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Abstract: Background: Children with autism spectrum disorder (ASD) show certain characteristics
in visual attention. These may generate differences with non-autistic children in the integration of
relevant social information to set the basis of communication. Reliable and objective measurement of
these characteristics in a language learning context could contribute to a more accurate early diagnosis
of ASD. Gaze following and pupil dilation are being studied as possible reliable measures of visual
attention for the early detection of ASD. The eye-tracking methodology allows objective measurement
of these biomarkers. The aim of this study is to determine whether measurements of gaze following
and pupillary dilation in a linguistic interaction task are potential objective biomarkers for the early
diagnosis of ASD. Method: A group of 20 children between 17 and 24 months of age, made up of
10 neurotypical children (NT) and 10 children with an increased likelihood of developing ASD were
paired together according to chronological age. A human face on a monitor pronounced pseudowords
associated with pseudo-objects. Gaze following and pupil dilation were registered during the task
These measurements were captured using eye-tracking methodology. Results: Significant statistical
differences were found in the time of gaze fixation on the human face and on the object, as well
as in the number of gazes. Children with an increased possibility of developing ASD showed
a slightly higher pupil dilation than NT children. However, this difference was not statistically
significant. Nevertheless, their pupil dilation was uniform throughout the different periods of
the task while NT participants showed greater dilation on hearing the pseudoword. Conclusions:
The fixing and the duration of gaze, objectively measured by a Tobii eye-tracking system, could
be considered as potential biomarkers for early detection of ASD. Additionally, pupil dilation
measurement could reflect differential activation patterns during word processing in possible ASD
toddlers and NT toddlers.
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1. Introduction

From an early age, babies show a preference for maintaining visual contact with their
parents and directing their attention towards the human voice and relevant social stimuli [1].
Moreover, it is stated that, at first, typically developing infants pay more attention to the
eyes of their interlocutors [2]. Then, from 6–9 months of age, they go on to spend more
time paying attention to the mouth, as they begin to specialize in language and build
phonological system. After that, between 12 and 15 months, they direct more attention to
the eyes [3]. This allows them to learn and develop the keys to social learning. They also
fix their attention on the mouth when they do not know the word, or when they hear a
foreign word [2], presumably to get support in visual information [4]. The fact that they
pay attention to the eyes and the mouth of the people who interact with them is key to
learning phonological and lexical references. It allows babies to construct social knowledge,
fundamental to their neurological development and the learning of language [5]. Evidence
exists that contact and gaze following act as a precursor to the acquisition of overall attention
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abilities, the imitation and the acquisition of new knowledge and cognitive abilities which
are fundamental in language development [6].

Children with ASD show differences with neurotypical children (NT) when attending
to socially relevant areas of the face. As a consequence, they do not analyse gestures and
social information from others, or social situations. They appear to perform differently
when acquiring basic social knowledge that neurotypical children learn easily [1]. This
specific impairment for paying spontaneous attention to that which is socially relevant and
to the activities of others is present in these children from the first year of life. Children
with ASD show a different pattern of social attention which influences their acquisition
of language [7]. In fact, one of the first indications of possible ASD is delayed speech
development. Therefore, visual attention could serve as a phenotypical characteristic for
the identification and diagnosis of children with high ASD likelihood, before reaching one
year of age [8].

Recent research has suggested that eye movements and the reactions to verbal/visual
stimuli used in eye-tracking methodology could be used as signs or biomarkers of early
diagnosis of ASD [9–11]. Eye-tracking is a non-invasive and relatively economical method-
ology that might potentially be used to detect early biomarkers of autism in children of very
early ages (even less than 12 months) [12]. However, only when these markers are reliably
established and, consequently, early intervention is initiated, will this be translated into a
better quality of life for the parents and ASD children. The use of the eye-tracking method-
ology for the diagnosis of ASD is widely documented [8] even though this methodology is
not consistently used to diagnose ASD in the clinical context.

The eye-tracking methodology allows measurement and objectivization of which
zones a person directs their attention to during a certain task (gaze following). Studies
carried out with this methodology have found that children and adolescents with ASD,
in comparison with those who are neurotypical, spend a lot less time paying attention
to those areas relevant to social communication, such as the eyes and the mouth [13–15].
Furthermore, it has been observed that eye movements in children with a high likelihood of
autism, between six and nine months, show significantly lower gaze fixation in comparison
with the neurotypical group. Babies that carry out shorter gaze fixations were afterward
diagnosed with autism at 36 months of age [16].

