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Abstract

Evidence of attentional atypicalities for faces in Autism Spectrum Disorders (ASD) are far
from being confirmed. Using eye-tracking technology we compared space-based and
object-based attention in children with, and without, a diagnosis of ASD. By capitalizing on
Egly’s paradigm, we presented two objects (2 faces and their phase-scrambled equivalent)
and cued a location in one of the two objects. Then, a target appeared at the same location
as the cue (Valid condition), or at a different location within the same object (Same Object
condition), or at a different location in another object (Different Object condition). The atten-
tional benefit/cost in terms of time for target detection in each of the three conditions was
computed. The findings revealed that target detection was always faster in the valid condi-
tion than in the invalid condition, regardless of the type of stimulus and the group of children.
Thus, no difference emerged between the two groups in terms of space-based attention.
Conversely the two groups differed in object-based attention. Children without a diagnosis
of ASD showed attentional shift cost with phase-scrambled stimuli, but not with faces.
Instead, children with a diagnosis of ASD deployed similar attentional strategies to focus on
faces and their phase-scrambled version.

Introduction

Faces recruit infant attention from birth [1,2] but it is during development that the so-called
"social brain" emerges through a process of increasing functional specialization [3,4]. Overall,
this developmental trend is consistent with an experience-expectant perspective which sug-
gests that both general biases and specific experiences drive functional specialization of face
processing, during development [5,6].

Despite similar exposure to faces during early stages of development, it has been consis-
tently reported that individuals with a diagnosis of Autism Spectrum Disorder (ASD) show
face-processing atypicalities, including difficulties in deriving and processing socially relevant
information from faces [7,8], difficulties in face recognition [9-12], face-discrimination [13],
facial expression recognition [14] and eye gaze processing [15]. Such face-processing difficul-
ties might be explained to be the consequence of less time being spent paying attention to
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social stimuli by individuals with a diagnosis of ASD, compared with typically developing
(TD) controls. This is supported by a metanalysis with 38 eye-tracking studies that analyzed
looking fixation times at several social stimuli (i.e. the eyes, the mouth, the face, the body) and
non-social stimuli (i.e., the non-social elements and the whole screen) [16]. The results sug-
gested the presence of atypical attention allocation in individuals with ASD, indicated by a
reduced attention to the eyes, the mouth and the face and an increased attention to the body
and the non-social elements. However, not all of the studies confirm these patterns of data.
For example, some studies reported that children and young adults with a diagnosis of ASD
prioritize social stimuli to the same degree as TD participants [17-19].

On the one hand, to explain why people with ASD spend less time with attention on faces,
some authors have proposed that this might derive from an innate atypicality of the face detec-
tion mechanism, that is the subcortical mechanism that tunes infant attention to face-like sti-
muli from birth [20]. However, evidence indicates that individuals with ASD exhibit entirely
typical orienting responses to face-like stimuli, challenging the notion that a primitive sensitiv-
ity to protoface stimuli is sufficient for typical social development [21]. Indeed, sensitivity to
face-like stimuli is not a sufficient condition for typical social development, and other mecha-
nisms are necessary for the development of the social brain [22]. On the other hand, it has
been proposed that atypicalities in orienting visual attention toward faces might not be a spe-
cific attentional deficit in ASD. That is, the differences observed between ASD with TD con-
trols might be the result of early atypicalities in the whole attentional network that jeopardizes
the emerging “interest” (also and not only) in faces during development [23]. Accordingly,
several studies report that individuals with a diagnosis of ASD show attentional atypicalities
involving the alerting network: the network responsible for achieving and maintaining a state
of sensitivity to incoming information [24,25]. Similar atypicality has been observed in the ori-
enting network: the network responsible for the selection of information from sensory input
[26-30]. For example, investigations of children, adolescents, and adults with a diagnosis of
ASD have revealed slower, less efficient visual orienting abilities than typically developing
(TD) individuals [31]. This evidence points to the presence of core differences in orienting
visual attention in individuals with a diagnosis of ASD, that have cascade effects on the atten-
tional mechanism operating in the social domain. However, this conclusion is not supported
by a study in which visual attention deployment during passive viewing of images of faces (i.e.,
human faces, inverted human faces, monkey faces) and objects (i.e., three-dimensional curvi-
linear objects, two-dimensional geometric patterns objects) was recorded with an eye-tracker
system in adolescents with ASD and typical peers. The findings showed that a diagnosis of
ASD predicted lower accuracy in face recognition and social-emotional functioning, however,
the visual attention patterns between the two groups of participants did not show a substantial
difference [32]. In addition, attentional disengagement and social orienting abilities in chil-
dren with a diagnosis of high-functioning ASD showed no differences compared to those in
age-matched and IQ-matched typical developing children [33], as well as in toddlers [34].
Notably, individuals with ASD demonstrate difficulties in the orienting of visual attention
toward social images only when they are paired with high autism interest images [35]. Further-
more, social attention in people with ASD seems most impacted when stimuli have high social
content (showed more than one person). Therefore, the comparatively low attention deployed
towards social stimuli by individuals with a diagnosis of ASD in the context of high social con-
tent might be due to difficulty with monitoring higher numbers of events [16]. Altogether
these results suggest that differences in attention toward faces in people with, and without, a
diagnosis of ASD emerge only under certain conditions and are bound with the task demands.

Given the heterogeneity of the results and interpretations offered by the above cited litera-
ture, it becomes relevant to better understand: 1) which conditions trigger different attentional
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strategies in children with a diagnosis of ASD compared with children without a diagnosis of
ASD, and 2) whether such differences only emerge when individuals pay attention to the face.
To answer these questions, we employed a paradigm suitable for evaluating costs and benefits
in deploying attention toward different attentional focuses. When the attentional focus of
visual orienting is space (i.e., space-based attention), attentional deployment can be thought of
as a spotlight moving about the visual field and focusing processing resources on whatever falls
within a spatial region, be it an object, a group of objects, or nothing at all [36,37]. In essence,
the spatial view of attention suggests that focal attention shifts from one location to another,
selecting particular regions in the visual space. Stimuli within these selected regions, regardless
of the type of stimulus, are processed more efficiently than stimuli in non-selected regions.
Conversely, when the attentional focus of visual orienting is an object (i.e. object-based atten-
tion), the target of attention is not an arbitrary region of an unprocessed array, but it is exactly
the region that corresponds to candidate objects [38,39]. For object-based attention to be
deployed, a robust object representation must be established. Thus, variables that affect the
quality of object representations also influence the degree to which object-based attention is
employed [40]. That is, space-based and object-based attention lie on a continuum rather than
being different discrete components of the orienting of attention. However, unlike space-
based attention, only object-based attention is a gateway to investigate the impact of the
selected information (object representation) on the deployment of attentional strategies [41].

The present study

In the current study, we compared the ability to shift attention toward both spatial locations
(space-based attention) and objects (object-based attention) in children with and without a
diagnosis of ASD.

Space-based and object-based attention has been investigated with a wide variety of para-
digms [38,42,43], among these the most popular was developed by Egly, Driver and Rafal [44].
It consists of presenting two stimuli and triggering, with the use of a cue, a participant’s atten-
tion toward a restricted location of only one of the two objects. Then, a target appears at the
cued location (valid condition), or at another location of the cued stimulus (invalid same
object condition, ISO condition), or the un-cued stimulus (invalid different object condition,
IDO condition). Target detection has been found to be faster for the valid condition compared
with the invalid ones, i.e. space-based effect, and in turn, it is faster for the ISO compared with
the IDO condition, i.e. object-based effect. This should be an index of object-based attention:
when part of an object has received attention the rest of the object benefits perceptually. That
is, target detection is facilitated even in the un-cued regions of the object. Note that the dis-
tance between the cue and the target, appearing in the cued object, is equal to the distance
between the cue and the target that appear in the un-cued object. That is, comparing the ISO
with IDO condition, it becomes crucial to control for the distance between cue and target, this
rules out the possibility that any difference in target detection is better explained by spatial
distance.

