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A B S T R A C T

Though medications have proven effective in improving associated symptoms of autism
spectrum disorder (ASD), behavioral interventions remain the most effective method of
improving core symptoms (e.g. social communication, restricted and repetitive behaviors)
in this population. Although the cause remains unknown, research provides evidence that
ASD is a neurologically based disorder, with differences in brain activity contributing to
observed social difficulties. Given the above, along with recent publications underscoring
the importance of utilizing neuroscience to measure changes associated with intervention
in ASD, it is surprising that studies that measure neurological changes in response to
behavioral interventions remain quite rare. Using systematic searches of the PsychINFO and
MEDLINE databases, the current review summarizes the extant literature on neural
changes in response to behavioral interventions in ASD, and compares the state of the
literature in ASD with other disorders such as anxiety, depression, and schizophrenia. We
conclude that research utilizing neuroscience to measure changes in response to behavioral
interventions in ASD is lacking, and suggest that future research make integrating these
two lines of research a priority.

© 2017 Elsevier Ltd. All rights reserved.
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. Introduction

Autism spectrum disorder (ASD) is a highly heterogeneous developmental disability characterized by persistent
ifficulties with social communication and interaction, along with restricted or repetitive behavior or interests (American
sychiatric Association, 2013). Given that social difficulties are among the core symptoms of ASD, many behavioral
terventions have focused on improving social skills for children and adolescents with ASD (see Rao, Beidel, & Murray, 2008
nd White, Keonig, & Scahill, 2007 for reviews). Although the causes of ASD remain unknown, a large body of research
rovides evidence that ASD is a neurologically based disorder, with disturbances of brain activity contributing to the social
ifficulties observed in ASD (Dawson, 2008; Mundy, 2003; Neuhaus, Beauchaine, & Bernier, 2010). Given the above, along
ith recent publications underscoring the importance of utilizing neuroscience to measure changes associated with
tervention in ASD (e.g. McPartland & Pelphrey, 2012) it is surprising that studies that measure neurological changes in
esponse to behavioral interventions remain quite rare.

The goal of the current review is to summarize the extant literature on neural changes in response to behavioral
terventions in ASD. Though ASD is the primary focus of this review, for comparison purposes, we briefly review the
terature on neural changes in response to behavioral interventions in other disorders.

. Method

Systematic searches were conducted using the PsychINFO and MEDLINE databases with the search terms: “autism,”
treatment,” or “intervention,” “outcome,” and “fMRI” or “ERP” or “EEG” or “brain.” We note that although Transcranial
agnetic Stimulation (TMS) is of potential interest in autism due to the ability to study cortical excitability and inhibition
nd the relevance of excitatory neurons in ASD (Rubenstein & Merzenich, 2003), a recent review of the literature concludes
at the use of TMS in ASD remains preliminary (Oberman, Rotenberg, & Pascual-Leone, 2015), and no studies to our
nowledge have utilized TMS before and after behavioral interventions. Thus, we do not discuss TMS as a methodology in the
urrent review. The search was limited to empirical peer reviewed research publications on humans written in English. Upon
ompletion of searches, articles were examined for the following inclusion criterion: 1. Use of an empirically supported
ehavioral intervention designed to improve core symptoms of ASD (e.g. studies using neurofeedback methods were not
cluded), 2. Use of neuroscience methodology as an outcome measure. The reference section from included articles was also
tilized to capture any articles that met criteria above but were missed in the initial searches. In total, four papers were
entified that met the above criteria. Due to the small number of identified manuscripts, we broadened our search to include
vestigations of neural changes in response to behavioral training designed to enhance face “expertise” and emotion
ecognition in ASD. Three additional papers were identified using this broadened criteria, bringing the total number to seven.

In order to explore the extant literature on neural effects of behavioral interventions in other disorders (e.g. depression,
nxiety), we completed the same search as above, but with the condition of interest’s name in the search–“depression” or
anxiety” rather than “autism”.

The current paper will review research utilizing a variety of neuroscience measures to quantify changes that occur in
esponse to behavioral treatment such as functional magnetic resonance imaging (fMRI), and electrophysiology (EEG and
RP). We briefly review each of the techniques below.
Functional MRI (fMRI) is a neuroscience technique that measures and quantifies brain activity by measuring changes

ssociated with blood flow. Due to the fact that blood flow in the brain and activity of neurons occur together, measuring
hanges in blood flow is an accurate method of assessing changes of brain activity in a given region. The most common form
f fMRI utilizes blood-oxygen-level dependent (BOLD) contrast. This measures changes in hemodynamic response (e.g.
lood flow), as these changes are related to energy use by neural cells. A significant strength of fMRI is its high spatial
esolution, meaning it can accurately discriminate between nearby locations (at up to 1 mm accuracy). However, a drawback

 this technique is its low temporal resolution, or the smallest time period of neural activity that can be reliably separated.
or fMRI the smallest time period is typically 1–2 s. Therefore, fMRI is a technique best used when one is looking for reliable
formation about where in the brain changes are occurring, and also when the brain processes being studied last a few
econds.
Two electrophysiological methods will be discussed here: EEG and ERP. Electroencephalography (EEG) is a neuroscience

ethod designed to record electrical activity of the brain. Electrodes are placed along the scalp, and voltage fluctuations
ithin neurons of the brain are recorded. EEG data is often measured continuously while subjects are instructed to attend to

 crosshair on the screen (known as “resting state” paradigms). In this case, data of interest is the type of neural oscillations
at can be extracted from EEG recordings.
Although the preparation and equipment is often identical to EEG described above, a second electrophysiological

chnique utilizes event-related potentials (ERPs). This involves measuring EEG activity that is time-locked to the
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presentation of a particular stimulus (e.g. pictures, sounds). ERPs are calculated by averaging these time-locked responses,
and can be utilized to study brain activity associated with complex stimulus processing. Since both EEG and ERP utilize the
same underlying technique, the advantages and disadvantages are shared. One advantage is that these methods have higher
temporal resolution compared to fMRI—on the order of milliseconds as opposed to 1–2 s. Unfortunately, these methods have
much lower spatial resolution, and cannot provide precise information about where in the brain a given process occurs.
Therefore, EEG and ERP techniques are best suited for studies designed to explore neural processing of stimuli that occur on a
brief time scale.