Also, it has been observed that two-year-olds diagnosed with ASD show a greater
preference for fixing their attention on geometric figures than on human faces [5]. Equally,
significant differences have been found in children with ASD, with respect to neurotypical
children, in changes in gaze during a word processing task, given that the former do not
move their gaze towards an object when they hear the word [17].

Apart from a decrease in gaze following, there exists a different regulation in the
autonomic nervous system (ANS) in children with ASD, which may also be contributing
to the differences that they show in social processing. Children with ASD seem to have
a higher level of activation of the ANS and show an attentional preference for objects rather
than people. According to Porges [18], the ANS plays a central role in communication,
a key domain that requires substantial support in the ASD phenotype. From a cognitive
point of view, an appropriate level in the situation of arousal facilitates the processing of
social information. In this sense, it has been observed that an appropriate autonomic state
could be associated with social abilities, but when arousal increases, social behaviour is
compromised [19,20]. A reliable measure for studying this ANS regulation would be pupil
dilation, given that babies are capable of controlling eye movements from four months
of age [21]. Pupillometry has been found to be an adequate measure for testing ANS in
paediatric and clinical populations, such as individuals with ASD, because it is less invasive
and easy to perform [11].

Anderson et al. [22] studied pupil response to images of faces and non-faces in children
with ASD and found that these showed pupil constriction as a response to images of
children’s faces. However, neurotypical children showed pupil dilation in response to the
same stimuli. Years later, the same authors [23], using the same methodology, included
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a baseline measure, and observed that the group of children with ASD showed greater pupil
dilation at that moment in comparison to the neurotypical group. These results are in line
with the theory of the existence of a high level of arousal in children with ASD [11] and it has
been speculated that acetylcholine, a neurotransmitter in the ANS, is dysregulated in people
with ASD [24]. In this same direction, Martineau et al. [25] observed different behaviour
patterns in a group of children with ASD compared to neurotypical children on visualising
slides of faces, avatars and objects. While the neurotypical group had a significant decrease
in pupil size when they had already been shown the stimuli, in the children with ASD high
pupil dilation was observed during the entire experimental situation. This seems to indicate
atypical functioning of ANS. Other studies also support this hypothesis [12,16,26,27]; a high
level of arousal could be atypical, giving rise to more invariant patterns of gaze and visual
movements. Furthermore, this variable seems to be related to frequent sleep disruptions
which are suffered by children with ASD [28].

This study aims to test the use of eye-tracking methodology as a measure for early
detection of ASD in a communicative interaction task. Currently, as far as we know,
measures do not exist which allow objectifying and making an early diagnosis of these
neurodevelopmental disorders from a linguistic processing task in Spanish. The objective
may be considered of great relevance due to the prevalence estimates of ASD in Spain,
which is similar to the international rate of 1% [29]. So far, these measures have not been
studied in a linguistic interaction task with toddlers. In a study with adults [30], it was
found that when neurotypical subjects hear a new word, their pupil dilates significantly
compared to the baseline. Therefore, children with typical development, interested in
learning language and with a balanced arousal level, are expected to show greater pupillary
dilation after listening to a pseudoword compared to children with ASD.

Therefore, the first aim will be to compare the gaze following of children with ASD
and neurotypical children (NT) when they hear a pseudoword emitted by a human face
using an eye-tracking methodology. This aim is about confirming that children with NT
will fix their gaze on the human face a greater number of times, specifically on the eyes,
except on hearing the pseudoword, when visual attention will be fixed on the mouth.
On the other hand, patterns of visual attention in children with a high likelihood of autism
will be more inconsistent, fixing their visual attention a greater number of times on the
object and ignoring or paying very little attention to the human face.

A second objective will be to compare the size of pupil dilatation in both groups
when they hear the pseudoword. The hypothesis, supported by other studies previously
cited, is that the pupil dilation in children with NT will increase when the pseudoword
is presented. This is thought to be due to the fact that attention, and cognitive activity in
general, increases when having to process a linguistic element, especially if it is unknown.
In contrast, in the case of children at risk of having ASD, the greatest dilation will be seen
outside the linguistically relevant, because they tend to show preferential gazing towards
non-social information as opposed to social information. It has been argued that pupilar
dilations in response to cognitive tasks depend on attentional control and they seem to be
independent of those produced by emotional arousal [31,32]. It has been assumed that this
also happens also when processing the word [30].

