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Abstract: Pivotal response treatment (PRT) is an evidence-based behavioral intervention
based on applied behavior analysis principles aimed to improve social communication skills
in individuals with autism spectrum disorder (ASD). PRT adopts a more naturalistic approach
and focuses on using a number of strategies to help increase children’s motivation during
intervention. Since its conceptualization, PRT has received much empirical support for elicit-
ing therapeutic gains in greater use of functional social communication skills in individuals
with ASD. Building upon the empirical evidence supporting PRT, recent advancements have
increasingly turned to using interdisciplinary research integrating neuroimaging techniques and
behavioral measures to help identify objective biomarkers of treatment, which have two primary
purposes. First, neuroimaging results can help characterize how PRT may elicit change, and
facilitate partitioning of the heterogeneous profiles of neural mechanisms underlying similar
profile of behavioral changes observed over PRT. Second, neuroimaging provides an objective
means to both map and track how biomarkers may serve as reliable and sensitive predictors of
responder profiles to PRT, assisting clinicians to identify who will most likely benefit from PRT.
Together, a better understanding of both mechanisms of change and predictors of responder
profile will help PRT to serve as a more precise and targeted intervention for individuals with
ASD, thus moving towards the goal of precision medicine and improving quality of care. This
review focuses on the recent emerging neuroimaging evidences supporting PRT, offering current
perspectives on the importance of interdisciplinary research to help clinicians better understand
how PRT works and predict who will respond to PRT.

Keywords: PRT, ASD, biomarkers, neuroimaging, precision medicine, biological motion

History of autism spectrum disorder and

behavioral treatments

Autism, from the Greek “autos” meaning self, was first poignantly captured by
Kanner!' in his lucid account of Donald T, a child who experienced significant social
impairments. Donald was described to be so “self-satisfied”! that “to get his attention
almost requires one to break down a mental barrier between his inner consciousness
and the outside world”.! Today, autism spectrum disorder (ASD) is still perceived as
a pervasive developmental disorder, characterized by social communication deficit
and narrow interest in objects and repetitive behavior.? Up to one-third of young chil-
dren with ASD also experience clinically significant levels of maladaptive behaviors,
such as withdrawal, inattention, and aggression.® Early behavioral interventions in the
1970s that aimed to increase social communication and reduce clinically significant
maladaptive behaviors heavily relied on the use of operant conditioning principles,*
the most influential model being applied behavioral analysis (ABA).?
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Traditional ABA aimed to elicit behavioral modifications
through highly intensive and structured trials, where adult-
chosen stimuli are repeatedly presented to induce target
behaviors in individuals with ASD, with correct responses
reinforced.>® More recently, advancements in ABA have
led to more individualized and comprehensive treatments
to target a wide range of adaptive behaviors that follow
a more natural and normal developmental sequence, in
children with ASD as young as three to four years of age.”
Although ABA has been demonstrated to be effective in
both improving social functioning and reducing clinically
significant maladaptive behaviors,>**!° clinical progress
can be costly in both time and effort, which has received
much criticism.%'%!" First, individuals often experience
increased exposure to failed attempts on highly structured
trials, which can further decrease motivation,'? and induce
a sense of learned helplessness.!* Second, highly structured
training bears limited ecological validity, further compromis-
ing the generalizability of any successfully acquired skills
across other developmental domains, as well as outside of
clinical settings.®41

A brief outline of pivotal response

treatment
Pivotal response treatment (PRT) is a behavioral intervention
aimed to improve social communication skills in individuals
with ASD, 111617 which has accumulated a large evidence
base with positive findings being replicated using a wide range
of experimental designs across multiple settings.!” Based on
ABA principles, PRT adopts a more naturalistic approach
that focuses on targeting skills that are pivotal to development
across social, communication, and behavior.!"!® “Pivotal”
refers to a set of targeted skills which, when successfully
acquired, can elicit more widespread positive clinical gains
in the child’s other domains of functioning.'® Some pivotal
areas identified include motivation, self-initiation, and self-
management, which have been shown to be critical in elic-
iting broader improvements across multiple developmental
domains, thus maximizing treatment gains.!!:'1°

PRT focuses on using a number of strategies to help
increase children’s motivation during intervention, such as
using a variety of child-chosen activities that are intrinsi-
cally motivating to each child,'** as well as interspersing
maintenance and acquisition tasks to strengthen chil-
dren’s exposure to well-established response-reinforcer
contingency.?"*? Similar to ABA, the structure of PRT
involves the presentation of repeated behavioral trials consist-
ing of antecedent, behavior, and consequence,'*? where the

antecedent presents clear opportunities prompting the child
for a desired behavior. In contrast to traditional ABA, PRT
reinforces both correct behavioral responses and any valid
attempts made by the child en route to skill acquisition, thus
increasing frequency of exposure to response-reinforcement
contingency, in order to help maintain and increase child’s
motivation throughout the intervention.?*

