 3A). The beta coefficient for the effect of age in the
AUT group was less negative, and nonsignificant (beta
coefficient = —0.23, SE = 0.12, p = .06; 95% CI, —0.47 to
0.01). Note that, on the one hand, the standard error of the
effect of age in the Cubic component in the NT group (0.12)
was not close to the beta coefficient (—0.36), suggesting a
robust and consistent effect; on the other hand, the SE of
the effect of age in the cubic component in the AUT group
(0.12) was half the beta coefficient (—0.23). This means that
with increasing/older age, the cubic component did not in-
crease as consistently in the AUT vs NT group, resulting in
overall diminished social attention at the end of the trial (see
Figure 3A).

Association Between Interindividual Differences in
Temporal Profiles and Symptoms

We found no significant correlations in the NT group (see
Table 3 and 4). Three significant correlations of moderate
size remained in the AUT group after Bonferroni correction
for multiple comparisons within each hypothesis (see
Supplement section 3.9 for details). Specifically, estimates

30

of conditional standard deviations (degree of atypicality) in
the quadratic and cubic components of the dynamic tem-
poral profile of attention correlated negatively with the
VABS communication score (quadratic [r = —.17, adjusted
p = .03], cubic [r = —.17, adjusted p = .03]) (see Table 4 and
hypothesis 2 in Supplement section 3.9). For higher scores
in the VABS communication domain, the degree of atypi-
cality for each component was smaller, i.e., more consis-
tent with the average looking behavior of the overall
sample. Conversely, lower-scoring individuals tended to
have larger standard deviations, thus showing more
dispersed temporal profiles (see Figures 3B and 4). How-
ever, the lack of a significant relation to the beta co-
efficients (hypothesis 1 in Supplement section 3.9)
indicated that this correlation was not specific to low or
high levels of social attention; rather, it is the degree of
deviation from the overall sample that is most informative.
We found no significant correlations with the change in the
VABS communication and socialization scores between
time 2 and time 1, nor with the beta coefficient and the
conditional standard deviations (Table 5 and hypothesis 3
in Supplement section 3.9).

Cluster Analysis and Partial Correlations Within the
Clusters

The separation score between clusters (silhouette width)
justified 2 clusters with maximum separation across all four
components (Figure 5A and Table S14). In terms of temporal
profiles of social attention, cluster 1 (92% of the AUT group)
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Figure 3. (A) Fitted curves representing the rela-
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showed a slight U-shaped profile (Figure 5B). In contrast,
cluster 2 (8% of the AUT group) showed a markedly steep
decrease in head looking as a function of time (Figure 5B). The
average age, FSIQ, SRS-2 T-score, VABS scores, and pro-
portion of valid trials largely overlapped between clusters (see
Table S15). Performing the same steps in the NT subset did
not identify a cluster that resembled cluster 2 (see Figure 5C).

We also performed within-cluster age-corrected partial
correlations in the AUT group between the beta coefficients of
each component and concurrent and prospective SRS-2 and
VABS scores (see Figure 5D for SRS-2). We found no signifi-
cant correlation in cluster 1 for either concurrent or prospective
clinical scores (see Table S16). In cluster 2, the SRS-2 scores
at time 1 were positively correlated with the quadratic
component (r = .71, adjusted p = .01), indicating a higher
curvature in the likelihood of fixating the head as a function of
symptom severity.

DISCUSSION

In the present study, we investigated how the temporal profile
of social attention varies in typical and atypical development

818

across a wide age range in a large group of individuals with
and without a diagnosis of ASD. The analysis of overall looking
time indicated the expected pattern of less looking to social
content (faces) in the AUT group as a whole, with a develop-
mental increase in the NT group that was just below the sig-
nificance level but did not resist correction.

By applying a GCA to spontaneous looking, we were able to
tie this change in overall looking to two aspects of the temporal
profile that emerged over developmental time in the NT group
but not in the AUT group, enhancing the separation between
the groups. The GCA confirmed greater overall looking that
increased with age in the NT group relative to the AUT group
(effect of intercept, and interaction with age).