2. Materials and Methods
2.1. Participants

The sample was made up of 20 Spanish toddlers. Of these, 10 participants were
identified with a high likelihood of ASD (1 girl and 9 boys), with an age range of between
17 and 24 months (M = 21 and SD = 2.357) and 10 NT individuals (3 girls and 7 boys), with
an age range of between 17 and 24 months (M = 20 and SD = 1.944). All of the participants
were attending Preschool in Asturias, Spain.

The children with ASD were referred by the Early Attention Unit service, in the loca-
tion where the referral was made to this specific Unit for the treatment of autism “ADANSI”
(Association of people with autism “Silent Children”). The criteria for selection of the
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children with a high likelihood of autism was: children aged between 17 and 24 months
with diagnostic reports of autism from the Neuropediatric Service, and in accordance with
the following criteria: significant language delay, scarce visual contact, lack of response
when called by name, without hearing or vision problems, low communicative intention
and scarcity or lack of capacity to imitate. Furthermore, a protocol of previous evaluation
was applied to the entire sample to confirm inclusion in the ASD group. This consisted of
three tests: the Revised M-CHAT questionnaire (M-CHAT-R/F) for the detection of autism
in small children with a follow-up interview [33], the Brunet–Lezine Scale (PY.BL.R) of
psychomotor development in early infancy [34], and the Autism Diagnostic Observation
Schedule-2 (ADOS-2)—Toddler Module and Module 1 (Spanish version) [35]. The M-CHAT
was answered by the caregivers at home before the interview, while ADOS-2 was carried
out by one of the authors who has wide experience with this scale. The entire sample of
ASD children met the established diagnostic criteria.

The neurotypical sample was taken from the first year of Preschool at an Early Educa-
tion School in the same location. Inclusion criteria for the comparison group were to score
at least below 10 in the ADOS-2 schedule and below 2 in the M-CHAT questionnaire in
the absence of any neurological, social, intellectual, sensorial or motor disorder as well as
having no first-degree relatives with a previous ASD diagnosis. At the beginning of the
school year, the centre sent an information letter to all the families of the children in the
course for children of 2–3 years of age. All parents or legal guardians gave their consent to
participation in the study.

Table 1 shows the scores of the ASD group and the NT group on the three scales that
make up the evaluation protocol for the confirmation of the diagnosis. Both the chronological
age of the participants and the global development age on the Brunette–Lezine Scale is in
months and all the participants a high possibility of ASD show a global age under that for
their chronological age. Furthermore, these show a score for the diagnosis of autism of
between 7 and 10 (CSS) in ADOS-2, which indicates a high likelihood of ASD, while the NT
participants show a score of between 0 and 4 (CSS). Finally, in the M-CHAT questionnaire,
the total scores of the ASD group range between 8–20, which indicates a high possibility of
ASD. This ranges from 0–1 in the NT group.

Table 1. Scores of participants with autism spectrum disorder (ASD) and neurotypical children (NT) in the three diagnostic tests.

Group Participant
Brunette–Lezine

ADOS (CSS) M-CHAT
Chronological Age Global Age of Development

ASD

1 17 10 22 (10) 15
2 21 18 14 (7) 8
3 20 12 21 (10) 10
4 18 9 22 (10) 12
5 22 18 22 (10) 15
6 24 18 20 (10) 20
7 24 16 22 (10) 8
8 20 18 15 (9) 9
9 21 12 21 (10) 10

10 23 12 20 (9) 11

NT

1 18 18 2 (2) 0
2 20 21 0 (0) 0
3 20 20 6 (3) 0
4 17 18 9 (4) 1
5 22 24 8 (2) 0
6 24 24 2 (2) 0
7 20 21 0 (0) 0
8 20 20 0 (0) 0
9 19 18 4 (2) 1

10 20 20 6 (2) 0
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The research design was approved by the Ethics Committee for Research of the
University of Oviedo. The study was developed in accordance with the code of ethics
of the World Medical Association (Declaration of Helsinki) for experiments involving
human subjects in research and the Spanish Law for Personal Data Protection (15/1999
and 3/2018) principles.

2.2. Procedure

Gaze following (fixing and duration of gaze) and pupil dilation of the participants,
measured through the pupil diameter were registered during the task. This emulated
a communicative situation of acquisition of language in which the emission of words by
a human face in association with objects was observed. In a video projected on a screen,
a real face was presented which said a pseudoword at the same time as a drawing of
a pseudo-object (non-existent invented object) appeared.

