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Social interaction in individuals with Autism Spectrum Disorder (ASD) is characterized by
qualitative impairments that highly impact quality of life. Bayesian theories in ASD frame an
understanding of underlying mechanisms suggesting atypicalities in the evaluation of
probabilistic links within the perceptual environment of the affected individual. To address
these theories, the present study explores the applicability of an innovative Bayesian
framework on social visual perception in ASD and demonstrates the use of gaze
transitions between different parts of social scenes. We applied advanced analyses with
Bayesian Hidden Markov Modeling (BHMM) to track gaze movements while presenting
real-life scenes to typically developing (TD) children and adolescents (N = 25) and
participants with ASD and Attention-Deficit/Hyperactivity Disorder (ASD+ADHD, N = 15)
and ASD without comorbidity (ASD, N = 12). Regions of interest (ROIls) were generated by
BHMM based both on spatial and temporal gaze behavior. Social visual perception was
compared between groups using transition and fixation variables for social (faces, bodies)
and non-social ROIs. Transition variables between faces, namely gaze transitions
between faces and likelihood of linking faces, were reduced in the ASD+ADHD
compared to TD participants. Fixation count to faces was also reduced in this group.
The ASD group showed similar performance to TD in the studied variables. There was no
difference between groups for non-social ROls. Our study provides an innovative,
interpretable example of applying Bayesian theories of social visual perception in ASD.
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loannou et al. Social Bayesian Perception in ASD
BHMM analyses and gaze transitions have the potential to reveal fundamental social
perception components in ASD, contributing thus to amelioration of social-
skill interventions.
Keywords: Bayesian theories, social perception, eye movements (EM), hidden Markov models (HMM), advanced
analysis, autism spectrum disorder (ASD)

INTRODUCTION spectrum disorder focus less on social elements than typically

Autism Spectrum Disorder is a heterogeneous disorder, with
qualitative impairments in social interaction being one of the
cardinal symptoms (1). Considering the challenges these
symptoms evoke in everyday life of affected people and the
need for effective interventions, many theories in autism
spectrum disorder have laid their focus upon social cognition
(2-4). Some of the most recent and promising theories are the
Bayesian theories of autism spectrum disorder, which also unify
a wide range of its clinical characteristics. In this Bayesian
framework, it is suggested that perception in autism spectrum
disorder is atypically resistant to prior acquired information,
thus the affected individual engages with an “almost always new”
input in probabilistic terms when experiencing an event (5). This
implicit divergence in predictive coding is also referred to as
«Hypothesis of Predictive Impairment in Autism» (6). Regarding
social perception, these theories can explain manifestations of
autism spectrum disorder such as atypicalities in apprehending
social stimuli, inferring social causalities, predicting social
intention or developing a regulating system for social
processes (7).

Social interactions can be more demanding, complicated and
unpredictable than one tends to believe (8). A basic source of
social perception is visual and thus the orientation of gaze is
crucial for the observer in order to comprehend social signals
(9). Therefore, recording of gaze movements with the eye-
tracking technique represents an objective measure in
studying social perception (10). Common practices include
measurements of fixation direction and duration at different
parts of social scenes. Usually, stimuli are differentiated in social
(e.g. faces, bodies) and non-social elements (e.g. objects) (11).
Such paradigms have been widely investigated and particularly
eye tracking provides insights about the underlying
mechanisms of the social understanding in autism spectrum
disorder (12, 13). On the one hand some studies report that
participants with autism spectrum disorder prefer looking to
non-social in comparison to social stimuli (14) and less to faces
compared to non-face parts of a social scene (15). Moreover,
regarding atypicalities in following the gazes of others, deficits
in joint attention have been shown in participants with autism
spectrum disorder (16). On the other hand, there are studies
reporting no difference regarding social attention between
participants with autism spectrum disorder and their typically
developed peers (17). Also, it has been reported that deficits of
joint attention are specifically found in its initiation part and
not in the response to joint attention (18). Albeit such
inconsistencies, studies suggest that participants with autism

developing controls (19).

However, with the established methods of gaze analysis, the
actual process of social perception is limited to a quantification of
attention isolated to specific areas. Particularly, they mostly refer
to fixation variables, in terms of time spent in predefined,
manually drawn, regions of the scene (20). This quantification
of social focus neglects the importance of actively combining
different aspects of the stimuli, for example the gaze connection
between two interacting people in a social scene. Nevertheless,
the linking between informational areas has been reported to
reflect the actual gaze patterns of individuals (21). In gaze
movement terms, the linking of visual inputs is defined as
transitions and refers to the saccadic paths between Regions of
interest (ROIs), namely a cluster of fixations gathered in an
informative area, e.g. a face or a body. Moreover, in order to
perceive social information, there is a tendency to orient the gaze
to the face, particularly the eyes of the presented person (22).
Therefore, when looking at a scene of people interacting, it is
likely to orient the gaze from one face to another, as part of social
content exploration (23). Consequently, linkage of socially
relevant areas is neither completely random nor completely
deterministic and is thus related to a certain degree of
probability (24).

Leaning on Bayesian theories of autism, social understanding
in autism spectrum disorder can also be atypical at the level of
engaging with the aforementioned probabilistic associations,
namely gaze transitions. Prior inputs and the inference of
further outputs are regulated by the strength of these
associations (25) which in visual perception can be manifested
in the interdependence of successive fixations. In other words,
the current point of gaze is influenced by the previous one and
further the current step affects the next gaze shift (26). Moreover,
the actual attentional processing of the individual looking at a
scene remains “hidden” in the sense that it cannot be observed
directly but can be inferred through the gaze movements. Under
this perspective, the underlying mechanisms of the atypical social
perception in individuals with autism spectrum disorder are still
unclear and require analyses that treat social visual perception as
a process that unfolds in space and time and accounts for its
probabilistic components.

Our study applies Bayesian Hidden Markov Modeling
(BHMM) (21, 27, 28) to capture both dynamics and structure
of visual exploration of social scenes in autism spectrum disorder
and typical developed (TD) children and adolescents. A BHMM
represents the moment-to-moment evolution of a random
variable whose values are observable (the observable stochastic
process) and generated conditionally on the temporal evolution
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of a hidden random variable (the hidden or latent process). The
hidden variable can take values over a finite number of states and
the state at the current timepoint only depends on the state at the
previous timepoint, representing a Markovian process. In the
example of eye tracking, gaze data can be addressed as time-
series of a stochastic Markovian process (29). Both the model
selection (number of ROIs) and the learning of the BHMM
parameters are completely data driven. Further, the specific kind
of BHMM we are exploiting here (30) also allows for the
hierarchical representation and inference of group gaze
behavior and attention dynamics (see also Methods section
2.4.1). We surmise that prior distributions on individual and
group parameters of gaze behavior inferred at the data analysis
stage can be usefully integrated with Bayesian models of sensory
input in order to provide a broader sensorimotor account of
atypical behavior in ASD.

Finally, the recent DSM-V diagnostical guidelines (1) recognize
the comorbidity of autism spectrum disorder with other
conditions and enable for the first time their simultaneous
diagnoses. Particularly it is reported that around 70% of
individuals with autism spectrum disorder might also fulfill the
criteria for another co-morbid mental disorder and approximately
40% can have two or more co-morbid mental disorders (1).
Common comorbid conditions include anxiety disorders,
epilepsy, depression, gastrointestinal symptoms, challenging
behavior, sleep problems, toileting, and feeding issues (31-36),
as well as Attention-Deficit/Hyperactivity Disorder (ADHD) (37).
Interestingly, even before DSM-V, studies have reported ADHD
traits in populations with autism spectrum disorder in the areas of
attention and social cognition (38). Moreover, symptoms of
ADHD in autism spectrum disorders have been also associated
with impairments in executive function (39). In our study,
considering the feasibility of a dual diagnosis of ASD and
ADHD, we included autism spectrum disorder participants both
with comorbid ADHD (from now on referred to as ASD+ADHD)
and without (from now on referred to as ASD). Thus, we consider
current diagnostic recommendations and the emerging research in
the comorbid group, highlighting its clinical significance and
manifestation (40, 41).