Further, it indicated that transient orienting to the face (the
quadratic component) did not differ between the groups.
Finally, older NT participants were more likely to return to
looking at the head after the decay of the initial attention-
grabbing effect (represented by the cubic component),
possibly reflecting successive components of social attention.
This effect was substantially diminished in AUT adults, indi-
cating the involvement of different attentional components
separated by distinct temporal dynamics. We exclude that this
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Figure 4. The curves represent the individual
predicted values for each autistic participant (boot-
strapped distribution for the random and fixed ef-
fects with 1000 simulations), divided and sorted by
the quartile proportions of the Vineland Adaptive
Behavior Scales (VABS) communication (Comm)
scores. The color codes indicate higher/lower VABS
Comm scores. AUT, autistic; NT, neurotypical.

Figure 5. (A) Silhouette plot and (B) fitted curves
and prediction intervals (bootstrapped distribution
for the random and the fixed effects with 1000
simulations) of percentage looking within the two
clusters and by age across the duration of the trial
for the autistic (AUT) group. (C) Fitted curves and
prediction intervals (bootstrapped distribution for the
random and the fixed effects with 1000 simulations)
of percentage looking within the two clusters and by
age across the duration of the trial for the neuro-
typical (NT) group. (D) Scatterplots and concurrent
linear relationships between the beta coefficients
and the Social Responsiveness Scale, Second Edi-
tion (SRS) within the clusters. B Coef, beta coeffi-
cient; Cub, cubic; Quad, quadratic.
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Table 3. Available Data Points, Spearman Correlation Coefficients, and Nominal and Bonferroni-Adjusted p Values Between

the Beta Coefficients and the Clinical Variables at Time 1

Variable Group Component n Spearman’s p p Value Adjusted p Value
SRS-2 T-Score (Time 1) NT Intercept 146 -.12 14 1.00
Slope 146 -.07 41 1.00
Quadratic 146 .07 44 1.00
Cubic 146 <.001 .96 1.00
AUT Intercept 313 -.02 .70 1.00
Slope 313 -.09 .10 1.00
Quadratic 313 -.02 71 1.00
Cubic 313 .05 41 1.00
VABS Communication (Time 1) NT Intercept 87 11 .31 1.00
Slope 87 .10 .36 1.00
Quadratic 87 -.07 .54 1.00
Cubic 87 —-.05 .67 1.00
AUT Intercept 325 —.01 91 1.00
Slope 325 .06 .25 1.00
Quadratic 325 .09 13 1.00
Cubic 325 .01 .87 1.00
VABS Socialization (Time 1) NT Intercept 86 .05 .64 1.00
Slope 86 .05 .62 1.00
Quadratic 86 -1 .33 1.00
Cubic 86 —-.08 .45 1.00
AUT Intercept 321 -.03 .62 1.00
Slope 321 .03 .58 1.00
Quadratic 321 .03 .58 1.00
Cubic 321 -.02 77 1.00

For hypothesis 1, see Supplement section 3.9.

AUT, autistic; NT, neurotypical; SRS-2, Social Responsiveness Scale, Second Edition; VABS, Vineland Adaptive Behavior Scales.

may be explained by data missingness, given its nonsignificant
contribution as covariate and its pattern of variation over time,
nonoverlapping with the main model (age X group interaction
with the quadratic component in the former, age X group
interaction with the cubic component in the latter). Rather, this
pattern is consistent with the view that stimulus-driven social
orienting is intact (33) but endogenous deployment of attention
to social features is diminished in ASD (34). In a dimensional
analysis, the degree to which AUT individuals were more
divergent in their profile of social attention correlated with
poorer skills in adaptive communication. Further, the cluster
analysis identified a smaller subgroup of AUT participants who
showed particularly atypical social attention and a strong
correlation with symptom severity. Taken together, our results
provide mechanistic insights into the nature of social visual
attention alterations in ASD and indicate methodologies that
can improve our ability to detect meaningful links with core
symptomatology.

Early Orienting to Faces

The initial high proportion of orienting to the head in both the
AUT and NT groups is likely to be related to the transient effect
of a stimulus-driven shift of attention. This rapid orienting to
social stimuli could be mediated by both domain-specific and
domain-general mechanisms. Specifically, initial fixations to a
static scene can be driven by bottom-up regulation guided by
salience, i.e., the distribution of local feature differences
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(13,35). The head is naturally rich in high-contrast features (i.e.,
zones of differential luminance and color) and elements of
different orientation (e.g., nose and mouth) (36). Alternatively,
initial face orienting may be driven by domain-specific innate
biases that channel emerging specialization under the evolu-
tionary pressure of orienting toward conspecifics/facelike
stimuli (20). In line with previous studies, our finding points in
the direction of a preserved rapid orienting to faces in ASD (37).