The task consisted of nine trials, where the first two were for training purposes. Each
of these consisted of a video that began with a blue screen, a neutral colour that does not
influence the child’s pupil dilation, and a fixation point to direct the child’s attention to the
centre of the screen. This point, which was maintained for two seconds, corresponds to the
baseline of the task. Next, a pseudo-object appeared and emitted an attention-getting sound
while remaining in the centre of the screen. When the object remained still, a female face
appeared which asked the question: “What is that?” with happy and surprised intonation.
The face was the only visible part of the body. Immediately following this, the face said
the name of the pseudo-object (a pseudoword) with adult-directed natural speech. After
hearing the pseudoword, the image of the pseudo-object remained on the screen for two
seconds. This was supposed to be the fading and processing time of the pseudoword. After
this, the drawing of the pseudo-object disappeared and only the face remained, saying “It’s
gone! And what is it called?” The face was maintained for another two seconds.

To record information, an eye-tracker apparatus, Tobii Spectrum 600 Hz, was used.
The participants sat in the laps of their parents in front of a 16” monitor with a panoramic
aspect ratio of 16.9 in a dark soundproof room. Their central vision was lined up with
the centre of the monitor, at a distance of 60 cm between the eye and the monitor. Once
the participant was in place, a calibration of 5 points was carried out through colourful
and attractive cartoons. This way, the luminosity was controlled to ensure that changes in
pupil dilatation were due to the task itself and not due to changes in the light. To do this,
a photometer MASTECH MS6612 was used, with the criterion that luminosity did not pass
110 lumens.

A group of nine pseudowords was selected from a list of test items MEMOFON [36].
Of these, two were for training purposes (muz and norba). The pseudowords were dif-
ferentiated by their complexity both in number and in the type of component syllables.
Therefore, two monosyllabic pseudowords were selected, one phonologically simpler with
a consonant + vowel + consonant pattern (CVC) (sel) and another more complex one with
a closed syllable (tron). Two pseudowords with two syllables were selected, one more sim-
ple (sina) and another more complex, since it contains an inverse syllable (pamul). Another
three pseudowords of three syllables were also selected, two easier (bésica and gapata) and
another more phonologically complex one (calcemar). Each pseudoword was presented in
association with a drawing of the pseudo-object, an invented object. The pseudo-objects
were designed specifically for the experiment and were randomly associated with the
pseudowords. In Figure 1, an example of a pseudoword associated with a pseudo-object
can be seen.

Once the pseudowords were associated with the pseudo-objects, the order in which the
task stimuli were shown to the different participants was random. Figure 2 represents the
sequence of one of the trials. The first moment of the sequence corresponded to the baseline
(BL) register; the second and third ones corresponded to the moment of the presentation
of the pseudoword (PW); the fourth moment was the period of time in the fading of the
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pseudoword (FPW) and the last sequence of the video was when the pseudo-object first,
and later the human face, disappeared from the screen (PO).
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Figure 2. Sequence of a trial.

The appearance time of the pseudo-objects and the waiting time between the continu-
ation of the image of the object and the production of the pseudoword was determined
based on a pilot study of NT toddlers aged between 18 and 30 months. Here, the same
pseudo-objects and pseudowords were used. The times obtained were taken as reference
criteria since, in the scientific literature, times are not clearly established for a linguistic
processing task using eye-tracking methodology at such an early age.

During the entire task, pupil dilation was registered and measured in millimetres
every two milliseconds, as well as gaze and the areas of interest on which gaze was fixed:
the pseudo-object (AOI 1), the eyes of the face (AOI 2) and/or the area of the mouth
pertaining to the face (AOI 3). Data were obtained through the system’s software “Tobii
Pro Lab” and included the number and time of gazes at the previously defined areas of
interest (AOI), and pupil dilation during the whole task.

2.3. Data Analysis

The data obtained were analysed with the programme IBM SPSS Statistics—version
22.0 for Windows. The indices for asymmetry and kurtosis were carried out and a descrip-
tive analysis of the dependent variables (gaze following and pupil measurement), as well
as of the variable of classification by chronological age (CA), were carried out. Due to the
size of the groups in the study and to the violation of normality and homogeneity variance
assumptions, the data were analysed using nonparametric statistics.

