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Abstract

Individuals with Profound Intellectual and Multiple Disabilities (PIMD) experience a combi-
nation of severe cognitive and motor impairments frequently associated with additional sen-
sory deficits and numerous medical disorders. The purpose of the present study was to
propose an experimental paradigm based on eye-tracking that combines various pre-exist-
ing tasks from infancy research as an assessment tool. This would enable the investigation
of social-emotional abilities in nine young individuals with PIMD through their visual prefer-
ences for different types of stimuli. The first objective was to test the feasibility of this para-
digm, by expecting individuals to look more at the tasks’ presentation screen than
elsewhere during its implementation. The second objective was to investigate whether
PIMD individuals exhibit visual preferences for (a) biological (vs. non-biological) motion, (b)
socially salient (vs. non-social) scenes, (c) the facial area of the eyes (vs. the mouth), (d)
happy (vs. angry) faces, (e) objects of joint attention (vs. non-looked at ones), and for (f) pro-
social (vs. anti-social) behaviors similar to those of a control group of typically developing
children aged two years on average. Overall, the feasibility of this paradigm proved to be
good, resulting in high individual looking rates that were not affected by the presentation or
the content of the tasks. Analyses of individual social-emotional abilities, supported by the
visual preference patterns of each PIMD individual, firstly revealed strong—but expected—
variability both within and between subjects, and secondly highlighted some individual task-
specific abilities although few similarities between these individual results and those of the
control group were found. These findings underline the great relevance of using this type of
paradigm for assessing PIMD individuals and thus contribute to a better understanding of
their social and emotional development.
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Introduction

The clinical population with Profound Intellectual and Multiple Disabilities (PIMD) is
described by Nakken and Vlaskamp (2002; 2007) as a heterogeneous group of individuals with
severe to profound cognitive disabilities (with a statistically estimated IQ below 20-25, and an
overall developmental age of 24 months or less) and extensive motor limitations [1, 2] Addi-
tional sensory impairments are also frequently experienced by PIMD individuals [3] They also
have an overall risk of developing numerous health conditions or medical complications, and
almost all require regularly administered medication [4]. This population forms a physically
vulnerable group of persons with a heavy or total dependence on support from others for
everyday tasks and daily living activities [5]. In order to provide appropriate personalized assis-
tance to people with such severe disabilities, support persons have to be sufficiently knowl-
edgeable about individual needs, possibilities, or preferences [6]. This is particularly difficult to
do with the PIMD population since assessing persons with PIMD is a challenging process with
multiple issues [2, 5].

The extreme heterogeneity that characterizes the population with PIMD is the first limita-
tion to proceed with their psychological evaluation of competences. However, according to
Nakken and Vlaskamp (2007), assessing a person with PIMD is also extremely difficult because
each individual represents a unique configuration of abilities and constraints to functioning,
as well as an idiosyncratic communicative repertoire [2]. Due to the extensive problems in
communication they experience (e.g., limited or non-existent use of expressive nor receptive
language) coupled with the fact that most PIMD individuals are unable to reach, point, or
grasp objects, they are only able to express themselves through an extremely limited range of
communicative signals [7]. Therefore, the use of common standardized tests or self-report
questionnaires with these individuals is invalidated [8, 9]. In addition, the severity and multi-
plicity of disabilities in the PIMD population result in unconventional reactions and inconsis-
tent responses to sensory stimuli of items from common sensorimotor assessment batteries
[10, 11]. Given these limitations in assessing individuals with PIMD, observation remains the
most effective method today [5, 12]. Facilitating the report of observed behaviors that are not
language-based [13], a number of indirect observational scales are currently available, espe-
cially for support persons willing to gather key-information from these individuals in order to
provide appropriate assistance. However, the psychometric properties of such tools are gener-
ally limited [5]. Indeed, observation-based methods involve examining individual behaviors
and interpreting them according to the knowledge of the evaluator (e.g., a professional or a
family member) about the person being assessed, whereas it has been shown that preference
rankings based on respondents’ opinions do not consistently coincide with the results of for-
mal assessment procedures consisting of direct observation of both approach and avoidance
behaviors [14-16]. Therefore, there is a need to improve the evaluation process of individuals
with PIMD by diversifying and multiplying the instruments (given the extensive inter-individ-
ual variability characterizing this population) and by conducting direct evaluations for a
deeper investigation of individual competences. This would contribute to better understand
the psychological development of persons with PIMD who are frequently labelled as ‘untest-
able’ because of the theoretical and practical difficulties involved in this process [2, 17, 18].

Among the extremely limited behavioral responses available to PIMD individuals, oculo-
motor activity is generally minimally impacted (at least in the absence of cerebral visual
impairment [19] by the severe and multiple disabilities that characterize this population [20,
21]. As oculomotor activity is considered to be an appropriate measure to use when other
response systems are limited [22], it therefore appears to be a highly relevant measure in the
assessment process. This is especially true in the framework of a visual preference procedure,
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which is probably one of the most suitable methods available considering the short time-win-
dow of alertness of the PIMD population [23].

The present study offers an experimental paradigm using a classic fixed-trial visual prefer-
ence procedure initially designed by Fantz (1963) for testing visual responsiveness to various
object features in newborn infants [24]. The measure of interest is commonly the looking
duration at each stimulus or the percentage of looking duration at one or the other stimulus,
to determine whether there is a statistically significant difference in the time infants spend
looking at each of two paired stimuli, and thus conclude a visual preference for one of them,
indicating that the subject discriminates between the two stimuli. Although this type of para-
digm has been widely used to study the development of early abilities in infancy over the last
50 years, very little work has been achieved to date using gaze orientation in persons with
PIMD in order to explore their psychological development. An exception is Chard, Roulin and
Bouvard (2014) who have recently attempted using a visual habituation procedure [25]. In this
study, the authors repeatedly exposed 15 adults with PIMD to two different objects to test the
existence of the habituation/novelty reaction phenomenon in these individuals following the
principles of a participant-controlled procedure. By conducting both qualitative and quantita-
tive analyses of the observed behaviors (e.g., attention getting and holding processes) using a
specially designed apparatus, they were able to show that the PIMD participants presented the
same habituation profiles generally obtained in infancy research [25].

Based on the hypothesis that a gaze fixation on a specific point provides a measure of atten-
tion [26], eye-tracking technology has been widely used for the study of visual attention to var-
ious stimuli types. In addition, the use of eye-tracking technology as an experimental
measurement provides great spatial and temporal precision: by defining Areas of Interest
(AOIs) on the stimuli presented on the screen, this device allows the precise examination of
individual visual exploration (e.g., time spent looking at the eyes vs. at the mouth of a face)
[27]. Thus, a growing number of studies have used this technology to investigate various abili-
ties in typically developing (TD) infants [28] and in older children [29].

This technology has also proven its relevance in disability research, particularly in the field
of Autism spectrum disorders (ASD) [30]. Considering the relevance of this technology in the
early identification of risk factors for autism [31, 32] and given that the feasibility of eye-track-
ing-based assessments in low-resource settings has been demonstrated [33], a recent study has
even developed stimuli specifically adapted to the South American population in order to pro-
vide a tool that can help local practitioners to identify the early signs of autism in this geo-
graphic area [34]. Some authors have also highlighted the great relevance of using this
technology in computer-based support programs, in particular by serving as an assistive device
[35], especially to support the communication of individuals with limited general body move-
ment [36].

In order to better understand the psychological development of individuals with PIMD, the
present study intended to perform an eye-tracking-based experimental paradigm using a
visual preference procedure for assessing six social-emotional abilities. For this purpose, we
designed a paradigm combining different pre-existing tasks from infancy research whose
experimental contents have provided significant contributions to current scientific knowledge
on the typical development of early social communication.

Starting with [1] the discrimination of biological vs. non-biological motion, likely one of the
earliest perceptual abilities involved in the development of nonverbal communication [37]
since it has been observed from birth in TD newborns [38], we were interested in determining
whether PIMD individuals would show a preference for biological motion represented by
dynamic point-light depicting human actions over random non-biological moving dots,
through an adaptation of Johansson’s (1973) “Point-light” stimuli [39].
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As a continuation of the previous ability, we then focused on [2] social orienting (SO), refer-
ring to the intrinsic ability to preferentially orient to our surrounding social environment [40],
which autism research proved to be of paramount importance for the early development of
social communication [41] since the lack of social orienting is thought to impair the social
communicative development of children with ASD [42]. Using Franchini et al.’s (2016) stimuli
[32], we wanted to investigate whether this preference for socially salient scenes would also be
found in individuals with PIMD, by presenting not only basic white moving dots as in the pre-
vious task, but also concrete stimuli consisting in children dancing solo (vs. dynamic geomet-
ric motion).

Taking a closer look at concrete human stimuli, we then focused on human faces, which are
known to be a highly salient stimulus type [43], whose visual processing and comprehension
play a fundamental role in social communication [44]. Using pairs of emotional faces, we were
interested in [3] the visual scanning of facial features by investigating whether the early typical
exploration pattern of preferring the eye area [45] would also be exhibited by PIMD individu-
als, as well as [4] the discrimination of emotions and more specifically whether these individuals
would be able to differentiate between happy and angry faces, two contrasting emotions that
TD infants are able to discriminate as early as 7 months of age showing a preference for happy
faces [46].

Beyond the visual exploration of static faces, we were then interested in [5] the joint atten-
tion capacities of individuals with PIMD. Referring to a co-created outcome of an interaction
in which two people’s attention is directed towards each other or towards an object, joint
attention requires both expressive (i.e., initiation of joint attention behaviors) and receptive
(i.e., responding to joint attention behaviors; abbreviated here as RJA) abilities [47]. In the
present study, we focused on RJA behaviors (i.e., the ability to follow the direction of the gaze
and gestures of others to share a common point of reference [48]) of PIMD individuals by pre-
senting them with videos created by Franchini et al. (2017) in which an actress directed atten-
tion to a moving object by looking at it with an intensely surprised expression [49].

Finally, after directing one’s gaze to what catches others’ attention, we then investigated
whether PIMD individuals would be able to [6] produce Socio-Moral Evaluations (SME), i.e.,
the ability to understand others’ intentions by observing their actions and judging the moral
valence of their behavior, which is fundamental to processing the social world and interactions
[50]. We therefore focused on the SME abilities of PIMD individuals using an adaptation of
Hamlin, Wynn, and Bloom’s (2007) “Climbing the hill” paradigm [51] through which they
demonstrated that, as early as 6 months of age, TD infants were able to exhibit such evaluations
by showing a visual preference for the agent performing a prosocial action (a helper aiding the
climber) over an antisocial one (a hinderer pushing the climber down). Since PIMD individu-
als experience significantly reduced social interactions in their lives [52], it is particularly rele-
vant to investigate whether they would exhibit similar visual preferences.

While the typical development of these six abilities in the first year of life has been widely
studied to date, little work has already explored them in older infants, especially around the
age of two years, which corresponds to the estimated developmental level of the PIMD popula-
tion [1, 2, 53]. For this reason, we decided to also implement our paradigm with a group of TD
children of this age, providing a baseline for case-control comparisons to better understand
patterns of visual preference of each PIMD individual.

In summary, the first objective of the present study was to test the feasibility of the proposed
eye-tracking-based experimental paradigm. We expected that participants would spend more
than half of the session looking at the presentation screen (at least 50% of looking time) and
that these looking times would not be influenced by effects related to the presentation (order
and fatigue effects) or the content (visual stimuli) of the tasks. The second objective was to
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explore the social-emotional abilities of nine PIMD individuals (single-case analyses), by test-
ing whether they showed expected visual preferences in six tasks, and by comparing their indi-
vidual results to those of the control group.

Methods

Participants

The present study included two distinct populations: an average 2-year-old control group and
young individuals with PIMD. All parents gave their informed written consent for their child
to take part. The study was conducted in accordance with the Declaration of Helsinki and its
experimental protocol had been approved by the Ethics Committee of the University of
Geneva.

The control group was composed of 32 TD children (14 girls, 18 boys), aged 12 to 36
months (M = 22.53, SD = 7.46). They were all French-speaking, coming from families with low
to high socioeconomic status (SES). Families” SES, calculated as a percentage using the formula
proposed by the Swiss author Genoud (2011) [54], ranged from 15% (referring to the lower
class) to 85% (i.e., the upper class). The average SES was 67% (SD = 17.7) corresponding to the
middle class. Participants lived in rural areas (< 2000 inhabitants; n = 7), villages (2000-5000
inhabitants; #n = 3), and urban areas (5001 to + 20’000 inhabitants; #n = 22) in the surroundings
of Geneva, Switzerland. Their parents were between 24 and 47 years old (M = 34.13,

SD = 5.60).

This single-case study included nine Caucasian children and adolescents (six girls and three
boys, aged 6-17 years) with a diagnosis of PIMD. They all met the criteria set by the interna-
tionally accepted definition that the PIMD population consists of individuals with a profound
intellectual disability in combination with a severe or profound motor disability [2]. Individual
profiles of each of the nine participants are described below. Overall, none of them had func-
tional verbal communication. They also all experienced severe motor limitations in their
movement, not walking autonomously, and were thus totally dependent on support persons
for all activities of daily life. Each was enrolled in the same Medical-Educational Institute
(MEI) of the French Red Cross, located in the department of Haute Savoie (France).

Each participant’s cognitive skill profile was established by a psychologist using the revised
version of the “P2CJP questionnaire” [55]: the ECP scale (Evaluation-Cognition-PIMD) [56].
This recent francophone observation-based instrument, was developed by a group of academ-
ics and clinical psychologists to assess a wide range of competencies and thus establish valid
individual profiles of the following eight cognitive skills explored through 62 items: sensory
skills, attention, memory, communication, reasoning, spatial-temporal skills, learning and
social-emotional skills. The MEI staff were all familiar with this instrument before the imple-
mentation of the present study as they were already using it in their daily practice to define the
objectives of each resident and to follow up on individual progress. Individual standardized
scores (t-scores) on the ECP subscales are presented in Table 1.

Participant #1: Zoe was a 6-year-8-month-old girl diagnosed with PIMD due to neonatal
microcephaly caused by a mutation in the ASNS gene. This specific genetic anomaly responsi-
ble for Zoe’s microcephaly was only identified in 2013 [57]: by 2018, no more than thirty cases
had been described in the scientific literature [58]. Zoe presented axial hypotonia and periph-
eral hypertonia of the lower limbs with equinus feet. Despite this, she was able to crawl freely
in her living space and was also capable of sitting up on her own. Zoe had no particular sensory
deficits and showed relatively high attentional skills.

