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Introduction

Autism is a neurodevelopmental condition characterized by challenges in the area of social
interactions and the presence of repetitive behaviors and restricted interests (American
Psychiatric Association, 2013). Attentional processes are foundational for the development
of social-communication abilities and social engagement, as a young child must notice

and maintain attention to other persons in order to engage in social learning. Previous
eye-tracking (ET) research in autism has primarily focused on where individuals are looking
based on predefined areas-of-interest (AQIs). Very few autism studies have looked at fow
long the autistic individual is able to maintain sustained and focused attention to a stimulus
before looking away (Hessels et al., 2016; Salley & Colombo, 2016).

Various subcategories of attention contribute to social development, including joint attention,
social attention, and sustained attention (Charman, 2003; Landa et al., 2011; Parish-Morris
et al., 2013; Presmanes et al., 2007; Schietecatte et al., 2012; Shi et al., 2015; Trembath

et al., 2015). The majority of ET studies demonstrate differences in social attention among
autistic individuals when compared to children without autism (Chawarska et al., 2012;
Chawarska et al., 2013; Elsabbagh et al., 2011). Numerous ET studies have demonstrated
that autistic children show distinct gaze patterns compared to children without autism when
presented with socially salient stimuli (Anderson et al., 2006; Chawarska et al., 2016;
Chevallier et al., 2015; Kuhn & Leekam, 2010; Werner et al., 2000). In a previous study
with autistic children, we reported that children’s attention to an actress engaging in child-
directed speech was associated with social-communication abilities (Murias et al., 2018).
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In the current study, we extend our previous work by examining whether the children’s
average look duration (ALD) to a complex dynamic stimulus involving both social and
nonsocial elements is correlated with a range of measures of autism symptoms and social
communication skills.

There are a number of ways that look duration has been measured in young children.

First, total duration of looking time reflects the total sum of all fixation lengths. Second,
proportion of looking time is a measure of how long an individual spends looking in a
region relative to their total looking time. For this metric, an individual with low total
looking time can demonstrate high proportion looking times within certain regions if they
spend most of their total time, regardless of how brief, within those regions. Next, peak
look duration is the length of the single longest, non-disrupted fixation to a given AOI or
to the scene as a whole. One longitudinal ET study of infants with autistic siblings (at

high risk for autism) and infants without autistic siblings (at low risk for autism) studied
peak look duration to faces (Hendry et al., 2018). The authors concluded that the change in
peak look duration to faces between 9—-15 months was negatively associated with effortful
control at 36 months. However, a notable limitation of the measure peak look duration is
that it only captures one distinct fixation out of many and ignores the rest, which could

be problematic if valuable information is contained within the time-course of the looking
behavior. Additionally, there is evidence that fixation behavior can change over the length
of an experiment. For example, attentional differences between autistic and TD individuals
were found to be most pronounced at later fixations when semantic-level attributes (e.g.
faces) became more important (Wang et al., 2015).

ALD combines information about both the length of all looking events and the total
number of looks in order to determine the average number of seconds that an individual
can sustain attention to the entire visual stimulus. Looks to the screen are instances in
which the individual was engaged in either a fixation or saccade event within the video
frame. Gui et al. (2020) explored visual attention in autistic children and children with
attention-deficit/hyperactivity disorder (ADHD) using mean peak look duration, and Del
Bianco et al. (2018) used average fixation duration to explore the face-orienting response
and the subsequent attentive selection in the presence of varying task instructions in autistic
individuals. However, Gui and colleagues investigated fixation duration using a face AOI
and Del Bianco and colleagues examined fixations to the face and body AOls. The ALD
approach, which does not utilize pre-defined areas-of-interest, need not replace AOI-based
approaches but is instead a complementary method that can provide additional information
regarding looking behavior. In a previous study utilizing the ALD method, Isaev et al.
(2020) investigated the relative ALD difference between social and toys videos to measure
attentional preferences of autistic children compared to neurotypical children. The results
demonstrated that autistic and neurotypical children differed in ALD, especially when
viewing the dynamic social stimuli. The present study expands on the work by Isaev

et al. (2020) by utilizing eye-tracking technology to measure visual attention (i.e. gaze)
automatically, whereas Isaev and colleagues used human coding of visual attention to the
stimulus.
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In the current study, we measured ALD in young children during an eye-tracking task while
viewing complex, dynamic stimuli containing social and nonsocial elements. We calculated
ALD by dividing total viewing time (i.e. the sum duration of all looks lasting at least 200
ms within a region of 1200x960 pixels) by the number of distinct periods of attention..