PRT - empirical evidence and

questions to address

Since its original conception, PRT has received much
empirical support for eliciting therapeutic gains for promot-
ing greater use of functional social communication skills in
individuals with ASD, ranging from increased self-initiated
social responses®~¢ to advancing collateral language acqui-
sition following increased question-asking behavior.'??72
Increased adaptive use of language and social responses
have also been linked to secondary clinical gains such as
reduced disruptive behavior,” and restrictive and repetitive
behaviors.>® Such secondary clinical gains further support
that targeting skills such as increasing social motivation
and initiation of appropriate social responses may indeed
be pivotal in securing changes in other behavioral domains
that are less explicitly addressed during PRT intervention.!”*
For example, the use of child-preferred activities that carry
high intrinsic motivational salience to children with ASD
may be especially beneficial for providing opportunities to
elicit joint attention,?' as well as teaching children to engage
in symbolic play.* Joint attention and pretend play are both
crucial social skills underlying the emergence of higher-order
social cognition, such as perspective taking and theory of
mind development,**=7 and pivotal for securing children’s
competence at navigating social situations.

Building upon the empirical evidence supporting PRT,
recent advancements have increasingly turned to using
interdisciplinary research integrating neuroimaging tech-
niques and behavioral measures to help identify biomarkers
of treatment.***° The identification of sensitive and objective
biomarkers serves two primary goals. First, neuroimaging
facilitates better characterization of the heterogeneous pro-
files of neural mechanisms underlying behavioral changes
observed over PRT, further increasing the evidence base
surrounding how PRT may be eliciting changes across
individuals with ASD.3#3° Second, mapping and tracking
biomarkers across the course of development and interven-
tion can instigate the generation of predictive models of
responder profiles to PRT, thus assisting clinicians to identify
who will most likely benefit from PRT in order to maximize
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therapeutic gains.*® Together, a better understanding of both
mechanisms of change and predictors of responder profile
will help PRT to serve as a more precise and targeted inter-
vention for individuals with ASD, thus moving towards the
goal of precision medicine and improving quality of care.*!

The purpose of the current review is to review the recent
emerging evidence from interdisciplinary perspective inte-
grating behavioral and neuroscience research. Specifically,
the current review examines (1) identification of neural
biomarkers that objectively elucidate the underlying
mechanisms of change following PRT and (2) behavioral
and neural predictors of responder profile to PRT among
individuals with ASD. Summaries of relevant studies are
outlined in Table 1. Broader issues including limitations on
the research quality supporting PRT, such as determining
effective intervention study designs to help monitor change
as well as conducting long-term follow-up, are discussed,
with directions for future research outlined.

From behavior to neuroscience:

identifying mechanisms of change

Although PRT has received much empirical support as an
intervention targeting core social communication deficits in
individuals with ASD from behavioral studies, few studies
have investigated the possible underlying mechanisms and
pathways that have elicited the changes observed.*® From
a clinical perspective, reliance on observable behavioral
changes as the sole outcome measure often suffers from the
problem of equifinality.* More precisely, similar profiles in
behavioral changes could mask heterogeneous underlying
mechanisms of change that are pivotal in eliciting therapeutic
gains observed. Overcoming the problem of equifinality has
important underlying rationales. Characterizing differential
mechanisms of change underlying similar behavioral profiles
can help clinicians understand how a child may be specifi-
cally benefitting from the intervention. Distilling down the
key treatment components that can successfully tackle a
specific behavioral profile can be especially informative
for formulating treatment plans. Multiple strategies can
be devised based around these crucial therapeutic compo-
nents tailored to each child, generating a more focused and
direct intervention plan that may be more cost-effective
and time-efficient. Generating greater evidence highlight-
ing differential mechanisms of treatment response can
therefore guide clinicians to make evidence-based choices
when reformulating treatment strategies. This is in line with
moving towards the goal of precision medicine, where it is
no longer sufficient to gather empirical evidence supporting

if an intervention is working. The aim is to better partition
how the intervention is working for each patient given his
or her complex clinical profile.*!