3. Neural effects of behavioral intervention in autism spectrum disorders

To our knowledge, there are only four published studies that explore the neural correlates of behavioral intervention
designed to target core symptoms of autism spectrum disorder (ASD) (Dawson et al., 2012; Van Hecke et al., 2015; Ventola
et al., 2014; Voos et al., 2013). Ventola et al. (2014) and Voos et al. (2013) used functional magnetic resonance imaging (fMRI)
and measured brain activity both prior to and after intervention. Van Hecke et al. (2015) used electrophysiology and
measured spectral power both prior to and after intervention. Dawson et al. (2012) used electrophysiology and measured
brain activity at post-treatment only. We review each of these studies below (see Table 1).

Dawson et al. (2012) conducted a randomized controlled trial in order to investigate the efficacy of the Early Start Denver
Model (ESDM). ESDM is a comprehensive, manualized behavioral intervention for toddlers with ASD that utilizes both
applied behavior analysis (ABA) and relationship-based approaches (Dawson et al., 2010). Compared to toddlers who
received community intervention (CI), those who received ESDM for two years showed improvements in IQ, language,
adaptive behavior, and autism diagnosis (Dawson et al., 2010). In order to measure neural changes associated with ESDM,
toddlers (49–77 months old) participated in an electrophysiology paradigm after undergoing two years of EDSM (n = 15) or CI
(n = 14). At the time of EEG, toddlers in the EDSM group had IQ scores in the average range (mean verbal IQ: 95, mean non-
verbal IQ: 93), whereas those in the CI group had scores in the below-average range (mean verbal IQ: 75, mean non-verbal IQ:
80). Age-matched typically developing controls (n = 17) were recruited at the time of EEG. EEG was recorded while
participants passively watched photographs of 70 female faces and 70 toys presented in random order. Event-related
components (ERPs) of interest were the P100 (orienting to stimuli), N170 (sensitivity to faces), and Nc (engagement of
attention), all of which have been investigated in ASD previously. Spectral analyses were also performed, and contrasted

Table 1
Overview of studies that have explored neural effects of behavioral treatment OR neural effects of facial affect recognition/expertise training in ASD.
Abbreviations: CI (community intervention), TD (typically developing), ASD (autism spectrum disorder), WLC (waitlist control), pSTS (posterior superior
temporal sulcus), VS (ventral striatum), lvPC (left ventral prefrontal cortex), FG (fusiform gyrus), dlPFC (dorsal lateral prefrontal cortex), mPFC (medial
prefrontal cortex)).

Authors Number/Age of participants Intervention Duration of
intervention

Neuroscience
Method

Measure at
baseline and
post-test (Y/
N)

Results

Bolte
et al.
(2006)

5 ASD training; 5 ASD control/
adolescents and adults (mean age = 29.4
training, 25.8 control)

FEFA 5 wks; 2 h/
wk

fMRI Y No differences in FG from pre-post.
Greater medial occipital gyrus
activation after FEFA vs. control.

Dawson
et al.
(2012)

15 ESDM ASD;14 CI ASD;17 TD/49–77
mo (at post-test)

ESDM 2 yrs; 20 h/
wk

ERP N (post-test
only)

TD and ESDM: faster Nc and
Increased cortical activation to
faces vs. objects CI: opposite
pattern.

Faja et al.
(2012)

15 face training ASD; 16 house training
ASD; adolescents and adults (mean
age = 22.4 training, 21.5 control)

Facial
recognition/
expertise
training

5–8
sessions;
30–60 min/
session

ERP Y Reduced P1 amplitude to faces in
face training vs. house training
group.

Voos
et al.
(2013)

2 ASD/5yrs PRT 16 wks; 8–
10 h/wk

fMRI Y Participant 1: Increased activity in
FG, dlPFC. Participant 2: increased
activity pSTS, LVPC, FG

Ventola
et al.
(2014)

10 ASD; 5 TD/4–7 yrs PRT 16 wks; 7 h/
wk

fMRI Y Hypoactive: increased VS and
pSTS. Hyperactive: decreased pSTS,
amygdala, thalamus,
hippocampus.

Bolte
et al.
(2015)

32 ASD (16 FEFA training, 16 control);
25 TD at pre-test only/14–33 yrs

FEFA 8 wks; 1 h/
wk

fMRI Y Increased activation for training vs.
control groups in R amygdala, left
FG, and mPFC

Van
Hecke
et al.
(2015)

35 PEERS ASD; 31 WLC ASD; 30 TD/13–
14 yrs

PEERS 14 wks;
1.5 h/wk

EEG Y PEERS: Increased left-dominant
gamma asymmetry over time
(more similar to TD). WLC: no
change.



