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RESEARCH ARTICLE

The Use of Eye Tracking as a Biomarker of Treatment Outcome
in a Pilot Randomized Clinical Trial for Young Children with Autism
Jessica Bradshaw , Frederick Shic , Anahita N. Holden, Erin J. Horowitz, Amy C. Barrett,
Tamsin C. German, and Ty W. Vernon

There is a pressing need for objective, quantifiable outcome measures in intervention trials for children with autism spec-
trum disorder (ASD). The current study investigated the use of eye tracking as a biomarker of treatment response in the
context of a pilot randomized clinical trial of treatment for young children with ASD. Participants included 28 children
with ASD, aged 18–48 months, who were randomized to one of two conditions: Pivotal Response Intervention for Social
Motivation (PRISM) or community treatment as usual (TAU). Eye-tracking and behavioral assessment of developmental
functioning were administered at Time 1 (prior to randomization) and at Time 2 (after 6 months of intervention). Two
well-established eye-tracking paradigms were used to measure social attention: social preference and face scanning. As a
context for understanding relationships between social attention and developmental ability, we first examined how scan-
ning patterns at Time 1 were associated with concurrent developmental functioning and compared to those of 23 age-
matched typically developing (TD) children. Changes in scanning patterns from Time 1 to Time 2 were then compared
between PRISM and TAU groups and associated with behavioral change over time. Results showed that the social prefer-
ence paradigm differentiated children with ASD from TD children. In addition, attention during face scanning was
associated with language and adaptive communication skills at Time 1 and change in language skills from Time 1 to Time
2. These findings highlight the importance of examining targeted biomarkers that measure unique aspects of child func-
tioning and that are well-matched to proposed mechanisms of change. Autism Res 2019, 00: 1–15. © 2019 Interna-
tional Society for Autism Research, Wiley Periodicals, Inc.

Lay Summary: Biomarkers have the potential to provide important information about how and why early interventions
effect positive change for young children with ASD. The current study suggests that eye-tracking measures of social atten-
tion can be used to track change in specific areas of development, such as language, and points to the need for targeted
eye-tracking paradigms designed to measure specific behavioral changes. Such biomarkers could inform the development
of optimal, individualized, and adaptive interventions for young children with ASD.

Keywords: biomarkers; attention; social cognition; eye tracking; early intervention

Introduction

The number of randomized clinical trials (RCTs) that test
the efficacy of early intervention for autism spectrum dis-
order (ASD) has increased substantially in the past decade,
with at least 40 RCTs published since 2010 [for review, see
French & Kennedy, 2018]. While this research shows
promise in documenting effective interventions for ASD,
effect sizes for most RCTs remain relatively small. It is
unlikely that this is due to minimally effective interven-
tions, and may be more likely attributable to the persistent
challenge of identifying outcome measures that are suf-
ficiently sensitive to change in the core symptoms of
ASD [McConachie et al., 2015]. Moreover, the significant

heterogeneity of outcome measures used across treat-
ment studies hinders our ability to aggregate findings
and develop a full understanding of true intervention
effectiveness and optimal outcome measures [Bolte &
Diehl, 2013; Cunningham, 2012; French & Kennedy,
2018; Spence & Thurm, 2010]. For this reason, investiga-
tors have begun to search for sensitive, objective, and
quantifiable biomarkers of treatment outcome for chil-
dren with ASD. Eye-tracking technology is one such via-
ble biomarker due to its accessibility (noninvasiveness,
affordability, and ease of use) for children with ASD
[Boraston & Blakemore, 2007; Kim et al., 2014; Sasson &
Elison, 2012; Shic, 2013]. The present study examined the
utility of two eye-tracking paradigms as a biomarker of
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treatment response in the context of a pilot RCT that evalu-
ated a specific pivotal response treatment (PRT) interven-
tion protocol: the Pivotal Response Intervention for Social
Motivation (PRISM; Vernon et al., 2019) in young children
with ASD.
Measuring treatment outcome in ASD has proven quite

complex due to the heterogeneity of autism symptomology
and developmental skills, as well as the vast array of
potential treatment targets for children with ASD. Many
treatments focus on core symptoms of ASD, which can
refer to verbal and nonverbal communication, language
and pragmatics, social skills, and/or restricted and repeti-
tive behaviors. These symptoms can be measured with spe-
cific instruments that evaluate a narrow set of abilities, or
with broad-based measures that cover the full range of
developmental abilities and autism symptoms. Common
outcome measures used in clinical trials for ASD include
assessments of: autism symptomology (e.g., Autism Diag-
nostic Observation Schedule, Lord et al., 2012), language
ability (e.g., Mullen Scales of Early Learning, Mullen, 1995;
MacAurther-Bates Communicative Development Inventories,
Fenson et al., 2007), social competencies (e.g., Social
Responsiveness Scale, Constantino, 2012; Social Communica-
tion Questionnaire, Rutter, Bailey, & Lord, 2003), cognitive
functioning (e.g., Mullen Scales of Early Learning), and
adaptive behavior (e.g., Vineland Adaptive Behavior Scales,
Sparrow, Cicchetti, & Saulnier, 2016) [McConachie et al.,
2015]. Yet these currently available assessment tools were
not necessarily designed to be sensitive to treatment-related
change, especially over relatively short periods of time (i.e.,
3–12-month intervention trials). While the development
of such behavioral measures is under way [e.g., Fletcher-
Watson & McConachie, 2017; Grzadzinski et al., 2016;
Mazurek et al., 2018], there are no currently accepted
“gold standard” tools for measuring treatment outcome
in clinical trials for ASD. Such standards would allow for
pooled findings across studies and advance science in the
development of the most effective treatments [Daw-
son, 2017].
Many systems used for tracking treatment outcomes are

based on parent report via interviews or questionnaires or
expert clinical assessment. However, recent research has
highlighted the presence of a striking placebo effect in
ASD populations: even when outcome evaluators are
masked to treatment condition, significant improvements
are still reported in a surprisingly substantial number of
participants assigned to control conditions [Bradshaw
et al., 2017; Jones, Carberry, Hamo, & Lord, 2017; Masi,
Lampit, Glozier, Hickie, & Guastella, 2015]. This, in addi-
tion to the cost of training and maintaining fidelity on
clinically based measures, leads us to believe that neither
questionnaires nor clinical phenotyping are optimal out-
come measures.
In an effort to improve sensitivity and objectivity of

outcome measures in clinical trials for ASD, researchers

have been working to identify biomarkers that are easily
accessible, noninvasive, and associated with behavioral
targets and/or change mechanisms. A biomarker is defined
as the measurement of a biological parameter that
can be associated with treatment response in order to
gain a mechanistic understanding of differences in clini-
cal response [Biomarkers Definitions Working Group,
2001]. Many behavioral measures rely on an aggregate
of skills that span multiple developmental domains
(e.g., attention, inhibition, and receptive/expressive lan-
guage). In contrast, biomarkers may provide a measure of
specific constructs that are proposed to underlie observable
behavior. They may also corroborate evidence from behav-
ioral measures, which may provide stronger evidence for
treatment efficacy in general. Such biomarkers can help to
individualize treatment, recognize early and late responders,
and identify specific mechanisms of behavioral change
[McPartland, 2016].