Developing objective and sensitive biomarkers is crucial
for helping clinicians to understand the range of clinical
profiles that are likely to benefit from the same intervention
via differential mechanisms of change. For PRT, recent
advancements have focused on investigating whether neural
markers for social cognition identified from neuroimaging
studies can serve as reliable biomarkers to assist quantifica-
tion, and characterization, of differential mechanisms of
change associated with social gains following PRT.38343.44
One well-validated paradigm in search for neural correlates
of social cognition and perception is the biological motion
paradigm, which uses point-light displays that contain
sufficient information to depict social movements such
as a person walking, dancing, or playing games familiar
to children such as pat-a-cake (Figure 1).#4 Biological
motion capitalizes on the intrinsic preferential visual
sensitivity found in typically developing (TD) children and
adults to movements that are biologically coherent rather than
scrambled motion, which is an early emerging mechanism
that serves to bias one’s attention towards perceiving stimuli
that carry greater social salience.***’ Preferential bias towards
biological motion perception is an important precursor to
the emergence of higher-level social cognition**® and affect
regulation,® and thus serves as an important behavioral
marker for social development.

To identify brain correlates relating to biological motion
perception, Kaiser et al** compared and contrasted children
with ASD (n=25) with their unaffected siblings (US; n=20)
and TD children (n=17) to determine patterns of brain
response that can serve as neural signatures underpinning
social cognition differences in individuals with ASD when
watching biological motion versus scrambled motion using
functional magnetic resonance imaging (fMRI). The authors
conducted group comparisons examining the effects of
biological motion versus scrambled motion as follows: TD
versus ASD, TD versus US, US versus ASD, and US versus
TD; whole-brain analyses were conducted with activations
noted at a voxel-wise uncorrected threshold level of P<<0.05.
To correct for multiple comparisons, clusters that exceeded
the cluster threshold of £>20 contiguous voxels at #<<0.05
from each group comparison were selected. Setting the
cluster threshold at £>20 contiguous active voxels within
each group contrast resulted in a <5% false-positive dis-
covery rate of active voxels in the key group contrasts. The
relative frequency of occurrence for each cluster size during
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Biological Scrambled

Figure | Point-light displays showing biological versus scrambled motion paradigm.

5,000 iterations using Monte Carlo simulation helped to
inform assignment of « value for each cluster. Higher-level
conjunction analyses to identify state, trait, and compensa-
tory regions were conducted at the voxel-wise uncorrected
threshold level of P<<0.0025, and a cluster threshold of £>20,
to further limit the rate of false positives in the final result
output. The authors distinguished distinct patterns of (a)
“state”, (b) “trait”, and (c) “compensatory” brain response
to biological motion (Figure 2).

“State” regions demonstrated diminished activation in
response to biological versus scrambled motion unique to
ASD. “State” profile reflects disrupted brain processing
of social stimuli specifically associated with the psycho-
pathological state of ASD. “State” regions included left
ventrolateral prefrontal cortex (vIPFC), ventromedial
prefrontal cortex (vmPFC), right amygdala, right posterior
superior temporal sulcus (rpSTS), and bilateral fusiform
gyrus (FG). “Trait” regions demonstrated diminished
activation in response to biological motion for both individu-
als with ASD and US relative to TD children. “Trait” profile
may indicate possible disruption to social stimuli processing

associated with shared genetic vulnerability between indi-
viduals with ASD and US, and a marker for endophenotype
of ASD. “Trait” regions included left dorsolateral prefrontal
cortex, right inferior temporal gyrus, and anterior bilateral
FG. “Compensatory” regions demonstrated unique profile
of activation to biological motion found in US group only,
which may serve to overcome increased vulnerability to
developing social perception deficits in US. “Compensatory”
regions included caudal rpSTS and anterior rostral vmPFC.
Taken together, the neural profiles identified included many
brain areas that are associated with social responsiveness,
mentalizing, and theory of mind.>*>2

The “state”, “trait”, and “compensatory” neural profiles
therefore serve as a guide for identifying biomarkers that are
sensitive to differences in perception of social stimuli across
children with ASD, US, and TD children. Using sensitive
biomarkers to monitor changes in patterns of neural activity
in response to biological motion provides an objective means
to quantify whether behavioral changes in social cognition
over the course of PRT are accompanied by underlying
functional neural changes. Specifically, based on positive
social gains from behavioral measures following PRT, one
may hypothesize that individuals with ASD may also show
increased brain activation when perceiving biological motion,
thus normalizing attention bias towards socially salient
stimuli.** Characterizing whether changes in brain response
to biological motion perception may occur in “state” or
“compensatory” regions may be especially informative for
understanding how PRT may help improve social function-
ing in individuals with ASD. For example, improved social
functioning may be driven by either increased normalization
of developmental trajectory of social cognition in children
with ASD compared to TD children (increased activa-
tion of “state” and “trait” regions to biological motion) or an
increased recruitment of compensatory regions to overcome
social perception difficulties similar to US, or both.