p
a

p
th
o
a
(e
w

a
D
to
C
a
c
d

s
fi

n
(a
in

c
to

c
w
a
a
a
a
w
r

to
p
h
in
w
w
(D
th
c

le
o
le
o
s
h
ty
p
p
th
b
L
to
a
c

K.K.-M. Stavropoulos / Research in Autism Spectrum Disorders 35 (2017) 62–73 65
ower in the alpha and theta bands during face versus object stimulus presentation in order to explore whether cortical
ctivation was stronger for faces versus objects after treatment.
Children who received CI did not differ from those who received EDSM on early measures of early orienting (P100) or face

erception (N170). However, brain activity thought to represent engagement of attention (Nc) differed between groups such
at typically developing children and those who received ESDM exhibited a faster Nc response when viewing faces versus
bjects. Children who received CI exhibited the opposite pattern (faster Nc to objects versus faces). Further, results of spectral
nalysis revealed that children who received ESDM and typically developing children evidenced increased cortical activation
videnced by higher theta power and lower alpha power) when viewing faces compared with objects, whereas children
ho received CI showed the opposite pattern.
Though there were no significant correlations among ERP latency or EEG spectral power and ASD symptoms, IQ, language

bilities, or adaptive behaviors, EEG activation was correlated with levels of social behavior as measured by the Pervasive
evelopmental Disorder-Behavior Inventory (PDD-BI). Specifically, higher theta power (reflecting greater cortical activation)

 faces versus objects was correlated with improved composite PDD-BI scores in the domains of Expressive Social
ommunication, and Expressive and Receptive Communication. Further, lower alpha power (reflecting greater cortical
ctivation) to faces versus objects was correlated with fewer problems with social pragmatics. These findings suggest that
hildren receiving ESDM evidenced more cortical activation when watching faces vs. objects (similar to their typically
eveloping peers), whereas children who received CI evidenced the opposite pattern.
One could hypothesize that because ESDM focuses on promoting social engagement and increasing the reward value of

ocial interactions, an increase in engagement and interest with the social world may have contributed to the observed
ndings. Further, alpha and theta oscillations are thought to be generated by interactions between excitatory and inhibitory
eurons. Thus, both the “normalization” of these oscillations and the correlations between EEG power and symptomology
s reflected by the PDD-BI) after ESDM has interesting implications for theories of autism which focus on excitatory/
hibitory (E/I) neuron imbalance as a mechanism for the disorder (Rubenstein & Merzenich, 2003; Yizhar et al., 2011).
Although these results suggest that ESDM may lead to “normalization” of attention to social stimuli in ASD versus

ommunity interventions, Dawson et al. (2012) did not include a pre-treatment EEG measurement, which makes it difficult
 draw conclusions about how participation in ESDM may alter brain activity on an individual level.
Van Hecke et al. (2015) used electrophysiology to measure brain activity prior to and after participation in a randomized

ontrol trial of The Program for the Education and Enrichment of Relational Skills (PEERS; Laugeson & Frankel, 2010) versus
aitlist control (WLC). PEERS is a 14-week program which targets relationship development, making and keeping friends,
nd decreasing social isolation often experienced by children and adolescents with ASD. PEERS has been empirically tested,
nd studies have found that adolescents who completed PEERS exhibited better quality of friendships, increased social skills,
nd increased knowledge of how to make friends (Laugeson et al., 2009). 35 adolescents (13–14 years old) were randomly
ssigned to the PEERS intervention, 31 were randomly assigned to the WLC group, and 30 typically developing adolescents
ere assessed prior to the intervention for comparison purposes. All adolescents with ASD had IQ scores within the average
ange as assessed by the Kaufman Brief Intelligence Scale (KBIT-II).

The authors measured adolescents’ neural activity during a resting state paradigm in which participants were instructed
 focus on a fixation point for three minutes. Spectral power was calculated for the delta, theta, alpha, beta, and gamma
ower bands for the left and right hemispheres separately. It has been hypothesized that individuals with ASD may have
yperactivation of the right hemisphere and hypo-activation of the left hemisphere compared to typically developing
dividuals (Shamay-Tsoory, Gev, Aharon-Peretz, & Adler, 2010). Interestingly, previous research has found that individuals
ho exhibit higher left-hemisphere dominance have higher approach motivation and positive affect, whereas individuals
ith higher right-hemisphere dominance have been characterized as withdrawn and have negative emotional styles
avidson, Ekman, Saron, Senulis, & Friesen, 1990; Davidson, 1998; Miskovic & Schmidt, 2010; Mitchell & Possel, 2012). For
is reason, the authors were specifically interested in measuring hemispheric asymmetry for each band, which was
alculated by subtracting log power in the left hemisphere from the right.
The authors found that in the gamma band, the group with ASD who received PEERS demonstrated significantly increased

ft-dominant gamma asymmetry over time, whereas the WLC group did not change in left-dominant gamma asymmetry
ver time. When compared to typically developing adolescents at baseline, both the WLC and PEERS groups evidenced less
ft-dominant asymmetry in both the beta and gamma bands, though the two groups with ASD were not different from each
ther. When comparing the two groups with ASD after 14 weeks to the typically developing group (measured at baseline), a
ignificant difference in gamma asymmetry was found between the TD and WLC groups such that the TD group continued to
ave higher left-dominant gamma asymmetry at post-test. However, no significant differences were found between the
pically developing group and the group who received PEERS at post-test. Taken together, these results suggest that
articipation in PEERS appears to increase left-dominant asymmetry, specifically in the gamma band. Further, these results
rovide evidence that participation in PEERS increases this asymmetry such that differences observed at baseline between
e PEERS group and TD children are no longer observed at post-test. Correlations between gamma asymmetry values and
ehavioral measures of interest revealed that higher scores on the Test of Adolescent Social Skills Knowledge (TASSK;
augeson et al., 2012), a questionnaire designed to measure knowledge of the PEERS curriculum upon post-test, were related

 lower gamma asymmetry (e.g. more dominant left hemisphere asymmetry). A negative correlation between gamma
symmetry and scores on the Quality of Socialization Questionnaire-Revised (QSQ-R; Laugeson et al., 2012), a questionnaire
ompleted by parents, which rates the frequency of peer interactions and get-togethers, was observed. Finally, a positive
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correlation between left-dominant asymmetry and the Social Responsiveness Scale total score (SRS; Constantino, 2005), a
parent-report measure of global autism symptomology, was observed. These correlations suggest that children with ASD
who evidenced more knowledge of skills taught during PEERS, more social contacts, and less autism symptoms, respectively,
also had greater left-hemisphere dominance in the gamma band (Van Hecke et al., 2015). Given the relationship mentioned
above between left-hemisphere dominance and higher levels of social approach and motivation, these findings provide
evidence that participation in PEERS may lead to adolescents being more willing to engage with peers (as reflected both by
behavioral and EEG findings).