Recent studies have begun to test measures of brain
activity and looking behavior as potential biomarkers of
treatment response. Yang et al. [2016, 2017] successfully
used a well-established biological motion fMRI task to
predict response to two different treatments for ASD. The
first study evaluated child response to 16 weeks of PRT
designed to improve social initiations and responsivity
[Yang et al., 2016]. The second study evaluated response
to virtual reality social cognition training, a 5-week
behavioral intervention for adults with ASD designed to
improve emotion recognition and theory of mind [Yang
et al., 2017]. While the sample sizes of these studies were
relatively small, results found strong associations between
pretreatment brain activation to biological motion and
behavioral change in the treatment target (emotion recog-
nition for young adults and autism symptom severity as
measured by the Social Responsiveness Scale for children),
suggesting that brain response to this task is tapping into
neurobiological readiness to respond to treatment [Yang
et al., 2016, 2017].

Electroencephalography markers of treatment response
have similarly been identified. Children with ASD who
participated in a high-intensity treatment program con-
sisting of 10 hr per week of the Early Start Denver Model
for 2 years exhibited greater cortical activation and nor-
malized neural signatures when viewing faces at post-
treatment compared to children who participated in
community treatment as usual (TAU) [Dawson et al.,
2012]. Specifically, greater cortical activation was associ-
ated with fewer social pragmatic problems, and higher
activation was correlated with better social communica-
tion, as measured with the parent report PDD Behavioral
Inventory [Cohen, Schmidt-Lackner, Romanczyk, &
Sudhalter, 2003]. In a RCT of a low-intensity 10-week
intervention for 6–12-month-old infants at risk for ASD,
Jones, Dawson, Kelly, Estes, and Jane Webb [2017] found
improved neurophysiological response to faces compared
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to the TAU group, with large effects. In addition to these
neurobiological markers of treatment response, eye-
tracking measures of social attention have been discussed
as particularly powerful indicators of treatment response,
especially for interventions that are designed to improve
social engagement and motivation [Dawson, Bernier, &
Ring, 2012; Murias et al., 2018; Umbricht et al., 2017]. In a
clinical trial of the effect of vasopressin on social cognition
in adults with ASD, eye tracking was used to demonstrate
a large effect of administration of vasopressin on increased
preference for biological motion [Umbricht et al., 2017].

Overall, studies suggest that visual and neurobiological
measures of social attention and social sensitivity may
predict response to treatment [Yang et al., 2016, 2017]
and may be improved as a result of treatment [Dawson,
Jones, et al., 2012; Jones, Dawson, et al., 2017; Umbricht
et al., 2017]. This suggests feasibility in the utility of bio-
markers to track treatment response while also highlight-
ing a significant gap in the literature for how eye-tracking
technology, which has been highly informative in the
study of ASD in toddlers and young children, can be
applied to biomarker research in the context of clinical
trials for young children with ASD.

The present study examines two eye-tracking measures of
social attention: social preference and face scanning. These
two paradigms were chosen because they are related to core
deficits of ASD (social engagement) and previous literature
has found looking patterns to distinguish between ASD and
typically developing (TD) toddlers and young children
[Chawarska & Shic, 2009; Pierce et al., 2016; Pierce, Conant,
Hazin, Stoner, & Desmond, 2011]. The social preference
paradigm is a forced-choice measure of attentional prefer-
ence for social versus geometric stimuli and has been stud-
ied as an early diagnostic biomarker for ASD [Pierce et al.,
2011, 2016]. When presented with a dynamic social stimu-
lus and a dynamic geometric stimulus side-by-side, toddlers
with ASD are observed to attend to the geometric stimulus
for a significantly greater proportion of time than TD tod-
dlers. In these studies, a stronger geometric preference was
also associated with lower scores on measures of cognition,
language, and autism severity. Similar results have been
observed in older children with ASD using adapted versions
of this social preference paradigm [Shaffer et al., 2017].

The face-scanning paradigm consists of the serial presen-
tation of static images of faces. Research suggests that
attention allocation during face scanning is a context-
dependent developmental process and much attention
has been given to the amount of time spent looking to
the mouth and eyes [Chawarska, Macari, & Shic, 2012;
Pelphrey et al., 2002; Shic, Macari, & Chawarska, 2014;
Speer, Cook, McMahon, & Clark, 2007; Tenenbaum, Shah,
Sobel, Malle, & Morgan, 2013]. Increased mouth looking is
observed in TD infants and toddlers during active language
learning [Kubicek et al., 2013; Lewkowicz & Hansen-Tift,
2012; Tenenbaum, Amso, Abar, & Sheinkopf, 2014], while

increased eye looking is found in individuals after
12 months of age, presumably due to language mastery and
an interest in extracting social information [Lewkowicz &
Hansen-Tift, 2012]. In ASD, however, mouth looking dur-
ing static face scanning has been found to be attenuated
compared to TD individuals, both in young children and
adults, and increased mouth looking is associated with
increased facial encoding [Chawarska & Shic, 2009;
Pelphrey et al., 2002]. It has been suggested that decreased
mouth-looking is possibly due to decreased attention and
responsivity to speech and language [Chawarska & Shic,
2009], yet this hypothesis has not been tested directly. In
an extension of this work, the current study chose to exam-
ine mouth-to-eyes ratio during presentation of static faces
as a possible measure of clinical heterogeneity within ASD,
similar to what has been done with dynamic faces [Norbury
et al., 2009; Tenenbaum et al., 2014; Tenenbaum, Sobel,
Sheinkopf, Malle, &Morgan, 2015].