Voos et al** conducted the first fMRI study to evaluate
changes in brain activation in response to biological motion
following an open-label trial of 16 weeks of PRT in two
high-functioning preschool-age children with ASD. The
authors found that both children showed increased activa-
tion in “state” and “trait” regions in response to biologi-
cal motion posttreatment, though distinct yet overlapping
neural profiles emerged, which the authors concluded to be
somewhat reflective of the level of social skills targeted for
each child. For participant 1, goals were set to target lower-
level adaptive social skills such as body positioning and
voice modulation. For participant 2, goals were set to target
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| Right FFG®#

| Right FFG®

| Left vIPFC®

| Right psTs®es

B State regions* M Trait regions®

Compensatory regions*?

Other regions®®

Figure 2 Brain regions demonstrating differences in activation during biological motion relative to scrambled motion.

Notes: State (red), trait (blue), and compensatory (green) regions were identified by Kaiser et al,* and many similar areas showed changes in activation in response to
biological motion in Voos et al’s study.* Additional regions that showed changes in activation to biological motion as identified by Ventola et al*® are listed in yellow.
Abbreviations: pSTS, posterior superior temporal sulcus; AMG, amygdala; FFG, facial fusiform gyrus; vmPFC, ventromedial prefrontal cortex; dIPFC, dorsolateral prefrontal

cortex; ITG, inferior temporal gyrus; VIPFC, ventrolateral prefrontal cortex.

higher-level social skills such as perspective taking, social
reciprocity, and adaptive use of descriptive language. Both
children made significant gains in adaptive social function-
ing as measured by both the Autism Diagnostic Observation
Schedule® and the Clinical Evaluation of Language Funda-
mentals Fourth Edition,>* and demonstrated increased activa-
tion in bilateral FG (“state”) in response to biological motion,
suggesting increased sensitivity to socially salient stimuli
following PRT. However, only participant 2 demonstrated
more widespread increased activation in state-defined rpSTS

and vIPFC, which have been associated with higher-level
social processing® such as perspective taking and under-
standing intention of others,*® which may directly reflect
the more advanced nature of social skills directly targeted
during his intervention (Figure 2). In contrast, no changes
in “compensatory” regions were observed.

Given the small sample size of two, findings generated
from Voos et al’s* study were largely preliminary, and
could only offer a limited scope for interpretation. None-
theless, the findings were promising and are important for
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future studies to consider due to three main reasons. First,
behavioral clinical gains corresponded to brain activation
changes in response to biological motion, suggesting that
neural changes might serve as a sensitive and objective
biomarker for measuring changes in social functioning over
PRT. Second, the increased activation to biological motion
was localized in “state” and “trait” regions only, suggesting
that PRT may serve to normalize the developmental trajectory
of neural mechanisms of social stimuli processing in children
with ASD, by increasing recruitment of brain regions
associated with social perception in TD children. Finally,
the overlapping, yet distinct patterns of changes in brain
activation following PRT across both participants further
highlight the value of neuroimaging techniques to partition
differential patterns of neural change underlying behavioral
changes, and mark a step towards resolving the problem of
equifinality. However, the small sample size of two children
severely limits the ability to draw firm conclusions that can
be generalized to a larger clinical population, especially to
those of lower-functioning children with ASD. Furthermore,
the lack of control group makes it unclear whether the neural
changes observed were directly related to the therapeutic
effects of PRT, some more general effects of development
over the 16-week time window, or a combination.

Another way to directly address the issue of equifinality
is to capitalize on the idea that heterogeneous behavioral and
neural response profiles at baseline may undergo differential
trajectories of change following PRT. Heterogeneity at
baseline can thus serve as a marker for dividing participants
into meaningful groups, where subsequent changes over
the course of PRT can be directly compared and contrasted
to evaluate differences in mechanisms of change. Utilizing
fMRI and the biological motion paradigm, Ventola et al*®
compared and contrasted the baseline neural response to
biological versus scrambled motion in rpSTS of each of
10 high-functioning school-aged children with ASD to the
group average response of five TD children. Two distinct
patterns of neural responses were identified: a “hyperactive”
group (hyperactive rpSTS activation) and a “hypoactive”
group (hypoactive rpSTS activation), relative to TD group
average. The authors hypothesized that the hyperactive group
may experience increased sensitivity to external stimuli, as
a result of deficits in neural systems responsible for sensory
gating (eg, increased activation in thalamus, amygdala,
temporal cortical regions), and effective attention control.’’
In contrast, the hypoactive group may experience diminished
social motivation, as a result of deficits in neural systems
responsible for processing reward in response to social