Participant #2: Nina was an 8-year-old girl diagnosed with PIMD due to a Rett syndrome
(RTT) resulting from a mutation in the MECP2 gene. Regarding the RTT cascade of clinical
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Table 1. Standardized scores (t-scores) on the ECP Scale of the nine PIMD participants.

ECP subscales Children (< 13 years old) Adolescents (13 to 18 years old)
#1 Zoe #2 Nina #3 Suzan #4 Jane #5 Betty #6 Elise #7 Mike #8 John #9 Tim

Sensory 56 | 517 46 36 | 36" 41 44 35% 46 61| 507 42 50
Attentional 68 | 747 70 46 | 48" 66 50 50" 68 69 | 657 60 63
Memory 60 | 577 60 40 | 317> 44 48 5472 50 70 | 707 66 54
Communicative 57 | 597 52 36 | 33 47 51 507 54 65 | 69 60 50
Reasoning 44 | 427> 52 37 | 317 47 51 49° 56 62 | 567 65 54
Spatio-temporal 58 | 58 46 33| 327 58 52 557 44 69 | 66° 40 47
Learning 50 | 47 50 36 | 337 53 46 44P= 50 58 | 53 55 52
Social-emotional 60 | 627 62 49 | 43" 56 52 54P 65 67 | 657 64 60

Pa_Standardized t-scores computed on parents’ observations. In addition to the psychologist’s assessment, the parents of participants #1 (Zoe), #3 (Suzan), #5 (Betty),
and #7 (Mike) also completed the ECP Scale.

https://doi.org/10.1371/journal.pone.0266176.t001

symptoms delineated in a staging system by Engerstrom (1990) [59], Nina entered the Late
Motor Deterioration stage (stage IV) since she ceased walking and became wheelchair-depen-
dent. She presented a severe loss of muscle tone (hypotonia), postural stiffness, and varus feet.
Nina also showed stereotyped hand movements, breathing irregularities (hyperventilation
during wakefulness, forced expulsion of air and saliva), and a seizure disorder. She had no par-
ticular sensory deficits except for a strabismus and slight hyperopia corrected by wearing
glasses. Nina showed remarkable eye contact and visual pointing behaviors, and appeared to
have high attentional skills.

Participant #3: Suzan was an 8-year-11-month-old girl diagnosed with PIMD due to a
hypoxic-ischemic encephalopathy (HIE) resulting from a sudden infant death from which she
was rescued at the age of 4 months. She presented spastic tetraparesia associated with signifi-
cant hypotonia. Her secondary deficits included severe epilepsy, right hip dislocation, and
sleeping disorders. Suzan tended to be quite floppy, showing minimal reactions to sights or
sounds, and exhibiting fluctuating abilities. She had no particular sensory deficits other than
the fact that she was often hypothermic. She had relatively low scores on almost all ECP sub-
scales that were consistent between the psychologist’s and her parents’ assessment.

Participant #4: Jane was a 9-year-11-month-old girl diagnosed with PIMD due to Nico-
laides-Baraitser syndrome caused by a heterozygous missense mutation in the SMARCA2
gene combined with a Chiari type 1 malformation. Despite ankle dorsiflexion, equinovarus
feet, and rheumatological disorders, Jane was able to walk (crouching gait) short distances
with the assistance of a support person to move freely around a room or to reach a goal. She
had no particular sensory deficits and exhibited relatively high attentional skills.

Participant #5: Betty was a young, 13-year-old adolescent girl diagnosed with PIMD due
to infantile epileptic encephalopathy with hypsarrhythmia identified as idiopathic West syn-
drome (also known as infantile spasms). Betty’s severe generalized tonic-clonic seizures (con-
sisting of series of sudden involuntary muscle contractions in flexion) first appeared when she
was 5 months old, although she had no genetic abnormalities or any brain damage. She pre-
sented axial hypotonia (mainly in the extensor muscles of the neck and spine, leading to a
global kyphosis of the latter) and peripheral hypertonia (stiffness of the lower limbs). She had
no particular sensory deficits but exhibited significant, challenging, self-aggressive behaviors
and stereotyped movements of the upper limbs. Betty showed very limited attentional skills
resulting in difficulties in maintaining eye contact and decreased responses to sound stimuli.
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Participant #6: Elise was a 14-year-6-month-old teenage girl diagnosed with PIMD due to
early infantile epileptic encephalopathy (EIEE) with suppression-burst, also known as Ohta-
hara syndrome, caused by a heterozygous missense mutation in the STXBP1 gene. She pre-
sented hypertonia, spasticity, dorso-lumbar scoliosis, hip subluxation as well as severe and
irreducible foot deformities: equinovalgus left foot and varus right foot. As associated second-
ary disorders, Elise had epilepsy (treated and stabilized for one year), early onset of puberty
(from the age of 8 years), and chronic constipation. She had no particular sensory deficits
except for reflexive startle movements to noises (accentuated by fatigue).

Participant #7: Mike was a 15-year-old teenage boy diagnosed with PIMD due to neonatal
epileptic encephalopathy (NEE) caused by a heterozygous pathogenic variant in the KCNQ2
gene. He presented axial hypotonia and spastic quadriplegia yet he was able to walk a few
meters with support (crouch gait), make the transition from sitting to standing, and stand for
a while, especially when changing posture (e.g., from his wheelchair to other support devices),
during care or dressing. Mike exhibited several stereotyped behaviors but no particular sensory
deficits. Consistently, he scored rather high on almost all ECP subscales both through the
assessment of the psychologist and his parents. In addition, he had great eye contact and very
precise visual pointing behaviors. Combined with his cognitive performance, Mike’s accurate
ocular movements enabled him to start learning to use an alternative communication system
to express his choices by selecting corresponding pictograms.

Participant #8: John was a male adolescent of 16 years and 8 months diagnosed with
PIMD due to an Aromatic L-amino acid decarboxylase (AADC) deficiency, consisting in a
rare autosomal recessive neurometabolic disorder. John presented severe hypotonia, spasticity
and muscle stiffness. He had no particular sensory deficits but exhibited many uncontrolled
movements (oculogyric crisis, dystonia, and hypokinesia), and autonomic symptoms such as
impaired sweating, nasal congestion, drooling, hypotension, and severe gastroesophageal
reflux. John had relatively high cognitive skills, especially in memory (visual and auditory) and
in reasoning. Through the regular use of computer-based educational programs over the past
two years, John’s understanding of causal relationships has improved significantly. He also
had good social-emotional skills. John was very expressive (showing his joy, happiness and
interest but also his disagreement and opposition through different reactions), joking and
receptive to humor and irony.

Participant #9: Tim was a 17-year-old male adolescent diagnosed with PIMD due to Ring
chromosome 14 syndrome, characterized by early onset refractory epilepsy, intellectual dis-
ability, autism spectrum disorder (whereby Tim was first diagnosed with ASD at the age of 4),
and a number of diverse health problems such as dorso-lumbar scoliosis, flexion contractures,
early arthritis, recurrent pneumonia and respiratory tract infections. Nevertheless, Tim did
not have any additional sensory deficits and showed fairly good attentional and social-emo-
tional skills.

Apparatus and procedure

Children in the control group completed a single individual eye-tracking session at Geneva’s
BabyLab. After having read and approved the consent form and completed a brief socio-demo-
graphic questionnaire, the accompanying parent placed his/her child comfortably in front of
the screen, either in a suitable seat or on his/ her lap (in which case the parent wore opaque
glasses to avoid any interference during the recording of the child’s eye movements). All
parents were instructed not to move nor intervene for the duration of the experiment (unless
necessary). The eye-tracking session, whose content is detailed in the Stimuli section, could
then begin. Once finished, children received a medal as a thank you for participating.
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Participants with PIMD each completed between 5 and 8 sessions at best (i.e., with partici-
pants who were more available, had less care or activities scheduled in their individual agenda
and/or those who were more often in a state of health and alertness suitable to perform a ses-
sion). Experiments took place in a quiet room of the MEI dedicated to eye-tracking use. The
sessions were never scheduled in advance: the experimenter went to the MEI one to two days a
week and conducted sessions with the participants as soon as one of them was available and
suitable to perform one. A period of three months was necessary for all nine participants to
have completed at least five sessions (i.e., the minimum number that had been set
beforehand).

The individual eye-tracking sessions performed by the control group and by the PIMD par-
ticipants were strictly identical. The ocular movements of both populations were measured
using the same eye-tracking device: the infrared corneal reflection eye-tracker Tobii X3-120
(Tobii Pro AB, Danderyd, Sweden). Only the size of the presentation screen differed between
the two populations. A 22” screen (47.5 x 30 cm) was used with the control group and another
23” one (50.9 x 28.6 cm) with the PIMD participants. Both displays had a spatial resolution of
1920 x 1080 pixels. Nevertheless, the difference in size between the two screens did not affect
the required distance between participants’ eyes and the eye-tracker (magnetized to the lower
side of the screen), which had to be 60 to 65 cm (i.e., Tobii’s recommendation for minimizing
the impact of head movements on gaze data). Consequently, the gaze angle () remained the
same with both displays (o0 ~ 31.5°), having no impact on the recorded data, thus making
them fully comparable. During the experiment, light conditions were kept low to minimize
visual distraction.

A session consisted of the following elements: (a) a 30-second opening cartoon (to focus
participants’ attention), (b) a 3-point calibration procedure (i.e., completed when 3 points
were successfully calibrated and repeated for the missing ones) in which an expanding-con-
tracting circle appeared in every position of a 2 x 3 grid of white dots on a black background (a
satisfactory calibration was achieved with less than 2° of deviation on the x and y axes), (c) the
experimental phase, and (d) a brief final animation (a puppet thanking the participant and say-
ing goodbye).

The experimental phase consisted of the successive presentation of various randomly
ordered visual stimuli, divided into six ‘blocks’ of experimental content (each underpinning
one of the six social-emotional abilities assessed). Between each block, a dynamic fixation
cross paired with a stimulating sound was presented in the screen’s center until the participant
looked at it (i.e., the 400 x 400 pixels AOI drawn around it had to be gazed at for at least 300
ms to trigger the next block) in order to prevent a side bias from compromising the reliability
of the recorded data. This fixation cross was also presented between each of the trials compos-
ing the different blocks, but this time for a fixed duration (1500 ms) that no longer depended
on participants’ gaze. Consequently, we checked post hoc whether they had looked at it
between each trial or not: in this case, the concerned trial(s) were removed from the analyses.

The total duration of a session (including the opening cartoon, the calibration, the experi-
mental phase, and the brief final thank-you message) was about 6 minutes. It could be longer if
the calibration had to be repeated and/or if the participant did not look directly at the screen’s
center between blocks (thus delaying their activation), but it never exceeded 10 minutes.

Stimuli

To measure the social-emotional abilities of interest, we integrated six ‘blocks’ of experimental
content into our paradigm. This content consisted of visual stimuli specifically chosen for its
variability. The variability related to the visual characteristics of the stimuli (high/low contrast,
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black and white/colored, dynamic/static, sparse/complex, or with many/few details), but also
the screen area they occupied (covering the whole screen or only a part of it), the level of
abstraction of their content (abstract forms vs. concrete situations, objects, or individuals), and
their presentation modalities (few trials with long presentation times vs. many trials with
shorter presentation times).

Since we decided to use a visual preference procedure involving the simultaneous presenta-
tion of two side-by-side stimuli, each task had a minimum of two trials in order to counterbal-
ance the pairs of stimuli laterally.

The "Point-Light (PL)-Task" of our paradigm used the stimuli created by Bidet-Ildei,
Kitromilides, Orliaguet, Pavlova, and Gentaz (2014) to measure our participants’ ability to dis-
criminate biological motion from non-biological motion [38]. It included two 20-second trials
(for a total duration of approx. 42 seconds). The stimuli pairs thus presented on each trial con-
sisted of moving white dots depicting a human point-light walker (biological motion) beside
another point-light set of randomly moving dots (non-biological motion). The AOI drawn
around each stimulus was 960 x 1080 pixels (covering the entire screen). Based on a previous
eye-tracking study [60], participants had to look at the display for at least 500 ms for a trial to
be validated and its data processed.

The "Social Orienting (SO)-Task" of our paradigm used the stimuli created by Franchini
et al. (2016) [32], to measure the ability to discriminate socially salient visual scenes from non-
social scenes in our participants. It included eight 5-second trials (for a total duration of
approx. 48 seconds considering inter-trial delays). The stimuli pairs thus presented consisted
of dynamic social images (sequences showing a young boy or girl moving and dancing solo)
beside dynamic geometric images (moving geometrical shapes similar to classic abstract screen
savers). The AOI drawn on each stimulus was 815 x 1080 pixels (corresponding to half of the
screen minus the black stripe area on the edges of the original stimuli). As in the previous task,
participants had to look at the display for at least 500 ms for a trial to be validated and its data
processed.

The male and female emotional (happy and angry) faces used to test our participants’
visual scanning of facial features and emotion discrimination came from the “The Karolinska
Directed Emotional Faces—KDEF”, references F22 and M17 [61]. This selection was based on
the validation article of this database [62]: these were the only models in the 20 best joy and
anger pictures established by the authors to have teeth visible, as teeth have been shown to be a
particularly salient facial feature influencing emotion discrimination [63]. To increase ecologi-
cal validity [64] the stimuli were presented in color on a medium gray background (RGB 100,
100, 100). The hairline, another facial feature known to affect the visual exploration of faces
[65], was cropped using GIMP software.

Since we aimed to assess two distinct abilities from these two pairs of faces, we allocated
one experimental ‘block’ (consisting of two 20-second trials) to each. Different AOIs were
drawn as the two abilities were actually measured by comparing the time spent looking at dif-
ferent locations: (a) time on the eye area (composed of two AOIs of 160 x 160 pixels each,
spaced 140 pixels apart) vs. the mouth area (consisting of an AOI of 320 x 160 pixels, equiva-
lent to the size of the eye region) for visual scanning of facial features, and (b) time on happy
face vs. angry face (i.e., on each of the two 600 x 790 pixels AOIs, symmetrically located at a
distance of 180 pixels from the screen center) for emotion discrimination.