Using Egly et al.’s [44] cueing task, Valenza, Franchin and Bulf [45] investigated, in adults
and infants, the effect of face and not-face stimuli on both space-based and object-based com-
ponents of visual attention. The data revealed a cost in target detection (slower saccade
latency) for invalid compared with valid conditions both for face and not-face stimuli. These
results indicated that attentional selection privileges location-based attention, supporting the
well-known benefit of valid cueing for target detection (space-based effect). These findings
also put forward the idea that the space-based effect of attention does not differ according to
the type of the stimulus, given that target detection was always faster in the valid condition
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compared with the invalid conditions, both for face and not-face stimuli. By contrast, the data
indicated that object-based facilitation emerges only for not-face stimuli. These findings imply
that both adults and not-at-risk infants pay a similar attentional cost when they shift attention
within faces or between faces. The authors interpreted this pattern of data as evidence that
infants learn very early that faces are relevant and informative stimuli. Consequently when
more than one face is present in the visual field, the focus of attention is enlarged to process
more efficiently both of the stimuli.

Moving a step forward, the goal of the present study was to investigate how face stimuli and
not-face stimuli impact space-based attention and object-based attention in children with, and
without, a diagnosis of ASD. Since the selection of a region of space is not affected by the type
of object that occupies that region, we should expect no difference between children with, and
without, a diagnosis of ASD for the space-based component of visual attention. Conversely,
since the selection of an object is affected by the quality of the object representation, then we
should expect to observe a difference for the object-based component of attention between the
two groups, in particular when the face is the focus of the attentional deployment. In other
words, since children with a diagnosis of ASD show difficulties in face processing, then we
should expect to observe a substantial difference in the attentional strategies used by children
with, and without, a diagnosis of ASD in the face-based component of attention.

Materials and methods

Participants

Two groups of children participated in this study. Twenty-five children with a diagnosis of
ASD were recruited and tested in two treatment centres of two cities in northern Italy. Inclu-
sion in the ASD group required a previous diagnosis of ASD made by a licensed clinician expe-
rienced in the assessment and diagnosis of autism using ADOS-2 (Autism Diagnostic
Observations Schedule second edition) or CARS (Childhood Autism Rating Scale). One par-
ticipant with ASD was excluded from the sample because of low-quality eye-tracking data due
to poor calibration of the point of gaze. Ten participants with ASD were excluded because they
completed less than 2 valid trials for each level of the design (conditions and stimuli). Thus,
the final sample of ASD group comprised fifteen children (10 males, 5 females) with a mean
age of 7.6 years (91.58 months, SD = 48 months, range = 46-192 months).

Twenty-four typical development participants were tested in a primary school in a city of
north Italy, but only fourteen (9 males, 5 females) with a mean age of 8.7 years (104 months,
SD = 42.20 months, range = 48-192 months) were included in the final sample because the
others did not match the ASD group in term of age andsex. Typical subjects had no first-
degree relatives with an ASD diagnosis. Participants diagnosed with ASD and TD that meet
the inclusion criteria were matched on chronological age and sex.

The parents of all participants gave written informed consent for their children before the
commencement of data collection. The research protocol performed was approved by our Eth-
ics Committee of the University of Padova, code 1149-2012, the study title is "The role of
visual attention in communicative disorders: early predictors of atypical development in high-
and low-risk infants". The study was conducted in accordance with accordance with the Decla-
ration of Helsinki.

Stimuli

Face (F) stimuli and their phase-scrambled version (S) were presented on a black background
(see Fig 1). Four women’s faces were photographed in a frontal pose with a neutral expression.
The photographs were modified with Adobe Photoshop® CS4, and grey faces without hair
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Fig 1. An example of faces (F), and their phase-scrambled versions (S).

https://doi.org/10.1371/journal.pone.0251475.9001

were generated. For the phase-scrambled versions, these faces were fast Fourier transformed,
their power spectra were computed, the phases of the sinusoidal components’ waves were ran-
domized, and the inverted fast Fourier transformation was applied [46]. The result was a series
of stimuli with different structure and appearance from the original faces, but with the same
power spectrum and mean luminance. All of the stimuli measured 10 cm (9.5°) in width and
15 cm (14.3°) in height.

The cue and the target were a red dot and a yellow dot, respectively, with a diameter of 3
cm (2.9°) and a transparency of 41%. The display was virtually divided into five square areas of
interest (AOI); one surrounded the central attentional getter (AG) position, and four corre-
sponded to the positions in which the cue and the target could appear. Each AOI measured 4
cm (3.8°) in width and 4 cm (3.8°) in height. Equivalent areas of interest were drawn for faces
and their scrambled versions.

Apparatus

The stimuli were presented with E-Prime 2.0 on a 27-inch monitor with a resolution of
1024x768 pixels. A remote infrared eye-tracking camera using bright-pupil technology and
placed directly below the monitor was used to collect the data. We used a portable Tobii eye-
tracker (Model X2-60 Eye Tracker portable) which recorded the eye movements at a temporal
resolution of 60 Hz. This eye-tracking system was mounted on the computer monitor and,
therefore, did not interfere with data collection. The system permits head movement, allowing
the participants to view in a natural manner.

Procedure

Testing occurred in a single session in a quiet room at the Centre (for the ASD group) or at the
school (for the TD children). The participants sat approximately 60 cm from the monitor. The
children were simply told to look at the display and to pay attention. Before beginning the
task, point-of-gaze (POG) was calibrated by presenting a looming stimulus in 5 positions of
the screen (upper left, upper right, lower left, lower right corners and the centre of the screen)
that needed to be reached in order to obtain a reliable calibration. Calibration was made at the
beginning of the experimental session. Recalibration only occurred if the participant asked for
a pause. Otherwise, the whole experiment relied on the first calibration.

After the calibration procedure, an experimental trial began with a central AG as shown in
Fig 2. As soon as the participants looked at the AG, stimuli automatically appeared on the left
and on the right side of AG. Participants were presented with two identical adjacent faces or
with their phase-scrambled versions as shown in Fig 1. After 1000 milliseconds, a cue superim-
posed on the top or bottom of one object was presented for 100 milliseconds. The cue presen-
tation was so fast (i.e., 100 milliseconds) that the participants did not have time to plan an
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SOA (cue+iSl) = 300 ms

Attention getter (AG) A

1070 ms

CUE = 100 ms

TARGET
IS1 = 200 ms

Fig 2. An example of the three possible target locations (yellow dot): In the Valid (V), Invalid Same-Object (ISO)
and Invalid Different-Object (IDO) with respect to the cue’s position (red dot).

https://doi.org/10.1371/journal.pone.0251475.9002

overt movement. Immediately after the cue presentation, the AG was removed, and a flashing
target appeared automatically after 200 milliseconds. This methodological choice was made to
constrain participant attention towards the central point and to prevent an overt movement
towards the cue, in the first place. This allowed a fair comparison because, at the cue onset,
attention was drawn to the central point in all trials. Importantly, it likely helped to keep the
attentional distance constant, not only the actual distance between the cue and target across
trials. The target could appear at the cued location (valid target- V), or at the opposite extrem-
ity of the cued stimulus, 9cm from the cue (8.6°) (same invalid object- ISO), or in the adjacent
un-cued object, 9 cm (8.6°) from the cue (different invalid object- IDO) (Fig 2). The cue and
target location probabilities were balanced in the three conditions (33% for each one). The tar-
get remained visible until the participants made a saccade toward it, or for a maximum of 2
seconds. The use of the eye-tracker allowed us to control the eye position coordinates during
all phases of the experiment and to eliminate the trials in which the participants moved their
eyes from AOI corresponding to the central fixation point during the cue presentation.