stimuli*® (eg, reduced activation in nucleus accumbens,
ventral striatum [VS], and amygdala). Despite distinct
neural profiles in response to biological motion at baseline,
both groups presented similar levels of reduced attention
to faces and poor eye contact at baseline, thus highlighting
the importance of using neuroimaging tools as an objective
way of capturing underlying heterogeneity in the absence of
distinct behavioral markers.

Following PRT, distinct neural patterns of mechanisms
of change across the two groups emerged.*® Given that
PRT primarily targets social communication skills and
appropriate response to social stimuli, the authors exam-
ined changes in response to biological versus scrambled
motion that were driven primarily by differential response
to biological motion pre- and post-PRT. The hyperactive
group demonstrated reduced activation in rpSTS, amygdala,
thalamus, and hippocampus in response to biological motion
following PRT, as well as reduced functional connectivity
between left amygdala and left prefrontal regions. For the
hyperactive group, PRT may have elicited positive gains in
neural processing of sensory gating and attention control.
In contrast, the hypoactive group demonstrated increased
activation in rpSTS and VS in response to biological motion
following PRT, and significant increases in functional con-
nectivity between bilateral VS and pSTS as well as nodes
of the mirror neuron system (eg, right inferior frontal gyrus,
precentral cingulate) (Figure 2). For the hypoactive group,
PRT may have elicited positive gains in neural processing
of reward in response to socially meaningful stimuli. It is
important to highlight that these distinct mechanisms of
change were accompanied by considerable clinical gains
as well as “normalized” patterns of response to perceiving
socially meaningful stimuli, further suggesting that indi-
viduals may benefit from PRT in different ways in terms of
increasing both self-regulation and social cognition. Trans-
lating back to clinical work, distinct neural responses may
serve as objective biomarkers that help clinicians to identify
and better monitor different therapeutic elements of PRT at
work, an especially powerful tool when used in combination
with behavioral data and subjective questionnaire ratings to
better monitor how PRT may elicit positive therapeutic gains
across a wider range of responder profiles.

Building upon positive gains in normalizing trajectories
of functional connectivity in neural circuits underlying
reduced social motivation and inefficient sensory gating and
attention control,*® it is important to investigate how PRT may
influence neural circuitries involved in processing socially
meaningful stimuli at a global level.** The nature of social
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cognition deficits in individuals with ASD may arise from
multiple levels of social information processing, ranging
from the coordination of social motivation and the ability
to attune one’s attention to socially meaningful stimuli,**
to the ability to recognize and interpret perceived social
stimuli such as biological motion and faces for higher-level
processing.**47% In a recent study, Venkataraman et al*’
analyzed brain response to biological motion using fMRI
and found that PRT might prompt changes in functional
connectivity in social processing circuitry. The authors
adopted a data-driven approach and estimated that poste-
rior cingulate cortex (PCC), an area involved in both self-
regulation and social cognition,® % is a locus representing
aggregated functional change in response to biological
motion among 19 high-functioning school-aged children
with ASD following PRT. Changes in PCC activity were
accompanied by both decreased functional synchrony to
orbitofrontal cortex, implicated in evaluating reward value
associated with external stimuli,** and increased functional
synchrony to occipital-temporal cortex, implicated in per-
ception of biological motion and facial recognition.®® The
authors interpreted this shift in functional synchrony as a
result of PRT prompting increased recognition of socially
meaningful stimuli, and engagement in higher-order social
perception areas.

However, a major limitation of Venkataraman et al’s*
study is the lack of control group, since neither a TD group
nor a waitlist control group was included for comparison.
It thus remains unclear whether changes in functional
synchrony observed may be elicited by PRT per se rather
than reflecting naturally occurring changes over the course
of development among individuals with ASD. Furthermore,
one cannot assess whether the quality of changes in functional
synchrony may represent a closer alignment to that seen
during social information processing found in typical devel-
opment. Nonetheless, this study represents a promising first
step towards the use of data-driven approach to investigate
changes in functional synchrony at a brain circuitry level in
response to social information following PRT.

From behavior to neuroscience:
identifying responder profiles and
predictors of change

Another important area critical to improving quality of care
for children and young people with ASD is to character-
ize responder profiles to the treatment in question. The
benefit of developing objective biomarkers that may help
clinicians predict treatment outcome at baseline is twofold.