In order to confirm whether differences existed between both groups in the gaze
following measurement, pairwise Mann–Whitney U tests were used for between-group
comparisons. Cliff’s Delta (δ) statistic was chosen as the effect size estimator because
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it is more appropriate when the homogeneity of variance or normality assumptions are
violated. Based on Cohen norms [37], we consider an effect size of 0.2 as a small effect, 0.5 as
a medium effect, and 0.8 and upwards as a large effect. These analyses were carried out
based on the total number of gaze fixations and the total time of fixations of the participants
when looking at the object, the mouth and the eyes. Friedman tests were also carried out
to establish within-group differences between AO, and Wilcoxon signed-ranks tests were
used for pairwise post hoc comparisons. Bonferroni corrections were applied to adjust the
p-values for multiple post hoc comparisons.

With regard to the analysis of pupil dilation data, a model used by López-Ornat
et al. [30] was followed, thus establishing four periods of measurement. In the first period,
during the 400 ms that preceded the start of the trial, the baseline (BL) of pupil dilation of
each participant was set, this being a measurement of pupil diameter. At the same time,
the point of gaze fixation was determined [38]. After that, pupil dilation was considered
during the time of presentation of the pseudoword (PW). This period was of variable
duration due to the different lengths of the words, between 650 ms and 1200 ms. The third
period corresponded to the following 2000 ms where measurements were registered of the
period following the fading of the pseudoword (FPW). The fourth period corresponded to
that section of the video when the pseudo-object (PO) and the human face disappeared
from the screen, with a duration of two seconds before the next trial began. Only the period
of presentation of the pseudoword was of variable duration depending on the length of
the pseudoword. Each of these periods included a set of observations taken every two ms.
This structure was used for each of the nine trials.

In order to test if there were differences between groups in pupillary diameter through-
out the task and in the different periods, Mann–Whitney U tests were used. Cliff’s Delta
(δ) statistic was used to estimate the effect size. Friedman tests were also carried out to
establish within-group differences between periods, and Wilcoxon signed-ranks tests were
used for pairwise post hoc comparisons. Bonferroni corrections were applied to adjust the
p-values for multiple post hoc comparisons.

3. Results

No statistically significant differences between the two groups were found with
regard to chronological age (U = 34.50; Z = −1.201; p = 0.23; Cliff’s δ = 0.443). As expected,
there were statistically significant differences with regard to developmental age (U = 6.00;
Z = −3.412; p < 0.001; Cliff’s δ = −0.88).

The skewness index (A) in the number of object fixations (NOF), mouth fixations
(NMF), eye fixations (NEF) and in the eye fixation time (EFT) indicated that the distribution
data were asymmetrical in the NT group (A = 1.617; 1.138; −2.207; and −3.180, respectively)
as well as NMF (A = 1.548) in the ASD group. On the other hand, the kurtosis index (K)
indicated non-normal distribution in the NOF (K = 3.515) and the eye fixation time (EFT)
(K = 5.362) in the NT group.

Regarding differences between groups, there were statistically significant differences
between the ASD group and the NT group in the total number of gaze fixations (U = 20.00;
Z = −2.27; p = 0.023; Cliff’s δ = −0.60) and the total time of fixations (U = 0.00; Z = −3.78;
p < 0.001; Cliff’s δ = −0.60).

As shown in Table 2, the performance of the groups in gaze following showed sig-
nificant differences. The NT participants looked at the eyes a greater number of times
(U = 0.00; Z = −3.79; p < 0.001; Cliff’s δ = −1) and for a longer time than the ASD par-
ticipants (U = 0.00; Z = −3.78; p < 0.001; Cliff’s δ = −1). On the contrary, the ASD group
looked at the mouth a greater number of times than the NT group (U = 0.00; Z = −3.80;
p < 0.001; Cliff’s δ = 1) and for a longer time (U = 0.00; Z = −3.78; p < 0.001; Cliff’s δ = 1).
Similarly, the ASD participants looked at the pseudo-object a greater number of times
(U = 0.00; Z = −3.78; p < 0.001; Cliff’s δ = 1) and for a longer time than the NT participants
(U = 0.00; Z = −3.78; p < 0.001; Cliff’s δ = 1).
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Table 2. Median (MDN), Interquartile range (IQR), differences between groups, the p values, and
effect size in number and time of gaze fixation on the areas of interest between ASD and NT.