Voos et al. (2013) measured neural activity in a case study of two five-year-old children with ASD at baseline and after four
months of pivotal response treatment (PRT). Both children had IQ scores in the above average range as measured by the
Differential Ability Scales (DAS-II). PRT is an empirically based behavioral intervention based on Applied Behavioral Analysis
(ABA) that involves naturalistic strategies designed to increase children’s motivation to socially engage (Koegel, O’Dell, &
Koegel, 1987). These strategies include child choice, child attending and contingent reinforcement. The fMRI experimental
paradigm involved passively watching movies of point-light displays that were either from an adult actor performing actions
(biological motion), or scrambled motion displays created by random selection of light points from the biological motion
displays (scrambled motion). Regions of interest were taken from a previous investigation of individuals with ASD, control
participants, and unaffected siblings of individuals with ASD (Kaiser, Delmolino, Tanaka, & Shiffrar, 2010) and were
conducted for biological > scrambled motion for both participants at both time points. One participant evidenced greater
activation in three regions after treatment: two separate regions of the left fusiform gyrus, and left dorsolateral prefrontal
cortex (dlPFC). The second participant demonstrated greater activation in four regions after treatment: right posterior
superior temporal sulcus (pSTS), left ventrolateral prefrontal cortex (vlPFC), right fusiform gyrus, and left fusiform gyrus.
Though the small sample size and lack of control group make it difficult to generalize these findings, results of Voos et al.
(2013) provide preliminary evidence that PRT can result in increased activation in regions previously identified as relevant to
processing biological motion.

Ventola et al. (2014) measured activity in brain areas implicated in two distinct hypotheses about the neural
underpinnings of social deficits in ASD: the social motivation hypothesis (Dawson et al., 2005), and the intense world
hypothesis (Markram, Rinaldi, & Markram, 2007; Markram & Markram, 2010). The social motivation hypothesis posits that
individuals with ASD may have diminished activation of the reward system to social information, and thus are less rewarded
by social interactions compared to their typically developing peers. This hypothesis suggests that reduced motivation and
drive to engage in social behaviors such as eye contact and joint attention (and subsequently a decrease in these behaviors
early in life) leads to a failure of developmental specialization in specific areas of the social brain (e.g. the fusiform gyrus in
response to faces). The intense world hypothesis posits that individuals with ASD are hyper-reactive to information, and
experience the world as overly intense, or unpleasant. Consequently, individuals with ASD withdraw attention from social
situations, or self-sooth by engaging in repetitive behaviors. In this framework, brain structures such as the amygdala,
thalamus, frontal and temporal regions are hyper-activated, which causes stimuli to be perceived as particularly intense, as
well as leading to difficulties in selective attention and information flow. Although both of these hypotheses lead to a
reduction in social approach in ASD, Ventola et al. (2014) point out that the neurological underpinnings are distinct in the
two frameworks. Whereas the social motivation hypothesis would predict hypo-activation of reward regions of the brain
(e.g. ventral striatum, putamen) in response to social information, the intense world hypothesis would predict hyper-
activation of brain circuits responsible for information gating and sending information to the cortex (e.g. amygdala,
thalamus, hippocampus).

10 children with ASD and 5 control participants (aged 4–7 years) underwent fMRI procedures at baseline, and again after
children with ASD received 16 weeks of pivotal response treatment (PRT). All children had IQs in the average to above
average range as measured by the DAS-II. Control children did not receive any treatment during the 16 weeks and were not
re-tested. At baseline and after treatment children participated in a validated biological motion task (Klin, Lin, Gorrindo,
Ramsay, & Jones, 2009). Regions of interest included the right parietal temporal sulcus (pSTS), ventral striatum, amygdala,
thalamus, and hippocampus. Based on pSTS activation at baseline compared to the TD group, children with ASD were
separated into two groups: hypo- and hyper-active. These two groups corresponded to the two aforementioned hypotheses;
children with hypo-activation were thought to have decreased social motivation, and those with hyper-activation were
thought to correspond to the intense world hypothesis.

Behavioral measures of clinical symptomology were assessed both prior to and after treatment using the Child Behavior
Checklist (CBCL; Achenbach & Rescorla, 2001) and the Child Symptom Inventory-4 (CSI-4; Gadow & Sprafkin, 2002). Both of
these scales measure broad behavioral and emotional symptomology, and have items that correspond to symptoms of
various psychiatric disorders (e.g. ADHD, Generalized anxiety disorder, oppositional defiant disorder). Prior to treatment,
children in the “hyperactive” group evidenced greater anxiety symptoms and difficulties with attention and self-regulation,
which further supports the hypothesis that this group of children may have experienced difficulties with regulating how
they experienced the world (and thus are more accurately categorized with the intense world hypothesis rather than the
social motivation hypothesis).

After treatment, children in the hypo-active group evidenced a significant increase in activation of the right pSTS and
ventral striatum when viewing biological motion. Further analysis revealed that undergoing PRT reduced these children’s
ventral striatum responses to scrambled motion (non-social stimuli) and increased the ventral striatum response to
biological motion (social stimuli). This finding is particularly interesting in light of the social motivation hypothesis, as



r
r
s
a
in

h
r
(s
s
T
n
2
“

b

“

in
o
c
O

w
fo
p
r
d
in

4

2
in
W

F
o
M
r
A
m
w
r

a
w
tr
(R
th
th
tr
m
w
r
b
H
o

tr
o

K.K.-M. Stavropoulos / Research in Autism Spectrum Disorders 35 (2017) 62–73 67
esearchers have hypothesized that lack of motivation to engage with the social world in ASD may be due to either: (1) lack of
eward system activation in response to social stimuli, (2) hyper-activation of the reward system in response to non-social
timuli, or (3) a combination of both (Stavropoulos & Carver, 2014). These results provide evidence that perhaps (3) is most
ccurate, as children evidenced both an increase in activation when viewing biological motion (social stimuli) and a decrease