First, such biomarkers can help clinicians select the most
appropriate form of intervention to maximize treatment gain
for the individual in question. Given that there are a wide
variety of behavioral-based interventions for children with
ASD, identifying predictors that are specific to the active
ingredients of PRT is important, in order to aid clinicians
assess whether the fit of PRT is appropriate for each child.
Second, identifying behavioral and brain response profiles
of nonresponders at baseline can indicate problem areas
that are more treatment resistant, and guide clinicians to be
more mindful of these issues when formulating treatment
plans and identifying specific goals. Being more mindful,
clinicians may consider implementing strategies to provide
additional support for these more challenging and persistent
issues, as well as taking into account how such adaptations
may influence fidelity of treatment. To our knowledge, only
three studies up to date have evaluated predictors of treatment
outcome in children with ASD in response to PRT, identify-
ing a mixture of behavioral and brain response biomarkers
to characterize responder profile. Here, we summarize each
study, highlighting the limitations arising from the paucity
of literature in this area.

Using a retrospective design, Sherer and Schreibman®
compared the baseline profiles of six children with ASD
(average age 3—4 years) who received 90-minute sessions
of PRT, four to five times per week, for 5-6 months. Three
children showed significant improvements and were char-
acterized as responders to PRT, and three children did not
show any significant change and were characterized as
nonresponders to PRT. The children were matched for 1Q,
use of functional language, and autism symptom severity at
baseline. The study aimed to examine whether differences in
social behavior and play skills at baseline served as behavioral
markers predicting treatment outcome. Both social and play
skills were assessed using a child—mother interaction social
probe, where mothers were given specific instructions to
initiate language, reciprocal play, and responding to requests
from their child over 5-minute intervals. Social behaviors
included both initiation of interaction and the ability to sus-
tain interaction. Play behaviors included functional use of
toys, symbolic and pretend play, and the ability to engage
in varied play. The authors found that compared to nonre-
sponders, all three responders showed greater engagement
in functional, symbolic, and varied play at baseline, and
experienced improvements in all three areas over the course
of PRT. In addition, responders also showed significant
gains in ability to sustain social engagement following
PRT. In contrast, nonresponders demonstrated lower levels
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of baseline play and social skills compared to responders,
and saw little change in these functional behaviors over the
course of PRT.

Given the well-matched cognitive, language, and autism
symptom severity profiles at baseline, differences in thera-
peutic gains over the course of PRT could not be attributed
to differences in cognitive capacity or language and social
competency. It may be that those who displayed poorer social
and play skills at baseline experienced a floor effect. PRT pri-
marily serves to increase social communication skills through
utilizing varied play activities that are naturally motivating
for children,?*?! and creating opportunities naturally embed-
ded in social interactions for teaching appropriate social
responses. Therefore, such a floor effect in both play skills
and social reciprocity at baseline might compromise indi-
viduals’ ability to learn through play during PRT, affecting
long-term prognosis. However, given the small sample size
and lack of alternative treatment for comparison, it is unclear
whether such nonresponder profiles and the possible floor
effects of low baseline social engagement may be a predictor
of poor outcome following PRT only, or represent a general-
ized floor effect impacting treatment response to behavioral
interventions in general. Finally, the identified responder and
nonresponder profiles included a complex range of social
and play-based behaviors, therefore making it difficult to
identify whether there may be a specific active predictor
that may account for a majority of variance associated with
treatment outcome.

To address the question of treatment specificity,
Schreibman et al®’ employed a prospective design by recruit-
ing six children with ASD (age 2—4 years) who matched the
nonresponder behavior profile identified from the above study
at baseline, and compared intervention outcome following
PRT and an alternative behavioral training known as discrete
trial training (DTT). Compared to PRT, DTT is a highly struc-
tured behavioral intervention where target behavior is broken
down into smaller components, each of which is taught using
repeated discrete trials.'*!¢ All children received 18 hours
of PRT first, followed by 18-36 hours of DTT. To identify
whether poor treatment response may be related to either
social avoidance or play-based skills measured at baseline,
the authors identified that the six participants were matched
to the nonresponder profile with three children demonstrating
high toy contact and three children demonstrating low social
avoidance at baseline.