ASD NT

MDN IQR MDN IQR Z p Cliff’s δ

Eyes NEF 34.50 16.00 210.50 10.00 −3.79 0.000 −1
EFT 16.00 19.71 157.73 13.28 −3.78 0.000 −1

Mouth
NMF 41.00 45.00 3.00 4.00 −3.80 0.000 1
MFT 19.17 36.76 1.44 4.17 −3.78 0.000 1

Object NOF 129.50 45.00 35.00 13.00 −3.78 0.000 1
OFT 53.54 14.23 26.37 4.51 −3.78 0.000 1

NEF = Number of eye fixations, EFT = Eyes fixation time, NMF = Number of mouth fixations, MFT = Mouth
fixation time, NOF = Number of object fixations, OFT = Object fixation time.

Within-group differences showed statistically significant differences in the number
of fixations in the different areas in the NT group (χ2 = 20; p < 0.001) and also in the
ASD group (χ2 = 15; p = 0.001), but not in the same way. Pairwise post hoc comparisons
showed that NT participants made more fixations on the eyes rather than on the object
(Z = 2.80; p = 0.005; Cliff’s δ = −1), on the eyes rather than on the mouth (Z = 2.81; p = 0.005;
Cliff’s δ = −1), and on the object rather than the mouth (Z = 2.80; p = 0.005; Cliff’s δ = 1).
Toddlers with a possible autism diagnosis made more fixations on the object rather than
the eyes (Z = 2.80; p = 0.005; Cliff’s δ = 1) and on the object rather than the mouth (Z = 2.80;
p = 0.005; Cliff’s δ = 1). However, there were no significant differences between the number
of fixations on the mouth as compared to fixations on the eyes in this group (Z = −0.97;
p = 0.330; Cliff’s δ = 0.34).

Within-group comparisons also showed statistically significant differences in the time
of gaze fixation in the same direction in both groups, NT group (χ2 = 20; p < 0.001) and ASD
group (χ2 = 12.20; p = 0.002). Pairwise post hoc comparisons showed NT toddlers spent
more time looking at the eyes rather than the object (Z = 2.80; p = 0.005; Cliff’s δ = −1),
at the eyes rather than the mouth (Z = 2.80; p = 0.005; Cliff’s δ = −1), and at the object
rather than the mouth (Z = 2.80; p = 0.005; Cliff’s δ = 1). Toddlers with a possible autism
diagnosis spent more time looking at the object rather than the eyes (Z = 2.80; p = 0.005;
Cliff’s δ = 1) and at the object rather than the mouth (Z = 2.5; p = 0.013; Cliff’s δ = 0.610).
However, there were no significant differences between the time of gaze fixation on the
mouth rather than on the eyes in this group (Z = −0.87; p = 0.386; Cliff’s δ = 0.30).

For the calculation of pupil dilation, firstly, a prior pruning of the data was carried out
in order to exclude missing data or blinking. Afterward, the mean of pupil dilation was
calculated in sections (BL, PW, FPW and PO) for each pseudoword and the total mean of
the group of pseudowords was calculated for each section (BL, PW, FPW and PO). Thus,
the mean for dilation for the two groups in each section was obtained (Table 3). It can be
seen how this was higher in children with possible ASD. In particular, the greater mean
for this group was given in section PO, which corresponds to the moment in which the
pseudo-object disappears. With respect to the NT group, greater dilation was observed
in section PW, the moment when the pseudoword was heard. However, no statistically
significant differences between the mean of both groups for pupil dilation (U = 32.00;
Z = −1.36; p = 0.173; δ = 0.20) were observed.

Table 3. Total mean of global pupil dilation for each of the periods (ms).

Group Total Mean BL PW FPW PO

ASD 3.702 3.685 3.711 3.659 3.753
NT 3.583 3.525 3.661 3.578 3.567

BL = Baseline; Number, PW = Time of presentation of the pseudoword, FPW = Period following the fading of the
pseudoword, PO = Pseudo-object and the human face disappeared.
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Nevertheless, the within-group comparisons in pupil dilation by periods showed
statistically significant differences in the NT group (χ2 = 10.80; p = 0.013), although there
were no differences in the ASD group (χ2 = 6.96; p = 0.073). Pairwise post hoc comparisons
between the four periods in the NT group revealed that pupil dilation was larger during
the time of presentation of the pseudoword as compared to that of the pseudo-object and
the disappearance of the human face (Z = −2.84; p = 0.004; Cliff’s δ = 0.38). Differences
in pupil dilation were also close to significance between the time of presentation of the
pseudoword as compared with the baseline (Z = −2.30; p = 0.021; Cliff’s δ = 0.16), and
the time of presentation of the pseudoword as compared with the period following the
fading of the pseudoword (Z = −2.32; p = 0.020; Cliff’s δ = 0.16), after having been applied
Bonferroni correction to adjust the p-values for multiple post hoc comparisons (p = 0.17).
In both cases, pupil dilatation was greater at the time of presentation of the pseudoword.