While eye-tracking studies of social engagement have
proven useful in advancing our understanding of social
attention and communication skills in toddlers with
ASD, only recently has eye-tracking technology been
explored as a biomarker of treatment response [Shic, 2016;
Umbricht et al., 2017]. For an intervention that targets
social motivation as a method for improving verbal and
nonverbal communication, eye-tracking measures of social
attention would be particularly useful [Dawson, Bernier, &
Ring, 2012]. The link between social attention and social
motivation is predicated on the idea that looking behavior
reflects selective information gathering and valuation of
information. While TD infants prefer social over nonsocial
stimuli from birth, [Farroni, Csibra, Simion, & Johnson,
2002], children with ASD demonstrate diminished atten-
tional preference to social stimuli [for review, see Guillon,
Hadjikhani, Baduel, & Rogé, 2014]. This pattern of reduced
social attention is thought to be associated with reduced
sensitivity to social reward and attenuated social motiva-
tion, which may underlie early social deficits [Chevallier,
Kohls, Troiani, Brodkin, & Schultz, 2012]. At present, it
remains unknown how eye-tracking measures of social
attention may serve as an indicator of change over time as
a result of behavioral intervention that targets social moti-
vation for in children with ASD.

Social attention biomarkers of treatment response may
be especially beneficial in the case of treatment “packages,”
where many strategies are employed to improve a broad
range of behaviors. PRT is one such packaged interven-
tion that can be categorized under the umbrella of natu-
ralistic developmental behavioral intervention [NDBI;
Koegel & Koegel, 2006; Schreibman et al., 2015]. The
goal of PRT is to improve developmental functioning
through strategies that leverage existing child motiva-
tion. Historically, PRT has been studied using single case
research designs to demonstrate efficacy in improving
specific behaviors (e.g., social initiations, language, and
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eye contact). In the context of large-scale RCTs in which
labor-intensive behavioral coding of multiple partici-
pants at multiple time points can be prohibitive, bio-
markers can provide an extraordinarily efficient method
for tracking treatment response.
In this study, in the context of a pilot RCT of a treat-

ment model for toddlers with ASD, we administered two
eye-tracking measures of social attention in addition to a
battery of standardized assessments that evaluate autism
symptomology, cognition, language, and adaptive behav-
ior prior to randomization and treatment onset (Time 1)
and following 6 months of either the PRISM model (a ver-
sion of PRT) or TAU (Time 2). Measures of social attention
were chosen to closely match the treatment targets and
expected outcomes of the PRISM model. PRISM targets
social engagement and communication for children with
ASD and has been shown to increase social attention [Koegel,
Vernon, & Koegel, 2009; Vernon, Koegel, Dauterman, &
Stolen, 2012] in young children and toddlers with ASD.
Therefore, we chose two eye-tracking paradigms that
measure social attention and have been shown to be asso-
ciated with ASD symptomology and language. We then
tested how these eye-tracking measures of social atten-
tion: (a) differentiate toddlers with ASD from TD toddlers
at Time 1; (b) relate to concurrent measures of cognition,
language, and autism severity in toddlers with ASD at
Time 1; and (c) correlate with clinical change from Time
1 to Time 2. In line with previous treatment research
examining PRT with toddlers and young children with
ASD [Bradshaw, Koegel, & Koegel, 2017; Hardan et al.,
2015; Koegel et al., 2009; Vernon et al., 2012; Yang et al.,
2016], 6 months of intervention was determined to be a
sufficient length of time for observing treatment effects.
This is consistent with other early intervention models
[Kasari, Gulsrud, Paparella, Hellemann, & Berry, 2015;
Schertz, Odom, Baggett, & Sideris, 2013] and several stud-
ies of NDBIs for toddlers [for review, see Bradshaw,
Steiner, Gengoux, & Koegel, 2015].
We hypothesized that this study would replicate previ-

ous research showing that social preference and face scan-
ning patterns differentiate the ASD and TD groups and
are related to baseline clinical measures. Specifically, we
hypothesized that, in line with previous research [Pierce
et al., 2016; Shaffer et al., 2017], children with ASD would
show an attenuated social preference compared to TD
children and that social preference would be negatively
associated with autism severity. Second, we hypothesized
that children with ASD would show increased mouth
looking compared to TD participants, similar to Cha-
warska and Shic [2009]. We hypothesized that mouth
looking would be positively associated with language
skills, similar to what has been demonstrated in dynamic
speaking faces [Norbury et al., 2009]. Finally, we hypothe-
sized that change in social attention patterns would be asso-
ciated with behavioral change from Time 1 to Time 2. For

example, an increase in social preference from Time 1 to
Time 2 would be associated with a reduction in autism
severity from Time 1 to Time 2.

Methods
Participants

Participants included children between 18 and 48 months
of age with a confirmed diagnosis of ASD (N = 28; 24
males) and TD children (N = 23; 14 males). Participants
were recruited through email and social media announce-
ments, direct mailings, and print advertisements, as well
as through direct communication with state regional cen-
ters, early childhood educators, and pediatricians. TD par-
ticipants were required to have no first- or second-degree
relatives with ASD, no pre- or perinatal complications, and
no known visual or hearing impairments. All ASD partici-
pants were administered a comprehensive diagnostic eval-
uation to confirm diagnosis of ASD. Based on this
evaluation, participants were included if they: (a) obtained
a score in the mild-to-moderate or moderate-to-severe concern
range on the Autism Diagnostic Observation Schedule –

Toddler Module [ADOS-T; Luyster et al., 2009] or a classifi-
cation of autism on Modules 1 or 2 of the Autism Diagnos-
tic Observation Schedule, Second Edition [ADOS-2; based
on Lord et al., 2012] and (b) met criteria for an ASD diagno-
sis based on DSM-5 (APA, 2013) and expert clinical judg-
ment by a licensed clinical psychologist. Children with
comorbid medical or psychiatric conditions (e.g., Down
syndrome, Rett’s disorder) or known visual or hearing
impairment were excluded from participation. A total of
28 participants were then randomly assigned to one of
two treatment conditions: the PRISM treatment model
(N = 16) or waitlist with TAU (N = 12). Five participants
(four from the PRISM group and one from the TAU group)
withdrew from the study prior to the Time 2 visit, resulting
in 23 ASD participants who were seen at both Time 1 and
Time 2 (see Fig. 1). The research study was approved by the
University of California, Santa Barbara Institutional Review
Board and all participants provided informed consent prior
to participating in any study procedures.