Trial validation also depended on looking times at the different AOIs: for visual scanning,
participants had to have looked at the three AOIs (i.e., mouth, left and right eye areas) for at
least 200 ms, whereas for emotion discrimination they had to have looked at the two AOIs
delimiting both emotional faces for at least 300 ms.
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The "RJA-Task" of our paradigm used the stimuli created by Franchini et al. (2017) [49] to
test participants’ ability to follow the direction of others’ gaze to share a common point of ref-
erence. Only the videos of the ‘intense’ condition that had previously generated significantly
higher looking times were integrated into our experimental paradigm: they consisted of four
15-second videos in which an actress was standing behind a table with two identical objects (of
different natures, shapes, and colors in each video). In this initial position, the actress was look-
ing directly at the camera. After 4 seconds, the objects started to move, she then suddenly
focused her attention on one of them with an expression of intense surprise that lasted 10 sec-
onds. The AOI was drawn on each of the two 450 x 350 pixels objects (the one that was looked
at and the one that was not). Both AOIs were symmetrically located at a distance of 225 pixels
from the center of the screen length. An additional area (of identical size) was also drawn
around the actress’ face in order to control for the quality of the visual exploration: participants
had to look at it for at least 300 ms for a trial to be validated and its data processed.

The "SME-Task" of our paradigm was an adaptation of the “Climbing the hill” paradigm
[51], in which a ‘climber’ puppet (a red, circular wooden character with large plastic ‘googly’
eyes) tried but failed to climb a steep hill, and was randomly either bumped up the hill by the
‘helper’ (prosocial behavior) or bumped down the hill by the ‘hinderer’ (antisocial behavior).
Each of these “climbing scenes” lasted 15 seconds. This first part of the task was followed by a
final visual preference scene (consisting of two 15-second trials), in which both the helper and
the hinderer puppets (a blue square and a yellow triangle with googly eyes) were simulta-
neously presented side by side on the entire screen surface (delineated by two 960 x 1180 pixels
AOIs). Consequently, our SME-Task differed from the others by its structure (the visual pref-
erence scene was only a part of the task, occurring only after the presentation of the first two
climbing scenes), but also by the fact that the visual preference measurement depended on the
quality of the visual exploration of the previous climbing scenes: the participants had to have
looked at each of them for at least 5 seconds and the difference in their respective looking
times had to be no more than 10 seconds for a trial to be valid. Since these inclusion criteria
might eliminate a number of trials, participants’ socio-moral evaluation ability was also mea-
sured by comparing the time spent gazing at each climbing scene to determine whether one of
the two observed behaviors (pro- vs. anti-social) attracted more visual attention.

Data analysis

Raw data were extracted using Tobii Pro Lab (Version 1.162) computer software. We were
interested in the total looking times (LT) at all the AOIs drawn on every stimulus, computed
by this software as the total visit duration. Visits are defined as the portion of gaze data
between the start of the first fixation on the AOI until the end of the last fixation on the AOI,
before an exit saccade. Fixations can be defined as the periods of time where the eyes are rela-
tively still, holding the central foveal vision in place so that the visual system can take in
detailed information about what is being looked at, whereas saccades refer to rapid, ballistic
movements of the eyes that abruptly change the point of fixation [27]. These raw times (in sec-
onds) were relevant primarily for exploring and comparing the general characteristics of indi-
vidual oculomotor behaviors in response to different visual stimuli.

Nevertheless, statistical analyses were not performed on these raw data but on proportions
of looking times (expressed as LT percentages), which were computed on different ratios
depending on what was being tested: (1) for feasibility, proportions of LTs on the different
blocks/tasks of the paradigm relative to their respective durations; (2) for visual preferences,
proportions of LTs on one of the paired stimuli (or on a specific AOI) relative to the LTs on
both stimuli (or on all the specific AOIs compared).
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First, regarding the feasibility of the paradigm, we started by running preliminary analy-
ses consisting of descriptive statistics (means, standard deviations, ranges) of total LT per-
centages of both the PIMD individuals at each session performed, and the control group.
We then focused on the individual data of the PIMD participants and performed a within-
subject analysis of variance (ANOVA) of the mean LT percentages to test the effect of the
blocks’ order of presentation (regardless of their specific content), the effect of fatigue
between the first two and the last two blocks presented (through complementary post-hoc
contrast analyses), and the effect of the blocks’ content (i.e., task-specific visual stimuli).
Additionally, before proceeding with the analysis of visual preferences, the symmetry (left/
right side of the screen and upper/lower part of it) of the participants’ visual exploration
was examined using the data from the opening cartoon and the final animation. We
extracted the number of fixations on each of these four screen areas, calculated the ratios,
and verified that there was no significant asymmetry in individual exploration of the
screen.

Second, regarding the visual preferences, we started by excluding all individual trials that
failed to meet the task-specific inclusion criteria from the analyses (c.f. Stimuli Section), as well
as those whose priming fixation cross presented in the center of the screen had not been gazed
at, before proceeding to skill-by-skill and case-by-case data processing. Then, the LT percent-
ages on each of the paired stimuli (or on a specific AOI) of both the PIMD individuals and the
control group were compared either through paired-sample ¢-tests (when the distribution of
our dependent variables was normal) or non-parametric Wilcoxon matched-pair tests (when
the distribution was not normal). Whenever the mean LT percentage was significantly higher
on one of the two stimuli/AOIs compared, we concluded that there was a visual preference for
it. Normality was tested using the Shapiro-Wilk W-test.

All statistical analyses were conducted using TIBCO Statistica (version 13.2). A p-
value < 0.05 was considered significant.

Results
Feasibility of the eye-tracking-based experimental paradigm

Considering the general characteristics of the eye-tracking data of the two populations studied,
we first noted that PIMD participants spent overall less time looking at the screen compared to
the control group (Mann-Whitney U = 342, p < .001), thereby justifying the fact that we calcu-
lated percentages of looking times (at the screen and then at specific AOIs) and performed the
statistical tests on these proportions rather than on the raw times.

Preliminary analyses: Descriptive statistics of LT percentages. Table 2 presents the per-
centages of time each of the nine PIMD participants spent looking at the screen in the different
sessions they individually performed (over the session duration), as well as the total mean LT
percentage for each of them and for the control group. We observed that seven of the nine par-
ticipants spent more than half the time looking at the screen (LT percentages > 50%) by the
very first session (S1): only participants #5 (Betty) and #6 (Elise) spent more time looking away
from the screen during its completion (respective LT percentages of 24.06 and 15.09). While
the gaze rate of participant #6 (Elise) was indeed particularly low at S1, it increased consider-
ably at S2 (48.88%), reached the 50% threshold at S3 (51.96%), and decreased again in the last
two sessions (30.39 and 20.80%). This variability was not found in the session percentages of
participant #5 (Betty). With a mean LT percentage of 29.22 (SD = 4.76), Betty appeared to be
the participant who spent, on average, the least amount of time looking at the screen during
the five sessions she performed. Additionally, this extremely low gaze rate tended to be espe-
cially consistent across sessions: no other participant obtained such a small standard deviation.
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Table 2. Preliminary analyses: Descriptive statistics of looking times (LT) of the nine PIMD participants and the control group (session percentages, means, stan-
dard deviations, and ranges).

Participant LT percentage' at each session performed Mean (SD) Range
S1 S2 S3 S4 S5 S6 S7 S8
#1Zoe 67.52 50.23 54.09 49.69 65.45 45.66 45.05 55.49 54.15 (8.44) 45.05-67.52
# 2 Nina 73.29 51.24 69.07 85.77 70.74 75.35 90.20 46.61 70.28 (15.10) 46.61-90.20
# 3 Suzan 55.14 24.61 67.60 17.51 41.78 41.33 (20.79) 17.51-67.60
#4 Jane 54.66 83.15 61.24 45.41 18.96 52.69 (23.43) 18.96-83.15
#5 Betty 24.06 27.68 35.28 26.02 33.04 29.22 (4.76) 24.06-35.28
# 6 Elise 15.09 48.88 51.96 30.39 20.80 33.41 (16.49) 15.09-51.96
# 7 Mike 78.37 29.56 89.08 86.12 59.27 76.46 69.18 81.82 71.23 (19.32) 29.56-89.08
# 8 John 52.30 22.30 57.11 37.04 69.20 47.59 (18.24) 22.30-69.20
#9 Tim 94.03 46.14 64.49 25.78 60.90 58.27 (25.14) 25.78-94.03
Control Group (n = 32) 75.82 (17.28) 27.22-97.53

! Calculated as the proportion of time spent looking at the presentation screen over the session duration.

https://doi.org/10.1371/journal.pone.0266176.t002

Although relatively little variability was also observed in the session LT percentages of partici-
pant #1 (Zoe), which ranged from 45.05 (at S7) to 67.52 (at S1) (M = 54.15%, SD = 8.44).

In contrast, the gaze rates of participants #4 (Jane), #8 (John), and #9 (Tim), whose mean
LT percentages were close to Zoe’s (52.69, 47.59 and 58.27, respectively) were much less con-
sistent across the different sessions they individually performed (with respective standard devi-
ations of 23.43, 18.24, and 25.14). Participant #9 (Tim) had the widest range of LT percentages:
from only 25.78 in the 4th session, up to 94.03 in the 1st one, which is the highest gaze rate
measured in the PIMD individuals.

Nevertheless, some variability was also found in the control group, whose LT percentages
ranged from 27.22 to 97.53. With a total mean LT percentage of 75.82 (SD = 17.28), it seemed
that the variability observed within the control group was very close to the PIMD participants’
intra-individual variability (with a tendency for the latter to be slightly lower). Finally, it should
be noted that two PIMD participants have a mean LT percentage very similar to that of the
control group: these are #2 (Nina) (M = 70.28, SD = 15.10), and #7 (Mike) (M = 71.23,

SD =19.32).

Effects of block presentation (order and fatigue) and task content. For the different
effects tested, focusing first on those related to the presentation of the blocks (see Table 3), we
observed that the repeated measures ANOVA performed to test the order effect was significant
only in one PIMD individual: participant #1 (Zoe), F(5,35) = 3.442, p = .012. A post-hoc analy-
sis (Tukey HSD tests) revealed that, on average, Zoe tended to look significantly longer at the
4th block presented to her (highest mean LT percentage: 63.94, SD = 12.83) than the 5th one
(lowest mean LT percentage: 44.48, SD = 9.2), p = .018.

A contrast analysis testing for a possible fatigue effect during the completion of the sessions
(comparing the individual LT percentages on the first two blocks presented with those on the
last two) was also significant in only one PIMD individual: participant #4 (Betty). However,
this was not a fatigue effect since Betty tended to look significantly longer at the last two blocks
(M =46.89%, SD = 11.95) than at the first two (M = 16.61%, SD = 6.79), t(4) = -3.838, p = .018.

Consistent with the results for most PIMD participants, neither the order effect nor the
fatigue effect was significant in the control group.

Regarding the effect of the content, the ANOVA conducted to test whether gaze rates
depended on the visual stimuli specific to each block was significant for two PIMD participants
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Table 3. Mean percentage (and standard deviation) of looking times (LT) at each of the 6 blocks composing a session of both the nine PIMD participants and the
control group, and statistical analyses for the two presentation effects (order and fatigue).

Participant | N Mean LT percentage' (SD) Presentation effects
Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Order? Fatigue®
#1 Zoe 8 61.83 (8.74) 49.90 (14.41) 52.08 (13.56) 63.94 (12.83) 44.48 (9.2) 57.31(17.7) F(5,35) = 3.442* (7) = 0.940
#2 Nina 8 | 73.80(1341) |72.69(18.2) 68.97 (15.67) | 72.56 (18.19) | 70.13 (28.57) 67.60 (28.58) | F(5,35) = 0.192 #(7) = 0.614
# 3 Suzan 5 51.64 (31.67) 35.68 (37.48) 52.92 (26.47) 35.29 (15.66) 35.29 (20.92) 35.93 (22.1) F(5,20) = 1.288 t(4) = 0.870
# 4 Jane 5 54.25(32.83) | 49.29(26.32) |59.55(22.66) |49.03(37.88) | 41.94(35.02) 55.04 (26.49) | F(5,20) = 0.438 #(4) = 0.300
# 5 Betty 5 20.03(12.62) | 13.20 (9.09) 2791 (11.16) | 37.90 (22.12) | 46.08 (41.01) 47.71 (33.46) | F(5,20) = 1.455 #(4) = -3.838"
# 6 Elise 5 45.30 (33.26) 26.96 (13.77) 19.82 (10.53) 28.72 (26.5) 44.97 (34.25) 36.22 (28.81) F(5,20) = 1.202 t(4) = -0.669
#7 Mike 8  169.62(29.64) |74.99(19.71) |67.28(18.32) | 78.99(25.24) |76.298(30.05) |57.21(21.78) | F(535)=1.466 #(7) = 1.251
# 8 John 5 33.66 (23.14) 46.37 (25.62) 46.08 (18.69) 57.67 (28.65) 52.46 (22.12) 45.55 (14.23) F(5,20) = 1.356 t(4) = -2.499
#9 Tim 5 69.71 (16.37) 51.65 (32.33) 60.83 (26.26) 55.87 (32.78) 60.03 (30.12) 49.88 (29.96) F(5,20) =1.213 t(4) = 0.750
CG (n=32) 72.98 (22.03) 78.44 (23.66) 76.59 (24.30) 72.43 (27.07) 74.80 (22.72) 77.96 (23.70) F(5,155) = 0.601 t(31) =-0.237

! Calculated as the time spent looking at the screen during the presentation of each block at the different sessions performed divided by the blocks’ duration.
2, Main effect of the order of presentation of the six blocks tested using within-subject repeated measure ANOV As.

3. Fatigue effect tested using contrast analyses comparing the individual mean LT percentages on the first two blocks presented vs. the last two.

*p<.05.

https://doi.org/10.1371/journal.pone.0266176.t003

as well as for the control group (see Table 4). Participant #4 (Jane) spent less time on average
looking at the stimuli from the PL-Task (M = 32.33%, SD = 22.74) than those from the
SO-Task (M = 63.29%, SD = 18.69), F(5,20) = 3.379, p = .023. Participant #7 (Mike) spent, on
average, less time looking at the PL-Task (M = 52.47%, SD = 16.28) than at both the SO-Task
(M =78.46%, SD = 31.94) and the RJA-Task (M = 82.24%, SD = 22.95), F(5,35) = 3.104, p =
.02. Finally, TD children spent significantly more time looking at the stimuli from the SO-Task
(M = 80.87%, SD = 17.0) than at the pair of happy and angry female faces (M = 68.16%,
SD = 25.03), F(5,155) = 2.958, p = .014.

In addition, it is interesting to note that the individual gaze rates presented above are related
to scores on the attentional skills subscale of the ECT questionnaire (measured through items

Table 4. Mean percentage (and standard deviation) of looking times (LT) on each of the 6 tasks composing a session of both the nine PIMD participants and the
control group, and statistical analyses testing the main effect of the content, using within-subject repeated measures ANOVAs.