Thus, our study aims to demonstrate a novel approach in
psychiatric research applying BHMM to gaze data of ASD, ASD
+ADHD participants and TD controls with stimuli depicting
real-life social scenes. Apart from considering the comorbid
group as a separate entity, other novelties of our approach
from a methodological standpoint include: i) the feasibility of
applying advanced analytical methods to clinical populations, ii)
the investigation of both fixation and interpretable transition
variables and, more subtle, iii) the integration of both i) and ii) in
the principled framework of Bayesian inference. Beyond the
technical novelties that to the best of our knowledge have not
been exploited in this research field, this latter aspect paves the
way to bridge advanced methods for data analysis with Bayesian
theories of autism spectrum disorder. In particular, approaches
focusing on active inference (42) suggest that the core aspects of
autism relate fundamentally to how individuals sample the
world. Indeed, the very idea of sampling is at the heart of the

BHMM: giving the current state, sampling the next ROI and, in
turn, sampling the new gaze position. We hypothesize that
compared to the control group, the autism spectrum disorder
groups will show less dynamical links, in terms of gaze
transitions, between the socially relevant ROIs and also fixate
less the presented social elements.

METHODS

Participants

Inclusion criteria were normal or corrected-to-normal vision,
native-speaker level in the local language, age between 10 and 14
years and intelligence quotient (IQ) within two standard
deviations at the lower end (=70) (43). Exclusion criteria were
strabismus, diagnoses of Tourette syndrome, specific reading
disorder, epilepsy or other neurologic disorders, severe
psychiatric disorders like schizophrenia, acute depressive
episode, suicidal ideation and any known ASD- or ADHD-
related specific genetic syndrome. Initially, 59 participants were
examined (26 TD, 18 ASD+ADHD and 15 ASD). Recordings of
seven participants not fulfilling eye-tracking quality criteria (see
below in Apparatus) were excluded (1 TD, 3 ASD+ADHD and 3
ASD). Finally, data of N = 52 participants were available for
analysis, namely N = 25 TD (average age: + one standard
deviation 12.1 + 1.5 years; 52% male; 1Q: 110 + 17), N = 15
participants with ASD and co-morbid ADHD (ASD+ADHD;
age: 12.0 £ 1.0 years; 93% male; IQ: 96 + 15) and N= 12
participants without comorbidity (ASD; age: 12.3 + 1.1 years;
83% male; IQ: 103 + 21). Diagnoses were made by a group of
clinical psychologists and child and adolescent psychiatrists
based on International Classification of Diseases (ICD-10)
criteria. Details on diagnostic tests and screenings applied are
described in the Supplementary Data. Other comorbidities
included for the ASD group: diurnal/nocturnal enuresis (N =
2), specific insect phobia (N = 1), developmental dyspraxia (N =
1), mixed receptive-expressive language disorder (N = 1), chronic
tic disorder (N = 1), obsessive compulsive disorder (N = 1); and
for the ASD+ADHD group: diurnal/nocturnal enuresis (N = 1),
adjustment disorder (N = 1), vocal tic disorder (N = 1),
expressive language disorder (N = 1). The study was approved
by the institutional ethics committee. All participants and their
parents gave their written informed consent before participation.

Apparatus

Participants were seated in a sound attenuated cabin, with a
distance of 70 cm from a 24”-screen (1920 x 1080 pixels, 60 Hz).
Stimuli were presented with Presentation® software (version
17.2, Neurobehavioral Systems, Inc., Berkley, CA). Binocularly
gaze recordings were accomplished with the iView RED250
system (Senso-Motoric Instruments GmbH, SMI, Teltow,
Germany; sampling rate: 120 Hz). Based on 5-point calibration
an accuracy of <0.05° was achieved for every participant. Data
were preprocessed and exported with SMI-BeGaze version 3.7,
using its default fixation classification, where fixations are
defined as events of minimum 60 milliseconds and with a
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maximum dispersion of 2 degrees. Blinks and oft-screen fixations
were excluded. To ensure adequate gaze data quality only data
sets with a tracking ratio >75% and a total fixation time above
50% of the stimulus duration had been included.

Stimuli and Procedure

The participants completed a battery of eye-tracking tasks, totaling
90 minutes with breaks, while for the free-viewing stimuli, two pairs
of stimuli with real-world pictures were presented — two depicting
one actor and two depicting four actors. Total task duration,
including instruction and calibration, was less than 10 minutes
and eye movements were recorded for 120 seconds per stimulus.
Beforehand, questioning about the pictures was announced to
ascertain the attention of the participant. An experimenter sat
with the participant in the cabin and care was taken to adapt task
progression to each participant’s demands.

Data Analysis

Markov Modeling

In the present study, we use a Bayesian Hidden Markov Model
(BHMM) as previously described (27, 28). The BHMM relies on
a finite number of hidden states (in this study, Regions of
Interest, ROIs) and contains a vector of prior values, which
indicates the probability of a time-series beginning with each
state; a transition matrix, which parameterizes the transition
probabilities between any two hidden states; and a Gaussian
emission for each state, which represents the probabilistic
association between recorded eye fixation locations and a
hidden state. Different from a classic, frequentistic Hidden
Markov Model (HMM), a Bayesian HMM treats the HMM
parameters (e.g., the transition matrix) as random variables
and assigns Gaussian emissions on such parameters. At the
learning stage, a Bayesian variant of the parameter estimation
algorithm automatically penalizes model complexity via the
distributions on the model parameters. A variational Bayesian
expectation maximization (VBEM) algorithm is being used
starting from the priors and learning the model parameters in
a data-driven way. Further, it provides the option for learning
shared fixation patterns and producing representative ROIs, by
clustering individual BHMMs using a variational hierarchical
expectation maximization (VHEM) algorithm (30).

The scanpath modeling and classification with hidden Markov
models toolbox (27, 28) was applied in MATLAB (R2018b, The
MathWorks, Natick, MA, United States) for the analysis following,
separately for the picture with four depicted actors (stimulus A) and
one depicted actor (stimulus B). Default hyperparameters were used.

In this study each participant was summarized by an individual
HMM, the observable process being the gaze positions that the
participant generates while sequentially deploying attention to a
finite number of ROIs. The process analysis was composed of the
following steps:

Step 1) Scan-paths of all participants from every group are
clustered by BHMMs with the goal of generating representative
ROIs (see Figure 1).

Step 2) Scan-paths of each participant are modeled by
individual BHMMs, which are initiated from the representative
ROIs found in step 1.