Procedures

Participants with ASD completed two visits: the first initial
visit prior to randomization (Time 1) and a second visit
6 months later (Time 2). At each of the two visits, partici-
pants were administered a battery of standardized clinical
assessments and a battery of eye-tracking paradigms. The
visit at each time point took place over a period of 2 days
and breaks were provided throughout the day as needed.
Assessments were administered by a licensed clinical
psychologist or a clinical psychology doctoral student
who was supervised by a licensed psychologist. Clinicians
were masked to treatment condition at the Time 2 visit.

INSARBradshaw et al./Eye tracking as a biomarker of treatment outcome4



Participants in the TD group completed a single initial visit
(Time 1) during which eye-tracking and demographic data
were collected.

Clinical Measures

Cognitive development. The Mullen Scales of Early
Learning [Mullen, 1995] is a standardized developmental
measure that provides t-scores and age equivalences for
five domains of development: Visual Reception, Gross
Motor, Fine Motor, Receptive Language, and Expressive
Language. Verbal and nonverbal developmental quo-
tients (DQ) can be calculated using the participant’s chro-
nological age and age equivalence for each of the verbal
and nonverbal domains [Chawarska & Shic, 2009]. For
this study, verbal DQ (VDQ) was calculated by summing
the expressive and receptive language age equivalences
and dividing by chronological age × 100. The same
method was used to calculate nonverbal DQ (NVDQ)
with the visual reception and fine motor domains.

Adaptive behavior. The Vineland Adaptive Behavior
Scales, Second Edition [Sparrow, Cicchetti, & Balla, 2005]
is a semi-structured caregiver interview that assesses the
child’s everyday adaptive functioning. It contains four
broad domains: Socialization, Communication, Daily Liv-
ing Skills, and Motor Skills. Standard scores have a mean
of 100 and standard deviation of 15. The socialization
and communication domains were used in analyses for
the current study.

Autism symptomology. The ADOS-2 is a semi-structured
standardized observational assessment of social communi-
cation, restricted interests, and repetitive behaviors for indi-
viduals aged 12 months to adulthood [Lord et al.,
2012]. One of three modules (Toddler, 1, or 2) was adminis-
tered as appropriate based on the child’s chronological age
and verbal abilities. Calibrated severity scores (CSS) are used
to equate ADOS social affect, restricted/repetitive behavior,
and total scores across all modules [Gotham, Pickles, &
Lord, 2009]. The total CSS ranges from 1 to 10 and is associ-
ated with an ADOS classification of “non-spectrum” (score

Figure 1. Consort diagram for randomized clinical trial. Source: Reprinted from Vernon et al. 2019 with permission from Springer Nature.
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of 1–3), “autism spectrum disorder” (score of 4–5), or
“autism” (score of 6–10).

Language skills. The PLS-5 is a developmental language
assessment that evaluates both auditory comprehension
and expressive communication skills of children from
birth to 7 years [Zimmerman, Steiner, & Pond, 2011]. The
total score was used in analyses for this study and is rep-
resented in a standard score (mean of 100, standard devi-
ation of 15).

Intervention

Participants randomly assigned to the PRISM condition
participated in 10 hr per week of intervention for
6 months: 8 hr of direct clinician-delivered treatment and
2 hr of parent coaching. All intervention sessions occurred
in the child’s home or in the community. The interven-
tion was delivered by clinical psychology doctoral students
or undergraduate students who were trained to procedural
fidelity on implementation of the PRISM model [Vernon
et al., 2019]. All interventionists received weekly supervi-
sion from a licensed clinical psychologist.
The PRISM model is based on the core principles of

PRT [Koegel & Koegel, 2006] and uses empirically
supported naturalistic developmental behavioral treat-
ment strategies [Schreibman et al., 2015] to set up lan-
guage learning opportunities. The PRISM model uses a
three-part contingency (antecedent, behavior, and conse-
quence) and fosters social engagement through exclusive
use of social reinforcement, high affect bids, and non-
contingent exposure. In this approach, adults are
required to create a motivating social activity that is only
possible through their active participation [Koegel et al.,
2009; Vernon et al., 2012]. In the PRISM treatment
model, the clinician or parent initially provided non-
contingent (free) access to a potential social activity of
interest. Social activities included the parent as an active
necessary component of the activity, for example, sing-
ing songs, tickling, swinging the child, or jumping on a
trampoline with the child. After the child indicated signs
of interest and engagement in a social activity, the adult
then (a) created a language trial using an animated high-
affect bid, (b) waited for a verbal response attempt from
the child, and (c) immediately reinforced the language
attempts through engagement in a carefully constructed
social activity. The adult intervention providers were not
permitted to simply deliver or permit access to a desired
toy or item. Instead, they were required to create a moti-
vating social activity that is only possible through their
active participation. This requirement was fulfilled by
observing a child’s existing interests, analyzing the sen-
sory appeal of these preferred activities, and creating
interactions that leveraged the use of these preexisting
but historically nonsocial interests [Koegel et al., 2009;

Vernon et al., 2012]. Participants randomly assigned to
the PRISM condition began treatment immediately after
the Time 1 evaluation.

Participants randomly assigned to the TAU condition
were not provided any intervention by the research team
from Time 1 to Time 2 and began PRISM treatment after
the Time 2 evaluation. Participants in this condition
accessed intervention services on their own and data were
collected on the type and dose of intervention the TAU
participants received during the waitlist period. All partici-
pants randomized to the TAU condition received an
assortment of early interventions that included applied
behavior analysis, speech therapy, and enrollment in spe-
cial needs preschool. Data on specific treatment targets
were not collected, but given the description of services
it was likely that these children received intervention
targeting behavior, speech and language, and pre-academic
skills. No TAU participants received PRT or the PRISM
model during the waitlist period. The number of hours
per week of intervention for the TAU group ranged from
2 to 25 and was not associated with child severity, with
children receiving a mean of 10 hr per week.

Eye-Tracking Measures

Apparatus and stimuli. Visual scanning patterns were
recorded using a SensoMotoric Instruments iView X-Version
2.8 eye-tracking system with a sampling rate of 120 Hz
and analyzed using BeGaze software (Sensomotoric Instru-
ments, 2014). Stimuli were displayed on a 220 0 widescreen
LCD monitor (1680 × 1050 pixels). Toddlers were placed
in a car seat located 75 cm away from the monitor with
their eye level at the center of the monitor. Each partici-
pant viewed a set of five different paradigms, two of which
are the focus of the present study: face scanning and
social preference. A five-point calibration validation pro-
cedure was used prior to the onset of each paradigm and
child friendly videos were played in between paradigms
to maintain child engagement.