We also examined whether the presence of symptoms of autism and ADHD, as measured

by caregiver report, were related to ALD in young autistic children. We hypothesized that
children with lower levels of autism symptoms would exhibit longer ALDs toward the
dynamic stimuli. We also expected levels of hyperactivity to be related to the length of looks
in autistic children.

Methods

Participants

Children diagnosed with autism spectrum disorder (ASD) were part of a single site,
prospective, randomized, double-blind, parallel group study of a single intravenous
autologous or allogeneic, unrelated cordblood (CB) infusion in children 2—8 years
(Dawson et al., 2020). 176 autistic children (140 males; mean age 65.65 months (SD +
19.73 months)) participated in the clinical trial (ClinicalTrials.gov: NCT02176317). Legal
guardians provided informed consent prior to study procedures. The study was approved
by the institutional review board. Only data from the baseline visit, which were collected
before infusions, were used in this analysis. Clinical diagnosis of ASD was based on
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5; American
Psychiatric Association, 2013), and established by expert clinicians using Autism Diagnostic
Observation Scale, Second Edition (ADOS-2; Lord et al., 1999) and Autism Diagnostic
Interview, Revised (ADI-R; Rutter et al., 2005).

Additional inclusion criteria included (1) stability on current medications for at least 2
months prior to the infusion, (2) participants and parents/guardians were English speaking,
(3) available and qualified umbilical cord blood unit with a minimum banked total nucleated
cell dose of availability of autologous umbilical cord blood unit of = 2.5 x 107 cells/kg,
either autologous umbilical cord blood unit or 24/6 HLA-matched allogeneic unrelated
umbilical cord blood unit from the Carolinas Cord Blood Bank, (4) Fragile X testing
performed and negative, (5) normal absolute lymphocyte count (=1500/uL), (6) able to travel
to Duke University two times (baseline and 6 months post-baseline), and parent/guardian is
able to participate in interim surveys and interviews monthly, (7) and parental consent.

Exclusion Criteria.—Exclusion criteria included (1) known diagnosis of any of the
following coexisting psychiatric conditions: depression, bipolar disorder, schizophrenia,
obsessive compulsive disorder, Tourette syndrome, (2) has a sibling enrolled in the study, (3)
records indicate that child has a known genetic syndrome such as (but not limited to) Fragile
X syndrome, neurofibromatosis, Rett syndrome, tuberous sclerosis, PTEN mutation, cystic
fibrosis, muscular dystrophy, (4) known pathogenic mutation or copy number variation
(CNV) associated with autism (e.g., 16p11.2, 15913.2, 2g13.3), (5) known active CNS
infection, evidence of uncontrolled infection based on records or clinical assessment,

or HIV positivity, (6) known metabolic disorder, known mitochondrial dysfunction,
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history of unstable epilepsy or uncontrolled seizure disorder, infantile spasms, Lennox
Gastaut syndrome, Dravet syndrome, or other similar chronic seizure disorder, active
malignancy or prior malignancy that was treated with chemotherapy, history of a primary
immunodeficiency disorder, history of autoimmune cytopenias (i.e., ITP, AIHA), coexisting
medical condition that would place the child at increased risk for complications of sedation
or other study procedures, concurrent genetic or acquired disease or comorbidity(ies) that
could require a future stem cell transplant, significant sensory (e.g., blindness, deafness,
uncorrected hearing impairment) or motor (e.g., cerebral palsy) impairment, impaired renal
or liver function as determined by serum creatinine >1.5mg/dL or total bilirubin >1.3mg/dL,
except in patients with known Gilbert’s disease, significant hematologic abnormalities
defined as: Hemoglobin <10.0 g/dL, WBC < 3,000 cells/mL, ALC <1000/uL, Platelets
<150 x 10e9/uL, evidence of clinically relevant physical dysmorphology indicative of

a genetic syndrome, (7) history of prior cell therapy, current or prior use of IVIG or

other anti-inflammatory medications with the exception of NSAIDs, or current or prior
immunosuppressive therapy.

Clinical measures

Full Scale 1Q.—Cognitive/developmental ability was measured using Mullen Scales of
Early Learning (Mullen, 1995) or Differential Ability Scales, Second Edition (DAS-II;
Elliot, 2007) depending upon the participant’s age; children up to the age of four completed
the Mullen Scales of Early Learning. For Mullen, the Early Learning Composite, and for
DAS-II, the General Conceptual Ability scores were used to measure Full Scale 1Q.