Two features describe the data-driven generation of attentional
states for both steps. Firstly, the ROISs are assumed to be the hidden
attentional states. While the participant is dwelling on a specific
ROI, a number of actual gaze positions is generated by sampling
from an emission probability distribution, with a decreasing
probability from center to periphery. Thus, a single fixation
receives a posterior probability of belonging to a ROI and is
assigned to the ROI where it exhibits the highest probability.
Secondly, during the process of ROI generation the above
modeling additionally considers a temporal third dimension,
namely the duration of every single fixation. Thus, the term
“regions” of interest in this study, although potentially misleading
at the first glance, does not refer to a spatial entity alone, but also
incorporates the temporal component of each fixation duration as
well as its displacement in the x and y axis. Importantly, this
temporal component considers the processing speed in terms of
fixation duration of every single fixation (44). Moreover, the
temporal dimension incorporated in the BHMM accounts for the
processing of visual attention as it unfolds in time (27).

Definition of Gaze Variables

The ROIs were categorized in social and non-social, former
consisting of depicted faces and bodies and latter included
ROIs containing objects and background. For the purpose of
this study we define transition and fixation variables as follows.

Transition variables investigate the dynamical links between
any combination of ROI pairs and can be expressed as transition
count and transition probabilities. Transition count is the actual
amount of unidirectional transitions between two given ROlIs.
The Bayesian transition probability is an essential part of the
BHMM and expresses for each individual the probability of a
unidirectional transition taking place between two given ROIs
during the experiment. For our analysis, we considered social-to-
social and non-social to non-social ROI pairs (hereinafter
referred as social and non-social transitions). The social
transitions were composed of the following transition pairs:
face to face, body to body, face to body and body to face.

Additionally, established fixation variables were calculated
based on the three BHMM ROI types (faces, bodies and non-
social ROIs). Fixation and visit count were defined as the number
of fixations or visits in a specific ROI category, respectively. A
visit describes the event, beginning from the entrance of the gaze
into a ROI and ending at its exit. Thus, a visit can contain one or
more fixations (45).

Finally, total fixation duration, defined as the total amount of
time spent on a stimulus, regardless of ROI, and total transition
count representing the total number of transitions performed in
one stimulus were calculated.

Statistical Analysis

Linear mixed effects models were applied separately for each gaze
variable and each ROI category similar to (46) using the
statistical software R (R Core Team, v 3.6.1) and the lme4
library (v 1.1-19). In general, the patient group was the main
effect term of interest. The number of depicted actors and the
interaction term of the two main effects served as additional fixed
effects, although not of primary interest. Before introducing total
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FIGURE 1 | lllustration of the composition of Regions of Interest (ROI) and the process of their generation. The ROls depicted here were formed from gaze data of
all participants, including the fixation durations. i) lower layer: the input stimulus A. i) middle layer: the stimulus with separate modeled ROls, depicted as flattened
two-dimensional Gaussian distributions, where the concentric ellipses depict the probability of a fixation belonging to that ROI, decreasing from center to periphery.
iii) upper level: an alternate illustration of the same Gaussian distributions, here in three-dimensional representation. In the background the Gaussian distributions of
the fixation duration are depicted, which for each ROl were also based on the data of all participants.

fixation duration or total transition count as covariates in the
model, the effect of patient group on these variables was
examined (47). P-value <0.05 was used for statistical significance.

For the transition variables the model was structured as follows:

transition variable ~ 1 + group + actors + group: actors

+ total transitions + (1 | participant)

where participant group (TD, ASD+ADHD, ASD) and number of
depicted actors (one or four) were the fixed effects with an

interaction term. The covariate total transitions per stimulus was
centered at its mean. The analysis was performed for the five
available ROI combinations and analogous model structures were
used for the variable of transition probabilities. Due to the nature of
the later variable no covariate term was applied in this case.

For the basic fixation variables (fixation and visit count) the
model was structured with the same fixed effect terms as above
and with individual mean-centered total fixation duration (in
seconds) per stimulus as a covariate, separately for the three
ROI types:
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fixation variable ~ 1 + group + actors + group: actors

+ total fixation duration + (1| participant)

RESULTS

Generated ROIs

The process of ROI generation by the BHMM is visualized in
Figure 1, exemplary for stimulus A. The ROIs represent
Gaussian distributions of probabilities at x-y coordinates,
which can be best understood as 3D Gaussian bells with the
highest probability in the center and decreasing probability to
the periphery. In order to semantically separate the elements of

™
[[] asp
[ Asp+ADHD

i III

©

** |
64
3- I
04

the scenes, the optimal number of ROIs was found to be N = 10
for stimulus A and N = 13 for stimulus B. Additionally, the
temporal dimension of each single fixation duration is
integrated. Thus, the gaze variables investigated here, based on
the BHMM and the respective ROIs, represent the processing of
visual attention evolving in time and consider the temporal
aspect of attention processing. Considering the categorization
into social and non-social ROIs, one BHMM state of each
stimulus representing sparse fixations with the longest
durations and no regional pattern was not included, resulting
in 12 ROIs for stimulus A and 9 ROIs for stimulus B. For
stimulus A 8 ROIs were categorized as social (5 for faces and 3
for bodies), while for stimulus B there were 2 social ROIs (1 face
and 1 body) (see also Figure 2 and Supplementary Figure S1).

30
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Non-social fo

face to face  body to body face to body body to face "[RO 360k

Transition count

ROI of faces (* denotes p-value < 0.05, ** denotes p-value < 0.01).

FIGURE 2 | Generated ROIs and results for transition and fixation count. Upper: The ROIs of stimulus A formed from the gaze data of all participants are shown as
Gaussian distributions, categorized in “social” (composed by faces and bodies) and “non-social”. The probability of a fixation belonging to a ROI is decreasing from
center to periphery. Here, the outer borders of the ROIls represent the 95% of the Gaussian distribution. Lower left: transition count for the different types of transition
and groups. Lower right: fixation count for the different ROI categories and groups. Bar charts are composed of mean estimates and standard error. Color-matching
to groups is explained in the figure legend. Note the statistic significant lower the transition and fixation count for the ASD+ADHD group compared to the TD for the
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Transitions

The total count of transitions for stimulus A was on average + one
standard deviation 304 + 56, 290 + 57, and 302 + 66 for groups TD,
ASD+ADHD and ASD, respectively. For stimulus B it was 298 + 52,
293 + 49, and 300 + 32, respectively. The total transition count did
not differ statistically neither between groups nor stimuli (p = 0.808
and 0.843, respectively, see supplementary Table S1). It was
nevertheless added as a covariate to the subsequent analysis, for
reasons of completeness (47) (see Supplementary Table S1).

Social Transitions

The total count of social transitions was on average 96 + 26 for the
TD group, 83 + 23 for the ASD+ADHD group and 96 + 21 for the
ASD group (see also Supplementary Table S2). Mixed-effects
analysis revealed a significant effect of clinical group, regarding
transitions between faces. Compared to the TD group, transition
count between faces was overall lower for the ASD+ADHD group
(mean estimates * standard error 5.2 + 0.8 vs 8.4 £ 0.6, p = 0.002, see
Table 1), while the ASD group did not differ (7.8 + 0.9). Figure 3
illustrates gaze trajectory recordings for one exemplary participant
out of each group. Noticeably, the participant of the comorbid
group avoided transitions between faces, whereas the ASD

participant showed a rigid pattern in comparison to the
TD participant.

The other social transitions were lower in the ASD+ADHD
compared to the TD group, nevertheless did not differ
statistically. Particularly, the transition count from body to
body and 8.5 + 1.2 vs 10.2 = 0.9 (p = 0.267), face to body:
1.9 £ 0.2 vs 24 + 0.2 (p = 0.057) and body to face: 1.0 + 0.2 vs
1.2 £ 0.2 (p = 0.357). The ASD group did not show any
statistically significant different transition values to the TD
group for any of the four social categories (see Table 1).