The authors found that the nonresponder profile only
predicted treatment outcome of PRT, and not that of DTT,
suggesting PRT specificity. Furthermore, children who

demonstrated high toy contact at baseline showed some
minimal, yet relative greater, response to PRT compared
to the group with low social avoidance. Degree of social
avoidance and contact at baseline did not predict treatment
response differences, suggesting that having low social
avoidance at baseline may be neither necessary nor sufficient
to help children respond to PRT. There are several limita-
tions to this study. First, all children received PRT first, and
therefore, it is unclear whether any therapeutic potentials
following subsequent DTT may in fact reflect either delayed
response to PRT or the result of cumulative benefits from
prior PRT in combination with DTT.®” Second, with a small
sample size of three children in each group, it cannot be con-
cluded whether interest in objects and toy contact measured
at baseline may be a necessary factor for eliciting positive
treatment response following PRT.

One way to partition how each behavioral predictor
identified at baseline may account for variances in changes
elicited over the course of PRT® is to identify objective
biomarkers such as neural clusters that can serve as correlates
of baseline behaviors such as motivation, social responsive-
ness, and attention.”’ Differential baseline neurobiological
responsiveness to social stimuli in each distinct neural cluster
can serve as an objective proxy measure of how much its
behavioral correlate may affect an individual’s overall social
cognition capacity. So far, only one study has identified
neurobiological markers that can predict treatment response
to PRT. Using biological motion paradigm and fMRI, Yang
et al*’ identified four neural clusters whose activation pattern
during biological motion at baseline predicted treatment
gains in social competency following 16 weeks of PRT
in 20 children with ASD (mean age 5.9 years). Structur-
ally, the clusters included areas such as the STS, superior
parietal lobule, FG, vmPFC, VS, and putamen. Functionally,
the clusters corresponded to a range of lower- and higher-
level cognitive processes, ranging from motion and object
perception, visuospatial attention, emotion regulation, and
response inhibition, to reward and motivation.

The authors employed regression-based multivariate
pattern analyses (MVPAs) to examine how unique activa-
tion patterns of voxels within neural networks may con-
tribute to the function and efficiency of complex cognitive
processes.* Using cross-validation design, MVPA modeling
of pretreatment response to biological motion trained using
one cohort of patients’ data significantly predicted changes
in social impairment severity following PRT in an indepen-
dent second cohort of patients’ data, thus illustrating that the
biomarkers identified were both robust and generalizable
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across patient samples. However, the lack of comparison
treatment group makes it difficult to conclude whether the
neurobiological biomarkers identified were predictors spe-
cific to PRT, rather than a general neural profile indicative
of brain’s readiness to respond to behavioral-based social
skills interventions. Nonetheless, this study demonstrated
an important first step toward using novel neuroimaging
analyses to identify sensitive and robust biomarkers to predict
treatment outcomes.

It is important to consider the value of such biomarkers in
combination with individuals’ behavioral profiles, to gain a
better understanding of how certain neurobiological profiles
may be associated with behavioral predictors such as social
avoidance and toy contact.®*¢” Techniques such as MVPAs
provide a more sensitive means to detect inter-participant
variations in neurobiological response to social stimuli
at baseline, and provide a useful means to help partition
heterogeneity underlying similar behavioral manifestations
at baseline to further increase precision when predicting
response to treatment. Therefore, it is important to consider
the complementary value of employing interdisciplinary
research techniques, such as qualitative behavioral measures
and neuroimaging analyses, when moving towards the
goal of precision medicine.** One limitation of the current
preliminary findings is the lack of information on broader
systemic influences such as the type of educational settings
the participants were in, socioeconomic status, and other
environmental factors that may have played a role in shaping
individual’s response to PRT over the course of treatment.
Future studies should seek to characterize how external
environmental factors outside the clinical setting may interact
with individual’s biology, and better understand the gene—
environment interaction underlying differential profiles of
treatment response.

Limitations and future directions

Current neuroimaging findings of PRT are limited to studies
with small sample sizes consisting of high-functioning
school-aged children with ASD. Intervention studies with
small sizes may be more influenced by inter-participant
variance, and making it questionable whether heterogeneity
in mechanisms of change captured is clinically meaning-
ful and can be generalized to a wider clinical population.®
Comparing effect sizes of therapeutic gains from both
published and unpublished PRT studies, Sham and Smith®
found that reported therapeutic gains were much greater
in published studies, suggesting possible publication bias
in empirical evidence supporting PRT.”” However, despite

potential publication bias, the average reported effect size
still demonstrated PRT to be an effective intervention, and
did not significantly impact PRT’s status as an evidence-
based treatment for individuals with ASD.® Nonetheless,
future studies should evaluate whether existing neuroimaging
findings may be replicated using larger sample sizes, as well
as assess generalizability to other age groups, particularly
younger children with ASD, to further expand the evidence
surrounding PRT and investigate its effectiveness as an early
intervention for children with ASD. Future studies should
also include lower-functioning individuals with ASD, in
order to further increase reliability of findings discussed in
the present review.