 activation when viewing scrambled motion (non-social stimuli).
Children in the hyperactive group evidenced decreased activation in the right pSTS, amygdala, thalamus, and

ippocampus while viewing biological motion. For this group, undergoing PRT both increased activation in all ROIs in
esponse to scrambled motion (non-social information), and decreased activation in ROIs in response to biological motion
ocial information). Results for the hyperactive group suggest that for participants who may have found social stimuli “over-
timulating,” participation in PRT decreases hyper-activation in regions of the brain associated with emotional processing.
hese findings are also of interest for theories of ASD which discuss an imbalance between excitatory/inhibitory (E-I)
eurons as a potential mechanism for explaining a variety of symptoms in ASD (Rubenstein & Merzenich, 2003; Yizhar et al.,
011). Under this framework, both increased sensitivity to external stimuli (e.g. the experience of external information as
too intense”) and decreased sensitivity to internal cues (potentially leading to self-stimulatory behaviors) can be traced
ack to this imbalance due to stochastic resonance.
Stochastic resonance refers to a phenomenon in which a signal that occurs below levels of detection can be recognized if

noise” is added to a system. It has been hypothesized that individuals with ASD have too much excitation and too little
hibition in the cortex (Casanova, 2008; Casanova, El-Baz, Vanbogaert, Narahari, & Switala, 2010), and thus experience an
ver-abundance of “noise.” Under this framework, individuals with ASD have an inherently “imbalanced” noise level
ompared to their TD peers, and this imbalance may lead to difficulties in parsing signal from noise (Casanova, Sokhadze,
pris, Wang, & Li, 2015; Uzunova, Pallanti, & Hollander, 2016).
Taken together, results from Ventola et al. (2014) provide support for the view of ASD as a highly heterogeneous disorder,

hich makes a “one treatment fits all” approach highly improbable. These findings support the social motivation hypothesis
r some children, and the intense world hypothesis for others. Thus, treatments would ideally be optimized for each
articipant based on his or her symptoms. The results provide evidence that behavioral interventions can “normalize” a
ange of brain regions in children who have either “hypo-active” or “hyper-active” neural systems. Thus, while PRT was not
esigned to decrease over-stimulation predicted by the intense world hypothesis, it is possible that a secondary effect of
creasing children’s social competence and efficacy is that such situations become less overwhelming.

. Neural effects of facial and emotion recognition training in ASD

Three studies have directly explored the neural effect of facial recognition training in ASD (Bolte et al., 2006; Bolte et al.,
015; Faja et al., 2012). Although these investigations were not designed to address the core symptoms of ASD, they are of
terest since both have pre- and post-training measures of brain activity associated with facial recognition and expertise.
e review each of them below (see Table 1).
Bolte et al. (2006) had participants undergo 5 weeks of a facial affect training program (Frankfurt Test and Training of

acial Affect Recognition; FEFA, Bolte et al., 2002). Five adults with ASD were randomly assigned to the FEFA group, and five
thers served as controls. All participants had non-verbal IQ scores in the average range (as measured by Ravens Progressive
atrices; Raven, 1996). The authors hypothesized that along with increased behavioral performance on tests of facial affect

ecognition, the FEFA group would evidence increased response to faces in the fusiform gyrus as measured with fMRI.
lthough the FEFA group evidenced significantly improved behavioral performance compared to the control group, and
ostly reached normative values on tests of affect recognition post training, no activation differences in the fusiform gyrus
ere observed. These results provide preliminary behavioral evidence that individuals with ASD may benefit from affect
ecognition training, but did not find corresponding changes in the areas of the brain responsible for face processing.

Bolte et al. (2015) conducted an expanded version of the study described above (Bolte et al., 2006). Using the same facial
ffect recognition training program, 16 adults with ASD were randomly assigned to the recognition training, and 16 adults
ith ASD served as a control group and did not receive training. 25 TD adults were included as a comparison group prior to
aining. All participants had non-verbal IQ scores in the average range as measured with Raven’s Progressive Matrices
aven, 1996). Prior to affect recognition training, all individuals with ASD evidenced reduced activity in various regions of
e social brain (e.g. amygdala, fusiform gyrus, medial prefrontal cortex, and orbital medial prefrontal cortex) compared to
e TD group, along with worse performance on explicit tests of facial affect recognition outside of the scanner. After
aining, individuals with ASD who received training evidenced more activation in the amygdala, left fusiform gyrus, and
edial prefrontal cortex compared to the group with ASD who did not undergo training. Further, compared to individuals
ith ASD who did not undergo training, the ASD group who received training improved on behavioral measures of affect
ecognition. These expanded results suggest that facial affect recognition training can alter both behavioral performance and
rain activity in individuals with ASD, particularly in the brain areas responsible for social behavior and emotion processing.
owever, the lack of dynamic, real world, facial affect recognition measures make it unclear whether these improvements
bserved after training would generalize to other contexts.
Faja et al. (2012) developed a training program designed to increase individuals’ “expertise” in face processing. This

aining was built upon tasks developed by Gauthier, Williams, Tarr, and Tanaka (1998), and aimed to focus visual attention
n core features of the face, configural information, and three-dimensional aspects of faces. Training also provided rule-