Similar results were shown for transition probabilities, where
transition between faces was significantly different, with lower
values for the ASD+ADHD group (mean estimates + standard
error, 22 + 2%) compared to the TD group (30 + 2%, p = 0.012),
while there was no difference for the other transition categories
or for the ASD group. The complete results are summarized in
Supplementary Tables S3, $4.

Non-Social Transitions

The total count of non-social transitions was on average + one
standard deviation 146 * 41 for the TD group, 150 + 44 for
the ASD+ADHD group and 148 + 40 for the ASD group. The

TABLE 1 | Results of mixed effects analyses on transition counts and probabilities for social and non-social ROIs.

F-value

Estimated means p-value

Group Effect ™D ASD ASD + ADHD TD vs. ASD TD vs. ASD+ADHD
A. Transition count
face to face 4.86 8.4 +0.6 7.8+0.9 52+0.8 0.622 0.002**
body to body 0.62 102+ 0.9 9.7+1.3 85+1.2 0.757 0.267
face to body 3.1 2.4 +02 27+03 1.9+0.2 0.406 0.057
body to face 0.5 1.2+0.2 1.2+03 1.0+£0.2 0.972 0.357
non-social ROIs 0.3 4803 46+04 51+04 0.757 0.549
B. Transition probability
face to face 3.2 30+2 26 £3 22+£2 0.251 0.012*
body to body 0.4 38+2 39+3 36+3 0.721 0.540
face to body 1.4 11 +1 11 +1 13+1 0.730 0.098
body to face 0.1 9+1 81 81 0.915 0.618
non-social ROIs 0.4 24 +1 283+ 1 24 + 0.439 0.980

F-value for the fixed effect of clinical group and post-hoc tests for groups (with p-value) are listed. Estimated mean values are mean + standard error. Mean estimate values for transition
probabilities are in %. * denotes p-value < 0.05,

** denotes p-value < 0.01.

ASD, Autism Spectrum Disorder; ADHD, Attention Deficit and Hyperactivity Disorder; ROIs, Regions of interest.

TD ASD ASD+ADHD

%

A
\

FIGURE 3 | Gaze trajectory recordings of three different exemplary participants (from left to right: TD, ASD and ASD+ADHD). Note the differences in exploration,
transitions between faces and non-social ROIs.
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ASD+ADHD group showed higher, yet not-significantly
different, transition counts in non-social ROIs (average +
standard error: for TD 4.8 + 0.3, for ASD+ADHD 4.6 + 04,
for ASD 5.1 + 0.4) and similar transition probabilities (average+
standard error: for TD 0.24 + 0.01, for ASD+ADHD 0.24 + 0.01,
for ASD 0.23 £ 0.01, non-significant, see Supplementary
Materials S3, S4).

Fixation Variables

The variable of total fixation duration, used as a covariate for the
subsequent analyses, did not differ statistically between groups or
between stimuli (p-value=0.158 and 0.549, respectively,
Supplementary Table S1). Compared to the TD group, the
number of fixations on faces was lower in the ASD+ADHD
group (average + standard error: 22 + 2.2 vs 27.7+1.7, p = 0.046),
while there were no significant differences to the ASD group (28.7 =
2.5) (see Figure 2 and Supplementary Table 5). The number of
visits to faces did not significantly differ between groups (average +
standard error: for TD 16.1 + 1.0, for ASD+ADHD 14.8 + 1.3, for
ASD 17.3 £ 1.5, non-significant). For the body ROIs and for the
non-social ROIs there were no significant group differences for the
two fixation variables (see Supplementary Table 6).

DISCUSSION

We set out to investigate social perception in autism spectrum
disorder groups under the framework of the current Bayesian
autism spectrum disorder theories and using, to our knowledge for
the first time in this field, dynamic gaze modeling with Bayesian
Hidden Markov Models (BHMM) on real-life scenes. We found
that gaze transitions between faces were significantly less in the
ASD+ADHD group compared to TD. Interestingly, transitions
between faces were also less likely, in terms of probabilities, to
occur in the ASD+ADHD group. Regarding established gaze
variables, fixation count to faces was reduced in ASD+ADHD,
whereas visit count to faces did not differ across groups. Moreover,
the ASD group showed similar social visual perception to TD in the
studied variables. Finally, there were no differences between groups
in the non-social transitions and fixation variables. Therefore, the
hypothesis of reduced social perception in participants with autism
spectrum disorder was confirmed particularly for the comorbid
group and only for the face regions.

Transition variables, reflecting a more dynamical aspect of
gaze, were sensitive to group differences and seem to reflect
atypicalities of social visual perception. According to our results,
the reduced amount and likelihood of social transitions did not
come with an overall reduced visit count in the ROIs, indicating
that differences found in transition variables are a consequence
of reduced gaze linkages between the stimulus elements. Besides,
it is important to note that the regression analysis controlled for
total transition count. Our results confirm recent suggestions in
the eye tracking literature, that not only the fixations per se, but
also the dynamical linkage of fixation clusters contribute to
individual differences in gazing behavior (21). Surprisingly,
there is a gap in autism spectrum disorder literature exploring

transitions between social elements in social scenes. A possible
reason for this lack of studies investigating social transition may
be the fact that the importance of presenting social interaction
has been highlighted only recently (48). Therefore, the majority
of studies until then have been focusing on a quantification of
attention in isolated social elements of the presented stimuli.
Thus, our study supports the measurement of social transitions
as an objective variable for investigating social perception in
autism spectrum disorder.

The present study has a special bearing for current influential
theories of autism spectrum disorder (7). Specifically, the
hypothesis of “Predictive Impairment in Autism” (6) is
associated with Markov models and the hypothesized impaired
capability of individuals with autism spectrum disorder to
evaluate the probabilistic links within their environment. In
our example, the social elements of each scene represent the
hidden states of a Markov process and the probabilistic links
between them are reflected by the respective transition
probabilities. Hence, if it is more likely to visually link two
faces that interact with each other and this behavior is considered
typical for social understanding, then in case this linkage is less
likely, the social understanding might be atypical. This atypical,
or even impaired, understanding could presumably lead to more
frequent “surprises” - or prediction errors —, an outcome of
social interactions that is usually undesired (7). Thus, the
approach introduced here composes an illustrative example of
the appropriateness of a Bayesian framework on social visual
perception in autism spectrum disorder research.

Here, we incorporate not only conceptual but also
methodological advantages. Social perception is regarded and
analyzed as a dynamical process that unfolds in space and time,
thus being more representative of the evolving gaze trajectories
(49). To deal with this complexity in the analysis of eye-tracking
data, few dynamical approaches have been previously proposed.
Based on the calculation of transition and entropy measures,
children with autism spectrum disorder were shown to utilize
immature exploration strategies for faces (50). Another study,
applied networking analyses on transition data showing that
autism spectrum disorder participants differ from controls in the
aspect of centrality when exploring faces (51). Expanding on
these viewpoints, our study shows following strengths. Firstly,
participants were presented full-featured real-life social scenes
and not isolated faces, following recommendations regarding the
importance of naturalistic assessments for quantifying atypicalities
in social attention in autism spectrum disorder (52). Secondly, with
the adopted methodology, generation of ROIs additionally
included the temporal dimension of each single fixation
duration, enabling a more detailed analysis of gaze movements
(27). Thirdly, the representative model of ROIs considered all
participants’ individual gaze trajectories and thus accounts for the
heterogeneity of the studied clinical populations and the
importance of individual differences in scene viewing (53, 54).
Hence, the demonstrated analysis extends the potentials of
dynamical approaches in this field.