Participant N Mean LT percentage' (SD) Content effect
PL-Task SO-Task Female faces Male faces RJA-Task SME-Task

#1 Zoe 8 56.48 (17.50) 57.83 (15.69) 45.93 (10.80) 55.44 (14.76) 49.73 (12.02) 64.13 (9.10) F(5,35) = 2.241

# 2 Nina 8 65.85 (22.97) 69.12 (17.77) 77.43 (15.47) 71.55 (20.58) 64.94 (15.21) 76.85 (29.21) F(5,35) = 1.036

# 3 Suzan 5 46.97 (26.34) 30.03 (17.24) 45.11 (9.97) 52.50 (32.94) 38.94 (26.60) 33.21(37.45) F(5,20) = 1.267

#4 Jane 5 32.33(22.74) 63.29 (18.69) 37.58 (26.29) 59.81 (31.64) 60.71 (31.48) 55.36 (35.29) F(5,20) = 3.379*

#5 Betty 5 23.84 (13.81) 24.26 (9.80) 31.07 (26.0) 39.66 (20.48) 15.04 (13.14) 58.94 (42.94) F(5,20) = 1.90

# 6 Elise 5 45.35 (38.27) 36.90 (21.96) 20.96 (9.31) 20.11 (14.37) 35.98 (21.61) 42.68 (36.68) F(5,20) = 1.347

# 7 Mike 8 52.47 (16.28) 78.46 (31.94) 67.40 (24.67) 69.03 (23.89) 82.24 (22.95) 74.76 (18.67) F(5,35) = 3.104"

# 8 John 5 49.62 (20.24) 47.89 (19.70) 44.37 (24.13) 36.76 (24.62) 57.79 (28.46) 4537 (19.11) F(5,20) = 0.913

#9 Tim 5 55.44 (24.51) 57.0 (23.73) 62.36 (30.98) 46.82 (30.46) 65.81 (31.39) 60.54 (29.94) F(5,20) = 0.975

CG (n=32) 69.55 (27.51) 80.87 (17.0) 68.16 (25.03) 77.57 (17.68) 80.31 (26.41) 76.75 (25.40) F(5,155) = 2.958"

!, Calculated as the time spent looking at the screen during each task’s completion at the different sessions performed divided by the tasks’ duration.
*
p < .05.

https://doi.org/10.1371/journal.pone.0266176.t1004
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such as "Voluntarily directs attention ‘to a person’ or ‘to an object of interest’’ and "Maintains
sustained attention"). Pearson correlations then showed that attentional skills were signifi-
cantly associated with the mean LT percentage in each session (r = .454) and with the mean LT
percentage in the following tasks (p < .05): PL-Task (r = .328), SO-Task (r = .539), emotional
faces (r = .262), RJA-Task (r = .439) and SME-Task (r = .312).

Visual exploration symmetry. In most eye-tracking studies, participants are assumed to
be able to explore the entire screen surface based on their calibration output, but as we opted
for alow-demand procedure (only 3 successful points) in order to maintain participants’ atten-
tion, the analysis of the distribution of fixations on the screen during both the opening cartoon
and the final animation completes and strengthens this undemanding procedure by providing
additional information regarding participants’ visual exploration symmetry.

Opverall, the fixations of both the control group and the PIMD participants were symmetri-
cally distributed over the entire screen surface, resulting in small differences between the per-
centages of fixations on the left and right side of the screen, as well as between on the upper
and lower part of it. Differences greater than 10% were observed in only two individuals. Par-
ticipant #7 (Mike) showed the highest difference between his visual exploration of the left vs.
right side of the screen (respective mean fixation percentages: 55.5 vs. 44.5%, SD = 3.23).
Regarding the visual exploration of the upper versus lower part of the screen, the greatest dif-
ference in fixation percentages was shown by participant #8 (John) (M = 56.2 vs. 43.8% respec-
tively, SD = 2.94). This result appears to be consistent with calibration outputs indicating that
the completion of this 3-point procedure was systematically problematic with participant #8
(John) (e.g., recurrent insufficient data collected for each calibration point, often remaining
poorly accurate even once validated).

Visual preference in the six social-emotional abilities

Biological vs. non-biological motion. The control group showed no visual preference for
biological or non-biological motion. Although TD children tended to look slightly longer at
biological motion than at non-biological (51.75 vs. 48.25%, SD = 23.62), this difference was not
significant (#(58) = 0.568, p = .572). Similarly, the difference between the LT percentages for
the two types of stimuli of the PL-Task was not significant for any of the PIMD individuals.
However, the same tendency to look longer at biological motion was found in seven of them.
Only participants #3 (Suzan) and #8 (John) showed the opposite pattern, resulting in higher
LT percentages on non-biological motion. Results are detailed in Table 5.

Socially salient vs. non-social scenes. The control group showed a visual preference for
socially salient stimuli (#(247) = 15.891, p < .001). Among the PIMD individuals, this same
preference was found in two participants: #1 (Zoe) looked longer at social than at non-social
scenes (60.74 vs. 39.26%, SD = 25.45; t(63) = 3.378, p = .001), as did #8 (John), with respective
LT percentages of 70.85 and 29.15 (SD = 28.02), #(37) = 4.587, p < .001. Despite non-signifi-
cant differences, four PIMD individuals exhibited the same tendency as the TD children to
look slightly longer at social stimuli: participants #2 (Nina), #4 (Jane), #6 (Elise), and #7
(Mike). Finally, participants #3 (Suzan), #5 (Betty), and #9 (Tim) showed the opposite pattern,
resulting in higher LT percentages on non-social scenes. Results are detailed in Table 6.

Facial area of the eye vs. the mouth. The control group showed a significant difference in
visual scanning of facial features, with a preference for the eye area over the mouth (71.19 vs.
28.81%, SD = 25.71; #(122) = 9.142, p < .001) of male and female emotional (happy and angry)
faces (regardless of emotion and gender). In the PIMD participants, this visual preference was
also found in four individuals: on average, participants #2 (Nina), #5 (Betty), #7 (Mike), and #9
(Tim) all looked significantly longer at the eye area (63.91, 80.3, 61.34, and 70.54%,
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Table 5. Mean (and SD) looking times (raw and percentage) at each of the two stimuli of the PL-Task (i.e., biological vs. non biological motion), consisting of two
20-second trials, of the control group and the nine PIMD participants.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage) Difference in LT

Biological motion Non-biological Biological motion Non-biological percentages

motion motion

M (SD) M| (SD) M (SD) M (SD) t(n-1) 4

Control group (n = 30") | 59 8.305 (4.653) 7.021 (3.737) 51.75 (23.62) 48.25 (23.62) 0.568 572
Participant #

#1Zoe 16 5.857 (3.631) 5.199 (3.423) 53.01 (24.26) 46.99 (24.26) 0.497 .626
# 2 Nina 16 6.761 (4.441) 6.812 (5.139) 51.74 (27.48) 48.26 (27.48) 0.253 .804
# 3 Suzan 10 2.519 (2.163) 6.364 (5.657) 35.68 (35.03) 64.32 (35.03) -1.293 228
#4 Jane 6 5.832 (4.193) 2.655 (2.886) 60.71 (37.79) 39.29 (37.79) 0.694 519
# 5 Betty 8 3.725 (3.850) 1.659 (1.535) 60.55 (34.82) 39.45 (34.82) 0.857 420
# 6 Elise 10 5.070 (6.318) 4.254 (6.226) 50.59 (43.24) 49.41 (43.24) 0.043 967
#7 Mike 16 4.715 (2.747) 5516 (4.431) 52.71 (27.16) 47.29 (27.16) 0.399 695
# 8 John 10 4.781 (4.497) 4.725 (4.598) 48.15 (38.07) 51.85 (38.07) -0.153 .881
#9 Tim 9 5.696 (3.586) 6.174 (6.082) 54.85 (29.24) 45.15 (29.24) 0.498 .632

!, Data from two TD children were excluded from the analyses; the remaining sample consisted of 30 TD children (12 girls, 18 boys) aged 12 to 36 months (M = 23.03,
SD =7.42).

https://doi.org/10.1371/journal.pone.0266176.t005

respectively) than at the mouth (36.09, 19.7, 38.66, and 29.46%, respectively). Furthermore,
among the five participants where the difference was not significant, none showed the opposite
pattern: all PIMD individuals tended to look longer at the eyes than the at the mouth area.
Results are detailed in Table 7.

Happy vs. angry faces. The control group showed a significant difference in emotion dis-
crimination, with a visual preference for angry faces over happy faces (56.77 vs. 43.23%,
SD =16.57), t(124) = 4.57, p < .001. No significant difference was found in the LT percentages

Table 6. Mean (and SD) looking times (raw and percentage) at each of the two stimuli of the SO-Task (i.e., social vs. non social scenes), consisting of eight 5-second
trials, of the control group and the nine PIMD participants.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage) Difference in LT

Social scenes Non-social scenes Social scenes Non-social scenes percentages

M (SD) M| (SD) M (SD) M (SD) t(n-1) P
Control group (n = 32) | 248 3.589 (1.431) 1.254 (1.239) 74.27 (24.05) 25.73 (24.05) 15.891 <.001

Participant #

#1Zoe 64 1.907 (1.136) 1.327 (1.054) 60.74 (25.45) 39.26 (25.45) 3.378 .001
# 2 Nina 56 1.976 (1.659) 1.925 (1.653) 51.97 (33.88) 48.03 (33.88) 0.436 .665
# 3 Suzan 25 0.824 (0.909) 1.294 (1.480) 4825 (40.72) 51.75 (40.72) -0.215 831
# 4 Jane 39 1.674 (1.685) 1.930 (1.983) 53.35 (37.97) 46.65 (37.97) 0.551 585
# 5 Betty 22 1.302 (1.591) 1.137 (1.164) 49.85 (37.89) 50.15 (37.89)% -0.019 985
# 6 Elise 29 1.483 (1.635) 1.248 (1.250) 50.01 (39.40) 49.99 (39.40) 0.002 998
# 7 Mike 60 2.301 (1.725) 2.495 (1.807) 50.12 (32.80) 49.88 (32.80) 0.028 978
# 8 John 38 1.845 (1.514) 0.645 (0.823) 70.85 (28.02) 29.15 (28.02) 4.587 <.001
#9 Tim 35 1.504 (1.468) 1.759 (1.657) 47.53 (37.12) 52.47 (37.12) -0.394 .696

" Since the distribution of these variables was not normal (Shapiro-Wilk W-test = 0.873, p = .009), a non-parametric Wilcoxon matched-pair test was performed to
compare them, which also turned out to be non-significant (Z = 0.097, p = .922).

https://doi.org/10.1371/journal.pone.0266176.1006
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Table 7. Mean (and SD) looking times (raw and percentage) at each of the two facial AOIs (i.e., eye vs. mouth areas) of the control group and the nine PIMD partic-

ipants recorded during the repeated presentation (four 20-second trials) of pairs of male and female happy and angry faces.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage) Difference in LT

Eye area Mouth area Eye area Mouth area percentages

M (SD) M (SD) M (SD) M (SD) t(n-1) P
Control group (n = 32) | 123 4.573 (3.352) 1.969  |(2.400) 71.19 (25.71) 28.81 (25.71) 9.142 <.001

Participant #

# 1 Zoe 31 0.790 (0.637) 0.805 (0.953) 55.58 (28.63) 44.42 (28.63) 1.086 286
#2 Nina 30 2.012 (1.482) 1.371 (1.358) 63.91 (24.16) 36.09 (24.16) 3.153 .004
# 3 Suzan 12 0.446 (0.480) 0.314 (0.347) 66.94 (33.68) 33.06 (33.68) 1.742 .109
#4 Jane 17 1.107 (1.426) 0.761 (0.996) 60.08 (32.99) 39.92 (32.99) 1.260 226
#5 Betty 14 1.321 (1.490) 0.251 (0.447) 80.30 (19.74) 19.70 (19.74) 5.745 <.001
# 6 Elise 16 0.247 (0.245) 0.187 (0.220) 58.37 (31.65) 41.63 (31.65) 1.058 .307
# 7 Mike 31 2.062 (1.704) 1.424 (1.348) 61.34 (23.06) 38.66 (23.06) 2.738 .010
# 8 John 15 0.647 (0.698) 0.514 (0.661) 56.49 (35.65) 43.51 (35.65) 0.705 492
#9 Tim 13 1.691 (2.121) 0.449 (0.400) 70.54 (29.83) 29.46 (29.83) 2.483 .029

https://doi.org/10.1371/journal.pone.0266176.t007

on any pair of emotional faces in PIMD individuals. However, the majority (five participants)
showed a similar tendency to spend more time looking at angry faces, while only four of them
showed the opposite pattern. Results are detailed in Table 8.

Objects of joint attention vs. non-looked-at objects. The control group showed a signifi-
cant difference in the amount of time spent looking at the objects that the actress was—or was
not—looking at in the RJA-Task, with a visual preference for the looked-at objects (i.e., those
reflecting correct RJA behaviors) over the non-looked-at ones (57.98 vs. 42.02%, SD = 22.96), t
(97) = 3.424, p = .001.