Face scanning stimuli consisted of six color static images
of affectively positive female faces selected from the
Karolinska Directed Emotional Faces database [Lundqvist
et al., 1998]. Each imagemeasured 530 × 720 pixels and was
displayed for 5 sec on a light gray background. The stimuli
were presented in the same order for each participant.

The social preference paradigm contained six 5-sec
videos that were modeled after the existing GeoPref stim-
uli [Pierce et al., 2011, 2016]. Each stimulus consisted of
two silent videos, measuring 575 × 710 pixels, playing
simultaneously side-by-side, 190 pixels apart. One video
depicted a dynamic social scene with children moving
and dancing and the other video depicted dynamic geo-
metric movement similar to an animated screensaver.
Videos were selected and modified by eye to equate
lumination, color, size, and movement. Three videos

INSARBradshaw et al./Eye tracking as a biomarker of treatment outcome6



displayed the social scene on the right and three videos
displayed the social scene on the left; each participant
was shown the videos in the same alternating order.

Dependent variables. Regions of interest (ROI) for each
paradigm were drawn using SMI BeGaze software. ROIs
for the face scanning task consisted of the eyes, mouth,
face (excluding hair), and background. In line with our
hypotheses that mouth looking would differentiate ASD
and TD participants and be associated with language
skills, the primary dependent measure for this paradigm
was mouth-to-eyes ratio, defined as the ratio of mouth
looking to eye looking (mouth/(mouth + eyes)). Because
the primary measure was mouth-to-eyes ratio, valid trials
were defined as trials in which fixation duration on the
eyes and mouth together amounted to at least 500 ms.
This criterion was chosen in order to minimize loss of
data while also providing sufficient looking data neces-
sary to reflect a clear fixation and systematic scanning,
especially in the case of static images which do not hold
attention as well as dynamic stimuli. This criterion is sim-
ilar to other studies utilizing similar types of static stimuli
[Elsabbagh et al., 2013; Mercure et al., 2018; Oakes &
Ellis, 2013]. Of note, modifying this valid looking crite-
rion to 200 ms and 1000 ms did not impact the results of
the study as they are described below.

ROIs for the social preference stimuli consisted of two rect-
angles that encompassed the social and geometric scenes.
The primary dependent variable for this paradigm was social
preference (social/(social + geometric)). Valid trials were
defined as trials in which fixation duration on the social and
geometric clips together amounted to at least 500 ms.

Statistical Analysis

Differences between ASD and TD looking behavior dur-
ing the two eye-tracking tasks at Time 1 were evaluated
using linear mixed-effects models. Diagnosis (ASD vs. TD)
and trial were included as fixed effects, and trial and sub-
ject intercept were specified as random effects. If the
effect of trial was significant, trials were further analyzed
for the presence of outliers. Model coefficients were based
on restricted maximum likelihood estimation. Associa-
tions between Time 1 eye-tracking performance and con-
current clinical characteristics within the ASD sample
were evaluated using Spearman correlations.

Next, treatment condition was evaluated for a significant
effect on change in eye-tracking performance in the ASD
participants from Time 1 to Time 2. The effect of randomi-
zation condition (PRISM vs. TAU) on eye-tracking perfor-
mance from Time 1 to Time 2 was modeled conditioned on
all baseline values. This conditional joint response model
shows increased tolerance of missing data as compared to
analysis of covariance [Carpenter & Kenward, 2007]. In this
model, trial was specified as a random factor and a random

intercept was included for each subject. Model coefficients
were based on restricted maximum likelihood estimation.

When evaluating how change in eye-tracking perfor-
mance from Time 1 to Time 2 was associated with clinical
change, all ASD participants were combined regardless of
treatment condition. This approach was taken for several
reasons. First, the primary aim of this pilot RCT was to
evaluate feasibility of the PRISM model and was only
powered to evaluate preliminary efficacy of the interven-
tion (primary feasibility and efficacy findings are presented
in Vernon et al., 2019). Second, all participants, regardless
of randomization condition, were receiving behavioral
intervention for core symptoms of ASD. Finally, combin-
ing both groups together helped to increase statistical
power. Primary eye-tracking variables (mouth-to-eyes ratio
and social preference) were aggregated across valid trials
within participants at each time point such that each par-
ticipant had a single mean score on both eye-tracking vari-
ables at each time point. A change score from Time 1 to
Time 2 was then calculated for each participant by sub-
tracting the Time 2 score from the Time 1 score such that
a positive change score indicated an increase in the mea-
sure score from Time 1 to Time 2. This was done for both
eye-tracking variables and all primary clinical measures
(ADOS Total CSS, PLS-5 Total, NVDQ, VDQ, Vineland
Communication, and Vineland Socialization). Spearman
correlations were used to test for associations.

Statistical significance was assessed at the 0.05 level
unless otherwise noted. All analyses were run using IBM
SPSS Statistics Version 24 (IBM, 2016).

Results

Participants with ASD had a mean age of 34.2 months
(SD = 9.3) at baseline and were comparable to TD par-
ticipants whose mean age was 30.1 months (SD = 8.7)
(t(49) = 1.61, P = 0.114). However, the TD group had a
significantly lower proportion of males (N = 14, 61%;
χ2 = 4.10, P < 0.05). Baseline characteristics of participants
with ASD, including baseline differences between children
who completed PRISM and TAU, are presented in Table 1.
Intercorrelations among clinical measures are presented in
Table S1. At baseline, the PRISM group had significantly
higher scores on the Vineland-II, but was comparable on all
other clinical measures and demographic characteristics.
There was no association between the number of hours of
intervention the TAU group received during the waitlist
period and autism severity (rs = 0.287, P = 0.393).