Furthermore, in accordance with recent studies suggesting
that social impairments are more pronounced in comorbid cases
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compared to individuals without this comorbidity (55-57), here
only the ASD+ADHD comorbid group manifested reduced
social perception both in transition and fixation variables.
However, it is important to consider that until the release of
the new diagnostic guidelines (1), few eye tracking studies in
social cognition distinguished between these groups (19, 58).
Therefore, it is unclear if previous studies recruited participants
with comorbid ASD+ADHD in their ASD groups and if the
overall performance of the reported ASD group was influenced
from the comorbid participants. This might also explain why
some studies find similar performance of ASD and TD (17). Our
results, regarding the ASD group agree with these studies
suggesting a similar social perception to the TD group.
Another explanation for these results might be the fact that
our study included only participants with high-functioning
autism spectrum disorder which reportedly have milder
symptoms (59) and thus did not show differences in these
variables with TD. On the contrary, it has been suggested that
ASD+ADHD individuals have greater treatment demand (60).
Therefore, we contribute to the understanding of social
perception in the comorbid group which needs to be
further investigated.

This study has several caveats. The implemented method has
been utilized for studying healthy adults and has not been
previously applied to clinical groups or children. It thus might
ignore potential assumptions made during conceptualization.
Further, the limited sample size of this exploratory analysis did
not allow replication of the results. Concerning the clinical
groups, potential factors influencing visual processing, such as
IQ, education, age or visual processing deficits, were not
considered in the statistical analysis, again due to the limited
sample size. Moreover, the real-life scenes presented in this study
explicitly did not include any extreme facial emotion expressions
in order to avoid further bias of attentional gaze. Yet, difficulties
in recognizing subtle or complex emotions have been reported
for participants with autism spectrum disorder (61). Thus, a
possible influence of emotion expression to the gaze behavior of
our participants cannot be ruled out and therefore future studies
could investigate effects of emotions in further detail and in real-
life scenes. Furthermore, the presence of the experimenter in the
cabin, although assuring engagement and safety of participants,
should be also considered as a limitation of the study as it could
have an impact on social anxiety and task performance.
Particularly it is shown that fear or anxiety of negative
evaluation have an effect on gaze (62) and therefore the impact
of anxiety which is also a common comorbid condition in ASD
should be also controlled for (63). Finally, this analysis
distinguishes between social and non-social transitions and
compares each of these categories between groups, while the
transitions between social and non-social ROIs are not addressed
and thus, the range of the gaze behavior is not fully covered.

Implications, for the design of future studies arise not only via
the inclusion of measurements such as transition variables, but
also from the entire analysis approach. The interpretable
measurements presented in combination with a promising
theoretical background, could for example aid in a step by step

visual training of social perception, thus objectifying treatment
outcomes and contributing to the development of risk assessments
(48, 64). Given the flexibility of the social scene presentation
paradigm and the practicality of eye tracking technique, such
trainings could be developed specifically for children, customized
for different developmental ages and levels of difficulties (65). This
can eventually facilitate the realization of longitudinal studies and
monitoring of long-time interventions (66, 67). Moreover, our
method can be extended by combining other sensory inputs,
neurophysiological measurements or other functions such as
decision making (68-70). Finally, multimodal analysis of social
interactions and real-life settings will be of great importance and
could represent the everyday challenges of the autism spectrum
disorder population in a better way (71, 72).

In conclusion, we show that Bayesian theories provide a
reliable approach to study social perception deficits of autism
spectrum disorder and we contribute to social cognition in
autism spectrum disorder research in various aspects:
theoretically, current Bayesian theories are here demonstrated
in an interpretable example of social visual perception (to our
knowledge for the first time); methodologically, an innovative
Bayesian Modeling is applied, contributing to the further
development of advanced dynamical gaze analysis; and
clinically, practical measurements are presented with the scope
of developing more accurate interventions for social skills in
children and adults with autism spectrum disorder.

DATA AVAILABILITY STATEMENT

The stimuli supporting the conclusions of this article will
be made available by the authors upon request, without
undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethik-Kommission der Albert-Ludwigs-Universitit
Freiburg, University Freiburg, Freiburg, Germany. Written
informed consent to participate in this study was provided by
the participants’ legal guardian/next of kin. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

CI—data collection, conceptualization, data analysis, statistical
analyses, original draft writing. DS—study design, data collection.
M-ES—statistical analyses, manuscript writing. MB—study
design, manuscript writing. LT—manuscript writing, review,
and editing. CF—funding Acquisition, manuscript editing. GB—
statistical analyses, data analysis, manuscript writing, review, and
editing CK—study design, contributed data, manuscript editing.

Frontiers in Psychiatry | www.frontiersin.org

September 2020 | Volume 11 | Article 585149


https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

loannou et al.

Social Bayesian Perception in ASD

All authors contributed to the article and approved the
submitted version.

FUNDING

This research was supported by a grant of the Research
Commission of the Medical Faculty of the University of Freiburg
(KLE1076/16) and the State Funded Doctoral Scholarship of
Baden-Wuerttemberg. The article processing charge was funded
by the University of Freiburg in the funding programme Open
Access Publishing.

ACKNOWLEDGMENTS

We are grateful to all participants and their families. We
acknowledge that part of the population analyzed in the
present study is shared with another scientific manuscript at

REFERENCES

. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders. Arlington, VA: American Psychiatric Association (2013).
doi: 10.1176/appi.books.9780890425596

2. Baron-Cohen S, Leslie AM, Frith U. Does the autistic child have a “theory of

mind” ? Cognition (1985) 21:37-46. doi: 10.1016/0010-0277(85)90022-8

3. Frith U. Autism and theory of mind in everyday life. Soc Dev (1994) 3:108-24.

doi: 10.1111/j.1467-9507.1994.tb00031.x
4. Chevallier C, Kohls G, Troiani V, Brodkin ES, Schultz RT. The social motivation
theory of autism. Trends Cognit Sci (2012) 16:231-9. doi: 10.1016/j.tics.
2012.02.007

5. Pellicano E, Burr D. When the world becomes ‘too real: a Bayesian
explanation of autistic perception. Trends Cognit Sci (2012) 16:504-10.
doi: 10.1016/j.tics.2012.08.009
6. Sinha P, Kjelgaard MM, Gandhi TK, Tsourides K, Cardinaux AL, Pantazis D,
et al. Autism as a disorder of prediction. Proc Natl Acad Sci (2014) 111:15220—
5. doi: 10.1073/pnas.1416797111

7. Haker H, Schneebeli M, Stephan KE. Can Bayesian Theories of Autism
Spectrum Disorder Help Improve Clinical Practice? Front Psychiatry (2016)
7:107. doi: 10.3389/fpsyt.2016.00107

8. Pauker K, Rule NO, Ambady N. Ambiguity and social perception. Balcetis E,
Lassiter GD, editors. New York: Psychology Press (2010). doi: 10.4324/
9780203848043

9. Nummenmaa L, Calder AJ. Neural mechanisms of social attention. Trends

Cognit Sci (2009) 13:135-43. doi: 10.1016/j.tics.2008.12.006

Birmingham E, Kingstone A. Human social attention. Prog Brain Res (2009)

176:309-20. doi: 10.1016/S0079-6123(09)17618-5

Holmgqvist K, Nystrém M, Andersson R, Dewhurst R, Jarodzka H, van de

Weijer J. Eye Tracking A Comprehensive Guide to Methods and Measures.

Oxford: Oxford University Press (2017).