Design

Each participant saw 48 trials with four possible cue/target positions (up-right, up-left, down-
right, down-left) in 3 conditions (VAL, ISO, IDO) x 2 stimuli (F, S). We also presented four
pauses during the experimental session (every 12 trials) with a cartoon video that captured the
participants’ attention. After completing the cartoon video, the experimenter proceeded with the
following trials if the participants were paying attention to the monitor. As soon as the partici-
pants became inattentive, the experimenter could stop the experimental session at any moment
and restart it as soon as the participant paid attention again. We presented in random order sti-
muli (F, S) and conditions (V, ISO, IDO). The whole experiment lasted about 10-15 minutes.

Data analysis

To compute the benefit/cost in terms of time for target detection in the 3 conditions (VAL,
ISO and IDO), we measured saccade latency that is defined as the time between the onset of
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the target and the first saccade which falls within the target AOI (i.e., saccade onset-target
onset). We included in the analysis only those trials that met four quality criteria: (a) at target
onset the participants’ gaze was found at central AO], (b) saccade latency lasted longer than
100 milliseconds (i.e., early movements were rejected), (c) saccade latency lasted less than 2
seconds after the onset of the target, (d) participants’ gaze entered the AOI that contained the
target. Importantly, we included age as a continuous predictor in all models.

Because target detection time was distributed with positive skewness and heteroscedasticity,
we used Generalized Linear Mixed effect Models (GLMM:s) [47]. GLMMs account for random
and fixed effects and have been implemented in similar developmental studies to account for
eye-tracking measures [48]. GLMMs with Gamma family and log link function [49] were used
to test if the CONDITION and STIMULUS as independent variables predicted target detec-
tion time within each group. We compared 6 different models using the Ime4 package to select
the best approximation [50] for the data of both groups. We included the null model (i.e., tar-
get detection time regressed on by-participant random slope for conditions) and proceeded by
adding predictors. Akaike Information Criterion weight, which compares all models at once,
was used as an index of goodness of fit. Given different AICs for different models, the one with
the lowest delta AIC value and higher weight is preferred.

Results

Fig 3 shows the mean target detection time for each trial across conditions and stimuli. The
density distribution of target detection times for conditions, stimuli and each AOI is shown in
S1 Fig.

As shown in Table 1, the M6 model best fitted target detection time data (S2 Fig) i.e. three-
way interaction term Condition * Stimulus * Group + age.

We estimated linear regression coefficents, 95% Cls and approximated p-values (Table 2)
of the M6 model. The selected interactive model shows shorter target detection time for the
VAL condition (computed as reference) than for the invalid conditions, independent from the
presentation of face and not-face stimuli in both groups. Moreover, ASD predicted slower tar-
get detection time in the valid condition compared with the TD group.

The three-way interaction revealed that, in the TD group emerges an attentional shift cost,
in terms of longer saccade latency, triggered by the IDO compared with the ISO condition, but
only when phase-scrambled stimuli were presented. Accordingly, face stimuli triggered a bene-
fit in shifting attention between-objects. In the ASD group, no cost for target detection time
emerged by comparing the IDO with the ISO condition (Fig 3). That is, phase-scrambled sti-
muli did not trigger any attentional shift cost between- and within-objects, compared with
face stimuli, as was the case with the TD group.

In summary, both groups benefitted from the VAL condition compared with the invalid
conditions. However, in contrast to the TD group, in the ASD group no cost emerged in atten-
tion shift between- vs within-objects for both face and phase-scrambled stimuli (Table 2).
Finally, age (treated as a continuous variable) did not show to predict any substantial effect.
This result suggests that the effects found in our study likely detected a difference at the group
level because our analysis is suitable to estimate effects at both group and participant levels, in
an object-based attention task [51].

Discussion

We extend the investigation of the role played by face and not-face stimuli in both space-based
and object-based attention in children with, and without, a diagnosis of ASD. Atypicalities in
orienting visual attention have been widely documented in studies on ASD [23,26-28,30],
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Fig 3. a) Average of the target detection time for the Face (F) and the phase-scrambled stimulus (S) indicated by the
black circle and gray triangle respectively, across the three conditions (VAL, ISO, IDO) and groups (TD and ASD).
Small dots stands for target detection time at the trial level. b) Marginal effects of interaction terms of the selected
model (M6) for target detection time in milliseconds; group, i.e. ASD and TD; stimulus i.e. Face (F) and phase
scrambled stimuli (S); conditions, i.e. VAL, ISO and IDO.

https://doi.org/10.1371/journal.pone.0251475.9003

especially those toward social stimuli [9,31,52,53]. However, to our knowledge, this is the first
attempt to test children with a diagnosis of ASD by capitalizing on an attentional task that
probes both space-based and object-based components of attention.

Table 1. The model selection for target detection time in milliseconds.

Model RD |dAIC |AICw |’
MO. target detection time ~ (condition|participant) 566 | 180.2 | .00 \
ML1. target detection time ~ age + (condition|participant) 554 (942 | .00 \
M2. target detection time ~ condition + age + (condition|participant) 552 (33.7 |.00 .010
M3. target detection time ~ stimulus + age + (condition|participant) 553 |24.5 | .00 .000
M4. target detection time ~ group + (condition|participant) 553 |22.6 |.00 .000
MB5. target detection time ~ condition + stimulus + group +age + (condition|participant) | 550 | 4.6 .09 .005
MB6. target detection time ~ condition * stimulus * group + age + (condition|participant) | 543 | 0.0 91 .003

dAIC = differential Akaike Information Criterion, AICweight and the Residual deviance. All models included the
random effects of participants.

https://doi.org/10.1371/journal.pone.0251475.t001
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Table 2. Estimated linear regression coefficients,95% confidence intervals and p-value associated with each predictor of the best-selected model M6.