Clinical Global Impression— Severity Scale (CGI-S).—CGI-S is a 7-point scale
that requires a clinician to rate the level of a participant’s symptoms based on a parent
interview in addition to an observation of the child (Busner & Targum, 2007). There were
three separate CGI-S ratings; these included social communicative functioning, restricted/
repetitive interests and behaviors, and an overall score. The overall severity score was used
in the present analysis.

Pervasive Developmental Disorder Behavior Inventory (PDDBI).—PDDBI was
developed to assess responsiveness to intervention in autistic children (Cohen et al., 2003).
PDDBI is an informant-based rating scale that is designed for children 1 year, 6 months to
12 years, 5 months. It assesses challenging behaviors as well as appropriate social, language,
and learning/memory skills. PDDBI is a parent questionnaire with 188 items that takes
approximately 30-45 minutes to complete.

Vineland Adaptive Behavior Scales, Third Edition (VABS) Interview Form.—
VABS was administered to the parent using a semi-structured interview format. This
assessment takes about 60-120 minutes to administer. VABS is a well-standardized

measure of several domains of adaptive functioning including socialization, communication,
daily living, and motor skills (Sparrow et al., 1984). The Socialization domain assesses
play, interpersonal relationships and coping skills. The Communication domain assesses
receptive, expressive and written language skills. The Daily Living Skills domain assesses
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personal, domestic and community living skills. The Motor Skills subdomain assesses gross
and fine motor skills.

Aberrant Behavior Checklist-Community (ABC-C).—This parent-completed rating
scale was used to measure challenging behaviors associated with autism, including social
withdrawal (Aman & Singh, 1985). ABC-C is a validated scale that can assess drug and
other treatment effects in studies of developmental delay and autism (Davis & Kollins,
2012). This parent-completed rating scale takes approximately 10 to 15 minutes to complete.

Eye-Tracking Methodology

Procedures.—Participants sat approximately 65 centimeters from the screen (range 60—
70) while watching a 3-minute video of a female actress engaged in child-directed speech
while surrounded by four distracter toys in each corner of the screen (Chawarska et

al., 2013). A research assistant stood next to participants and monitored the track status
throughout the experiment; when participants moved out of the trackable range, they were
re-positioned and/or encouraged to stay on task. ET was recorded using Tobii TX300
technology, which employs infrared (IR) light-emitting diodes and IR cameras to measure
corneal reflections and calculate gaze location. Data were collected with a sampling rate of
120 Hz using Tobii Studio Version 3.2.2 with standardized room lighting and video volume.
Before the experiment, a 5-point calibration was performed. Up to three calibration attempts
were made in order to capture the 5 calibration points for each eye (10 total) with small error
vectors. If no calibration points were captured, the video stimulus was still played for the
child, but no eye-tracking data was collected. Offline, we deemed a calibration as valid if 2/5
points were captured for each eye (4/10 total).

Missing Data and Data I nterpolation.: Eighty-eight percent, N=155 (mean FSIQ 70.60
(SD + 21.16)), of the children provided analyzable eye-tracking data. 21 participants were
excluded due to data that was deemed invalid due to behavioral non-compliance and
calibration or technical errors during the eye-tracking session. For all valid eye-tracking
sessions, the Tobi I-VT filter was applied to interpolate missing samples based on the
velocity of directional shifts of the eye, in order to not interpret one fixation as two separate
fixations. If a gap was more than 75 ms, then the fixations were considered two distinct
fixation events.

Stimuli and Video Conditions.: Children were shown a video involving an Actress Dyadic
Bid condition and an Actress with Toys condition, each of which lasted for approximately
41 consecutive seconds. The Actress Dyadic Bid condition consisted of four joint attention
bids towards the toys with child-directed speech between bids, during which the actress
made direct eye-contact with the viewer. The four joint attention bids, the instances when the
actress looked at one of the four toys in the corners of the frame, was accompanied by an
‘Uh-oh’ comment from the actress. The four toys remained inactive, motionless, and silent
during this condition. The Actress with Toys condition included child-directed speech, joint
attention bids, as well as activated toys with movement and sound.
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Eye-tracking Variables.: We calculated ALD separately for the Actress Dyadic Bid
condition (Actress Dyadic Bid ALD), the Actress with Toys condition (Actress with Toys
ALD), and the entire video (Total Video ALD). To measure ALD, we divided the length

of total looking time in seconds by the total number of uninterrupted looks to media. The
media region included the entire video frame. Samples in which a fixation or saccade
occurred on the video media were deemed as part of a looking event. If gaze was not on the
media for 200 ms in a row, then those samples were deemed as part of a period of visual
inattention in which the participant was not looking at the video. This 200 ms threshold
ensures that the look duration calculations reflect true looking events and not momentary
eye-tracking artifacts caused by blinks or sudden movements.

total looking time to the scene (seconds)
n uninterrupted looks to the scene

Average Look Duration =

We also measured the proportion of time spent looking at the media and at the actress’ body
(Percent Time on Actress AOI) while the actress was engaged in child-directed speech, in
order to compare our results to previous AOI studies. The actress region was defined as the
combination of eyes, mouth, torso, and hand regions.