In addition, no neuroimaging studies up to date have
used an effective control group, nor conducted follow-up
assessments to examine long-term treatment outcomes
following termination of PRT treatment.”! From a devel-
opmental perspective, it is important to include either an
age-matched waitlist control or a treatment-as-usual group in
order to examine if functional neural changes cannot be fully
explained by development alone, but are rather treatment-
specific effects in response to PRT. Future studies should
also aim to adopt a longitudinal design with a follow-up
period to examine whether changes in functional response
and connectivity when processing social information may
last beyond the course of PRT. In addition, there is a need to
evaluate whether clinical gains and predictors of treatment are
specific to PRT, as opposed to other modes of behavioral- and
communication-based interventions for children with ASD.
Few randomized controlled trials (RCTs) have been con-
ducted up to date.”>™ Although two RCTs have shown that
PRT was able to elicit greater gains in social communication
skills’? and reductions in disruptive behavior’® when com-
pared to highly structured ABA, another RCT found no
differences in overall therapeutic gains in spoken language
skills when comparing PRT to pictorial naturalistic commu-
nication strategies.” Future studies should seek to include
comparative intervention as well as treatment-as-usual
groups, to further evaluate whether predictors and underlying
mechanisms of response may be specific to PRT, to continue
address the question of treatment specificity.

Future studies can also examine broader changes in other
areas of brain, both within and beyond that of the social
brain network. For example, using a broader range of tasks
that require subjects to utilize other skills acquired during
PRT, such as effective downregulation during affectively
salient situations (top-down versus bottom-up affect regula-
tion within the vmPFC—amygdala circuit), and the change
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in motivation when engaging in social versus nonsocial
interchanges (ventral versus dorsal striatal response) might
help better characterize other neural correlates outside the
social brain, further expanding the range of objective neural
biomarkers to help monitor and track progress over the
course of PRT.

Finally, future studies can also consider using other
modes of neuroimaging techniques such as electrophysiology
(EEQG) and event-related potentials (ERPs), as well as eye
tracking, to assess changes in social competency following
PRT. Both EEG/ERP and eye tracking can be used to inves-
tigate social information processing at a better temporal
resolution compared to fMRI, and may cross-validate and
extend existing findings from fMRI studies. Furthermore,
cost per experiment is considerably lower for EEG/ERP
and eye-tracking studies, and may be considered in a more
favorable light for larger-scale studies with more frequent
time points of assessment to monitor changes over the course
of PRT, as well as at longer-term follow-ups.

Taken together, current findings presented based on
fMRI neuroimaging provide a foundation for feasibility
of finding objective biomarkers to help better understand
mechanisms of change and predictors of therapeutic
response in young children with ASD. At present, the
neural findings presented have been solely generated
based on fMRI, which is leading the scientific field in
relation to identification of biological markers of treatment
response and prediction. However, due to the expense of
fMRI neuroimaging technique, there is a greater need to
continue interdisciplinary research to examine the degree
of convergence on finding biomarkers that can help pre-
dict treatment response by using other more cost-effective
neuroimaging tools such as EEG/ERP, and eye tracking to
facilitate more widespread use of technology as a clinical
tool. Adapting existing and developing novel paradigms
compatible with alternative modes of neuroimaging tools
can generate results that can enable researchers to cross-
validate against current fMRI results, to not only increase
the robustness of biomarkers identified but also increase
the scalability of such research tools to better serve a larger
clinical population.

Conclusion

Recent studies using neuroimaging techniques mark a first
step towards partitioning the underlying heterogeneous
mechanisms of change driving improvements in social com-
petency following PRT. The tight coupling between neural
and behavioral changes observed over the course of PRT

provides promising preliminary data to support the use of
these neural regions involved in social processing as potential
objective biomarkers to help predict and capture both the
quality and magnitude of changes in social information
processing throughout intervention. Such findings highlight
that interdisciplinary research implementing neuroimaging
techniques and qualitative behavioral measures can better
aid the characterization of heterogeneous trajectories of
change across multiple levels, ranging from behaviors to
brain regional and circuitry level, which can be especially
meaningful when used to address the issue of equifinality.
By helping clinicians better understand how PRT may be
eliciting positive therapeutic gains for each individual, as
well as predicting who may be most likely to benefit from
PRT, neuroimaging research serves as an important milestone
along the journey towards the development of precision
medicine for individuals with ASD.*!
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