Target.Detection.Time
Predictors Estimates CI p
(Intercept) 251.46 209.19-302.27 <0.001
condition [ISO] 1.27 1.05-1.54 0.013
condition [IDO] 1.35 1.13-1.62 0.001
stimulus [S] 0.92 0.78-1.08 0.305
group [TD] 0.65 0.52-0.81 <0.001
age 1.00 1.00-1.00 0.624
condition [ISO] * stimulus [S] 1.00 0.80-1.26 0.997
condition [IDO] * stimulus [S] 1.00 0.80-1.25 0.997
condition [ISO] * group [TD] 1.58 1.20-2.08 0.001
condition [IDO] * group [TD] 1.55 1.19-2.03 0.001
stimulus [S] * group [TD] 1.08 0.84-1.39 0.533
(condition [ISO] * stimulus [S]) * group [TD] 1.00 0.72-1.40 0.982
(condition [IDO] * stimulus [S]) * group [TD] 1.39 1.00-1.93 0.052
Random Effects

o 0.15
Too id 0.03
T11 id.conditionISO 0.03
T11 id.conditionIDO 0.03
Po1 -0.69

-0.60
1CC 0.13
Nig 29
Observations 563
Marginal R*/Conditional R* 0.310/0.402

The marginal R-squared = the fixed effects variance; conditional R-squared = the variance of the fixed and random effects. The number of observations for the analysis

is also reported. The p-value is based on the t-statistics and the normal distribution.

https://doi.org/10.1371/journal.pone.0251475.t1002

The space-based component of attention measures target detection time in response to dif-
ferent cue conditions that may be valid or invalid. The comparison of target detection time on
valid and invalid trials allows the investigation of whether cues direct attention to a particular
region, benefiting the processing of the stimulus within the selected region, compared with the
processing of a stimulus in a non-selected region. Crucially in all conditions stimulus process-
ing is not influenced by the type of the stimulus, but only by the position of the cue and that of
the target. We found a cost to shift attention in the invalid condition compared with the valid
condition in both groups. Our findings replicate and extend those obtained in previous studies
revealing that even children with a diagnosis of ASD showed a spatial facilitation effect when
the cue and the target appeared in the same location. Interestingly, this result, which occurs
with few trials and a small sample, suggests that a basic attentional mechanism (the space-
based component of attention) might work efficiently in children with a diagnosis of ASD as
well as in TD children.

Nevertheless, we observed a substantial difference in the attentional strategies used by chil-
dren with, and without, a diagnosis of ASD in the object-based component of attention. In
particular, in contrast to space-based attention, object-based attention is affected by object
representation, meaning that, variables that affect the quality of object representations also
influence the degree to which object-based attention is utilized [40]. Accordingly, we
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registered a different pattern of data for children with, and without, a diagnosis of ASD. More
specifically, for TD children we obtained an object-based effect (i.e. a cost to shift attention
within- vs between-objects emerged), but only when the target appeared on the phase-scram-
bled stimuli. Conversely, when the target appeared on faces, TD children showed the same
attentional cost to shift attention within the face or between faces. This evidence replicated
previous results, suggesting that in typical development, the object-based component of atten-
tion is driven by information prompted by specific stimuli [45,54]. By contrast, no object-
based cost emerged in the ASD group, suggesting that children with a diagnosis of ASD use
similar attentional strategies to shift attention between faces and not-face stimuli. That is, in
the ASD group, the space-based components of visual attention mirror those observed in TD
children, whereas the object-based components of attention do not. Although our findings
support previous results on attentional disengagement and orienting in individuals with ASD
[33,34,55], they are inconsistent with the majority of the studies that have compared the time
spent paying attention to social stimuli by individuals with or without ASD. This discrepancy
might reflect combinations of the following factors.

First, a possible interpretation of our results can be tracked to methodological differences
across studies. In our design, we present a task in which attention is driven automatically by a
rapid (i.e. 100 ms) and exogenous cue. Similar to previous studies that employed a cueing task
[55-57] we found that exogenous orienting in ASD is not as impaired as thought. However,
the evidence of a lack of exogenous orienting when more natural cues are adopted (i.e., head
and eye gaze, point, clapping hands, calling child’s name) suggests that the nature of the cue
plays a pivotal role in modulating attentive performances in people with a diagnosis of ASD. A
likely interpretation could be that people with autism respond to certain physical features of
the cue, such that when these features are removed, atypicality in orienting of attention is no
longer observed.

In addition to the type of cue, also the information prompted by the specific stimuli dra-
matically influence orienting of attention. Most of the previous studies have used competing
stimuli to evaluate which of the two stimuli trigger more attention in children. However, using
a preferential viewing task, Unruh et al. [35] have recently demonstrated that atypicality in
social attention in individuals with a diagnosis of ASD may be context-dependent. Indeed, in
that study adolescents with ASD exhibit longer latency compared with TD participants while
orienting attention to faces paired with high autism interest images (i.e., trains, vehicles, aero-
planes, clocks). Notably, in that study adolescents with a diagnosis of ASD did not replicate
this cost when social stimuli were paired with low autism interest images (i.e., clothing, tools,
musical instruments, plants). This evidence stresses the importance of carefully choosing non-
social stimuli to clearly disambiguate between the impact of social and non-social stimuli on
attention, in individuals with ASD. In the present study, we used a paradigm that does not
contain competing visual information since only two faces or two non-face stimuli are shown.
This methodological choice did not prevent us from comparing the strategies of attentional
deployment adopted by participants when presented with faces or their phase-scrambled ver-
sion. More importantly, the phase-scrambled stimuli were precisely matched with faces in
terms of power spectrum and mean luminance, compared to those included in other studies.
Thus, we presented stimuli that might reduce the perceptual gap between face versus not-face
processing for the ASD group. As a future step, we think that it would be of great interest to
investigate-in the context of this paradigm-whether individuals with a diagnosis of ASD show
attentional shift cost between-object when presented with high-interest items.

Another methodological difference with previous studies concerns the operationalization
of the attentional orienting measure. Data from studies in which the orienting of visual atten-
tion has been evaluated by direct observation in a semi-structured face-to-face interaction
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[29,53] contrast with those in which orienting of attention has been explored through experi-
mental paradigms and gaze-tracking technology. As with most of the recent studies [33-35],
we used precise oculometric measures. The use of an infrared eye-tracking system yields more
accurate data than those produced in studies in which the attentional abilities are calculated
from the videotaped recordings of the children’s eye movements, and it should be preferred in
future research.

Furthermore, it is fundamental to outline here that we observed greater variability in data
from the ASD group compared to the TD group (Fig 3). Importantly, data quality and total
number of trials per group did not explain such difference hence, the observed heterogeneity
is likely to speak for the high variability usually found in individuals with a diagnosis of ASD
compared with TD controls [58,59]. Importantly, in contrast to classical statistical analysis
selected in most of the studies cited above, e.g. ANOVAs, our statistical analysis accounted for
individual variability, i.e. random slope, while estimating the effects of interest. That is, ANO-
VAs are not able to estimate if a single participant or a sub-group of participants is driving the
effect. The GLMs help to control for individual variability, which are considered as random
effects i.e., random slope, in a way that, statistical estimates account for individual differences
and allow us to better analyze the likeliest effect at the group level. Even more critically, ANO-
VAs assume that each observation, i.e., trial, is independent, which is not the case with a
repeated measures design. Thus, we encourage future studies, in particular, those interested in
a population characterized by a wide heterogeneity, as is the case of ASD, to select those statis-
tical approaches that account for individual variability. This methodological choice will help to
move toward better profiling of so-called “atypical” cognitive outcomes.

Second, one could also argue that when faces are involved (wherever the cue position is), it
is required to consider specific regions of the face (i.e., the eye or mouth regions) that may or
may not preferentially capture the viewer’s attention. According to a large amount of data
about eye avoidance/aversion effect, this could show a weakness of the study. Nevertheless,
data presented in S3 Fig. showing target detection times split for AOIs, i.e. eyes and mouth
region (for face and not-face stimuli) and, both a meta-analysis of 38 studies [16] and a litera-
ture review on social attention in individuals with ASD [31] weaken the assumption that indi-
viduals with ASD demonstrate an excess of attention on the mouth and diminished attention
on the eyes compared with TD individuals. The present study suggests that it is worth analyz-
ing the effect prompted by the whole face because it offers a better account of face processing
and recognition abilities [60]. Moreover, estimating the impact of the whole face on attentional
strategies provides evidence of a selective social deficit in ASD. Indeed, if individuals with
ASD have a bias towards avoiding or scarcely processing social stimuli, there is no theoretical
need to split the face into sub-components. Separate sub-components reduce the reliability of
any definition of social stimulus and the likelihood of capturing differences in face recognition
abilities [60-62]. That is, a single sub-component, e.g., the eyes, does not talk about impair-
ments in social orienting.