In PIMD individuals, this same visual preference was found in participant #2 (Nina), who
showed significantly higher LT percentages on looked-at objects than on non-looked-at ones
(74.38 vs. 25.62%, SD = 35.34), (16) = 2.845, p = .012. Despite non-significant differences, four
individuals showed the same tendency as TD children to look slightly longer at objects of joint
attention: participants #1 (Zoe), #4 (Jane), #6 (Elise), and #7 (Mike). In contrast, we observed

Table 8. Mean (and SD) looking times (raw and percentage) at each of the two emotional expressions (i.e., angry and happy faces) of the control group and the nine
PIMD participants recorded during the repeated presentation (four 20-second trials) of pairs of male and female happy and angry faces.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage) Difference in LT
Angry face Happy face Angry face Happy face percentages
M (SD) M (SD) M (SD) M (SD) t(n-1) p
Control group (n = 32) | 125 6.702 (3.554) 5.021 (2.828) 56.77 (16.57) 43.23 (16.57) 4.570 <.001
Participant #
#1 Zoe 32 2.750 (1.817) 2.959 (2.311) 49.29 (28.65) 50.71 (28.65) -0.139 .890
#2 Nina 32 5.934 (3.843) 3.930 (2.747) 57.52 (25.67) 42.48 (25.67) 1.657 .108
# 3 Suzan 15 1.297 (1.280) 2232 (1.920) 43.19 (38.46) 56.81 (38.46) -0.686 504
# 4 Jane 17 2.705 (2.404) 2.768 (2.269) 46.81 (34.19) 53.19 (34.19) -0.385 705
# 5 Betty 16 1.640 (1.907) 1.927 (3.637) 52.25 (42.18) 47.75 (42.18) 0.213 834
# 6 Elise 17 1.008 (1.042) 1.245 (1.597) 52.60 (40.19) 47.40 (40.19) 0.267 793
# 7 Mike 32 4.154 (3.163) 5.409 (3.249) 43.59 (21.43) 56.41 (21.43) -1.693 .101
# 8 John 17 2.534 (3.036) 2.406 (3.402) 52.31 (41.66) 47.69 (41.66) 0.229 .822
#9 Tim 14 4.069 (3.869) 2.538 (2.148) 54.18 (34.27) 45.82 (34.27) 0.457 .655
https://doi.org/10.1371/journal.pone.0266176.t008
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Table 9. Mean (and SD) looking times (raw and percentage) at each of the two stimuli of the RJA-Task (i.e., looked-at vs. non-looked-at objects), consisting of four
15-second trials, of the control group and the nine PIMD participants.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage) Difference in LT
Looked-at objects Non-looked-at Looked-at objects | Non-looked-at objects percentages
(RJA behaviors) objects (RJA behaviors)
M (SD) M| (SD) M (SD) M (SD) t(n-1) p
Control group (n = 271) 97 1.847 (1.208) 1.424 (1.139) 57.98 (22.96) 42.02 (22.96) 3.424 .001
Participant #
#1 Zoe 18 0.498 (0.467) 0.504 (0.435) 53.47 (29.86) 46.53 (29.86) 0.493 .628
# 2 Nina 17 0.787 (1.173) 0.294 (0.634) 74.38 (35.34) 25.62 (35.34) 2.845 .012
# 3 Suzan 4 0 0.056 (0.096)
#4 Jane 8 0.229 (0.285) 0.143 (0.204) 50.72 (44.0) 49.28 (44.0) 0.046 964
# 5 Betty 3 0.019 | (0.017) 0.314 (0.479) 1033 (14.80) 89.67 (14.80) -4.641 043
# 6 Elise 6 0.147 | (0.219) 0.099 (0.172) 54.45 (47.26) 45.55 (47.26) 0.231 827
# 7 Mike 23 0.956 | (1.064) 0.605 (0.636) 57.39 (34.61)* 42.61 (34.61) 1.024 317
# 8 John 11 0.229 (0.354) 0.312 (0.381) 43.80 (50.45) 56.20 (50.45) -0.407 .692
#9 Tim 4 0.408 | (0.700) 0.326 0.592) 38.61 (48.31) 61.39 (48.31) -0.471 670

!, Data from five TD children were excluded from the analyses; the remaining sample consisted of 27 TD children (11 girls, 16 boys) aged 12 to 36 months (M = 22.8,
SD=7.3).
" Since the distribution of these variables was not normal (Shapiro-Wilk W-test = 0.852, p = .003), a non-parametric Wilcoxon matched-pair test was performed to

compare them, which also turned out to be non-significant (Z = 1.08, p = .28).

https://doi.org/10.1371/journal.pone.0266176.t009

for the first time an opposite visual preference in one individual. Participant #5 (Betty) exhib-
ited significantly higher LT percentages (averaged over only three trials) on non-looked at
objects than on those reflecting RJA behaviors (89.67 vs. 10.33%, SD = 14.8), £(2) = -4.641,p =
.043. This same pattern was also found in the LT percentages of participants #8 (John) and #9
(Tim). In addition, the data from the only four valid trials of participant #3 (Suzan) turned out
to be problematic as zero visit durations were recorded on the AOI drawn around the looked-
at object, thus making it impossible to calculate LT percentages for this participant. Results are
detailed in Table 9.

Prosocial vs. antisocial behaviors and scenes. Focusing first on the final visual preference
scene (cf. Table 10), we observed that the control group did not show a visual preference for
either the pro-social or the anti-social puppet. Although TD children tended to look slightly
longer at the hindering puppet, which had previously impeded the climber’s action, than at the
helper (52.96 vs. 47.04%, SD = 14.73), this difference was not significant (#(43) = -1.335, p =
.189). Similarly, the difference between the LT percentages for the two puppets was not signifi-
cant for any of the PIMD individuals. However, the majority (five participants) also tended to
look slightly longer at the anti-social puppet, while only four of them showed the opposite
pattern.

Comparing the time spent gazing at each of the two climbing scenes (cf. Table 11), we then
observed a significant difference in the control group who spent, on average, more time look-
ing at the pro-social scene (86.37%, SD = 11.36) than the anti-social one (77.17%, SD = 13.91)
(regardless of their order of presentation) (independent ¢-test: #(30) = 3.784, p < .001). Regard-
ing the PIMD individuals, participant #7 (Mike) showed this same visual preference: on aver-
age, he spent significantly more time looking at the pro-social climbing scene (84.92%,

SD = 14.61) than the anti-social one (67.03%, SD = 22.59), #(7) = 3.176, p = .016. Moreover,
this same tendency was also found in six other individuals (although the differences were not
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Table 10. Mean (and SD) looking times (raw and percentage) at each of the two stimuli of the SME-Task’s final preference scene (i.e., prosocial—Or helper—Puppet
vs. antisocial—Or hinderer—Puppet), consisting of two 15-second trials, of the control group and the nine PIMD participants.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage) Difference in LT

Prosocial puppet Antisocial puppet Prosocial puppet Antisocial puppet percentages

M (SD) M (SD) M (SD) M (SD) H(n-1) P
Control group (n = 20Y) | 44 4.829 (1.911) 5.426 (2.061) 47.04 (14.73) 52.96 (14.73) -1.335 .189

Participant #

#1 Zoe 16 3.774 (2.382) 3.184 (1.799) 51.89 (23.45) 48.11 (23.45) 0.322 .752
#2 Nina 14 5.180 (3.109) 4777 (3.146) 49.72 (29.33) 50.28 (29.33) -0.035 972
#3 Suzan 7 1.033 (1.081) 3.844 (3.902) 31.05 (33.16) 68.95 (33.16) -1511 181
#4 Jane 4 5.437 (4.162) 3.862 (4.118) 60.51 (43.58) 39.49 (43.58) 0.482 .663
#5 Betty 4 6.606 (2.906) 3.454 (3.020) 66.0 (26.7) 34.0 (26.7) 1.199 317
# 6 Elise 6 4.342 (3.504) 3.261 (1.649) 46.33 (37.15) 53.67 (37.15) -0.242 818
#7 Mike 12 3.788 (2.026) 4.868 (1.955) 42.59 (14.97) 57.41 (14.97) 1714 115
# 8 John 9 2.636 (2.575) 2.232 (1.881) 48.24 (33.35) 51.76 (33.35) -0.158 878
#9 Tim 6 3.737 (2.493) 5.741 (3.648) 41.94 (27.83) 58.06 (27.83) 0.709 510

!, Data from three TD children were excluded from the analyses; the remaining sample consisted of 29 TD children (12 girls, 17 boys) aged 12 to 36 months (M = 22.17,
SD =7.28).

https://doi.org/10.1371/journal.pone.0266176.1010

significant). Only participants #5 (Betty) and #8 (John) showed the opposite pattern, resulting
in higher LT percentages on the anti-social climbing scene.

Discussion

Feasibility of the eye-tracking-based experimental paradigm
Opverall, findings appeared to support the feasibility of the eye-tracking-based experimental
paradigm proposed in the present study for assessing individuals with PIMD. This was first

Table 11. Mean (and SD) looking times (raw and percentage) at each of the two climbing scenes of the SME-Task (i.e., prosocial vs. antisocial scenes) each lasting 15
seconds, of the control group and the nine PIMD participants. Differences in LT percentages were tested using independent ¢-tests.

n valid trials Raw looking times (LT) in seconds LT in proportion (percentage)’ Difference in LT

Prosocial scene Antisocial scene Prosocial scene Antisocial scene percentages

M (SD) M (SD) M (SD) M (SD) t(n-1) p
Control group (n = 31%) | 31 15.978 (2.101) 14.277 (2.573) 86.37 (11.36) 77.17 (13.91) 3.784 .001

Participant #

#1Zoe 8 12.024 (3.113) 10.875 (3.444) 70.73 (18.31) 63.97 (20.26) 0.674 522
#2 Nina 8 13.050 (2.514) 10.758 (3.822) 76.77 (14.79) 63.28 (22.48) 1.750 124
# 3 Suzan 5 8.958 (6.341) 6.187 (5.209) 49.77 (35.23) 34.37 (28.94) 2.059 .109
#4 Jane 5 8.895 (6.861) 6.266 (5.946) 52.32 (40.36) 36.86 (34.98) 1.450 221
#5 Betty 5 5.494 (3.621) 7.695 (6.268) 32.32 (21.30) 45.26 (36.87) -0.577 .595
# 6 Elise 5 7.480 (5446) | 4.141 (6.300) 44.00 (32.04) 24.36 (37.06) 1.611 182
#7 Mike 8 15.286 (2.630) | 12.066 (4.066) 84.92 (14.61) 67.03 (22.59) 3.176 016
# 8 John 5 8.731 (1.994) | 9.522 (3.360) 51.36 (11.73) 56.01 (19.76) -0.556 608
#9 Tim 5 8.776 (6.871) | 6.952 (7.094) 48.75 (38.17) 38.62 (39.41) 1.709 1163

I, Calculated as the time spent looking at each climbing scene divided by the duration of the scene.
2. Data from one TD child were excluded from the analyses; the remaining sample consisted of 31 TD children (13 girls, 18 boys) aged 12 to 36 months (M = 22.10,
SD = 7.16).

https://doi.org/10.1371/journal.pone.0266176.t011
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shown through the preliminary analyses conducted on the gaze rates of PIMD participants.
From the very first session, seven individuals spent most of the time of the session duration
looking at the screen rather than elsewhere. This suggested that the duration and content of
the paradigm were quite appropriate to their attentional resources. However, by repeating the
procedure, we observed that these individual gaze rates were poorly consistent and tended to
vary (more or less strongly, depending on the participant) from one session to another. Such
results were nevertheless expected. Indeed, this intra-individual variability has already been
highlighted by numerous studies conducted in the field of severe and multiple disabilities
research [5, 10, 66]. Potential causes of this wide variability include the various neurological
impairments of each PIMD individual but also the somatic factors (discomfort, pain, etc.) they
each may have experienced at the time they were performing an experimental session. Indeed,
the lack of functional language that characterizes the PIMD population prevents these individ-
uals from being able to communicate their desires and/or needs [6], especially during daily
activities, and consequently when they were performing a session in the framework of the
present study. However, in order to limit the impact of possible somatic factors, we took a cer-
tain number of precautions beforehand. First, we decided to conduct repeated sessions (with a
fixed minimum number of five) with each participant, alternating days of the week and times
of the day (morning/afternoon). In addition, the experimenter systematically asked the sup-
port persons if the participant’s state of health and alertness were suitable for performing a
session.

Since we assumed that the more sessions a participant did, the more reliable the results
would be [5], we conducted up to eight sessions with three participants who were the most
available (i.e., those with the fewest care visits scheduled and thus with the most free time).
Nevertheless, when we compared the mean LT percentage of these participants obtained in
their first five sessions with the percentage they actually obtained after completing their eight
sessions, we found very similar values: 57.4 vs. 54.15% respectively for participant #1 (Zoe),
70.02 vs. 70.28% for participant #2 (Nina), and 68.48 vs. 71.23% for participant #7 (Mike). One
possible interpretation of these results would be to consider that five repetitions of the same
experimental procedure may be sufficient, at least in these three specific individuals, to
account for intra-individual variability. Moreover, this could probably even be generalized to
other participants because, in most cases, the standard deviations of participants who only
completed five sessions were quite comparable to those of these three individuals who did
eight. Furthermore, the comparison of the LT percentages of the PIMD individuals with those
of the control group also seemed to be consistent with these initial findings. Indeed, a similar
variance was found in the mean LT percentage of the 32 TD children in the control group,
thus supporting the idea that five repetitions may be sufficient to reflect a certain variability
expected at an estimated equivalent developmental level.

We then focused on the composition of the experimental phase of a session (i.e., six ‘blocks’,
each lasting just under a minute, presented successively in random order) by investigating
whether there were any order and/or fatigue effects that influenced the individual LT percent-
ages. Again, the results seemed to support the feasibility of the paradigm, since the main effect
of the order of presentation of the six blocks turned out to be significant only in one PIMD
individual. This isolated result differed from our predictions since we had hypothesized that
each block should be explored for equivalent durations, and thus not have any significant
order effect. Similarly, we expected not to observe any fatigue effect, which was investigated by
comparing the mean LT percentages on the first two blocks presented with the mean LT per-
centages on the last two blocks. This specific analysis was of greater importance because the
presence of such a fatigue effect would imply an experimental phase that was too long for the
participant’s attentional abilities, and consequently a poor feasibility of our paradigm.
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Therefore, the fact that this effect was indeed non-significant in all nine participants definitely
supported the feasibility of the paradigm.

However, compared to the other PIMD individuals, participant #5 (Betty) showed some-
what abnormal recurrent results: indeed, through the five sessions she completed, it appeared
that her LT percentage tended to increase as the experimental phase progressed. It is important
to underline that Betty’s data set actually stood out from other individuals. Interestingly, she
was the participant with the lowest mean LT percentage but also with the smallest standard
deviation. In other words, Betty looked at the screen very little during her sessions and this
was extremely stable across them. Based solely on her gaze rates, we would have tended to con-
clude that the proposed experimental paradigm was poorly suited to Betty’s attentional abili-
ties. Nevertheless, the analysis of the symmetry of her visual exploration revealed some
interesting additional results: despite the very small number of fixations (due to the very short
visit durations), they were distributed over the entire surface of the screen, just like the visual
exploration patterns observed in the other participants. Therefore, even though Betty spent lit-
tle time looking at the screen, when she did look at it, she was able to scan its entire surface.
This finally supported the feasibility of the paradigm for this participant, thus highlighting the
possibility of collecting valid data in the visual preference tasks with her.

To conclude, we previously opened the Results section by pointing out that the control
group looked significantly more at the screen than the PIMD individuals, which could have
reflected a difference in the general level of attention between the two populations studied.
However, the preliminary analyses discussed above clarify this result. Although TD children
focused on the screen more than the PIMD participants, analyses of the latter’s gaze rates
showed that there was no significant effect of block presentation order nor fatigue effect across
the completion of experimental sessions. This suggests that the PIMD individuals tended to
look at the screen intermittently throughout the session (and not in a decreasing manner from
start to finish). This seems to indicate that their gaze was moving back and forth between the
screen and ‘elsewhere’ (off-screen) more frequently than the control group, but then still man-
aged to redirect their attention towards the screen during the experiment. Therefore, we can
assume that we would not measure significantly higher gaze rates with a shorter assessment
paradigm.