Figure 3 shows the mean (in millimetres (mm), y-axis) of pupil dilation across groups
by observation periods during the entire task. The period between BL and PW, marked
with dots in Figure 3, has not been analysed because it was not part of the object of
study. The x-axis shows the trial sequence through observations registered every 20 ms.
It can be seen that the ASD participants showed an activation level above that of the
NT participants during all periods, although as previously seen, the difference was non-
statistically significant. However, the similarity in the shape of the curve indicates that,
although there was a slightly higher level of activation, the ASD participants behaved in
a similar way to the NT participants. Both groups presented a lower activation level during
the baseline (BL) register, at the moment preceding the beginning of the task. Activation
increased notably at the beginning of the presentation of the pseudowords (PW) and
continued to increase during the task. However, differences may be observed, first, at the
end of the time of presentation of the pseudowords, and second, at the maximum peaks
of the curve. When the longest pseudowords end, the NT participants showed a drop in
their activation that seemed to become stable, while in the ASD group, it continued to
increase. On the other hand, the maximum peak of the NT participants was produced
when they were processing the pseudoword and the waiting time was going to commence
(FPW). In contrast, in the ASD group this was produced almost at the same moment (PW)
but also, again, at the moment of the object’s disappearance (PO). Finally, the period of
fading of the pseudoword (FPW) lowered the activation of both groups. Then, when
the object disappeared and the face said the pseudoword again (PO), activation once
again increased in both groups but only in the ASD group did it again reach the peak of
maximum activation.
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4. Discussion

Gaze following and pupil dilation in a linguistic processing task were tested as possible
biomarkers for early diagnoses of autism spectrum disorder. Regarding gaze following,
the present study has objectively corroborated, using the eye-tracking methodology, that
while NT toddlers displayed more numerous and longer fixations on the eye regions than
children with a high possibility of developing autism, these displayed more and longer
fixations on objects and the mouth regions than NT toddlers. Additionally, ASD toddlers
look more and for a longer time at objects rather than eyes and mouth. However, NT
toddlers fix their attention on the eyes rather than objects and they pay little attention to
the mouth. Thus, while in communicative interaction, NT children spend most of the time
looking at the eyes, the children with possible ASD show preference for objects, which
could translate into difficulties when integrating social information [5,15]. Therefore, the
results obtained are in line with the conclusions already made in other studies [12,15–17],
suggesting the presence of a non-typical control of attention in ASD, reduced general
attention to the eyes and greater attention to non-social elements.

This different use of gaze following as a clue to social reference for learning words
could interfere in the acquisition of language, given that eye contact is essential for labelling
a referent with a certain word [39]. This different pattern could be attributed to the fusiform
gyrus hypoactivation in ASD [13], and it could have later consequences, paying more atten-
tion to phonological information than semantic information and social cues [40] and failing
to form more robust lexical representations of words [17]. Additionally, it was observed
that this atypical pattern in the initiation of joint attention and gaze alternation in ASD,
could make the caregiver respond less to a child who does not initiate joint attention [39].

With the results found here, it may be claimed that the measurement of the visual
following and attentional preference could be sensitive when differentiating an ASD gaze
pattern with a neurotypical gaze pattern. Thus, gaze following measurements related
to social attention are good candidates for use as early biomarkers. This may allow us
to objectively establish a suspicion or a high likelihood of autism at an early age. This
could be quite useful because detection or diagnoses of autism by the Early Attention
Unit service are now carried out too late (usually at 30 months) and perhaps it could
contribute to distinguishing children with ASD from late talkers or those misdiagnosed
with maturational delays [41,42]. With these eye-tracking measurements the diagnoses
would no longer depend on subjective clinical judgments, but rather, would provide us
with an objective and reliable measure to make solid autism diagnoses.