Nonetheless, our results do not rule out the possibility that deficits in orienting visual atten-
tion toward faces may emerge under real-world conditions, even if they are not apparent in
more constrained laboratory tests. The findings by Dawson et al. [63], for example, point
toward this possibility. In their experiment, conducted during face-to-face interaction with
children with ASD, social and non-social auditory stimuli (e.g., humming and snapping fin-
gers vs a phone ringing or blowing a whistle) were produced by one experimenter while
another experimenter was interacting with the child. Children with ASD were less likely than
TD children to orient their attention toward social sounds; this effect reduced for non-social
sounds.
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In addition, a factor that may help to explain our results concerns the demographic charac-
teristics of participants such as their mental and chronological age. It is well-known that ASD
is a disorder with a vast heterogeneity, and it has been shown that mental age (both verbal and
nonverbal) is a significant predictor of ASD cognitive performances, including attentional
abilities. In a study, adults with a diagnosis of ASD and a low IQ (~40) performed a gap-over-
lap task showing slower disengagement of attention in the overlap condition, compared with
TD controls [64]. Remarkably, an IQ-matched group showed a similar disengagement delay to
the ASD group. Viceversa, Fischer et al. [33] demonstrated that children with a diagnosis of
high-functioning ASD do not suffer from impairments in attentional disengagement. Exoge-
nous and endogenous orienting, as well as gaze cueing, appear intact in children with a diag-
nosis of high-functioning ASD [55]. In the present study, ASD and TD groups were matched
only on chronological age and sex. The only information associated with the level of mental
age in the ASD group regards general low verbal (vs nonverbal) communication skills. The
lack of a match of IQ or mental age between the groups that participated in the present study
requires future investigations. In particular, future studies should weight the role played by
mental age in predicting differences at the group and individual level in space- and the object-
based attention.

In summary, the heterogeneity of research designs (i.e., the attentional mechanisms
explored, the type of cue and stimuli adopted, the measure of visual orienting, the setting of
observations) may explain the far from being confirmed set of findings reported in the vast lit-
erature on visual orienting to face in people with ASD. We encourage investigations like the
present study, also in clinical assessment, because they offer objective tools and useful mea-
sures that help to disentangle which attentional strategies are activated (at the individual and
the group level) for face and not-face-stimuli, by individuals with a diagnosis of ASD.

Conclusions

Having reviewed the literature on eye-tracking and the orienting of attention in individuals
with, and without, a diagnosis of ASD, we proposed an attentional probe task as both a
research and clinical opportunity to analyze clear and consistent eye movement patterns, suit-
able for tracking strategies of attention deployment across individuals and groups. We believe
that the strength of this task is that it is suitable for measuring both strategies of attention
deployment that work whatever the type of object on which attention is focused (space-based
attention), as well as strategies of attention deployment affected by the nature of the object
(object-based attention). More simply the task used in this study allows us to investigate imme-
diately two basic components of attention that may, or may not, be affected by face processing.
The findings of this study indicate that in contrast to typically developing controls, children
with a diagnosis of ASD deploy similar attentional strategies to focus on faces and their phase-
scrambled version.

Supporting information

S1 Fig. Frequency density plot. Target detection times in milliseconds per group i.e. TD and
ASD, stimulus i.e. phase scrambled stimuli (S) or Face (F) and conditions, i.e. VAL, ISO and
IDO.

(TIF)

S2 Fig. Fit of residuals. Residual distribution for detection times (in milliseconds) to non-cen-
sored data i.e. Gamma, by maximum likelihood (mle).
(TIF)
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S3 Fig. Frequency density plot. Target detection times in milliseconds per group i.e., TD and
ASD. Moreover, considering four AOlIs i.e., eye = upper face, mouth = lower face, not-face
eye = upper scrambled-phase, not-face m = lower scrambled-phase stimulus. Plots reflect only
a sub-sample of participants (12 TD and 7 ASD) that reached at least three valid trials for each
AOIs (in each condition and for each stimulus).

(TIF)

Acknowledgments

We would like to thank all the children and families who participated in our study. We also
thank Terence de Michele, Francesca Abalti and Margherita Maran for their assistance with
data collection.

Author Contributions

Conceptualization: Eloisa Valenza.

Formal analysis: Giulia Calignano.

Funding acquisition: Eloisa Valenza.

Investigation: Giulia Calignano.

Methodology: Eloisa Valenza, Giulia Calignano.

Visualization: Giulia Calignano.

Writing - original draft: Eloisa Valenza.

Writing - review & editing: Giulia Calignano.

References

1.

Johnson M.H. & Morton J. Biology and cognitive development. The case of face recognition. Oxford,
UK: Basil Blackwell. 1991.

Valenza E., Simion F., Macchi Cassia V., Umilta C. Face preference at birth. Journal of Experimental
Psychology: Human Perception and Performance. 1996; 22, 892—9083. https://doi.org/10.1037//0096-
1523.22.4.892 PMID: 8756957.

Pascalis O., Scott L. S., Kelly D. J., Shannon R. W., Nicholson E., Coleman M. e Nelson. Plasticity of
face processing in infancy. Proceedings of the National Academy of Sciences. 2005; 102, 5297-5300.
https://doi.org/10.1073/pnas.0406627102 PMID: 15790676

Simion F., Leo I, Turati C., Valenza E., Dalla Barba B. How face specialization emerges in the first
months of life. In: Von Hofstein Rosander. Progress in Brain Research. (vol. 164, pp. 169—185). 2007;
https://doi.org/10.1016/S0079-6123(07)64009-6 PMID: 17920431

Elman J.L., Bates E.A., Johnson M.H., Karmiloff-Smith A., Parisi D., Plunkett K. Rethinking Innateness:
A Connectionist Perspective on Development. Cambridge, MA: MIT Press. 1996.

Nelson CA, Luciana M. Handbook of developmental cognitive neuroscience. Cambridge, MA: MIT
Press. 2001.

Behrmann M, Avidan G, Leonard GL, Kimchi R, Luna B, Humphreys K, et al., Configural processing in
autism and its relationship to face processing. Neuropsychologia. 2006; 44(1), 110-129. https://doi.
org/10.1016/j.neuropsychologia.2005.04.002 PMID: 15907952

Joseph R.M., Tanaka J. Holistic and part-based face recognition in children with autism. Journal of
Child Psychology and Psychiatry. 2003; 44(4), 529-542. https://doi.org/10.1111/1469-7610.00142
PMID: 12751845

Chawarska K. & Shic F. Looking but not seeing: atypical visual scanning and recognition of faces in 2
and 4-year-old children with autism spectrum disorder. Journal of Autism and Developmental Disorders.
2009; 39(12), 1663—72. https://doi.org/10.1007/s10803-009-0803-7 PMID: 19590943