Analytic Strategy

We utilized multiple linear regression to predict core autism and related symptoms using
eye-tracking variables. Slope coefficients, standard errors, and #values were obtained from
regression models that included covariates age and 1Q. For each model, independent
variables included one eye-tracking variable (the main predictor; ALD Actress with Dyadic
Bid, ALD Actress with Toys, ALD Total Video, or Percent Time on Face AOI), Full

Scale 1Q, and age. The dependent variable was a selected caregiver-reported measure of
behavior (8 clinical measures, 32 regressions total). To account for multiple testing, we
calculated adjusted p-values for the main predictors using the Benjamini-Hochberg method
(Benjamini& Hochberg, 1995) based on the total number of models ran. Using an alpha of
0.05, an adjusted p-value of 0.010938 was identified as the cutoff to reduce Type 1 error.
Six models remained significant after correction. Assumptions of linear regression were
met, including linear relationships between variables and independence of observations.
Statistical analyses were performed using the /mand p.agjust functions in R Version 4.0.2.

Community Involvement.—One member of the research team is on the autism spectrum
and this team member helped with the design, data collection, interpretation of data, and
writing of the paper. The study received assistance by an intern who is on the autism
spectrum, who is recognized in the acknowledgement section. Additionally, the Duke Center
for Autism and Brain Development, where this research was conducted, has a Community
Engagement Board that provides input and feedback on studies conducted at the Center. This
board includes two persons on the autism spectrum.
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Full regression results (slope coefficients, standard errors, and #-values) are presented in
Table 1.

AOI analyses.

To draw comparisons between analyses based on look duration and a traditional area-of-
interest approach, we first examined associations between time spent looking at the actress
and characteristics associated with autism while controlling for age and 1Q. No associations
were statistically significant.

ALD analyses.

The correlation between Total Video average look duration and proportion of looking time to
the video media was /=0.85.

When considering the entire video presentation, shorter Total Video ALD was

associated with increased global autism symptoms (CGI Severity; B=-0.11, p=0.005,

SE B=0.04, =-2.84), reduced communication skills (PDDBI Receptive/Expressive Social
Communication Abilities; B=0.87, p=0.009, SE B=0.33, #=2.66), and increased social
withdrawal (ABC-C Lethargy/Social Withdrawal; B=-1.03, p=0.004, SE B=0.35, t=2.93).

When considering ALD during specific segments of the ET stimulus video, shorter ALD
during the Actress Dyadic Bid condition was associated with reduced communication
skills (PDDBI Receptive/Expressive Social Communication Abilities; 8=1.02, p=0.006,
SE B=0.37, t=2.79)and increased social withdrawal (ABC-C Lethargy/Social Withdrawal,
B=-1.07, p=0.008, SE B=0.39, £=-2.70). Shorter ALD during the Actress with Toys
condition was associated with increased social withdrawal (ABC-C Lethargy/Social
Withdrawal; B=-1.17, p=0.007, SE B=0.43, {=-2.76). No significant results emerged for
the remaining parent report measures, including hyperactivity.

Discussion

In a relatively large sample of young autistic children, we examined the associations
between a child’s ALD to a dynamic video containing both social and nonsocial elements
and several measures of autism symptoms and social communication skills. We found that
children with a better ability to maintain focus on the stimulus, as reflected in longer look
durations, had fewer autism symptoms, higher social communication abilities, and reduced
social withdrawal. The dynamic stimulus shown in this study incorporated both social

(e.g. direct gaze and communication directed towards the child) and highly reinforcing
nonsocial elements (e.g. interesting toys), mimicking a common, real-world setting in
which a child is likely to view an environment with multiple inputs that compete for the
child’s attention. This is especially relevant for autistic children who often have difficulty
responding to multiple sensory inputs at once (Bruinsma et al., 2004; Mundy & Acra,
2006). The current findings demonstrate that ALD during the entire video and during social
segments containing child-directed communication (Actress Dyadic Bid condition), were
more consistently associated with children’s symptoms and social skills than ALD during
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other conditions which did not involve direct social bids. Additionally, ALD measures were
correlated with children’s autism symptoms and social abilities, as compared to traditional
measures of proportion looking time within social AOIs, which were not correlated with
any clinical measures after accounting for age and 1Q. The ability to look at a stimulus for
longer periods, measured via ALD, may reflect advanced self-regulatory skills and lead to
enhanced engagement with and comprehension of social information.