Nelson CA. Facing Autism: Eye Tracking Paves the Way to Underlying

Mechanisms. ] Am Acad Child Adolesc Psychiatry (2012) 51:233-4.

doi: 10.1016/j.jaac.2011.12.015

Boraston Z, Blakemore S-J. The application of eye-tracking technology in

the study of autism. J Physiol (2007) 581:893-8. doi: 10.1113/jphysiol.2007.

133587

Pierce K, Marinero S, Hazin R, McKenna B, Barnes CC, Malige A. Eye

Tracking Reveals Abnormal Visual Preference for Geometric Images as an

Early Biomarker of an Autism Spectrum Disorder Subtype Associated With

Increased Symptom Severity. Biol Psychiatry (2016) 79:657-66. doi: 10.1016/

j-biopsych.2015.03.032

—

10.

11.

12.

13.

14.

the moment in review process. Whereas the present work focuses
on a novel methodological probabilistic approach accounting for
current Bayesian theories in autism, the aforementioned study’s
aim was to highlight the importance of comorbidity of Autism
Spectrum Disorder and Attention-Deficit/Hyperactivity Disorder
and its clinical implications. Of note, only a subset of the
recording data was also included in this study. However, the
whole methodological approach, the analysis of raw data sets was
separately and independently performed for both works. Thus,
although certain data acquisition aspects are identical for both, the
studies’ backgrounds, methods, analysis, results, scope, and
conclusions differ substantially.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.585149/
full#supplementary-material

15. Sumner E, Leonard HC, Hill EL. Comparing Attention to Socially-Relevant
Stimuli in Autism Spectrum Disorder and Developmental Coordination
Disorder. ] Abnorm Child Psychol (2018) 46:1717-29. doi: 10.1007/s10802-
017-0393-3

Falck-Ytter T, Von Hofsten C. How special is social looking in ASD: A review.
In: Braddick O, Atkinson J, Innocenti GM, editors Progress in brain research:
Gene expression to neurobiology and behavior: Human brain development and
developmental disorders. Amsterdam: Elsevier (2011) vol. 188, pp. 209-22.
doi: 10.1016/B978-0-444-53884-0.00026-9

van der Geest JN, Kemner C, Verbaten MN, van Engeland H. Gaze behavior
of children with pervasive developmental disorder toward human faces: a
fixation time study. J Child Psychol Psychiatry (2002) 43:669-78. doi: 10.1111/
1469-7610.00055

Billeci L, Narzisi A, Campatelli G, Crifaci G, Calderoni S, Gagliano A, et al.
Disentangling the initiation from the response in joint attention: An eye-
tracking study in toddlers with autism spectrum disorders. Transl Psychiatry
(2016) 6:e808. doi: 10.1038/tp.2016.75

Guillon Q, Hadjikhani N, Baduel S, Rogé B. Visual social attention in autism
spectrum disorder: Insights from eye tracking studies. Neurosci Biobehav Rev
(2014) 42:279-97. doi: 10.1016/j.neubiorev.2014.03.013

Hessels RS, Kemner C, van den Boomen C, Hooge ITC. The area-of-interest
problem in eyetracking research: A noise-robust solution for face and sparse
stimuli. Behav Res Methods (2016) 48:1694-712. doi: 10.3758/s13428-015-
0676-y

Chuk T, Chan AB, Hsiao JH. Understanding eye movements in face recognition
using hidden Markov models. ] Vis (2014) 14:8. doi: 10.1167/14.11.8
Birmingham E, Bischof WF, Kingstone A. Gaze selection in complex social
scenes. Vis Cognit (2008) 16:341-55. doi: 10.1080/13506280701434532
Brooks JA, Freeman JB. Neuroimaging of person perception: A social-visual
interface. Neurosci Lett (2019) 693:40-3. doi: 10.1016/j.neulet.2017.12.046
Canosa RL. Real-world vision. ACM Trans Appl Percept (2009) 6:1-34.
doi: 10.1145/1498700.1498705

Otten M, Seth AK, Pinto Y. A social Bayesian brain: How social knowledge
can shape visual perception. Brain Cognit (2017) 112:69-77. doi: 10.1016/
j.bandc.2016.05.002

Boccignone G. Advanced Statistical Methods for Eye Movement Analysis and
Modelling: A Gentle Introduction. In: Klein C, Ettinger U, editors. Eye
Movement Research: An Introduction to its Scientific Foundations and
Applications. Berlin: Springer Publishers (2020). p. 309-405. doi: 10.1007/
978-3-030-20085-5_9

Chuk T, Chan AB, Hsiao JH. Is having similar eye movement patterns during
face learning and recognition beneficial for recognition performance?

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Frontiers in Psychiatry | www.frontiersin.org

September 2020 | Volume 11 | Article 585149


https://www.frontiersin.org/articles/10.3389/fpsyt.2020.585149/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.585149/full#supplementary-material
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1016/0010-0277(85)90022-8
https://doi.org/10.1111/j.1467-9507.1994.tb00031.x
https://doi.org/10.1016/j.tics.2012.02.007
https://doi.org/10.1016/j.tics.2012.02.007
https://doi.org/10.1016/j.tics.2012.08.009
https://doi.org/10.1073/pnas.1416797111
https://doi.org/10.3389/fpsyt.2016.00107
https://doi.org/10.4324/9780203848043
https://doi.org/10.4324/9780203848043
https://doi.org/10.1016/j.tics.2008.12.006
https://doi.org/10.1016/S0079-6123(09)17618-5
https://doi.org/10.1016/j.jaac.2011.12.015
https://doi.org/10.1113/jphysiol.2007.133587
https://doi.org/10.1113/jphysiol.2007.133587
https://doi.org/10.1016/j.biopsych.2015.03.032
https://doi.org/10.1016/j.biopsych.2015.03.032
https://doi.org/10.1007/s10802-017-0393-3
https://doi.org/10.1007/s10802-017-0393-3
https://doi.org/10.1016/B978-0-444-53884-0.00026-9
https://doi.org/10.1111/1469-7610.00055
https://doi.org/10.1111/1469-7610.00055
https://doi.org/10.1038/tp.2016.75
https://doi.org/10.1016/j.neubiorev.2014.03.013
https://doi.org/10.3758/s13428-015-0676-y
https://doi.org/10.3758/s13428-015-0676-y
https://doi.org/10.1167/14.11.8
https://doi.org/10.1080/13506280701434532
https://doi.org/10.1016/j.neulet.2017.12.046
https://doi.org/10.1145/1498700.1498705
https://doi.org/10.1016/j.bandc.2016.05.002
https://doi.org/10.1016/j.bandc.2016.05.002
https://doi.org/10.1007/978-3-030-20085-5_9
https://doi.org/10.1007/978-3-030-20085-5_9
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

loannou et al.

Social Bayesian Perception in ASD

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Evidence from hidden Markov modeling. Vision Res (2017) 141:204-16.
doi: 10.1016/j.visres.2017.03.010

Coutrot A, Hsiao JH, Chan AB. Scanpath modeling and classification with
hidden Markov models. Behav Res Methods (2018) 50:362-79. doi: 10.3758/
s13428-017-0876-8

Boccignone G. A probabilistic tour of visual attention and gaze shift
computational models. arXiv. preprint arXiv:1607.01232 (2016).

Coviello E, Chan AB, Lanckriet GRG. Clustering hidden Markov models with
variational HEM. ] Mach Learn Res (2014) 15:697-747.