PLOS ONE | https://doi.org/10.1371/journal.pone.0251475 May 14, 2021 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251475.s003
https://doi.org/10.1037//0096-1523.22.4.892
https://doi.org/10.1037//0096-1523.22.4.892
http://www.ncbi.nlm.nih.gov/pubmed/8756957
https://doi.org/10.1073/pnas.0406627102
http://www.ncbi.nlm.nih.gov/pubmed/15790676
https://doi.org/10.1016/S0079-6123%2807%2964009-6
http://www.ncbi.nlm.nih.gov/pubmed/17920431
https://doi.org/10.1016/j.neuropsychologia.2005.04.002
https://doi.org/10.1016/j.neuropsychologia.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15907952
https://doi.org/10.1111/1469-7610.00142
http://www.ncbi.nlm.nih.gov/pubmed/12751845
https://doi.org/10.1007/s10803-009-0803-7
http://www.ncbi.nlm.nih.gov/pubmed/19590943
https://doi.org/10.1371/journal.pone.0251475

PLOS ONE

Attention within and between faces

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Klin A, Sparrow SS, de Bildt A, Cicchetti DV, Cohen DJ, Volkmar FR A normed study of face recognition
in autism and related disorders. Journal of autism and developmental disorder. 1999; 29(6), 499-508.
https://doi.org/10.1023/a:1022299920240 PMID: 10638462

Scherf K.S., Behrmann M., Minshew N., Luna B. Atypical development of face and greeble recognition
in autism. Journal of Child Psychology and Psychiatry. 2008; 49(8), 838—847. https://doi.org/10.1111/j.
1469-7610.2008.01903.x PMID: 18422548

Weigelt S., Koldewyn K., & Kanwisher N. Face recognition deficits in autism spectrum disorders are
both domain specific and process specific. PLOS ONE. 2013; 8(9), e74541. https://doi.org/10.1371/
journal.pone.0074541 PMID: 24040276

Chawarska K. & Volkmar F. Impairments in monkey and human face recognition in 2-year-old toddlers
with autism spectrum disorder and developmental delay. Developmental Science. 2007; 10(2), 266—
79. https://doi.org/10.1111/j.1467-7687.2006.00543.x PMID: 17286849

Gepner B., Deruelle C. & Grynfelit S. Motion and emotion: a novel approach to the study of face pro-
cessing by young autistic children. Journal of Autism and Developmental Disorders. 2001; 31(1), 37—
45. https://doi.org/10.1023/a:1005609629218 PMID: 11439752

Chawarska K., Klin A. & Volkmar F. Automatic attention cueing through eye movement in 2-year-old
children with autism. Child Development, 2003; 74(4), 1108-22. https://doi.org/10.1111/1467-8624.
00595 PMID: 12938707

Chita-Tegmark M. Social attention in ASD: a review and meta-analysis of eye-tracking studies.
Research in developmental disabilities. 2016; 48, 79-93. https://doi.org/10.1016/j.ridd.2015.10.011
PMID: 26547134

Fletcher-Watson S., Leekam S. R., Findlay J. M., & Stanton E. C. Brief report: Young adults with autism
spectrum disorder show normal attention to eye-gaze information—Evidence from a new change blind-
ness paradigm. Journal of autism and developmental disorders. 2008; 38(9), 1785—-1790. https://doi.
org/10.1007/s10803-008-0548-8 PMID: 18306031

New J. J., Schultz R. T., Wolf J., Niehaus J. L., Klin A., German T. C., et al. The scope of social attention
deficits in autism: Prioritized orienting to people and animals in static natural scenes. Neuropsychologia.
2017; 48(1), 51-59.

Sheth B. R., Liu J., Olagbaju O., Varghese L., Mansour R., Reddoch S., et al., Detecting social and non-
social changes in natural scenes: Performance of children with and without autism spectrum disorders
and typical adults. Journal of autism and developmental disorders, 2011; 41(4), 434—446. https://doi.
org/10.1007/s10803-010-1062-3 PMID: 20614172

Di Giorgio E., Frasnelli E., Salva O. R., Scattoni M. L., Puopolo M., Tosoni D., et al. (2016). Difference in
visual social predispositions between newborns at low-and high-risk for autism. Scientific reports, 6(1),
1-9. https://doi.org/10.1038/s41598-016-0001-8 PMID: 28442746

Shah P., Gaule A., Bird G., & Cook R. Robust orienting to protofacial stimuli in autism. Current Biology.
2013; 23(24), R1087—-R1088. https://doi.org/10.1016/j.cub.2013.10.034 PMID: 24355781

Akechi H., Stein T., Kikuchi Y., Tojo Y., Osanai H., & Hasegawa T. Preferential awareness of protofacial
stimuli in autism. Cognition. 2015; 143, 129—134. https://doi.org/10.1016/j.cognition.2015.06.016
PMID: 26143377

Keehn B., Miller R. & Townsend J. Atypical attentional networks and the emergence of autism. Neuro-
science and Biobehavioral Reviews. 2013; 37,164—183. https://doi.org/10.1016/j.neubiorev.2012.11.
014 PMID: 23206665

Bryson SE, Landry R, Czapinski P, McConnell B, Rombough V & Wainwright A. Autistic spectrum disor-
ders: causal mechanisms and recent findings on attention and emotion. International Journal of Special
Education. 2004; 19, 14-22.

NomiJ. S., &. Uddin L.Q. Face processing in autism spectrum disorders: from brain regions to brain net-
works, Neuropsychologia. 2015; 71, 201-216. https://doi.org/10.1016/j.neuropsychologia.2015.03.029
PMID: 25829246

Ames C., & Fletcher-Watson S. A review of methods in the study of attention in autism. Developmental
Review. 2010; 30(1), 52—-73.

Keehn B., Lincoln A.J., Muller R. & Townsend J. Attentional networks in children and adolescents with
autism spectrum disorder, Journal of Child Psychology and Psychiatry. 2010; 51(11), 1251-1259.
https://doi.org/10.1111/1.1469-7610.2010.02257.x PMID: 20456535

Ronconi L., Gori S., Ruffino M., Molteni M., & Facoetti A. Zoom-out attentional impairment in children
with autism spectrum disorder. Cortex. 2013; 49(4), 1025-33. https://doi.org/10.1016/j.cortex.2012.03.
005 PMID: 22503282

PLOS ONE | https://doi.org/10.1371/journal.pone.0251475 May 14, 2021 14/16


https://doi.org/10.1023/a%3A1022299920240
http://www.ncbi.nlm.nih.gov/pubmed/10638462
https://doi.org/10.1111/j.1469-7610.2008.01903.x
https://doi.org/10.1111/j.1469-7610.2008.01903.x
http://www.ncbi.nlm.nih.gov/pubmed/18422548
https://doi.org/10.1371/journal.pone.0074541
https://doi.org/10.1371/journal.pone.0074541
http://www.ncbi.nlm.nih.gov/pubmed/24040276
https://doi.org/10.1111/j.1467-7687.2006.00543.x
http://www.ncbi.nlm.nih.gov/pubmed/17286849
https://doi.org/10.1023/a%3A1005609629218
http://www.ncbi.nlm.nih.gov/pubmed/11439752
https://doi.org/10.1111/1467-8624.00595
https://doi.org/10.1111/1467-8624.00595
http://www.ncbi.nlm.nih.gov/pubmed/12938707
https://doi.org/10.1016/j.ridd.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26547134
https://doi.org/10.1007/s10803-008-0548-8
https://doi.org/10.1007/s10803-008-0548-8
http://www.ncbi.nlm.nih.gov/pubmed/18306031
https://doi.org/10.1007/s10803-010-1062-3
https://doi.org/10.1007/s10803-010-1062-3
http://www.ncbi.nlm.nih.gov/pubmed/20614172
https://doi.org/10.1038/s41598-016-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/28442746
https://doi.org/10.1016/j.cub.2013.10.034
http://www.ncbi.nlm.nih.gov/pubmed/24355781
https://doi.org/10.1016/j.cognition.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26143377
https://doi.org/10.1016/j.neubiorev.2012.11.014
https://doi.org/10.1016/j.neubiorev.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23206665
https://doi.org/10.1016/j.neuropsychologia.2015.03.029
http://www.ncbi.nlm.nih.gov/pubmed/25829246
https://doi.org/10.1111/j.1469-7610.2010.02257.x
http://www.ncbi.nlm.nih.gov/pubmed/20456535
https://doi.org/10.1016/j.cortex.2012.03.005
https://doi.org/10.1016/j.cortex.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22503282
https://doi.org/10.1371/journal.pone.0251475

PLOS ONE

Attention within and between faces

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.
48.