It is possible that longer durations of attention represent reduced flexibility in gaze behavior.
The tendency to fixate for long periods has been studied in autistic children, referred

to as “sticky attention” (Sacrey et al., 2014). Sticky attention occurs when an individual
has difficulty disengaging from a salient stimulus once they have initiated a fixation.
Additionally, sluggish cognitive tempo has been observed in autistic children and children
with ADHD (Becker et al., 2016; McFayden et al., 2020), a characteristic that is associated
with lethargy, lower memory retrieval, lower levels of alertness, and slower processing
speed. Children with sluggish cognitive tempo might get visually stuck on the stimulus,
but not because they are actually engaged or attentive. Alternatively, longer fixations to
complex stimuli might provide opportunities for social learning. Our results support this
interpretation; children with more advanced social and communication skills were more
likely to demonstrate longer look durations.

ADHD, which is characterized by inattention and hyperactivity, is another condition in
which children demonstrate reduced sustained attention. Distractibility/hyperactivity and
poor focused attention have been linked previously (Hsieh et al., 2016). Given that 30-50%
of autistic persons also display ADHD symptoms (Davis & Kollins, 2012), and an estimated
30-80% of autistic individuals have a clinical diagnosis of comorbid ADHD (Leitner, 2014;
Van Der Meet et al., 2012), it is important to consider the overlap between autism and
ADHD in the context of sustained attention abilities. Interestingly, in our study, autistic
children whose caregivers reported higher levels of hyperactivity symptoms were not more
likely to show differences in their look duration, suggesting that differences in look duration
are associated with autism rather than co-occurring ADHD symptoms. Future research

that includes autistic children who have diagnosed co-morbid ADHD is needed to fully
understand the contribution of ADHD symptoms to shorter look duration in autistic children.

Tsang et al. (2018) utilized ET to count the number of fixations and saccades towards social
AQIs in autistic children, autistic children with co-occurring ADHD, and children without
autism. While the total number of fixation counts was lowest for autistic children with
co-occurring ADHD, autistic children had the fewest saccades between AOIls. Other studies
have reported that individuals with ADHD demonstrate greater difficulties in sustaining
attention than autistic individuals (Davis & Kollins, 2012; Johnson et al., 2007). It is
possible that autistic children have reduced sustained attention to social stimuli, while
autism children with co-occurring ADHD have lower levels of sustained attention generally.
Furthermore, Gui et al. (2020) studied the mean peak look duration (the peak look was
averaged across trials from various stimuli types) and found that longer mean peak look
durations to the face in infancy were related to increased mid-childhood ADHD traits and
familial/genetic liability for ADHD, but not autism. Taken together, these studies suggest
that autism and ADHD have distinct attention profiles, despite the high comorbidity rate
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between the two disorders. Future studies that include children without autism or ADHD
and children with ADHD are needed to understand the overlap between the two disorders.

The present study provides the first evidence that ALD is related to level of autism
symptoms in young autistic children. One limitation of the current study is that when
children diverted their gaze from the screen, they were prompted to look back using pointing
or verbal prompts when necessary. Sustained attention is optimally measured in a context

in which participants attend spontaneously without prompts. A second limitation of the
current study is that children were also participating in a clinical trial that involved specific
inclusion and exclusion criteria relevant to that trial. As such, the results of this study may
not be generalizable to the broader community of autistic children. Similarly, the clinical
trial involved a predetermined set of clinical measures related to the attentional constructs
being studied.

In conclusion, the ability to sustain attention to a complex, social stimulus may reflect
advanced self-regulatory skills in young autistic children. Maintenance of focused attention
may promote the development of social-communication skills by allowing the child to more
easily process the dynamic flow of dyadic, human interaction in the environment.
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Average Look Duration Actress with Dyadic Bid and PDDBI
eceptive/Expressive Social Communication

PDDBI Receptive Expressive Social Communication

ALD Actress with Dyadic Bid (seconds)

Figure 1.
Scatterplot of Average Look Duration (ALD), the mean fixation length, during the

Actress with Dyadic Bid condition (X-axis) and communication abilities measured by
Pervasive Developmental Disorder Behavior Index (PDDBI) Receptive Expressive Social
Communication T-Score (y-axis). The line of best fit was generated using linear regression.
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