Regarding the measurement of pupil dilation, the results are not so clear. The ASD
group shows a slightly larger average pupil size throughout the task than the NT group.
This could suggest that children with ASD show hyper-arousal in the tasks which they must
face, which would be in accordance with previous research [26–28,43]. A rising level of
activation during the task would translate into attention level difficulties that could form the
basis of the characteristics that these children show when processing social information in
different contexts. Nevertheless, this difference was not large enough to reach a significance
level in the complete task. So, no conclusion can be drawn. Other researchers also found
no differences in arousal between children with ASD and NT children [44]. This could be
attributed to the early age of the participants [27,44–46]. Dinalankara et al. [45] observed
that the baseline pupil size increased with age, up to four years in NT children, but this
pattern was not observed in children with ASD. However, from the age of four, children
with ASD had a larger mean baseline pupil size than NT children. These changes with
age appear to be due to the increased acceleration of white matter maturation in ASD [45].
Another possible explanation for our results could be the level of possible autism in our
participants because it was observed that toddlers with a high risk of ASD presented larger
base pupil size in resting than toddlers with a low possibility of ASD [46].

However, an interesting issue arises from within-group pupillary dilation results.
There were no significant differences in activation measured through pupillary dilation
between periods in the ASD toddlers. Nevertheless, in the NT toddlers, a higher level of
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activation took place during the hearing (and processing) of the pseudoword, compared
to the other periods. This suggests a higher level of active attention in this period. This
may confirm the previously formulated hypothesis that pupil dilation in children with NT
will increase when the pseudoword is presented, because they are attending to language.
While in children with ASD, no larger dilation will be seen in the linguistically relevant, be-
cause they would show low selective attention to relevant information for communication.
Indeed, in this group higher activation is observed in the final period. It was observed that
cognitively relevant pupil dilations are caused by the inhibition of the parasympathetic
nervous system and by acetylcholine, which plays an important role in the regulation of
attention control [24].

In addition, the NT group’s maximum peak of dilation was found at the end of the
processing of the pseudoword, indicating that these children are paying attention and
retaining the phonological representation of the pseudoword [30] in working phonological
memory, and that they are making a greater cognitive effort at this point. They are ready to
learn language and to concentrate their interest on this. In the children with possible ASD,
the maximum average value is produced during the disappearance of the pseudo-object
(PO), and the maximum peak of dilation occurs at the end of the pseudoword presentation
(PW) as in the NT group. However, this also occurs in the period during which the pseudo-
object disappears. Two maximum peaks were considered, since the variation between both
of them is practically null. These results are not in accordance with what Anderson and
Colombo set out in their study [23], since these authors found the maximum peak in the
baseline section.

To sum up, in the present study, the eye-tracking methodology was used in an innova-
tive way in a linguistic processing task in children of an early age. It was shown that these
types of tests could provide evidence when measuring attention bases in the development
of the process of acquisition of language in children, not only after 24 months of age [9] but
also before that age. In addition, in comparing NT toddlers with possible ASD toddlers,
differences are observed in the development of the pattern of gaze during the acquisition
of linguistic abilities which appear to have great diagnostic potential.

These findings should be interpreted from a neuropsychological perspective, since
alterations in visual attention are indicative of a state of anomalous neural activation. The
results found indicate that indirect, objective measurements of the level of activation, such as
number and time of gaze fixations (registered through eye-tracking) are potential candidate
biomarkers for diagnostic indicators of the presence of ASD [43]. Even so, it would be
necessary to carry out a larger future study of these measurements to refine this technique for
non-invasive diagnostic screening. It is easy to administer and economical for the detection
of anomalous gaze patterns in children who could have an autism spectrum disorder.

Regarding pupil dilation measurement results, these are not conclusive. Its use as
a biomarker diagnostic indicator to identify children with a high likelihood of autism at an
early age is not clear. However, it appears to be a hopeful candidate for investigating the
differential processing of new words in NT toddlers and possible ASD toddlers. In any
case, further research is required and the number and type of stimuli to be processed must
be increased.

Finally, despite the encouraging results obtained, some limitations must be mentioned.
First, the size of the sample, since these results could not be extrapolated to the entire
autism population. Secondly, it is clear that the applied measurements do not allow the
establishment of a definitive diagnosis of ASD and, at the moment, the participants are not
being longitudinally monitored to ascertain a final diagnostic outcome. Finally, it should
be pointed out that the stimuli in the linguistic interaction task were presented in a video
and not in a live social situation.
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