Mannion A, Leader G. Comorbidity in autism spectrum disorder: A literature
review. Res Autism Spectr Disord (2013) 7:1595-616. doi: 10.1016/j.rasd.2013.
09.006

Kirsch AC, Huebner ARS, Mehta SQ, Howie FR, Weaver AL, Myers SM, et al.
Association of Comorbid Mood and Anxiety Disorders With Autism
Spectrum Disorder. JAMA Pediatr (2020) 174:63. doi: 10.1001/jamapediatrics.
2019.4368

Tye C, Runicles AK, Whitehouse AJO, Alvares GA. Characterizing the Interplay
Between Autism Spectrum Disorder and Comorbid Medical Conditions: An
Integrative Review. Front Psychiatry (2019) 9:1-21. doi: 10.3389/fpsyt.2018.00751
Penzol MJ, Salazar de Pablo G, Llorente C, Moreno C, Hernandez P, Dorado
ML, et al. Functional Gastrointestinal Disease in Autism Spectrum Disorder:
A Retrospective Descriptive Study in a Clinical Sample. Front Psychiatry
(2019) 10:179. doi: 10.3389/fpsyt.2019.00179

Guerrera S, Menghini D, Napoli E, Di Vara S, Valeri G, Vicari S. Assessment
of Psychopathological Comorbidities in Children and Adolescents With
Autism Spectrum Disorder Using the Child Behavior Checklist. Front
Psychiatry (2019) 10:535. doi: 10.3389/fpsyt.2019.00535

Mannion A, Leader G, Healy O. An investigation of comorbid psychological
disorders, sleep problems, gastrointestinal symptoms and epilepsy in children
and adolescents with Autism Spectrum Disorder. Res Autism Spectr Disord
(2013) 7:35-42. doi: 10.1016/j.rasd.2012.05.002

Stevens T, Peng L, Barnard-Brak L. The comorbidity of ADHD in children
diagnosed with autism spectrum disorder. Res Autism Spectr Disord (2016)
31:11-8. doi: 10.1016/j.rasd.2016.07.003

Taurines R, Schwenck C, Westerwald E, Sachse M, Siniatchkin M, Freitag C.
ADHD and autism: differential diagnosis or overlapping traits? A selective
review. ADHD Atten Deficit Hyperact Disord (2012) 4:115-39. doi: 10.1007/
$12402-012-0086-2

Lukito S, Jones CRG, Pickles A, Baird G, Happé F, Charman T, et al.
Specificity of executive function and theory of mind performance in
relation to attention-deficit/hyperactivity symptoms in autism spectrum
disorders. Mol Autism (2017) 8:60. doi: 10.1186/s13229-017-0177-1
Doernberg E, Hollander E. Neurodevelopmental Disorders (ASD and
ADHD): DSM-5, ICD-10, and ICD-11. CNS Spectr (2016) 21:295-9.
doi: 10.1017/51092852916000262

Carta A, Fuca E, Guerrera S, Napoli E, Valeri G, Vicari S. Characterization of
Clinical Manifestations in the Co-occurring Phenotype of Attention Deficit/
Hyperactivity Disorder and Autism Spectrum Disorder. Front Psychol (2020)
11:861. doi: 10.3389/fpsyg.2020.00861

Palmer CJ, Lawson RP, Hohwy J. Bayesian approaches to autism: Towards
volatility, action, and behavior. Psychol Bull (2017) 143:521-42 doi: 10.1037/
bul0000097

Weifl R. Grundintelligenztest Skala 2—Revision (CFT 20-R) [Culture
FairIntelligence Test 20-R—Scale 2]. Gottingen: Hogrefe (2006).

Mayes SD, Calhoun SL. Learning, Attention, Writing, and Processing Speed in
Typical Children and Children with ADHD, Autism, Anxiety, Depression,
and Oppositional-Defiant Disorder. Child Neuropsychol (2007) 13:469-93.
doi: 10.1080/09297040601112773

SensoMotoric Instruments. BeGaze Manual version 3.1 SensoMotoric
Instruments. Teltow (2012).

Muszkat M, de Mello CB, Muiioz P de OL, Lucci TK, David VF, Siqueira ] de
O, et al. Face Scanning in Autism Spectrum Disorder and Attention Deficit/
Hyperactivity Disorder: Human Versus Dog Face Scanning. Front Psychiatry
(2015) 6:150. doi: 10.3389/fpsyt.2015.00150

Parish-Morris J, Pallathra AA, Ferguson E, Maddox BB, Pomykacz A, Perez
LS, et al. Adaptation to different communicative contexts: an eye tracking
study of autistic adults. ] Neurodev Disord (2019) 11:5. doi: 10.1186/s11689-
019-9265-1

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Frazier TW, Strauss M, Klingemier EW, Zetzer EE, Hardan AY, Eng C, etal. A
Meta-Analysis of Gaze Differences to Social and Nonsocial Information
Between Individuals With and Without Autism. ] Am Acad Child Adolesc
Psychiatry (2017) 56:546-55. doi: 10.1016/j.jaac.2017.05.005

Bertenthal BI, Puce A. A Look Toward the Future of Social Attention Research.
In: The Many Faces of Social Attention. Cham: Springer International Publishing
(2015). p. 221-45. doi: 10.1007/978-3-319-21368-2_8

Shic F, Chawarska K, Bradshaw J, Scassellati B. Autism, eye-tracking, entropy.
In: 2008 7th IEEE International Conference on Development and Learning.
Monterey, CA: IEEE (2008). pp. 73-8. doi: 10.1109/DEVLRN.2008.4640808
Guillon Q, Afzali MH, Rogé B, Baduel S, Kruck J, Hadjikhani N. The
Importance of Networking in Autism Gaze Analysis. PloS One (2015) 10:
€0141191. doi: 10.1371/journal.pone.0141191

McPartland JC, Webb SJ, Keehn B, Dawson G. Patterns of Visual Attention to
Faces and Objects in Autism Spectrum Disorder. ] Autism Dev Disord (2011)
41:148-57. doi: 10.1007/s10803-010-1033-8

Mottron L, Bzdok D. Autism spectrum heterogeneity: fact or artifact? Mol
Psychiatry (2020) 1-8 doi: 10.1038/s41380-020-0748-y

Hayes TR, Henderson JM. Scan patterns during scene viewing predict
individual differences in clinical traits in a normative sample. PloS One
(2018) 13:e0196654. doi: 10.1371/journal.pone.0196654

Margari L, Craig F, Margari F, Legrottaglie A, Palumbi R. De Giambattista C.
A review of executive function deficits in autism spectrum disorder and
attention-deficit/hyperactivity disorder. Neuropsychiatr Dis Treat (2016)
12:1191. doi: 10.2147/NDT.S5104620

Rao PA, Landa R]. Association between severity of behavioral phenotype and
comorbid attention deficit hyperactivity disorder symptoms in children with
autism spectrum disorders. Autism (2014) 18:272-80. doi: 10.1177/
1362361312470494

Reiersen AM, Todd RD. Co-occurrence of ADHD and autism spectrum
disorders: phenomenology and treatment. Expert Rev Neurother (2008)
8:657-69. doi: 10.1586/14737175.8.4.657

Carrascosa-Romero MC, De La Vega CDC. The Comorbidity of ADHD and
Autism Spectrum Disorders (ASDs) in Community Preschoolers. In:
Norvilitis JM, editor. ADHD - New Directions in Diagnosis and Treatment.
InTech (2015). doi: 10.5772/61400

Scheeren AM, de Rosnay M, Koot HM, Begeer S. Rethinking theory of mind in
high-functioning autism spectrum disorder. J Child Psychol Psychiatry (2013)
54:628-35. doi: 10.1111/jcpp.12007