49.

50.

51.

Landry R., & Bryson S. E. Impaired disengagement of attention in young children with autism. Journal
of Child Psychology and Psychiatry. 2004; 45(6), 1115-1122. https://doi.org/10.1111/j.1469-7610.
2004.00304.x PMID: 15257668

Landry O., & Parker A. A meta-analysis of visual orienting in autism. Frontiers in human neuroscience.
2013; 7, 833. https://doi.org/10.3389/fnhum.2013.00833 PMID: 24367314

Guillon Q., Hadjikhani N., Baduel S., & Rogé B. Visual social attention in autism spectrum disorder:
Insights from eye tracking studies. Neuroscience & Biobehavioral Reviews. 2014; 42, 279-297. hitps://
doi.org/10.1186/s11689-017-9189-6 PMID: 28946865

McPartland J. C., Webb S. J., Keehn B., & Dawson G. Patterns of visual attention to faces and objects
in autism spectrum disorder. Journal of autism and developmental disorders. 2011; 41(2), 148—157.
https://doi.org/10.1007/s10803-010-1033-8 PMID: 20499148

Fischer J., Koldewyn K., Jiang Y. V., & Kanwisher N. Unimpaired attentional disengagement and social
orienting in children with autism. Clinical Psychological Science. 2014; 2(2), 214—223. https://doi.org/
10.1177/2167702613496242 PMID: 25419497

Fischer J., Smith H., Martinez-Pedraza F., Carter A. S., Kanwisher N., & Kaldy Z. Unimpaired atten-
tional disengagement in toddlers with autism spectrum disorder. Developmental science. 2016; 19(6),
1095-1108. https://doi.org/10.1111/desc.12386 PMID: 26690733

Unruh K. E., Sasson N. J., Shafer R. L., Whitten A., Miller S. J., Turner-Brown L., et al. Social orienting
and attention is influenced by the presence of competing nonsocial information in adolescents with
autism. Frontiers in neuroscience. 2016; 10, 586. https://doi.org/10.3389/fnins.2016.00586 PMID:
28066169

Cave K. R., & Bichot N. P. Visuospatial attention: Beyond a spotlight model. Psychonomic bulletin &
review. 1999; 6(2), 204—223. https://doi.org/10.3758/bf03212327 PMID: 12199208

Posner M. |. Orienting of attention. Quarterly journal of experimental psychology. 1980; 32(1), 3-25.
https://doi.org/10.1080/00335558008248231 PMID: 7367577

Driver J., & Baylis G. Attention and visual object perception. In Parasuraman R. (Ed.), The attentive
brain (pp. 299-326). Cambridge, MA: MIT Press. 1998.

Duncan J. Selective attention and the organization of visual information. Journal of Experimental Psy-
chology: General. 1984; 113, 501-517. https://doi.org/10.1037//0096-3445.113.4.501 PMID: 6240521

Chen Z. Object-based attention: A tutorial review. Attention, Perception, & Psychophysics. 2012; 74(5),
784-802. https://doi.org/10.3758/s13414-012-0322-z PMID: 22673856

Driver J., Davis G., Russell C., Turatto M., & Freeman E. Segmentation, attention and phenomenal
visual objects. Cognition. 2001; 80(1-2), 61-95. https://doi.org/10.1016/s0010-0277(00)00151-7
PMID: 11245840

Kanwisher N., & Driver J. Objects, attributes, and visual attention: Which, what, and where. Current
Directions in Psychological Science. 1992; 1(1), 26-31.

Scholl B. J. Objects and attention: The state of the art. Cognition. 2001; 80(1-2), 1-46. https://doi.org/
10.1016/s0010-0277(00)00152-9 PMID: 11245838

Egly R., Driver J., & Rafal R.D. Shifting visual attention between objects and locations: evidence from
normal and parietal lesion subjects. Journal of Experimental Psychology:General. 1994; 123, 161-177.
https://doi.org/10.1037//0096-3445.123.2.161 PMID: 8014611

Valenza Valenza E., Franchin L., Bulf H. How a face may affect object-based attention: Evidence from
adults and 8-month-old infants, Frontiers in Integrative Neuroscience. 2014; 8(27), 1-10, https://doi.
org/10.3389/fnint.2014.00027 PMID: 24723860

GioraE., & Gori S. The perceptual expansion of a filled area depends on textural characteristics. Vision
Research. 2010; 50, 2466—2475. https://doi.org/10.1016/j.visres.2010.08.033 PMID: 20801140

Fox J. Applied regression analysis and generalized linear models. Sage Publications. 2015.

Ng V. K., & Cribbie R. A. Using the Gamma Generalized Linear Model for modeling continuous, skewed
and heteroscedastic outcomes in psychology. Current Psychology. 2017; 36(2), 225-235.

Bedford R., Pickles A., Gliga T., Elsabbagh M., Charman T., Johnson M. H., & BASIS Team. Additive
effects of social and non-social attention during infancy relate to later autism spectrum disorder. Devel-
opmental Science. 2014; 17(4), 612-620. https://doi.org/10.1111/desc.12139 PMID: 25089324

Bates D., Maechler M., Bolker B., & Walker S. Ime4: Linear mixed-effects models using Eigen and S4.
R package version 1.1-7.2014.

PilzK. S., Roggeveen A. B., Creighton S. E., Bennett P. J., & Sekuler A. B. How prevalent is object-
based attention?. PloS one. 2012; 7(2), e30693. https://doi.org/10.1371/journal.pone.0030693 PMID:
22348018