68 K.K.-M. Stavropoulos / Research in Autism Spectrum Disorders 35 (2017) 62–73
based guidelines for viewing faces. A previous study provides evidence that this type of training can effectively change
behavior of adolescents and adults with ASD (Faja et al., 2012). As a control condition, an equivalent program was created to
build expertise in houses. Adolescent and adult participants with IQ scores in the average range (as measured by the
Wechsler Adult Intelligence Scale, WAIS-III; Wechsler, 1997a) were trained until criteria for expertise was met: (1) no
significant difference in reaction time between identifying gender/shape versus matching faces/houses, (2) accuracy above
85%, and (3) achieving these two criteria during two consecutive verification tasks. 18 adults were randomly assigned to one
of the two training programs (n = 9 in each of the face and house training programs). Before and after training,
electrophysiological and behavioral data were collected. For electrophysiological measures, three components of interest
were defined: P100 (early attentional orienting), N170 (face perception), and N250 (familiarity/recognition). Results from
the P100 component suggest that early attention to the face was modulated in the face- (but not house-) training group from
baseline to post-test. No significant changes were observed in the N170 component, although it was noted that individuals in
both groups evidenced relatively “typical” N170 responses to faces at baseline. No significant changes in the N250 were
reported for faces. These results suggest that although attention was modulated after face “expertise” training, these results
did not extend to components specific to face processing (e.g. the N170). Behavioral measures of facial recognition were
taken using selected subtests related to facial recognition from the Wechsler Memory Scale, Third Edition (WMS; Wechsler
1997b) and the Benton Test of Facial Recognition (Benton, Sivan, de Hamsher, Varney, & Spreen, 1983). The groups did not
differ in the magnitude of change in their performance between pre- and post- training, but both groups evidenced
significant improvements in their performance on WMS scales of facial memory. The lack of a control (typically developing)
group makes it difficult to interpret results in relation to “neurotypical” patterns of brain activity or behavior in response to
faces.

5. Limitations of existing research

Though the above studies present a crucial first step in measuring neural changes associated with behavioral
interventions, there are important limitations that should be addressed. Particularly, the lack of an alternative intervention
or control condition in Voos et al. (2013) and Bolte et al. (2006) make it difficult to interpret the reported findings. Similarly,
of the studies that included a TD group, none of them measured brain activity of the TD group at both pre- and post-test. Van
Hecke et al. (2015), Ventola et al. (2014), and Bolte et al. (2015) measured the TD group at baseline only, and Dawson et al.
(2012) measured both the TD and ASD groups at post-test only. Finally, none of the studies above included a follow-up period
to explore whether changes persisted over time. In order to demonstrate the stability of neural change in response to
behavioral intervention, inclusion of a follow-up period will be critical in future studies.

6. Neural effects of interventions in disorders other than ASD

Although the extant literature investigating neural changes after behavioral interventions in ASD is limited, it appears
that this type of research is burgeoning in other disorders. We found many reports of neuroscience measures being taken
pre- and post-behavioral intervention in disorders such as anxiety and depression, but many less for disorders such as
attention deficit/hyperactivity disorder (ADHD) and schizophrenia. Although we will not review all of these studies in detail,
for comparison purposes, we summarize them briefly for each disorder below.

6.1. Anxiety disorders

Modulation of brain activity with cognitive behavioral therapy (CBT) has been reported in panic disorder using a variety of
neuroscience methods (Kircher et al., 2013; Prasko et al., 2004; Sakai et al., 2006; Seo, Choi, Chung, Rho, & Chae, 2014;
Straube, Glauer, Dilger, Mentzel, Miltner, 2006; Mansson et al., 2016—for a review of studies completed through 2014 see
Yang, Kircher, & Straube 2014). Three studies using resting state paradigms found converging evidence that CBT modulates
brain activity in frontal regions in individuals with panic disorder (Prasko et al., 2004; Sakai et al., 2006; Seo et al., 2014).
Using an fMRI fear-conditioning task in which a neutral stimulus was paired with an advertise tone, Kircher et al. (2013)
found normalization of brain activity after CBT in patients with panic disorder and agoraphobia.

Recently, Mansson et al. (2016) completed a randomized control trial (RCT) designed to investigate the effects of cognitive
behavioral therapy (CBT) on changes in brain structure and function in response to self-referential criticism in individuals
with social anxiety disorder. Participants were randomly assigned to either CBT or an attention bias modification control
treatment. Brain structure and function were further compared to a typically developing (TD) sample before and after
treatment. The authors found a significant effect of treatment over time such that both grey matter and neural responsivity
decreased in the amygdala after CBT, but not the control treatment. When neural responsivity was compared between
groups over time, greater amygdala response to self-referential criticism was observed in the socially anxious participants
before, but not after CBT. Taken together, these results suggest that treatment with CBT alters both neural structure and
function in the amygdala, which is a critical target for improving anxiety. For a review of neural changes observed in a variety
of anxiety disorders after CBT, see Jokic-Begic (2010).
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.2. Depression

Similar to the research that has occurred in individuals with anxiety, multiple studies have been completed after
dividuals with depression undergo cognitive behavioral therapy (CBT) (Buchheim et al., 2012; Fu et al., 2008; Goldapple
t al., 2004; Kennedy et al., 2007; Yoshimura et al., 2014) or interpersonal therapy (Brody et al., 2001; Martin, Martin, Rai,
ichardson, & Royall, 2001). Resting state investigations have found that patients with depression who receive CBT evidence
creased activation in the dorsal anterior cingulate cortex and decreased activity in the dorsal lateral prefrontal cortex
LPFC) and medial prefrontal frontal cortex (MPFC) (Goldapple et al., 2004; Kennedy et al., 2007). Fu et al. (2008) used fMRI

 explore how individuals with depression processed pictures of sad faces before and after treatment with CBT. Results
uggest that following CBT, individuals with depression evidenced normalized amygdala-hippocampal activity.
Yoshimura et al. (2014) used functional magnetic resonance imaging (fMRI) in order to explore differences in how

dividuals with and without depression processed self-referential positive and negative words. Prior to treatment, the
epressed group evidenced hyperactivity in the medial prefrontal cortex (MPFC) and ventral anterior cingulate cortex (vACC)
uring self-referential negatively-valenced words (self-negative), and hypo-activation during self-referential positively-
alenced words (self-positive) compared to the control group. However, after 12 weeks of cognitive behavioral therapy
BT), patients had increased activation for the self-positive condition, and decreased activation in the self-negative
ondition. In addition, a significant negative correlation was found between percent change in depressive symptom severity
nd vACC activation in the self-negative condition before CBT was received. This suggests that patients with greater clinical
provement following CBT had lower activation in the vACC to self-negative words prior to CBT. A significant positive

orrelation between percent change in patient’s rumination score and vACC activation changes in the self-negative condition
llowing CBT was also observed. This correlation suggests that patients who evidenced behavioral improvements (e.g. less
umination) had larger changes in vACC activation during the self-negative condition (e.g. less activation). For more detail,
ee Jokic-Begic (2010) for a review of neuroscience measures being utilized pre and post CBT for individuals with depression.