Differences in Social Attention between ASD and TD
Participants

The number of valid trials did not differ between ASD
and TD participants for the face-scanning stimuli (ASD
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mean = 2.7, TD mean = 2.6; t(48) = 0.14, P = 0.890) or the
social preference stimuli (ASD mean = 4.9, TD mean = 4.8;
t(49) = 0.51, P = 0.614). Similarly, the total time looking to
the screen during valid trials did not differ between the
groups for the face scanning stimuli (ASD mean = 3.8 (1.1)
sec, TDmean = 3.9 (1.1) sec; t(48) = −0.48, P = 0.629) or the
social preference stimuli (ASD mean = 4.5 (1.0) sec, TD
mean = 4.3 (1.0) sec; t(244) = 1.39, P = 0.166). The depen-
dent measures from the two eye-tracking tasks were not
associated with each other, suggesting that they are tapping
into different components of social attention (r = 0.02,
P = 0.924). Linear mixed effects models showed a significant
effect of trial during the social preference task (F1,272 =
10.63, P < 0.001), but not for the face-scanning task. Upon
further investigation, one of the six social preference trials
emerged as a significant outlier compared to other trials and
removal of this trial decreased this effect (F = 6.54, P < 0.05).
Therefore, this trial was removed from all subsequent ana-
lyses, but trial remained a random factor in all models.
Linear mixed effects models revealed that diagnosis did

not have a significant effect on mouth-to-eyes ratio at
Time 1 (F1,101 = 0.04, P = 0.84). The model-based mean
mouth-to-eyes ratio was 0.46 (SE = 0.07) for the TD group
and 0.47 (SE = 0.07) for the ASD group (Fig. 2A). In con-
trast, diagnosis did have a significant effect on social
preference at Time 1 (F1,98 = 4.36, P < 0.05; Fig 2B). The

model-based mean social preference ratio for the TD
group was 0.70 (SE = 0.03), significantly greater than
that of the ASD mean ratio of 0.62 (SE = 0.03). However,
both groups exhibited a social preference significantly
greater than chance level of 0.5 (TD: t(22) = 7.02,
P < 0.001; ASD: t(27) = 4.17, P < 0.001).

Eye Tracking and Clinical Characteristics for ASD
Participants at Time 1

Associations between Time 1 eye tracking and clinical
characteristics are presented in Table 2. Mouth-to-eyes
ratio was found to be significantly associated with higher
scores on the PLS-5, Vineland communication, and VDQ.
There were no significant associations between social pref-
erence at Time 1 and concurrent autism symptomology,
language, cognitive, or adaptive skills, but the association
between social preference and Vineland socialization was
approaching significance. Additionally, age was not associ-
ated with mouth-to-eyes ratio (rs = 0.14, P = 0.52) or social
preference (rs = 0.02, P = 0.93).

Associations between Eye Tracking and Clinical
Characteristics over Time

The linear mixed effects model, conditioned on baseline,
revealed no significant effect of treatment condition on

Table 1. Demographic and Clinical Characteristics for ASD Participants at Baseline

PRISM (n = 12) TAU (n = 11) Test statistic
P Mean Dif

95 CI for mean Dif

Measure All (n = 28) M M (t or X2) Low High

Age (months) 34.21 (9.28) 35.75 (9.31) 34.45 (10.08) 0.32 0.752 1.3 −7.16 9.75
Sex 0.49 0.484
Male 24 (86%) 11 (92%) 9 (82%) – – – – –

Female 4 (14%) 1 (8%) 2 (18%) – – – – –

Race/ethnicity 4.42 0.219
White 16 (57%) 9 (75%) 4 (36%) – – – – –

Latino 6 (22%) 2 (17%) 3 (27%) – – – – –

Asian 4 (14%) 1 (8%) 2 (18%) – – – – –

Multi-racial 2 (7%) 0 (0%) 2 (18%) – – – – –

ADOS-2 CSS 7.14 (1.74) 7 (1.48) 7.18 (1.25) −0.32 0.754 0.182 −1.37 1.01
Preschool Language Scales, 5th Edition
Auditory comprehension 74.96 (20.85) 84.33 (19.19) 69.64 (16.5) 1.96 0.063 14.7 −0.89 30.29
Expressive communication 75.89 (16.6) 81.5 (12.09) 72.91 (14) 1.58 0.129 8.59 −2.72 19.91
Total score 74.11 (18.9) 81.58 (15.42) 69.91 (15.48) 1.81 0.085 11.67 −1.75 25.09

Mullen Scales of Early Learning
Visual reception 36.43 (14.43) 42.92 (13.37) 34.27 (13.76) 1.53 0.142 8.64 −3.12 20.41
Fine motor 29.61 (9.46) 33.25 (9.43) 28.55 (9.27) 1.21 0.242 4.71 −3.41 12.82
Receptive language 30.29 (12.98) 36.17 (14.39) 26.09 (9.83) 1.94 0.066 10.08 −0.71 20.87
Expressive language 31.57 (13.51) 35 (14.31) 29.82 (11.7) 0.95 0.355 5.18 −6.22 16.58

Vineland Adaptive Behavior Scales, 2nd Edition
Communication 73.41 (12.95) 81 (9.88) 66.73 (12.85) 3 0.007** 14.02 4.3 23.75
Daily living 86.59 (10.99) 92.45 (10.1) 81.55 (10.22) 2.51 0.020* 10.46 1.79 19.12
Socialization 79.7 (9.34) 85.36 (10.08) 72.45 (5.07) 3.9 0.001** 12.71 5.94 19.49
Motor skills 83.15 (16.93) 88.18 (22.75) 88.18 (22.75) 1.28 0.216 9.13 −5.75 24

Note. Five participants withdrew from the intervention prior to the Time 2 visit. These participants are not included in the between-group baseline analyses.
Between-group differences in sex and race/ethnicity were tested using Chi-square tests.
**P < 0.01; *P < 0.05.
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mouth-to-eyes ratio from Time 1 to Time 2(F2,120 = 0.08,
P = 0.92). At Time 1, the model-based mean for all ASD
participants was 0.54 (SE = 0.06), which increased to 0.55
(SE = 0.09) for participants randomized to PRISM and
decreased to 0.51 (SE = 0.09) for participants randomized
to TAU. There was also no significant effect of treatment
condition on social preference from Time 1 to Time
2 (F2,83 = 1.24, P = 0.23). At Time 1, the model-based
mean for all ASD participants was 0.63 (SE = 0.03), which
decreased to 0.58 (SE = 0.04) for participants randomized
to PRISM and increased to 0.65 (SE = 0.09) for partici-
pants randomized to TAU. As mentioned above, all ASD
participants, regardless of randomization condition,
received weekly intervention services for the 6-month
period between Time 1 and Time 2 and all participants
were combined in subsequent analyses. The intervention
dose (average hours per week) across participants in both

conditions was not associated with change in either eye-
tracking measures (mouth-to-eyes ratio: rs = 0.06,
P = 0.80; social preference ratio: rs = −0.16, P = 0.49) or
with change in autism symptomology (ADOS CSS: rs =
0.17, P = 0.43). Associations between change in eye-
tracking measures and change in clinical measures are
presented in Table 3. Change in mouth-to-eyes ratio from
Time 1 to Time 2 was significantly associated with change
in the PLS-5 total score. That is, children who showed a
decrease in looking to the mouth, compared to the eyes,
from Time 1 to Time 2 also showed improved perfor-
mance on the PLS-5 (see Fig. 3). There were no significant
associations between change in social preference and
change in clinical measures from Time 1 to Time 2.