Scandurra V, Emberti Gialloreti L, Barbanera F, Scordo MR, Pierini A,
Canitano R. Neurodevelopmental Disorders and Adaptive Functions: A
Study of Children With Autism Spectrum Disorders (ASD) and/or
Attention Deficit and Hyperactivity Disorder (ADHD). Front Psychiatry
(2019) 10:673. doi: 10.3389/fpsyt.2019.00673

Wingenbach TSH, Ashwin C, Brosnan M. Diminished sensitivity and
specificity at recognising facial emotional expressions of varying intensity
underlie emotion-specific recognition deficits in autism spectrum
disorders. Res Autism Spectr Disord (2017) 34:52-61. doi: 10.1016/j.rasd.
2016.11.003

Black MH, Chen NTM, Iyer KK, Lipp OV, Bolte S, Falkmer M, et al.
Mechanisms of facial emotion recognition in autism spectrum disorders:
Insights from eye tracking and electroencephalography. Neurosci Biobehav
Rev (2017) 80:488-515. doi: 10.1016/j.neubiorev.2017.06.016

Avni E, Ben-Itzchak E, Zachor DA. The Presence of Comorbid ADHD and
Anxiety Symptoms in Autism Spectrum Disorder: Clinical Presentation
and Predictors. Front Psychiatry (2018) 9:717. doi: 10.3389/fpsyt.
2018.00717

Kasari C, Patterson S. Interventions Addressing Social Impairment in
Autism. Curr Psychiatry Rep (2012) 14:713-25. doi: 10.1007/s11920-012-
0317-4

Fujioka T, Tsuchiya KJ, Saito M, Hirano Y, Matsuo M, Kikuchi M, et al.
Developmental changes in attention to social information from childhood to
adolescence in autism spectrum disorders: a comparative study. Mol Autism
(2020) 11:24. doi: 10.1186/s13229-020-00321-w

Moessnang C, Baumeister S, Tillmann J, Goyard D, Charman T, Ambrosino S,
et al. Social brain activation during mentalizing in a large autism cohort: the
Longitudinal European Autism Project. Mol Autism (2020) 11:17.
doi: 10.1186/s13229-020-0317-x

Frontiers in Psychiatry | www.frontiersin.org

September 2020 | Volume 11 | Article 585149


https://doi.org/10.1016/j.visres.2017.03.010
https://doi.org/10.3758/s13428-017-0876-8
https://doi.org/10.3758/s13428-017-0876-8
https://doi.org/10.1016/j.rasd.2013.09.006
https://doi.org/10.1016/j.rasd.2013.09.006
https://doi.org/10.1001/jamapediatrics.2019.4368
https://doi.org/10.1001/jamapediatrics.2019.4368
https://doi.org/10.3389/fpsyt.2018.00751
https://doi.org/10.3389/fpsyt.2019.00179
https://doi.org/10.3389/fpsyt.2019.00535
https://doi.org/10.1016/j.rasd.2012.05.002
https://doi.org/10.1016/j.rasd.2016.07.003
https://doi.org/10.1007/s12402-012-0086-2
https://doi.org/10.1007/s12402-012-0086-2
https://doi.org/10.1186/s13229-017-0177-1
https://doi.org/10.1017/S1092852916000262
https://doi.org/10.3389/fpsyg.2020.00861
https://doi.org/10.1037/bul0000097
https://doi.org/10.1037/bul0000097
https://doi.org/10.1080/09297040601112773
https://doi.org/10.3389/fpsyt.2015.00150
https://doi.org/10.1186/s11689-019-9265-1
https://doi.org/10.1186/s11689-019-9265-1
https://doi.org/10.1016/j.jaac.2017.05.005
https://doi.org/10.1007/978-3-319-21368-2_8
https://doi.org/10.1109/DEVLRN.2008.4640808
https://doi.org/10.1371/journal.pone.0141191
https://doi.org/10.1007/s10803-010-1033-8
https://doi.org/10.1038/s41380-020-0748-y
https://doi.org/10.1371/journal.pone.0196654
https://doi.org/10.2147/NDT.S104620
https://doi.org/10.1177/1362361312470494
https://doi.org/10.1177/1362361312470494
https://doi.org/10.1586/14737175.8.4.657
https://doi.org/10.5772/61400
https://doi.org/10.1111/jcpp.12007
https://doi.org/10.3389/fpsyt.2019.00673
https://doi.org/10.1016/j.rasd.2016.11.003
https://doi.org/10.1016/j.rasd.2016.11.003
https://doi.org/10.1016/j.neubiorev.2017.06.016
https://doi.org/10.3389/fpsyt.2018.00717
https://doi.org/10.3389/fpsyt.2018.00717
https://doi.org/10.1007/s11920-012-0317-4
https://doi.org/10.1007/s11920-012-0317-4
https://doi.org/10.1186/s13229-020-00321-w
https://doi.org/10.1186/s13229-020-0317-x
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

loannou et al.

Social Bayesian Perception in ASD

67.

68.

69.

70.

71.

Hotton M, Coles S. The Effectiveness of Social Skills Training Groups for
Individuals with Autism Spectrum Disorder. Rev ] Autism Dev Disord (2016)
3:68-81. doi: 10.1007/540489-015-0066-5

Dijkhuis R, Gurbuz E, Ziermans T, Staal W, Swaab H. Social Attention and
Emotional Responsiveness in Young Adults With Autism. Front Psychiatry
(2019) 10:426. doi: 10.3389/fpsyt.2019.00426

Sevgi M, Diaconescu AO, Tittgemeyer M, Schilbach L. Social Bayes: Using
Bayesian Modeling to Study Autistic Trait-Related Differences in Social
Cognition. Biol Psychiatry (2016) 80:112-9. doi: 10.1016/j.biopsych.2015.11.025
Nikolaev AR, Meghanathan RN, van Leeuwen C. Combining EEG and eye
movement recording in free viewing: Pitfalls and possibilities. Brain Cognit
(2016) 107:55-83. doi: 10.1016/j.bandc.2016.06.004

Falck-Ytter T. Gaze performance during face-to-face communication: A live
eye tracking study of typical children and children with autism. Res Autism
Spectr Disord (2015) 17:78-85. doi: 10.1016/j.rasd.2015.06.007

72. Pan Y, Cheng X. Two-Person Approaches to Studying Social Interaction in
Psychiatry: Uses and Clinical Relevance. Front Psychiatry (2020) 11:301.
doi: 10.3389/fpsyt.2020.00301

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ioannou, Seernani, Stefanou, Biscaldi-Schaefer, Tebartz Van Elst,
Fleischhaker, Boccignone and Klein. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

September 2020 | Volume 11 | Article 585149


https://doi.org/10.1007/s40489-015-0066-5
https://doi.org/10.3389/fpsyt.2019.00426
https://doi.org/10.1016/j.biopsych.2015.11.025
https://doi.org/10.1016/j.bandc.2016.06.004
https://doi.org/10.1016/j.rasd.2015.06.007
https://doi.org/10.3389/fpsyt.2020.00301
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	Social Visual Perception Under the Eye of Bayesian Theories in Autism Spectrum Disorder Using Advanced Modeling of Spatial and Temporal Parameters
	Introduction
	Methods
	Participants
	Apparatus
	Stimuli and Procedure
	Data Analysis
	Markov Modeling
	Definition of Gaze Variables

	Statistical Analysis

	Results
	Generated ROIs
	Transitions
	Social Transitions
	Non-Social Transitions

	Fixation Variables

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