Later Trial Dynamics

Later in a trial, fixations are more heavily influenced by factors
such as motivation, relevance, and experience (38). For example,
Hedger et al. (17) found that prolonged observation of social in-
formation was associated with a higher load of empathic traits in a
typical population. Within our study, the developmental pattern
observed in the NT group may thus reflect motivation to reengage
with faces. The lag of this developmental progression in the AUT
group may reflect altered motivation to engage with social stimuli
(3) and may relate to ASD-specific alterations in a wider spectrum
of social behaviors, e.g., gaze cueing and joint attention (39).
Indeed, we observed concurrent relations with communication
skills (see below). Alternatively, our results may reflect more
general difficulties with the control of oculomotor function (40) or
other domain-general features of attention (41). Habituation or
boredom is less likely to explain the pattern of results, as there
were no group differences in overall looking times to the stimuli.
Also, the average PLT at the body, the background people, and
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Table 4. Available Data Points, Spearman Correlation Coefficients, and Nominal and Bonferroni-Adjusted p Values Between
the Conditional Standard Deviations and the Clinical Variables at Time 1

Variable Group Component n Spearman’s p p Value Adjusted p Value
SRS-2 T-Score (Time 1) NT Intercept 146 .05 .54 1.00
Slope 146 .10 .21 1.00
Quadratic 146 12 14 1.00
Cubic 146 12 14 1.00
AUT Intercept 313 .04 .51 1.00
Slope 313 .05 .35 1.00
Quadratic 313 .08 15 1.00
Cubic 313 .05 .34 1.00
VABS Communication (Time 1) NT Intercept 87 —.08 44 1.00
Slope 87 —-.10 .37 1.00
Quadratic 87 -.10 .36 1.00
Cubic 87 -.09 42 1.00
AUT Intercept 325 —.12 .03 .30
Slope 325 -.16 <.001 .05
Quadratic 325 -.17 <.001 .03"
Cubic 325 =17 <.001 .03
VABS Socialization (Time 1) NT Intercept 86 —.08 44 1.00
Slope 86 -1 .34 1.00
Quadratic 86 -.15 A7 1.00
Cubic 86 -1 .31 1.00
AUT Intercept 321 -.07 .22 1.00
Slope 321 -1 .06 .68
Quadratic 321 -.13 .02 .29
Cubic 321 -.10 .07 .85

For hypothesis 2, see Supplement section 3.9.

AUT, autistic; NT, neurotypical; SRS-2, Social Responsiveness Scale, Second Edition; VABS, Vineland Adaptive Behavior Scales.

4Significant correlation.

the non-AOIs was mostly flat in both groups (see Figure S1),
probably due to inconsistent exploration that flattens out with
averaging. Independent replications will be required to dissect
these possibilities.

Individual Differences and Stratification

When we examined individual differences within the AUT
cohort, progressively greater atypicality of social attention
within a trial was associated with poorer VABS communication
scores. In terms of fixation behavior, this means that in-
dividuals who tend to be more consistent with the average
looking behavior of the overall sample possess more adaptive
communication skills. The VABS communication domain fo-
cuses on skills that involve verbal communication (e.g., “Says
both the month and day of his birthday,” “Gives complex di-
rections with three or more steps”). Therefore, higher scores in
the communication domain imply that the individual is verbal
and uses language for everyday communication. Previous
research has highlighted that AUT people with stronger lan-
guage skills have better outcomes, including better social
adaptive skills (42), providing a possible link to social attention.
Significant relations between communication skills and degree
of atypicality in social attention are difficult to mechanistically
interpret because atypicality can reflect both less and more
looking at faces, and eye tracking measures did not predict

change in communication scores over time. However, they
may hold promise for the use of refined temporally resolved
measures of social attention to help with symptom tracking in
observational or intervention studies.