PLOS ONE | https://doi.org/10.1371/journal.pone.0251475 May 14, 2021 15/16


https://doi.org/10.1111/j.1469-7610.2004.00304.x
https://doi.org/10.1111/j.1469-7610.2004.00304.x
http://www.ncbi.nlm.nih.gov/pubmed/15257668
https://doi.org/10.3389/fnhum.2013.00833
http://www.ncbi.nlm.nih.gov/pubmed/24367314
https://doi.org/10.1186/s11689-017-9189-6
https://doi.org/10.1186/s11689-017-9189-6
http://www.ncbi.nlm.nih.gov/pubmed/28946865
https://doi.org/10.1007/s10803-010-1033-8
http://www.ncbi.nlm.nih.gov/pubmed/20499148
https://doi.org/10.1177/2167702613496242
https://doi.org/10.1177/2167702613496242
http://www.ncbi.nlm.nih.gov/pubmed/25419497
https://doi.org/10.1111/desc.12386
http://www.ncbi.nlm.nih.gov/pubmed/26690733
https://doi.org/10.3389/fnins.2016.00586
http://www.ncbi.nlm.nih.gov/pubmed/28066169
https://doi.org/10.3758/bf03212327
http://www.ncbi.nlm.nih.gov/pubmed/12199208
https://doi.org/10.1080/00335558008248231
http://www.ncbi.nlm.nih.gov/pubmed/7367577
https://doi.org/10.1037//0096-3445.113.4.501
http://www.ncbi.nlm.nih.gov/pubmed/6240521
https://doi.org/10.3758/s13414-012-0322-z
http://www.ncbi.nlm.nih.gov/pubmed/22673856
https://doi.org/10.1016/s0010-0277%2800%2900151-7
http://www.ncbi.nlm.nih.gov/pubmed/11245840
https://doi.org/10.1016/s0010-0277%2800%2900152-9
https://doi.org/10.1016/s0010-0277%2800%2900152-9
http://www.ncbi.nlm.nih.gov/pubmed/11245838
https://doi.org/10.1037//0096-3445.123.2.161
http://www.ncbi.nlm.nih.gov/pubmed/8014611
https://doi.org/10.3389/fnint.2014.00027
https://doi.org/10.3389/fnint.2014.00027
http://www.ncbi.nlm.nih.gov/pubmed/24723860
https://doi.org/10.1016/j.visres.2010.08.033
http://www.ncbi.nlm.nih.gov/pubmed/20801140
https://doi.org/10.1111/desc.12139
http://www.ncbi.nlm.nih.gov/pubmed/25089324
https://doi.org/10.1371/journal.pone.0030693
http://www.ncbi.nlm.nih.gov/pubmed/22348018
https://doi.org/10.1371/journal.pone.0251475

PLOS ONE

Attention within and between faces

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Chawarska K., Macari S. & Shic F. Decreased Spontaneous Attention to Social Scenes in 6-Month-Old
Infants Later Diagnosed with Autism Spectrum Disorders, Biological Psychiatry. 2013; 74, 195-2083.
https://doi.org/10.1016/j.biopsych.2012.11.022 PMID: 23313640

Dawson G., Meltzoff A.N., Osterling J., Rinaldi J., Brown E. Children with autism fail to orient to naturally
occurring social stimuli. Journal of Autism and Developmental Disorders. 1998; 28:479-485. https://
doi.org/10.1023/a:1026043926488 PMID: 9932234

Bulf H. & Valenza E. Object-Based Visual Attention in 8-Month-Old Infants: Evidence From an Eye-
Tracking Study. Developmental Psychology. 2013; 49(10), 1909-1918. https://doi.org/10.1037/
20031310 PMID: 23276133

Pruett J. R., LaMacchia A., Hoertel S., Squire E., McVey K., Todd R. D, et al. Social and non-social cue-
ing of visuospatial attention in autism and typical development. Journal of Autism and Developmental
Disorders. 2011; 41(6), 715-731. https://doi.org/10.1007/s10803-010-1090-z PMID: 20809377

SenjuA., Tojo Y., Dairoku H., & Hasegawa T. Reflexive orienting in response to eye gaze and an arrow
in children with and without autism. Journal of Child Psychology and Psychiatry. 2004; 45(3), 445-458.
https://doi.org/10.1111/.1469-7610.2004.00236.x PMID: 15055365

Nation K., & Penny S. Sensitivity to eye gaze in autism: is it normal? Is it automatic? Is it social?. Devel-
opment and psychopathology. 2008; 20(1), 79-97. https://doi.org/10.1017/S0954579408000047
PMID: 18211729

Happé F., Ronald A., & Plomin R. Time to give up on a single explanation for autism. Nature neurosci-
ence. 2006; 9(10), 1218—-1220. https://doi.org/10.1038/nn1770 PMID: 17001340

Del Bianco T., Mason L., Charman T., Tillman J., Loth E., Hayward H., et al. Temporal profiles of social
attention are different across development in Autistic and Neurotypical people. Biological Psychiatry:
Cognitive Neuroscience and Neuroimaging. 2020; https://doi.org/10.1016/j.bpsc.2020.09.004 PMID:
33191160

Tanaka J. W., Kay J. B., Grinnell E., Stansfield B., & Szechter L. Face recognition in young children:
When the whole is greater than the sum of its parts. Visual Cognition, 5(4). 1998; 479-496. https://doi.
org/10.1080/713756795.

Van Belle G., De Graef P., Verfaillie K., Busigny T., & Rossion B. Whole not hole: Expert face recogni-
tion requires holistic perception. Neuropsychologia. 2010; 48(9), 2620—2629. https://doi.org/10.1016/j.
neuropsychologia.2010.04.034 PMID: 20457169

Tanaka J. W., & Simonyi D. The “parts and wholes” of face recognition: A review of the literature. Quar-
terly Journal of Experimental Psychology. 2016; 69(10), 1876—1889. https://doi.org/10.1080/
17470218.2016.1146780 PMID: 26886495

Dawson G., Toth K., Abbott R., Osterling J., Munson J., Estes A, et al. Early social attention impair-
ments in autism: social orienting, joint attention, and attention to distress. Developmental Psychology.
2004; 40, 271-288. https://doi.org/10.1037/0012-1649.40.2.271 PMID: 14979766

Kawakubo Y., Kasai K., Okazaki S., Hosokawa-Kakurai M., Watanabe K. I., Kuwabara, et al.
Electrophysiological abnormalities of spatial attention in adults with autism during the gap overlap task.
Clinical neurophysiology. 2007; 118(7), 1464—1471. https://doi.org/10.1016/j.clinph.2007.04.015
PMID: 17532260

PLOS ONE | https://doi.org/10.1371/journal.pone.0251475 May 14, 2021 16/16


https://doi.org/10.1016/j.biopsych.2012.11.022
http://www.ncbi.nlm.nih.gov/pubmed/23313640
https://doi.org/10.1023/a%3A1026043926488
https://doi.org/10.1023/a%3A1026043926488
http://www.ncbi.nlm.nih.gov/pubmed/9932234
https://doi.org/10.1037/a0031310
https://doi.org/10.1037/a0031310
http://www.ncbi.nlm.nih.gov/pubmed/23276133
https://doi.org/10.1007/s10803-010-1090-z
http://www.ncbi.nlm.nih.gov/pubmed/20809377
https://doi.org/10.1111/j.1469-7610.2004.00236.x
http://www.ncbi.nlm.nih.gov/pubmed/15055365
https://doi.org/10.1017/S0954579408000047
http://www.ncbi.nlm.nih.gov/pubmed/18211729
https://doi.org/10.1038/nn1770
http://www.ncbi.nlm.nih.gov/pubmed/17001340
https://doi.org/10.1016/j.bpsc.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33191160
https://doi.org/10.1080/713756795
https://doi.org/10.1080/713756795
https://doi.org/10.1016/j.neuropsychologia.2010.04.034
https://doi.org/10.1016/j.neuropsychologia.2010.04.034
http://www.ncbi.nlm.nih.gov/pubmed/20457169
https://doi.org/10.1080/17470218.2016.1146780
https://doi.org/10.1080/17470218.2016.1146780
http://www.ncbi.nlm.nih.gov/pubmed/26886495
https://doi.org/10.1037/0012-1649.40.2.271
http://www.ncbi.nlm.nih.gov/pubmed/14979766
https://doi.org/10.1016/j.clinph.2007.04.015
http://www.ncbi.nlm.nih.gov/pubmed/17532260
https://doi.org/10.1371/journal.pone.0251475