.3. Attention Deficit Hyperactivity Disorder (ADHD) and Schizophrenia

Similar to ASD, reports of utilizing neuroscience to measure efficacy of behavioral interventions is extremely sparse in
oth ADHD and schizophrenia. We hypothesize this is due to the fact that largely accepted “first line” treatments for both of
is conditions are medication rather than behavioral therapy, or medication in adjunct with behavioral therapy (although
is is not the case for pre-school children diagnosed with ADHD due to the risks of stimulant medication in that age group)
merican Academy of Pediatrics, 2011; Buchanan et al., 2009; Lehman, Kreyenbuhl et al., 2004; Lehman, Liebermanet al.,
004; Kutcher et al., 2004).
Overall, a brief review of the literature in disorders other than ASD suggests that for disorders in which behavioral

terventions are accepted as effective (e.g. depression and anxiety), research exploring the neural mechanisms of these
terventions is widespread. However, for disorders that have a history of medications being first line treatments (e.g. ADHD
nd schizophrenia), research is less focused on behavioral interventions or their neural correlates.
Of crucial importance is the fact that ASD should fall into the former, rather than latter, category. That is, it is largely

ccepted in the research community that there currently no medications to alleviate the “core” symptoms of ASD (The CDC,
015). Medications are often used for individuals with ASD, but largely to target symptoms associated with other disorders
.g. SSRIs for anxiety/depression, stimulants for hyperactivity) (CDC, 2015). In contrast, it is thought that behavioral
tervention is likely the most effective treatment for core ASD symptomology, particularly intervention that occurs early in
fe (CDC, 2015; National Research Council, 2001).
Though this review points out the discrepancy between previous research in ASD versus other disorders in which

ehavioral interventions are accepted as highly efficacious (e.g. anxiety and depression), it is important to note that ASD
emains a disorder that is poorly understood relative to the aforementioned psychiatric conditions. That is, we have not been
ble to pin down specific neural circuitry or neurotransmitters that relate to specific core symptoms of ASD. Many candidates
ave been proposed, such as imbalance of excitatory/inhibitory neurotransmitters (Rubenstein & Merzenich, 2003; Yizhar
t al., 2011), or selective dysfunction in the reward system in response to social information (Dawson, 2008; Stavropoulos &
arver, 2014), but no theory has been definitively accepted by the scientific community, perhaps because there are
sufficient combinations of large-scale studies and replications. Conversely, the research community is largely in agreement
at anxiety involves dysfunction in the amygdala and hippocampus, and anterior cingulate cortex, as these areas play a
entral role in the expression of fear (Mansson et al., 2016). There remains a need for additional research on these disorders,
ecause aspects of both depression and anxiety remain elusive. However, our understanding of ASD and its neural
nderpinnings is less comprehensive than in the aforementioned conditions, which may explain why research combining
euroscience methods with behavioral intervention is scarce in this population.

. Neuroscience studies on ASD: the challenge

It is important to note that although this review highlights the utility of leveraging neuroscience methods as objective
utcome measures of behavioral intervention, undertaking such studies is not without difficulties and challenges. ASD is a
isorder with an extremely high incidence of co-morbid conditions. Estimates of prevalence rates for ASD and other
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psychiatric co-morbidities vary, but findings from a population-derived cohort suggest that 70% of children with ASD have
one co-morbid disorder, and 41% have two or more co-morbid conditions. The most common psychiatric co-morbidities are
social anxiety disorder, attention-deficit/hyperactivity disorder, and oppositional defiant disorder (Simonoff et al., 2008). It
may be difficult, therefore, to reliably collect neuroscience data from children with ASD—particularly given that fMRI
requires that participants remain still throughout the session, and EEG/ERP data collection are compromised by movement.
In addition, since the rate of individuals with ASD who have also been diagnosed with co-morbid disorders is so high, it is
difficult to recruit participants with “pure” ASD, or ASD alone without the presence of any dual diagnosis.

It is also important to note the prevalence of intellection disability (ID) in ASD. Some estimate that between 50 and 70% of
individuals with ASD have co-occurring ID (Fombonne, 2003; Matson & Shoemaker, 2009), while others suggest that co-
morbidity rates are between 4 and 16.7% (de Bildt, Systema, Kraijer, Minderaa, 2004; Wing & Gould, 1979; Shah, Holmes, &
Wing, 1982). It is therefore unsurprising that the heterogeneity of function in individuals with ASD is vast—while some
individuals have cognitive abilities at or above the average range and are able to function independently, others require
lifelong care. Further, individuals with ASD often evidence challenging behaviors, such as aggression, self-injury, and
stereotypies. These behaviors are often more prevalent in individuals with more severe ASD and lower levels of cognitive
functioning (O’Brien & Pearson, 2004). Thus, although we discuss the importance of neuroscience in research on
intervention in ASD, the collection of such data will likely require researchers to spend more time, additional effort, and have
a solid history of experience with neuroscience methods with typical populations before applying them to ASD populations.