Individual social-emotional abilities

The results of the analyses of visual preferences for the different tasks tested may, at first sight,
seem inconclusive. Nonetheless, several relevant findings can still be highlighted from them.

First of all, one task stands out from the others by its particularly convincing results: visual
scanning of facial features. Indeed, four PIMD individuals had similar results to the control
group (i.e., significantly higher LT percentages at the eye area than at the mouth area). More-
over, this tendency to look longer at the eyes than the mouth was found in each of the nine
PIMD participants. Thus, it is very interesting to observe that, despite their severe disabilities,
all PIMD participants explored faces in a similar pattern to that already demonstrated in the
TD population at different ages [46, 60]. This is probably related to the fact that, just like TD
children, PIMD individuals are also highly exposed to human faces, especially in everyday
tasks and daily living activities [1, 5]

Social orienting was another ability in which we also obtained significant results consistent
with our predictions in the control group as well as in several PIMD participants. Indeed, this
early ability of preferentially orienting to socially salient stimuli has already been observed in
TD children aged between 22 and 51 months [32]. In line with these previous results, we
found this preference in our control group of TD children aged, on average, 24 months. In
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addition, six PIMD participants showed the same tendency to look longer at the social scenes
of the SO-Task, and in two of them the difference in LT percentages between the two stimuli
(socially salient vs. non-social scenes) was also significant, just as for the control group. In
addition, it should be noted that participant #9 (Tim) was among the three PIMD individuals
who exhibited the opposite pattern (resulting in a tendency to look longer at non-social
scenes). He presented autistic disorders and was first diagnosed with ASD at the age of 4.
Given that the stimuli used in the present SO-Task had previously revealed significant differ-
ences in visual preferences between 20 children with ASD and a control group of 20 age-
matched TD children (the latter preferring socially salient stimuli) in their original study [32],
it is not surprising to find a similar reduced orienting to social scenes in Tim.

While the results of the control group on the RJA-Task were consistent with our expecta-
tions based on previous research (i.e., TD children did show a significant preference for objects
looked at by the actress), this was undoubtedly the task in which PIMD participants performed
the most trivially. Although one of them obtained a similar result to the control group, this was
the only task where we found a significant preference for the stimulus opposite to our expecta-
tions (i.e., for the non-looked at objects) in one participant. Furthermore, this is the only task
where no visit duration was recorded on either of the two compared AOIs, thus preventing the
calculation of the proportion of LT in an individual. These results can partly be explained by
several factors. Firstly, this is a more complex task than a ’standard’ visual preference proce-
dure. Here, for a trial to be included in the analyses, the participant did not only have to
explore the two AOIs compared (located on either side of the lower part of the screen), but
also, and more importantly, he or she had to look at a third one: the face of the actress (located
in the center of the upper part of the screen). These requirements generate three major difficul-
ties related to (1) the asymmetric location of the three AOIs on the screen that required fine
and precise scanning of the screen, and consequently high oculomotor control; (2) the size of
the AOIs: the AOIs drawn here were considerably smaller than in the tasks where they each
cover half of the screen and therefore required even more accurate oculomotor movements;
and [3] the distinction of the two paired stimuli: although we selected only the video of the
“intense surprise” condition of the original stimuli set [49], the two identical objects presented
simultaneously could only be differentiated from each other on the basis of the direction of the
actress’s gaze and by her expression of surprise. These two visual cues are extremely subtle,
and thus potentially difficult to perceive. Moreover, these cues occurred in an AOI measuring
only 450 x 350 pixels (i.e., the actress’s face): therefore, differentiating between them required
much higher visual abilities, especially compared to other visual preference tasks where the
two stimuli presented occupied half the screen each. These difficulties resulted in a consider-
able drop in the measured looking times, and consequently in the limited number of valid tri-
als for each individual.

The decrease in looking times related to the AOISs’ size can similarly be seen in the out-
comes of the face scanning task, where the eye and mouth areas were also delineated by very
small AOIs. Although we have previously discussed the overwhelming evidence for this task, if
we focus on the raw times, we can note that they are extremely low compared to the duration
of the stimuli presentation. It is actually for this reason (i.e., insufficient data) that we did not
formulate any hypotheses about potential interaction effects between the exploration of facial
features and the emotional expression of the face, despite the fact that previous works have
highlighted differences in the visual scanning of faces according to the emotions they express
[60, 67]. Moreover, regarding emotion discrimination, the task was unexpectedly rather incon-
clusive in PIMD individuals where no significant difference was observed, whereas children in
the control group exhibited a visual preference for angry faces. This skill has been little investi-
gated in 2-year-old TD children before [68], thus it is interesting to find that they spent
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significantly more time looking at angry faces compared to happy ones. This same tendency
was, nevertheless, also manifested by six PIMD individuals, representing more than half of
them. One might assume that both TD infants and participants with PIMD are more exposed
to smiling faces than to angry ones, which would indicate a reaction to novelty here [69].

Finally, the two remaining tasks did not reveal any significant results in the control group
or in the PIMD individuals. Regarding firstly the visual processing of biological motion, we
had hypothesized significant differences between the LT percentages on the two types of sti-
muli, specifically expecting to find a visual preference for biological motion. Such a result was
not observed in any of the PIMD individuals, however it is comforting to note that neither did
the TD children statistically look at one of the two stimuli longer than the other. This is again
an interesting finding since the sensibility to biological motion has already been investigated
in TD newborns [38] as well as in older children and in adults [70] but no study had previously
explored this ability in infants of the age range of our control group.

Secondly, similar findings were observed regarding socio-moral evaluations. Neverthe-
less, their interpretation requires considering that the “Climbing the hill” paradigm com-
bined with a visual preference procedure as used in the present study has previously been
implemented only with 12 TD infants aged 3 months, where it revealed a preference for pro-
social behaviors [71]. Indeed, although prosocial preferences have already been observed in
older TD children (notably aged 24-36-month-olds), this has been done using different para-
digms (e.g., “Playing a ball game”) and testing methods (e.g., manual choice) [72]. Moreover,
some works have also observed opposite results: for example, by using the “Retrieving a
dropped ball” paradigm, Hamlin (2014) found a preference (manifested through reaching
behaviors) for anti-social behaviors in 27-month-old TD children [73]. Finally, the task used
in the present study does not correspond to a standard’ visual preference procedure since it
is actually directly related to the quality of the visual exploration of the two successive climb-
ing scenes that preceded it. Therefore, we also decided to compare the time spent looking at
each of these two climbing scenes to determine whether one of them had been gazed at lon-
ger than the other. This new analysis revealed a significant difference in the control group
and in a PIMD individual: in both cases, the antisocial scene was gazed at statistically longer
than the prosocial one. This finding could be explained by the fact that this scene would con-
stitute a violation of one’s expectations, thus attracting more attention [50]. This pattern was
also found in the majority (seven out of nine) of the PIMD participants, supporting this
potential explanation.

General conclusion

In conclusion, the results support the feasibility and the relevance of eye-tracking as a new the-
oretical and practical framework in the study of profound intellectual and multiple disabilities.
Opverall, individuals responded with good visual attention to the experimental content, result-
ing in high looking rates from the very first session performed that were not affected by the
presentation of the tasks or their content. However, only a few individual patterns of visual
preference were found to be similar to those of the control group, limiting the comparison
between the two populations studied and therefore the interpretation of individual results.

The main limitation of this study concerns the method used. Indeed, the major limitation
of the visual preference procedure is that when there is no statistically significant difference in
the time participants spend looking at each of the two paired stimuli presented simultaneously,
no conclusion can be drawn. Indeed, equivalent durations do not shed light on whether or not
the person has perceived that they were different from each other because it is possible that the
person can distinguish between them without showing a visual preference. This is, for
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example, what we observed with the results of the control group in the PL-task: although the
TD infants were able to discriminate human movements from other non-biological motions
for a long time (as early as a couple of days after birth), they did not exhibit any preference
here. This limitation especially affected the interpretation of the results of the PIMD individu-
als, whose looking times were very rarely found to be significantly different. Therefore, using
assessment instruments based solely on a visual preference procedure may suffer from a sensi-
tivity limitation as they may not detect a skill that exists in an individual with PIMD.

Finally, an interesting perspective would be to develop computer-based trainings tailored
on individual strengths and weaknesses to explore the learning potential abilities of these indi-
viduals. Because of the scarce significant results observed, we have, at this stage, only been able
to establish the visual preference patterns of each individual in response to the different stimuli
presented, whereas the implementation of such trainings would allow us to go much further
by providing knowledge about the perceptual learning process of PIMD individuals. Accord-
ing to Gibson’s (1969) ecological approach to perception, perceptual learning is the means of
discovering distinctive features and invariant properties of objects and events by extracting
meaningful information from the environment to guide actions adaptively [74]. This specific
and implicit type of early learning occurs at different levels of information processing. Distin-
guishing objects from their background, detecting their basic features (color, form, motion),
location, or spatial relationships, as well as being able to identify and recognize them involve a
wide range of cognitive functions (e.g., attention, visual discrimination, categorization) [75].
Hence, through daily exposure to repeated perceptual events associated with subjective experi-
ence, PIMD individuals may have developed unsuspected cognitive skills that cannot be
assessed with existing evaluation methods and instruments but that eye-tracking-based train-
ing programs could help to identify, thus contributing to better understanding the perceptual
learning process in this population. This would be particularly important for the support per-
sons who work with individuals with PIMD, in whom progress may be slow and difficult to
detect, and for whom delay of regression may be regarded as a positive outcome [2], providing
them with directions to improve their assistance work.

Supporting information

S1 Fig. PL-Task stimuli representing biological (left) and non-biological (right) motion. The
PL-Task consisted of two 20-second trials. Biological and non-biological motion were ran-
domly assigned to the left or right sides of the screen for each trial.

(DOCX)

$2 Fig. SO-Task stimuli (adapted from Franchini et al., 2016) representing socially salient
(left) and non-social (right) scenes. The SO-Task was composed of eight 5-second trials con-
sisting of four videos of a boy and four videos of a girl, both dancing solo (socially salient
scenes) appearing twice on the left side of the screen and twice on the right side, next to mov-
ing geometric shapes (non-social scenes). Trials were presented in a random order.

(DOCX)

S3 Fig. Happy (left) and angry (right) faces of reference F22 from the KDEF database (Lundq-
vist et al., 1998). To measure both visual scanning of facial features and discrimination of the
emotions (happiness vs. anger), this pair of female emotional faces was presented during two

20-second trials with the two emotions laterally counterbalanced.
(DOCX)

S4 Fig. Happy (left) and angry (right) faces of reference M17 from the KDEF database
(Lundqvist et al., 1998). To measure both visual scanning of facial features and discrimination
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of the emotions (happiness vs. anger), this pair of male emotional faces was presented during
two 20-second trials with the two emotions laterally counterbalanced.
(DOCX)

S5 Fig. Areas of interest (AOIs) delineating happy (yellow) and angry (red) faces of refer-
ence F22 from the KDEF database (Lundqvist et al., 1998) and the facial areas of the eyes
(blue) and mouth (green). Visual scanning of facial features was assessed by comparing the
time spent looking at the eye vs. the mouth areas. Emotion discrimination was assessed by
comparing the time spent looking at the happy vs. angry face.

(DOCX)

S6 Fig. Areas of interest (AOIs) delineating happy (yellow) and angry (red) faces of refer-
ence M17 from the KDEF database (Lundqvist et al., 1998) and the facial areas of the eyes
(blue) and mouth (green). Visual scanning of facial features was assessed by comparing the
time spent looking at the eye vs. the mouth areas. Emotion discrimination was assessed by
comparing the time spent looking at the happy vs. angry face.

(DOCX)

S7 Fig. Example of RJA-Task stimuli (taken from Franchini et al., 2017) representing the
actress directing her attention to one ("looked-at object", right) of the two identical mov-
ing objects in front of her. The RJA-Task was composed of four 15-second trials consisting of
four videos in which an actress suddenly directed her attention to one of the two identical
objects (arranged in front of her on either side of a table) by looking at it with an intensely sur-
prised expression just after they started to move symmetrically. The side of the actress’ facial
orientation (twice on the left and twice on the right), as well as the paired objects presented
(ball, toy truck, plush rabbit, and flowers), were counterbalanced and the order of the four vid-
eos was randomized.

(DOCX)

S8 Fig. Drawing representation of the different Areas of interest (AOIs) on the RJA-Task
stimuli (taken from Franchini et al., 2017). The two AOIs delineating the object of joint
attention ("looked-at object”, right) and the "non-looked-at object" (left) are drawn in red. The
additional AQOI delineating the actress’ face, which had to be gazed for at least 300 ms for the
trial to be validated, is drawn in blue.

(DOCX)

S9 Fig. Example of SME-Task video sequences (adapted from the "climbing the hill" para-
digm by Hamlin et al., 2007). (A) Screenshots of an example of the two consecutive climbing
scenes representing prosocial (left) and antisocial (right) behaviors. The two behaviors
occurred in a random order and the role of each puppet counterbalanced. The arrows depict
the direction the puppets are moving. (B) Screenshot of the final visual preference scene repre-
senting both the "helper” (left) and the "hinderer" (right) puppets. The final scene consisted of
two 15-second trials. Helper and hinderer were randomly assigned to the left or right sides of
the screen for each trial.

(DOCX)

S1 Dataset. Anonymized dataset including all the eye-tracking data (raw looking times and
percentages) measured on the different individual trials of each experimental task in both
the children of the control group and in the nine PIMD participants.

(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0266176  April 14, 2022 24/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266176.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266176.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266176.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266176.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266176.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266176.s010
https://doi.org/10.1371/journal.pone.0266176

PLOS ONE

Assess social-emotional abilities in young individuals with profound intellectual and multiple disabilities

Acknowledgments

The authors would like to extend their gratitude to the director, Mrs. Lucette Betoulaud, and
the vice-director, Mr. Salomon Heritiana, of the MEI “La Clé des Champs” of the French Red
Cross, for welcoming us to the institute and allowing the present study to be conducted, as
well as Mrs. Camille Labret, who ensured excellent collaboration between the researchers and
the support persons, whom we also sincerely thank for their involvement. We are particularly
grateful to all the families who kindly volunteered to participate in this project.