Discussion

The goal of this study was to contribute to the pressing
need for viable objective treatment outcome measures
that can be used in clinical trials for ASD. Despite decades
of research supporting altered patterns of attention in
children with ASD, only a few studies have tested eye
tracking as a possible treatment outcome measure. In the
context of a pilot RCT, this study examined the prelimi-
nary utility of two eye-tracking paradigms for assessing
clinical change in children with ASD across a 6-month
intervention period. Analyses revealed two important
trends. First, results showed that preference for social
stimuli in a forced-choice paradigm differentiated chil-
dren with ASD from TD children at Time 1, but was not
associated with Time 1 clinical characteristics, or with
change in clinical features over time, for children with
ASD. Second, it was found that attention to the mouth of
a static face (mouth-to-eyes ratio) did not differ between
ASD and TD children but, within the ASD group, a higher
mouth-to-eyes ratio was associated with superior lan-
guage skills at Time 1 and a decline in mouth looking
was associated with greater gains in language from Time
1 to Time 2. These findings are generally consistent with,
but also reveal notable departures from, prior research.

Children with ASD in the present study showed a sig-
nificantly lower preference for social stimuli compared to
TD participants, providing an independent replication of
research originally conducted by Pierce et al. [2011,
2016]. This is particularly encouraging given that the
stimuli used in this study were modeled after the original
stimuli used in Pierce et al. [2011], but were indepen-
dently designed. However, unlike Pierce et al. [2016], the
present study did not identify statistically significant asso-
ciations between social preference and clinical characteris-
tics of the ASD sample. Rather, a moderate, though still
nonsignificant, effect of social preference on adaptive
socialization skills was found at Time 1. There are several
possibilities for this observed lack of association. First, it is

A

B

Figure 2. Boxplots of model-based estimates for mouth-to-eyes
ratio (mouth/(mouth + eyes)) (A) and social preference ratio
(social/(social + geometric)) (B) for ASD and TD participants at
baseline. *P < 0.05.
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possible that the purported mechanism we hoped this
paradigm would tap into (decreased social motivation) is
a highly conserved feature of ASD, but is not associated
with the vast clinical heterogeneity observed within ASD.
In this case, it could be argued that social preference is a
good diagnostic biomarker of ASD, but not of treatment
change. Similar to behavioral measures, it is important to
identify and differentiate diagnostic biomarkers from bio-
markers that are sensitive to change over time within
diagnostic groups. It is also possible that phenotypic het-
erogeneity within ASD is less tightly linked to social moti-
vation than we originally hypothesized. Perhaps an
increased visual preference for social stimuli is not neces-
sarily needed for children with ASD to learn new language
or social skills. There are also few key differences in the
present study and that of Pierce and colleagues that may
help to explain some of the observed inconsistencies. The
mean age of the ASD sample described in Pierce et al.

[2011, 2016] was about 6–8 months younger than the
ASD sample in the present study. In addition, the ascer-
tainment method of the ASD sample in Pierce et al. [2011,
2016] made it likely that many participants were undergo-
ing their first diagnostic evaluation at the time of the
experiment. In contrast, recruitment efforts used in the
present study focused on children with an ASD diagnosis
and so many of the enrolled participants carried a diagno-
sis of ASD prior to study entry, increasing the likelihood
that these children were already receiving some form of
early intervention. Furthermore, the duration of the social
preference paradigm in the initial study was twice as long
in duration (~60 sec) than the paradigm used in this study
(~30 sec), which may have impacted scanning patterns.
Given these important methodological distinctions
between the present study and Pierce et al. [2016], in addi-
tion to a much smaller sample size, this study can serve as
a partial, independent replication of the potential utility
of a social preference paradigm as a diagnostic biomarker.

Results showed that attention to the mouth during a
static face scanning task emerged as a better indicator of
clinical heterogeneity within the ASD group than the
social preference task.

At Time 1, mouth-to-eyes ratio did not differentiate the
diagnostic groups, but, as seen in older children and
adults with ASD during presentation of dynamic stimuli
[Norbury et al., 2009; Tenenbaum et al., 2014, 2015], it
was positively associated with language and adaptive
communication skills within the ASD group. The associa-
tions between mouth looking and language were stronger
when looking at the PLS-5 than the language domains of
the Mullen Scales of Early Learning. The PLS-5 is a mea-
sure designed specifically for identifying language disor-
ders in preschoolers and it assesses basic vocabulary,
language concepts, grammar, syntax, and semantics. It is
possible that the PLS-5 is a more comprehensive measure
of language development for children with ASD and so
may have been more sensitive to the change in mouth
looking observed from Time 1 to Time 2.

These findings align with previous research [Murias
et al., 2018] that observed a relationship between clinical

Table 2. Associations between Eye Tracking and Clinical
Measures at Baseline for ASD Participants

Mouth-to-eyes ratio Social preference
Baseline clinical
measure Spearman’s rho P value Spearman’s rho P value

ADOS CSS total 0.213 0.317 −0.126 0.524
PLS-5 total 0.562 0.004** 0.153 0.436
Vineland communication 0.598 0.002** 0.104 0.607
Vineland socialization −0.110 0.610 0.348 0.076
NVDQ 0.377 0.069 0.056 0.776
VDQ 0.457 0.025* 0.111 0.575

**P < 0.01; *P < 0.05.

Table 3. Associations between Change in Eye Tracking and
Change in Clinical Measures for ASD Participants from Time
1 to Time 2

Δ Mouth-to-eyes ratio Δ Social preference

Δ Clinical measures Spearman’s rho P value Spearman’s rho P value

ADOS CSS total 0.268 0.266 0.035 0.876
PLS-5 total −0.533 0.019* 0.111 0.621
Vineland communication −0.213 0.413 −0.271 0.248
Vineland socialization 0.175 0.501 0.228 0.335
NVDQ −0.435 0.063 −0.319 0.148
VDQ −0.219 0.367 −0.243 0.275

*P < 0.05.