The characterization of the data-driven clusters may help to
understand whether heterogeneity in the nature of atypicality is
meaningfully related to symptom variation. This revealed a
distinct subgroup of AUT individuals who consistently showed
a steeper decline of the fixation probability to the head; within
this group, a higher curvature strongly correlated with a
dimensional measure of social symptom severity, the SRS-2.
The SRS-2 measures a wide range of symptoms (e.g.,
reduced eye contact, poor coordination, lacking self-
confidence) that may significantly impact social functioning.
These characteristics may make social encounters difficult and
sporadic, providing less experience with others (and their
faces). The attentive pattern toward the face observed in this
subgroup could reflect social withdrawal (15) or a more pro-
nounced reduction self-directed experiences; dissecting these
possibilities deserves further investigation.

Limitations

The use of static images enables the temporal profile of
attention to be driven by intrinsic motivation rather than
extrinsic cues, a valuable approach given our findings.
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Table 5. Available Data Points, Spearman Correlation Coefficients, and Nominal and Bonferroni-Adjusted p Values Between
the Beta Coefficients and the Conditional Standard Deviations and the Difference in the Clinical Variable Scores Between

Time 2 and Time 1 for the AUT Group

Variable Group Term n Spearman’s p p Value Adjusted p Value
VABS Communication (Time 2 — Time 1) AUT Beta Intercept 227 —.08 .26 1.00
Beta Slope 227 .08 24 1.00
Beta Quadratic 227 .15 .03 .34
Beta Cubic 227 .02 .76 1.00
VABS Socialization (Time 2 — Time 1) AUT Beta Intercept 220 —.04 .55 1.00
Beta Slope 220 —.04 .59 1.00
Beta Quadratic 220 .05 .43 1.00
Beta Cubic 220 .08 .22 1.00
VABS Communication (Time 2 — Time 1) AUT Intercept SD 227 11 .09 27
Slope SD 227 .08 .24 .72
Quadratic SD 227 .08 21 .63
Cubic SD 227 .09 .20 .60
VABS Socialization (Time 2 — Time 1) AUT Intercept SD 220 —-.04 .56 1.00
Slope SD 220 -.03 .66 1.00
Quad SD 220 -.02 .79 1.00
Cubic SD 220 —-.03 .62 1.00

For hypothesis 3, see Supplement section 3.9.
AUT, autistic; VABS, Vineland Adaptive Behavior Scales.

However, static images do not necessarily capture highly
dynamic, everyday social encounters. Furthermore, it has
been reported that dynamic scenes produce larger group
differences when studying typical and atypical development
(43). Future research could use GCA to examine the effect of
specific events (e.g., verbal and gaze cues) that have been
found to influence looking behavior in ASD (44) and define
time windows of influence in terms of latency, duration, and
synchrony. Another limitation was that our sample size was
not large enough to model variable slopes for each stimulus
within the random effect in addition to our inclusion of vari-
able intercepts; this choice implies the assumption that the
designed AQI, presented in a slightly different context, would
elicit similar trends of visual attention over time. This
assumption should be tested in future research with larger
samples. Another notable limitation is that while measures of
visual attention were related to concurrent aspects of
communication skill and AUT symptoms, we did not identify
any predictive relations to change in clinical symptomatology.
It may be more likely that atypicalities in social attention track
behavioral symptomatology, rather than mechanistically
contributing to its emergence or consolidation. Furthermore,
a promising future avenue of research resides in determining
the combined and/or specific contribution of comorbidities,
such as attention-deficit/hyperactivity disorder, to social
attention in ASD (45). However, there was no evidence that
general attentiveness or the presence of attention-deficit/
hyperactivity disorder group differences confounded the
present results. Finally, sex differences will be important to
pursue in future work; here, sex proved to be a significant
covariate, but the interaction with factors such as age and
pubertal status should be examined across multiple settings.
Addressing this question fully requires longitudinal research
earlier in development.
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Conclusions

This study tested the application of GCA to understand tem-
poral profiles of social attention in autism over a wide age
range, uncovering a pattern of a late-occurring return of
attention to the face emerging over developmental time in NT
adults but not the AUT group. Variations in motivated social
attention were related to adaptive communicative skills in the
wider AUT group and were correlated with symptom severity
within a data-derived subgroup. These results resonate with a
model of ASD that implicates altered exploration of the social
environment, but they are less consistent with the proposal
that early-emerging differences in social attention contribute to
later behavioral trajectories (10,46). The results raise the pos-
sibility that temporally sensitive eye tracking—based measures
have the potential to provide objective measures of symptom
profiles in clinical contexts.
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