We would also like to thank the entire research team of the SMAS laboratory who provided
relevant feedback, and finally Dr. Susan Campbell who provided English editing.

Author Contributions

Conceptualization: Thalia Cavadini, Edouard Gentaz.
Formal analysis: Thalia Cavadini, Edouard Gentaz.
Funding acquisition: Thalia Cavadini.

Investigation: Thalia Cavadini.

Methodology: Thalia Cavadini, Edouard Gentaz.

Project administration: Thalia Cavadini, Edouard Gentaz.
Resources: Thalia Cavadini.

Software: Thalia Cavadini.

Supervision: Edouard Gentaz.

Validation: Thalia Cavadini, Edouard Gentaz.
Visualization: Thalia Cavadini, Edouard Gentaz.

Writing - original draft: Thalia Cavadini, Edouard Gentaz.

Writing - review & editing: Thalia Cavadini, Yannick Courbois, Edouard Gentaz.

References

1. Nakken H, Vlaskamp C. Joining Forces: Supporting Individuals with Profound Multiple Learning Disabil-
ities. Tizard Learning Disability Review. 2002; 7(3):10-5. https://doi.org/10.1108/13595474200200023

2. Nakken H, Vlaskamp C. A Need for a Taxonomy for Profound Intellectual and Multiple Disabilities. Jour-
nal of Policy and Practice in Intellectual Disabilities. 2007; 4(2):83-7. https://doi.org/10.1111/j.1741-
1130.2007.00104.x

3. Janicki MP, Dalton AJ. Sensory impairments among older adults with intellectual disability. Journal of
Intellectual & Developmental Disability. 1998; 23(1):3—11. https://doi.org/10.1080/1366825980003354 1

4. van Timmeren EA, van der Putten AA, van Schrojenstein Lantman-de Valk HM, van der Schans CP,
Waninge A. Prevalence of reported physical health problems in people with severe or profound intellec-
tual and motor disabilities: a cross-sectional study of medical records and care plans. Journal of Intellec-
tual Disability Research. 2016; 60(11):1109-18. https://doi.org/10.1111/jir.12298 PMID: 27197564

5. Vlaskamp C. Assessing People with Profound Intellectual and Multiple Disabilities. In: Hogg JL, A., edi-
tor. Assessing Adults with Intellectual Disabilities: A Service Providers’ Guide. Oxford, UK: Wiley-
Blackwell; 2005. p. 152-63.

6. Vlaskamp C, Hiemstra SJ, Wiersma LA. Becoming aware of what you know or need to know: Gathering
client and context characteristics in day services for persons with profound intellectual and multiple dis-
abilities. Journal of Policy and Practice in Intellectual Disabilities. 2007; 4(2):97—103.

7. Grove N, Bunning K, Porter J, Olsson C. See What | Mean: Interpreting the Meaning of Communication
by People with Severe and Profound Intellectual Disabilities. Journal of Applied Research in Intellectual
Disabilities. 1999; 12(3):190-203. https://doi.org/10.1111/j.1468-3148.1999.tb00076.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0266176  April 14, 2022 25/29


https://doi.org/10.1108/13595474200200023
https://doi.org/10.1111/j.1741-1130.2007.00104.x
https://doi.org/10.1111/j.1741-1130.2007.00104.x
https://doi.org/10.1080/13668259800033541
https://doi.org/10.1111/jir.12298
http://www.ncbi.nlm.nih.gov/pubmed/27197564
https://doi.org/10.1111/j.1468-3148.1999.tb00076.x
https://doi.org/10.1371/journal.pone.0266176

PLOS ONE

Assess social-emotional abilities in young individuals with profound intellectual and multiple disabilities

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Visser L, Ruiter SAJ, van der Meulen BF, Ruijssenaars WAJ, Timmerman ME. Accommodating the
Bayley-IIl for Motor and/or Visual Impairment: A Comparative Pilot Study. Pediatric Physical Therapy.
2014; 26(1). https://doi.org/10.1097/PEP.0000000000000004 PMID: 24356320

Carnaby S. Developing Good Practice in the Clinical Assessment of People With Profound Intellectual
Disabilities and Multiple Impairment. Journal of Policy and Practice in Intellectual Disabilities. 2007; 4
(2):88-96. https://doi.org/10.1111/j.1741-1130.2007.00105.x

Lima M, Silva K, Amaral |, Magalhaes A, de Sousa L. Beyond behavioural observations: a deeper view
through the sensory reactions of children with profound intellectual and multiple disabilities. Child Care
Health Dev. 2013; 39(3):422—-31. https://doi.org/10.1111/j.1365-2214.2011.01334.x PMID: 22017606

Vlaskamp C, Cuppen-Fonteine H. Reliability of assessing the sensory perception of children with pro-
found intellectual and multiple disabilities: a case study. Child Care Health Dev. 2007; 33(5):547-51.
https://doi.org/10.1111/j.1365-2214.2007.00776.x PMID: 17725776

Cannella HI, O’Reilly MF, Lancioni GE. Choice and preference assessment research with people with
severe to profound developmental disabilities: a review of the literature. Res Dev Disabil. 2005; 26
(1):1-15. https://doi.org/10.1016/j.ridd.2004.01.006 PMID: 15590233

Vlaskamp C. Interdisciplinary Assessment of People with Profound Intellectual and Multiple Disabilities.
In: Hogg JL, A., editor. Assessing Adults with Intellectual Disabilities: A Service Providers’ Guide.
Oxford, UK: Wiley-Blackwell; 2005. p. 39-51.

Green CW, Reid DH, White LK, Halford RC, Brittain DP, Gardner SM. Identifying reinforcers for persons
with profound handicaps: staff opinion versus systematic assessment of preferences. Journal of Applied
Behavior Analysis. 1988; 21(1):31-43. https://doi.org/10.1901/jaba.1988.21-31 PMID: 2967274

Green CW, Reid DH, Canipe VS, Gardner SM. A comprehensive evaluation of reinforcer identification
processes for persons with profound multiple handicaps. Journal of Applied Behavior Analysis. 1991;
24(3):537-52. https://doi.org/10.1901/jaba.1991.24-537 PMID: 1836459

Ivancic MT, Bailey JS. Current limits to reinforcer identification for some persons with profound multiple
disabilities. Res Dev Disabil. 1996; 17(1):77-92. https://doi.org/10.1016/0891-4222(95)00038-0 PMID:
8750077

Wessels MD, van der Putten AJ. Assessment in people with PIMD: Pilot study into the usability and con-
tent validity of the Inventory of the personal Profile and Support. Cogent Psychology. 2017; 4(1):
€1340082. https://doi.org/10.1080/23311908.2017.1340082

Saunders MD, Saunders RR. Innovation of a reinforcer preference assessment with the difficult to test.
Res Dev Disabil. 2011; 32(5):1572-9. https://doi.org/10.1016/j.ridd.2011.01.049 PMID: 21411275

Woodhouse JM, Griffiths C, Gedling A. The prevalence of ocular defects and the provision of eye care
in adults with learning disabilities living in the community. Ophthalmic and Physiological Optics. 2000;
20(2):79-89. https://doi.org/10.1046/j.1475-1313.2000.00491.x PMID: 10829129

Saunders MD, Saunders RR, Mulugeta A, Henderson K, Kedziorski T, Hekker B, et al. A novel method
for testing learning and preferences in people with minimal motor movement. Res Dev Disabil. 2005; 26
(3):255-66. https://doi.org/10.1016/j.ridd.2004.03.002 PMID: 15668076

Spevack S, Yu CT, Lee MS, Martin GL. Sensitivity of Passive Approach during Preference and Rein-
forcer Assessments for Children with Severe and Profound Intellectual Disabilities and Minimal Move-
ment. Behav Interv. 2006; 21(3):165-75. https://doi.org/10.1002/bin.216 PMID: 23539237

Colombo J, Mitchell DW. Infant visual habituation. Neurobiology of Learning and Memory. 2009; 92
(2):225-34. https://doi.org/10.1016/j.nIm.2008.06.002 PMID: 18620070

Munde VS, Vlaskamp C, Ruijssenaars AJ, Nakken H. Alertness in individuals with profound intellectual
and multiple disabilities: a literature review. Res Dev Disabil. 2009; 30(3):462—-80. hitps://doi.org/10.
1016/j.ridd.2008.07.003 PMID: 18755572

Fantz RL. Pattern Vision in Newborn Infants. Science. 1963; 140(3564):296-7. https://doi.org/10.1126/
science.140.3564.296 PMID: 17788054

Chard M, Roulin J-L, Bouvard M. Visual Habituation Paradigm With Adults With Profound Intellectual
and Multiple Disabilities: A New Way for Cognitive Assessment? Journal of Applied Research in Intel-
lectual Disabilities. 2014; 27(5):481-8. https://doi.org/10.1111/jar.12079 PMID: 25254269

Sheliga BM, Riggio L, Rizzolatti G. Orienting of attention and eye movements. Experimental brain
research. 1994; 98(3):507—22. https://doi.org/10.1007/BF00233988 PMID: 8056071

Holmqyist K, Nystrom M, Andersson R, Dewhurst R, Jarodzka H, Van de Weijer J. Eye tracking: A com-
prehensive guide to methods and measures. Oxford, UK: Oxford University Press; 2011.

Palama A, Malsert J, Gentaz E. Are 6-month-old human infants able to transfer emotional information
(happy or angry) from voices to faces? An eye-tracking study. PLoS ONE. 2018; 13(4):e0194579.
https://doi.org/10.1371/journal.pone.0194579 PMID: 29641530

PLOS ONE | https://doi.org/10.1371/journal.pone.0266176  April 14, 2022 26/29


https://doi.org/10.1097/PEP.0000000000000004
http://www.ncbi.nlm.nih.gov/pubmed/24356320
https://doi.org/10.1111/j.1741-1130.2007.00105.x
https://doi.org/10.1111/j.1365-2214.2011.01334.x
http://www.ncbi.nlm.nih.gov/pubmed/22017606
https://doi.org/10.1111/j.1365-2214.2007.00776.x
http://www.ncbi.nlm.nih.gov/pubmed/17725776
https://doi.org/10.1016/j.ridd.2004.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15590233
https://doi.org/10.1901/jaba.1988.21-31
http://www.ncbi.nlm.nih.gov/pubmed/2967274
https://doi.org/10.1901/jaba.1991.24-537
http://www.ncbi.nlm.nih.gov/pubmed/1836459
https://doi.org/10.1016/0891-4222%2895%2900038-0
http://www.ncbi.nlm.nih.gov/pubmed/8750077
https://doi.org/10.1080/23311908.2017.1340082
https://doi.org/10.1016/j.ridd.2011.01.049
http://www.ncbi.nlm.nih.gov/pubmed/21411275
https://doi.org/10.1046/j.1475-1313.2000.00491.x
http://www.ncbi.nlm.nih.gov/pubmed/10829129
https://doi.org/10.1016/j.ridd.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15668076
https://doi.org/10.1002/bin.216
http://www.ncbi.nlm.nih.gov/pubmed/23539237
https://doi.org/10.1016/j.nlm.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18620070
https://doi.org/10.1016/j.ridd.2008.07.003
https://doi.org/10.1016/j.ridd.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18755572
https://doi.org/10.1126/science.140.3564.296
https://doi.org/10.1126/science.140.3564.296
http://www.ncbi.nlm.nih.gov/pubmed/17788054
https://doi.org/10.1111/jar.12079
http://www.ncbi.nlm.nih.gov/pubmed/25254269
https://doi.org/10.1007/BF00233988
http://www.ncbi.nlm.nih.gov/pubmed/8056071
https://doi.org/10.1371/journal.pone.0194579
http://www.ncbi.nlm.nih.gov/pubmed/29641530
https://doi.org/10.1371/journal.pone.0266176

PLOS ONE

Assess social-emotional abilities in young individuals with profound intellectual and multiple disabilities

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

Palama A, Malsert J, Grandjean D, Sander D, Gentaz E. The cross-modal transfer of emotional infor-
mation from voices to faces in 5-, 8- and 10-year-old children and adults: An eye-tracking study. Emo-
tion. 2020. https://doi.org/10.1037/emo0000758 PMID: 32584068

Falck-Ytter T, Bélte S, Gredeback G. Eye tracking in early autism research. Journal of Neurodevelop-
mental Disorders. 2013; 5(28). https://doi.org/10.1186/1866-1955-5-28 PMID: 24069955

Pierce K, Conant D, Hazin R, Stoner R, Desmond J. Preference for Geometric Patterns Early in Life as
a Risk Factor for Autism. Archives of General Psychiatry. 2011; 68(1):101-9. https://doi.org/10.1001/
archgenpsychiatry.2010.113 PMID: 20819977

Franchini M, Wood de Wilde H, Glaser B, Gentaz E, Eliez S, Schaer M. Brief Report: A Preference for
Biological Motion Predicts a Reduction in Symptom Severity 1 Year Later in Preschoolers with Autism
Spectrum Disorders. 2016; 7(143). https://doi.org/10.3389/fpsyt.2016.00143 PMID: 27605914

Forssman L, Ashorn P, Ashorn U, Maleta K, Matchado A, Kortekangas E, et al. Eye-tracking-based
assessment of cognitive function in low-resource settings. Archives of Disease in Childhood. 2017; 102
(4):311-5. https://doi.org/10.1136/archdischild-2016-310525 PMID: 27551061

Buffle P, Cavadini T, Posada A, Gentaz E. A study on visual preference for social stimuli in typical Ecua-
dorian preschoolers as a contribution to the identification of autism risk factors. Scientific Reports. 2021;
11(1):8461. https://doi.org/10.1038/s41598-021-87888-3 PMID: 33875728

Wilkinson KM, Mitchell T. Eye Tracking Research to Answer Questions about Augmentative and Alter-
native Communication Assessment and Intervention. Augmentative and Alternative Communication.
2014; 30(2):106—19. https://doi.org/10.3109/07434618.2014.904435 PMID: 24758526

Karlsson P, Allsop A, Dee-Price BJ, Wallen M. Eye-gaze control technology for children, adolescents
and adults with cerebral palsy with significant physical disability: Findings from a systematic review. Dev
Neurorehabil. 2018; 21(8):497-505. https://doi.org/10.1080/17518423.2017.1362057 PMID: 28862491

Pavlova MA. Biological Motion Processing as a Hallmark of Social Cognition. Cerebral Cortex. 2011; 22
(5):981-95. https://doi.org/10.1093/cercor/bhr156 PMID: 21775676