Figure 3. Scatterplot of change in PLS scores and change in
mouth-to-eyes ratio from Time 2 to Time 1 for ASD participants
with regression line and 95% confidence intervals.
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phenotype and mouth looking during presentation of
dynamic social stimuli (i.e., a person engaged in child-
directed speech). It is important to consider these findings
in light of the dynamic developmental changes inherent
to face scanning patterns. Early on, at around 6 months of
age, the eyes are the most captivating facial features for
both infants who develop ASD as well as TD infants, possi-
bly due to their perceptual salience [Shic et al., 2014]. As
TD toddlers begin to acquire language, they shift their
attention allocation from the eyes to the mouth region.
Following mastery of basic verbal communication skills
(i.e., phrase and early conversational speech) at around
age 4, attention to the eyes increases once again and tod-
dlers shift attention between the eyes and mouth more fre-
quently [Shic, Chawarska, Bradshaw, & Scassellati,
2008]. This developmental transition in face scanning
could be interpreted as the toddler’s increasing apprecia-
tion for both eye and mouth regions as informative social
communicative features, and their increasingly refined
ability to fluidly integrate the two. In contrast, evidence
suggests that ASD children do not make this same devel-
opmental transition [Shic et al., 2008]. Taken together, we
conjecture that typical acquisition of language and social-
communication skills may be characterized by increased
mouth looking as well as increased attention shifts
between the eyes and mouth. This theory is quite consis-
tent with findings from the present study. While increased
mouth-looking was associated with better language skills
at Time 1, a decrease in mouth looking from Time 1 to
Time 2 was associated with greater language improve-
ments. In this framework, we hypothesize that decreases
in mouth-to-eyes ratio for some participants with ASD
were due to more sophisticated scanning patterns charac-
terized by more transitions between the eyes and mouth,
all resulting from improvements in language skills. Alter-
natively, it is possible that this may be a result of an
unintended experimental effect in which children learned
from the Time 1 presentation, albeit presented 6 months
earlier, that the faces presented are not dynamic, speech-
producing stimuli, and are therefore spending less time
looking at the mouth expecting language.

The finding that randomization condition did not
affect eye-tracking performance is worth discussion. The
primary outcomes of this pilot RCT were feasibility and
parent acceptability. In a preliminary efficacy analysis of
this data [Vernon et al., 2019], participants who were ran-
domized to the PRISM treatment condition showed sig-
nificantly improved performance in the ADOS-2 CSS and
PLS-5, while participants in the TAU condition did not
show significant improvements on any measures. In con-
trast, the current study shows that changes in eye track-
ing from Time 1 to Time 2 did not significantly differ
between participants in the PRISM and TAU conditions.
The association between eye-tracking performance and
improvement on the PLS-5, but not the ADOS, suggests

that the eye-tracking paradigms used in this study may
have been helpful in tracking some treatment gains
(i.e., language), but failed to capture the totality of
observed child improvements (i.e., improvements in lan-
guage and decreases in symptom severity). Vernon et al.
[2019] observed that decreases in ADOS CSS from Time
1 to Time 2 in the PRISM condition had the highest effect
size compared to all other clinical measures. The lack of
association between eye-tracking performance and ADOS
CSS at Time 1 may partially explain why eye tracking did
not differ between randomization conditions, despite sig-
nificant clinical improvement within the PRISM group.
Additional research that includes a 6-month follow-up
evaluation may reveal more robust differences.

This study has several limitations to note. First, our TD
participants were only seen at Time 1 for collection of
demographic and eye-tracking data, preventing a compari-
son of ASD and TD performance at Time 2. The lack of
clinical data for our TD sample also prevents us from
examining associations between eye tracking and clinical
measures in a typical population. This analysis would be
useful to determine whether these eye-tracking measures
reflect broad developmental mechanisms and can be
measured in non-ASD populations. In this study, we used
composite measures of language from the PLS-5 and the
Mullen. In light of research identifying differences in eye-
tracking associations with receptive versus expressive
language [Tsang, Atagi, & Johnson, 2018] and the unique
profile of receptive versus expressive language skills in chil-
dren with ASD [Hudry et al., 2010, 2014], future research
should investigate these two domains of language sepa-
rately. The small sample size of this study prevented us
from examining heterogeneity within our ASD partici-
pants (e.g., comparing “responders” to “slow-responders”)
and identifying biomarkers of change for individual partic-
ipants (e.g., conducting sensitivity and specificity ana-
lyses). However, our findings suggest that mouth looking
should be further examined as a possible predictor of early
response to treatment. In particular, mouth looking may
serve different functions depending on the stimulus con-
text (e.g., static vs. dynamic stimuli) and the language
level of the child (e.g., preverbal vs. fluent). Future research
should investigate the effect of stimulus by including
dynamic faces and social scenes and incorporate repeated
assessments across children at various stages in language
learning. Additionally, eye-tracking paradigms that are
associated with autism severity (i.e., ADOS) should be
investigated and used in future clinical trials.

Conclusions

The present study highlights the important distinction
between diagnostic biomarkers and biomarkers that
measure response to treatment. Attenuated social visual

INSAR Bradshaw et al./Eye tracking as a biomarker of treatment outcome 11



engagement is a hallmark feature of ASD, and here we
found that our proxy for this impairment (social prefer-
ence) provided a diagnostic biomarker of ASD, consistent
with previous research [Pierce et al., 2016]. The next step
in this line of work is to incorporate other non-ASD sam-
ples that may have overlapping clinical phenotypes, such
as individuals with global developmental delay, language
disorder, and ADHD. However, social preference was not a
useful measure of treatment change in our sample of
young children with ASD. While the PRISM model did
result in marked improvements in social and language
skills significantly greater than that of the TAU group, our
results suggest that the pathway to clinical change was not
an increase in preference for social stimuli. Rather, our
findings suggest the possibility that treatment may have
led to decreases in mouth looking, possibly driven by
increased attention shifting between the eyes and mouth.
It is unknown, however, whether improvement in lan-
guage led to decreased mouth looking or whether decreased
mouth looking preceded improvements in language skills.
Future research on biomarkers of treatment response
should include multiple time points and large sample
sizes in order to evaluate the causal relationship between
treatment, biomarkers, and clinical change. In the case of
treatment models hypothesized to improve social moti-
vation, the development of stimuli that may be more
sensitive to underlying social motivation should be
explored. In this way, the study of biomarkers can
enhance our understanding of precise treatment mecha-
nisms, allowing us to individualize treatments and effect
the greatest change in children with ASD.
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