8. Conclusions

This review summarizes extant research on neural changes in response to behavioral interventions designed to improve
core symptoms of ASD, as well as to elucidate how this type of research is helping expand our knowledge of effective
interventions for other disorders. Although other reviews have summarized the literature of fMRI investigations of neural
plasticity in ASD (Calderoni et al., 2016), we are not aware of any other review that explores neural changes across modalities
in response to behavioral interventions designed to address core symptoms of ASD.

We found that only four studies have utilized neuroscience methods to measure changes associated with behavioral
interventions, and of those, three measured brain activity both pre and post treatment. Despite limitations noted above,
results from these studies are encouraging, and suggest that behavioral interventions can alter, and in some cases
“normalize” brain activity in individuals with ASD. Not only does this support the view that ASD is a brain-based disorder, but
it provides preliminary evidence that neuroscience measures are effective as an outcome measure of interventions.

9. Future directions

This review highlights an area of research in ASD that needs to be strengthened. As future research considers how to best
integrate neuroscience with behavioral intervention studies of ASD, a great deal can be learned from the aforementioned
literature on depression and anxiety. In particular, groups that have successfully discovered neural “biomarkers” of
treatment response in those conditions have a few important strategies in common. Though many groups have utilized the
strategies I identify below successfully, one study in particular (Yoshimura et al., 2014) will be used to highlight how this can
be done.

9.1. Strategy 1

The authors are selective in how they choose the areas of the brain to study. That is, the brain areas appear to be selected
based on specific knowledge of the condition being studied. For example, the goal of Yoshimura and colleagues’ (2014) study
was to explore the effect of cognitive behavioral therapy on negative self-referential bias. The researchers therefore
identified three brain areas known to be involved in self-reference processing and evaluation of emotional stimuli: (1) the
medial prefrontal cortex, (2), the ventral anterior cingulate cortex, and (3), the amygdala.

9.2. Strategy 2

The researchers designed their neuroscience paradigm specifically to elicit the targeted brain regions/cognitive
processes. For example, Yoshimura et al. (2014) sought to study how individuals with depression process self-relevant
material in order to measure negative self-referential bias and how it might be changed by behavioral therapy. Therefore,
they designed a paradigm that required participants to make self-referential vs. other-referential judgments. As a control
condition, participants made judgments about semantic processing and letter processing. Importantly, all judgment
conditions contained both positive and negative words. In this way, the authors assured that the construct being explored
(e.g. negative self-referential bias) would be elicited in their task.
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.3. Strategy 3

The authors carefully chose the behavioral symptom “targets” that were utilized as measures of intervention success.
epression is a complex condition with a variety of symptoms. Thus, it was important for Yoshimura and colleagues to collect
ehavioral measures that were relevant to the participant’s depressive symptoms, particularly as they related to the aspect of
epression being targeted (e.g. negative self-referential bias). The authors used both broad measures of depression
ymptoms (e.g. Beck Depression Inventory, Hamilton Rating Scale for Depression), and targeted measures about attitudes
nd automatic thoughts (e.g. Dysfunctional Attitude Scale, Automatic Thoughts Questionnaire). This allowed the authors to
easure overall depression and symptoms, as well as to obtain measures directly related to the cognitive aspect of
epression they were studying.

.4. Strategy 4

Finally, the authors made conceptual connections that link the targeted neuroscience and behavioral measures. In order
r a study that combines neuroscience and behavioral intervention to be successful, one must carefully choose both
euroscience and behavioral measures, and make sure that the two are conceptually related using previous studies as a
uideline. Yoshimura et al. (2014) did this successfully insofar as they picked a specific symptom of depression to study
ather than attempting to explain every facet of depression using a single neuroscience measure), identified regions of the
rain likely involved in that symptom, used an evidence-based treatment that is thought to improve that symptom (in this
ase, cognitive behavioral therapy), and identified behavioral measures that could be utilized to monitor overall
provement as well as improvement on the specific symptom.
By utilizing all of these strategies, Yoshimura et al. (2014) designed and executed a successful investigation of how

ognitive behavioral therapy changes the brain in individuals with depression, specifically in regards to negative self-
eferential bias. Researchers who study ASD and wish to successfully combine neuroscience and intervention techniques can
se these strategies utilized in the aforementioned study as a guide in order to build up particular areas of research.
With regard to ASD, a highly complex and heterogeneous condition, it would seem unwise to assume that every

ehavioral intervention for ASD will improve every potential neuroscience “biomarker” of ASD. ASD researchers, learning
om the work done in depression and anxiety, need to consider carefully the neural and behavioral measures to be utilized.
or example, in designing a study to investigate the neural changes before and after behavioral intervention for ASD, a first
tep is to choose an aspect of ASD to explore (e.g. restricted interests, social initiation, repetitive behaviors) prior to
entifying how to use neuroscience. If one were to decide that social initiations were of interest, neuroscience measures
hould be selected from specific areas of the “social brain” that are thought to be involved in initiating pro-social behavior.
econdly, once the neuroscience technique is identified, one would need to design a paradigm likely to elicit activity in areas
f the brain involved in pro-social behavior. Third, researchers would want to select behavioral measures designed to pick up
n pro-social initiations and behaviors (along with broad-based ASD symptom measures). Researchers seeking to combine
euroscience and behavioral measures of ASD using these strategies would be mimicking those used successfully with
onditions such as anxiety and depression.
In conclusion, future research should make integrating behavioral and neuroscience methods a priority in order to

crease our understanding of how behavioral interventions alter the brain in ASD. Not only will it be important to explore
ow neural changes can be related to behavior, it is also critical to measure how long-lasting neural changes are. The
verarching goal of such studies is not only to better understand how we can measure “biomarkers” of treatment success, but
lso how to improve and tailor interventions for individual children (or groups of children based on symptoms). By
ombining these types of studies, we increase the chances of creating robust, successful, and long-lasting intervention
chniques, which hopefully can improve outcomes for children with ASD.
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