Bidet-lldei C, Kitromilides E, Orliaguet JP, Pavlova M, Gentaz E. Preference for point-light human bio-
logical motion in newborns: contribution of translational displacement. Developmental Psychology.
2014; 50(1):113-20. https://doi.org/10.1037/a0032956 PMID: 23668800

Johansson G. Visual perception of biological motion and a model for its analysis. Perception & Psycho-
physics. 1973; 14(2):201-11. https://doi.org/10.3758/BF 03212378

Dawson G, Meltzoff AN, Osterling J, Rinaldi J, Brown E. Children with Autism Fail to Orient to Naturally
Occurring Social Stimuli. Journal of Autism and Developmental Disorders. 1998; 28(6):479-85. https://
doi.org/10.1023/a:1026043926488 PMID: 9932234

Chevallier C, Kohls G, Troiani V, Brodkin ES, Schultz RT. The social motivation theory of autism.
Trends in Cognitive Sciences. 2012; 16(4):231-9. https://doi.org/10.1016/j.tics.2012.02.007 PMID:
22425667

Chita-Tegmark M. Social attention in ASD: A review and meta-analysis of eye-tracking studies.
Research in Developmental Disabilities. 2016; 48:79-93. https://doi.org/10.1016/}.ridd.2015.10.011
PMID: 26547134

Goren CC, Sarty M, Wu PYK. Visual Following and Pattern Discrimination of Face-like Stimuli by New-
born Infants. Pediatrics. 1975; 56(4):544. PMID: 1165958

Dawson G, Webb SJ, McPartland J. Understanding the Nature of Face Processing Impairment in
Autism: Insights From Behavioral and Electrophysiological Studies. Developmental Neuropsychology.
2005; 27(3):403-24. https://doi.org/10.1207/s15326942dn2703_6 PMID: 15843104

Farroni T, Csibra G, Simion F, Johnson MH. Eye contact detection in humans from birth. Proceedings
of the National Academy of Sciences. 2002; 99(14):e9602. https://doi.org/10.1073/pnas.152159999
PMID: 12082186

Grossmann T, Striano T, Friederici AD. Developmental changes in infants’ processing of happy and
angry facial expressions: A neurobehavioral study. Brain and Cognition. 2007; 64(1):30—41. https://doi.
org/10.1016/j.bandc.2006.10.002 PMID: 17169471

Tasker SL, Schmidt LA. The “dual usage problem” in the explanations of “joint attention” and children’s
socioemotional development: A reconceptualization. Developmental Review. 2008; 28(3):263—-88.
https://doi.org/10.1016/j.dr.2007.07.001

Mundy P, Block J, Delgado C, Pomares Y, Van Hecke AV, Parlade MV. Individual differences and the
development of joint attention in infancy. Child Development. 2007; 78(3):938-54. Epub 2007/05/23.
https://doi.org/10.1111/j.1467-8624.2007.01042.x PMID: 17517014

Franchini M, Glaser B, Gentaz E, Wood de Wilde H, Eliez S, Schaer M. The effect of emotional intensity
on responses to joint attention in preschoolers with an autism spectrum disorder. Research in Autism
Spectrum Disorders. 2017; 35:13-24. https://doi.org/10.1016/j.rasd.2016.11.010

PLOS ONE | https://doi.org/10.1371/journal.pone.0266176  April 14, 2022 27/29


https://doi.org/10.1037/emo0000758
http://www.ncbi.nlm.nih.gov/pubmed/32584068
https://doi.org/10.1186/1866-1955-5-28
http://www.ncbi.nlm.nih.gov/pubmed/24069955
https://doi.org/10.1001/archgenpsychiatry.2010.113
https://doi.org/10.1001/archgenpsychiatry.2010.113
http://www.ncbi.nlm.nih.gov/pubmed/20819977
https://doi.org/10.3389/fpsyt.2016.00143
http://www.ncbi.nlm.nih.gov/pubmed/27605914
https://doi.org/10.1136/archdischild-2016-310525
http://www.ncbi.nlm.nih.gov/pubmed/27551061
https://doi.org/10.1038/s41598-021-87888-3
http://www.ncbi.nlm.nih.gov/pubmed/33875728
https://doi.org/10.3109/07434618.2014.904435
http://www.ncbi.nlm.nih.gov/pubmed/24758526
https://doi.org/10.1080/17518423.2017.1362057
http://www.ncbi.nlm.nih.gov/pubmed/28862491
https://doi.org/10.1093/cercor/bhr156
http://www.ncbi.nlm.nih.gov/pubmed/21775676
https://doi.org/10.1037/a0032956
http://www.ncbi.nlm.nih.gov/pubmed/23668800
https://doi.org/10.3758/BF03212378
https://doi.org/10.1023/a%3A1026043926488
https://doi.org/10.1023/a%3A1026043926488
http://www.ncbi.nlm.nih.gov/pubmed/9932234
https://doi.org/10.1016/j.tics.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22425667
https://doi.org/10.1016/j.ridd.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26547134
http://www.ncbi.nlm.nih.gov/pubmed/1165958
https://doi.org/10.1207/s15326942dn2703%5F6
http://www.ncbi.nlm.nih.gov/pubmed/15843104
https://doi.org/10.1073/pnas.152159999
http://www.ncbi.nlm.nih.gov/pubmed/12082186
https://doi.org/10.1016/j.bandc.2006.10.002
https://doi.org/10.1016/j.bandc.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17169471
https://doi.org/10.1016/j.dr.2007.07.001
https://doi.org/10.1111/j.1467-8624.2007.01042.x
http://www.ncbi.nlm.nih.gov/pubmed/17517014
https://doi.org/10.1016/j.rasd.2016.11.010
https://doi.org/10.1371/journal.pone.0266176

PLOS ONE

Assess social-emotional abilities in young individuals with profound intellectual and multiple disabilities

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hamlin JK. Moral Judgment and Action in Preverbal Infants and Toddlers: Evidence for an Innate Moral
Core. Current Directions in Psychological Science. 2013; 22(3):186—93. https://doi.org/10.1177/
0963721412470687

Hamlin JK, Wynn K, Bloom P. Social evaluation by preverbal infants. Nature. 2007; 450(7169):557-9.
https://doi.org/10.1038/nature06288 PMID: 18033298

Hostyn I, Maes B. Interaction between persons with profound intellectual and multiple disabilities and
their partners: a literature review. J Intellect Dev Disabil. 2009; 34(4):296—-312. https://doi.org/10.3109/
13668250903285648 PMID: 19903121

Ware J. Educating Children with Profound and Multiple Learning Difficulties. 1sted. London, UK: Rout-
ledge; 1994.

Genoud PA. Indice de position socioéconomique (IPSE): un calcul simplifié [Socio-Economic Position
Index (SEPI): A Simplified Calculation]. Fribourg, Switzerland: University of Fribourg; 2011.

Pereira Da Costa M, Scelles R. Un outil d’évaluation des compétences cognitives des jeunes poly-
handicapés: le P2CJP [A questionnaire for the evaluation of cognitive skills for children with multiple
functional impairments: The P2CJP]. Alter. 2012; 6(2):110-23. https://doi.org/10.1016/j.alter.2012.
02.010

Pouijol AL, Boissel A, Guédon D, Guénolé N, Mellier D, Scelles R. Evaluation-Cognition-Polyhandicap
(ECP): apports d’une approche qualitative dans I'élaboration et la validation d’un outil [The Cognitive
Skills Assessment Scale for profound intellectual and multiple disabilities persons: The qualitative pro-
cess contributions for the validation]. Psychologie Frangaise. 2021. https://doi.org/10.1016/j.psfr.2020.
09.003

Ruzzo EK, Capo-Chichi J-M, Ben-Zeev B, Chitayat D, Mao H, Pappas AL, et al. Deficiency of Aspara-
gine Synthetase Causes Congenital Microcephaly and a Progressive Form of Encephalopathy. Neuron.
2013; 80(2):429-41. https://doi.org/10.1016/j.neuron.2013.08.013 PMID: 24139043

Schleinitz D, Seidel A, Stassart R, Klammt J, Hirrlinger PG, Winkler U, et al. Novel Mutations in the
Asparagine Synthetase Gene (ASNS) Associated With Microcephaly. 2018; 9(245). https://doi.org/10.
3389/fgene.2018.00245 PMID: 30057589

Engerstrom IW. Rett syndrome in Sweden. Neurodevelopment-disability-pathophysiology. Acta Pae-
diatr Scand Suppl. 1990; 369:1-60. PMID: 1701067

Hunnius S, de Wit TCJ, Vrins S, von Hofsten C. Facing threat: Infants’ and adults’ visual scanning of
faces with neutral, happy, sad, angry, and fearful emotional expressions. Cognition and Emotion. 2011;
25(2):193-205. https://doi.org/10.1080/15298861003771189 PMID: 21432667

Lundqvist D, Flykt A, Ohman A. The Karolinska Directed Emotional Faces—KDEF (CD ROM). Stock-
holm, Sweden: Department of Neurosciences, Karolinska Hospital; 1998.

Goeleven E, De Raedt R, Leyman L, Verschuere B. The Karolinska Directed Emotional Faces: A valida-
tion study. Cognition & Emotion. 2008; 22(6):1094—118. https://doi.org/10.1080/02699930701626582

Caron RF, Caron AJ, Myers RS. Do infants see emotional expressions in static faces? Child Develop-
ment. 1985; 56(6):1552—60. https://doi.org/10.2307/1130474 PMID: 4075873

Risko EF, Laidlaw K, Freeth M, Foulsham T, Kingstone A. Social attention with real versus reel stimuli:
toward an empirical approach to concerns about ecological validity. Front Hum Neurosci. 2012; 6(143).
https://doi.org/10.3389/fnhum.2012.00143 PMID: 22654747

Turati C, Macchi Cassia V, Simion F, Leo |. Newborns’ Face Recognition: Role of Inner and Outer Facial
Features. Child Development. 2006; 77(2):297-311. https://doi.org/10.1111/j.1467-8624.2006.00871.x
PMID: 16611173

Murphy KM, Saunders MD, Saunders RR, Olswang LB. Effects of ambient stimuli on measures of
behavioral state and microswitch use in adults with profound multiple impairments. Research in Devel-
opmental Disabilities. 2004; 25(4):355-70. https://doi.org/10.1016/j.ridd.2003.10.003 PMID: 15193670

Dollion N, Soussignan R, Durand K, Schaal B, Baudouin J-Y. Visual exploration and discrimination of
emotional facial expressions in 3-, 7- and 12-month-old infants. Journal of Vision. 2015; 15(12):e795.
https://doi.org/10.1167/15.12.795

Bayet L, Pascalis O, Gentaz E. The development of emotional facial expression discrimination by
infants in the first year of life. L’Année psychologique. 2014; 114(3):469-500.

Nelson CA. The Recognition of Facial Expressions in the First Two Years of Life: Mechanisms of Devel-
opment. Child Development. 1987; 58(4):889-909. https://doi.org/10.2307/1130530 PMID: 3608661

Freire A, Lewis TL, Maurer D, Blake R. The Development of Sensitivity to Biological Motion in Noise.
Perception. 2006; 35(5):647-57. https://doi.org/10.1068/p5403 PMID: 16836055

Hamlin JK, Wynn K, Bloom P. Three-month-olds show a negativity bias in their social evaluations. Dev
Sci. 2010; 13(6):923-9. https://doi.org/10.1111/j.1467-7687.2010.00951.x PMID: 20977563

PLOS ONE | https://doi.org/10.1371/journal.pone.0266176  April 14, 2022 28/29


https://doi.org/10.1177/0963721412470687
https://doi.org/10.1177/0963721412470687
https://doi.org/10.1038/nature06288
http://www.ncbi.nlm.nih.gov/pubmed/18033298
https://doi.org/10.3109/13668250903285648
https://doi.org/10.3109/13668250903285648
http://www.ncbi.nlm.nih.gov/pubmed/19903121
https://doi.org/10.1016/j.alter.2012.02.010
https://doi.org/10.1016/j.alter.2012.02.010
https://doi.org/10.1016/j.psfr.2020.09.003
https://doi.org/10.1016/j.psfr.2020.09.003
https://doi.org/10.1016/j.neuron.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24139043
https://doi.org/10.3389/fgene.2018.00245
https://doi.org/10.3389/fgene.2018.00245
http://www.ncbi.nlm.nih.gov/pubmed/30057589
http://www.ncbi.nlm.nih.gov/pubmed/1701067
https://doi.org/10.1080/15298861003771189
http://www.ncbi.nlm.nih.gov/pubmed/21432667
https://doi.org/10.1080/02699930701626582
https://doi.org/10.2307/1130474
http://www.ncbi.nlm.nih.gov/pubmed/4075873
https://doi.org/10.3389/fnhum.2012.00143
http://www.ncbi.nlm.nih.gov/pubmed/22654747
https://doi.org/10.1111/j.1467-8624.2006.00871.x
http://www.ncbi.nlm.nih.gov/pubmed/16611173
https://doi.org/10.1016/j.ridd.2003.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15193670
https://doi.org/10.1167/15.12.795
https://doi.org/10.2307/1130530
http://www.ncbi.nlm.nih.gov/pubmed/3608661
https://doi.org/10.1068/p5403
http://www.ncbi.nlm.nih.gov/pubmed/16836055
https://doi.org/10.1111/j.1467-7687.2010.00951.x
http://www.ncbi.nlm.nih.gov/pubmed/20977563
https://doi.org/10.1371/journal.pone.0266176

PLOS ONE Assess social-emotional abilities in young individuals with profound intellectual and multiple disabilities

72. Scola C, Holvoet C, Arciszewski T, Picard D. Further Evidence for Infants’ Preference for Prosocial
Over Antisocial Behaviors. Infancy. 2015; 20(6):684—92. https://doi.org/10.1111/infa.12095

73. Hamlin JK. Context-dependent social evaluation in 4.5-month-old human infants: the role of domain-
general versus domain-specific processes in the development of social evaluation. 2014; 5(614).
https://doi.org/10.3389/fpsyg.2014.00614 PMID: 24994991

74. Gibson EJ. Principles of perceptual learning and development. East Norwalk, CT, US: Appleton-Cen-
tury-Crofts; 1969.

75. Raftopoulos A. Cognition and perception: How do psychology and neural science inform philosophy?
Cambridge, MA, US: MIT Press; 2009.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266176  April 14, 2022 29/29


https://doi.org/10.1111/infa.12095
https://doi.org/10.3389/fpsyg.2014.00614
http://www.ncbi.nlm.nih.gov/pubmed/24994991
https://doi.org/10.1371/journal.pone.0266176

