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A B S T R A C T

Children with autism spectrum disorder (ASD) frequently exhibit language delays and functional communication
deficits. Pivotal response treatment (PRT) is an effective intervention for targeting these skills; however, similar
to other behavioral interventions, response to PRT is variable across individuals. Thus, objective markers capable
of predicting treatment response are critically-needed to identify which children are most likely to benefit from
this intervention. In this pilot study, we investigated whether structural neuroimaging measures from language
regions in the brain are associated with response to PRT. Children with ASD (n = 18) who were receiving PRT to
target their language deficits were assessed with MRI at baseline. T1-weighted images were segmented with
FreeSurfer and morphometric measures of the primary language regions (inferior frontal (IFG) and superior
temporal (STG) gyri) were evaluated. Children with ASD and language deficits did not exhibit the anticipated
relationships between baseline structural measures of language regions and baseline language abilities, as as-
sessed by the number of utterances displayed during a structured laboratory observation (SLO). Interestingly, the
level of improvement on the SLO was correlated with baseline asymmetry of the IFG, and the size of the left STG
at baseline was correlated with the level of improvement on standardized parental questionnaires. Although very
preliminary, the observed associations between baseline structural properties of language regions and im-
provement in language abilities following PRT suggest that neuroimaging measures may be able to help identify
which children are most likely to benefit from specific language treatments, which could help improve precision
medicine for children with ASD.

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
that is defined by impairments in social communication and restricted/
repetitive patterns of behaviors or interests (APA, 2013). ASD occurs
early in life, typically within the first three years, but symptoms may
not fully manifest until demands exceed an individual's skill level. Be-
cause early intervention is critical for an optimal outcome, it is re-
commended that treatment begin immediately following diagnosis
(National Research Council, 2001). However, no specific predictors of

treatment response have been identified to date, sometimes causing
clinicians and families to try multiple treatments before effective in-
tervention strategies are implemented. The identification of biological
markers of treatment response could significantly improve precision
medicine for children with ASD.

Although most biological alterations are variable across individuals,
volumetric abnormalities, such as increased total brain volume in
young children, are some of the most consistently reported brain dif-
ferences in ASD (Amaral et al., 2008; Brambilla et al., 2003). The most
frequently observed enlargements are in the frontal (Carper and
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Courchesne, 2005) and temporal lobes (Schumann et al., 2004). The
superior temporal gyrus (STG), which contains the primary receptive
language regions, and the inferior frontal gyrus (IFG), which contains
the primary expressive language regions, exhibit abnormal growth
trajectories that are associated with the severity of functional commu-
nication deficits in individuals with ASD (Bigler et al., 2007; Knaus
et al., 2009). Overall, children with ASD exhibit widespread alterations
in grey matter (GM) and white matter (WM) in the brain and these
differences may impact the development of brain networks that support
receptive and expressive language.

A wide range of behavioral and educational interventions are being
used in the treatment of language deficits in children with ASD (National
Research Council, 2001). The timing of intervention is of the upmost
importance because mounting evidence suggests that participation in
specialized programs at young ages is crucial for optimizing long-term
outcomes (Dawson, 2008). Pivotal response treatment (PRT) is a pro-
mising intervention for young children with ASD. PRT targets specific
skills as well as core ‘pivotal’ areas (e.g., motivation) thought to result in
gains in untargeted areas (e.g., joint attention) (Koegel et al., 2005; Mundy
and Stella, 2000). This is accomplished through the combination of op-
erant learning contingencies, behavior analytic motivational teaching
strategies, and child-driven strategies that are used in other developmental
treatment programs. A programmatic line of research has demonstrated
the efficacy of PRT for children with ASD (Bryson et al., 2007; Hardan
et al., 2015; Koegel et al., 1999a) and has shown that they can learn
communication skills such as question asking, conversation, play, and
social initiations (Boettcher, 2004; Koegel et al., 1997, 1999b; Schreibman
et al., 1996). PRT has also been shown to result in increased number and
length of utterances, speech intelligibility, and spontaneous language
(Koegel et al., 1998, 2003, 2006) and may have targeted influence on
language abilities in children with ASD (Hardan et al., 2015; Koegel et al.,
1987; Mohammadzaheri et al., 2014).

The identification of objective neurobiological markers to aid in the
prediction of response to PRT may help to reduce the time until chil-
dren with ASD receive an effective intervention to improve their lan-
guage abilities. This is particularly important for very young children
when the brain is most plastic and time should not be wasted in im-
plementing treatments that might not be beneficial. In this preliminary
investigation, we examined the relationships between structural mea-
sures of language regions in the brain (IFG and STG) and changes in
language abilities following PRT in young children with ASD. We hy-
pothesized that the size of the primary language regions would be as-
sociated with the level of improvement following the trial.

2. Material and methods

2.1. Participants

Young children (aged 2–6 years) with history of ASD and significant
language deficits who were receiving PRT to target language as part of
ongoing research (NCT01881750, NCT02037022, NCT01882153;
http://www.clinicaltrials.gov) were invited to participate in this in-
vestigation. Autism diagnosis was confirmed with the Autism
Diagnostic Interview-Revised (ADI-R) (Lord et al., 1994) and Autism
Diagnostic Observation Schedule, 2nd Edition (ADOS-2) (Lord et al.,
2012). Significant language deficit was determined by the Preschool
Language Scale, 4th Edition (PLS-4) (Zimmerman et al., 2002), based
on children with ASD who met the following thresholds in expressive
language abilities: 2–3-year olds who were ≥1 SD; 4-year olds ≥ 2 SDs;
and 5–6-year olds ≥ 3 SDs. Cognitive abilities were assessed with
standardized scores from the Mullen Scales of Early Learning (MSEL),
AGS Edition (Mullen, 1995). The methodology of the study was con-
ducted in accordance with the ethical standards of the Helsinki De-
claration of 1975 and approved by the Institutional Review Board. All
parents of participants or legal guardians were informed of the study
procedures and provided written consent.

2.2. Pivotal Response Treatment

The PRT program included at least 12 parent training sessions with
one meeting per week. During these sessions, parents were taught PRT
skills to implement in the natural environment, as outlined in Hardan
et al. (2015). Sessions were led by psychologists or Master's level
clinicians utilizing PRT manuals, How to Teach Pivotal Behaviors to
Children with Autism (Koegel et al., 1989) and Pivotal Response Treat-
ment: Using Motivation as a Pivotal Response (Koegel, 2011), and a
standard set of teaching materials and video examples (Minjarez et al.,
2011). Participants were allowed to continue concomitant treatments
which were stable for at least one month prior to baseline measures.

2.3. PRT trial outcome measures

Language abilities were assessed before and after 12 weeks of parent
training. The primary outcome measure was the frequency of functional
utterances that were exhibited during a 10-min structured laboratory ob-
servation (SLO), as previously described (Hardan et al., 2015). Standar-
dized parental questionnaires, the Vineland Adaptive Behavior Scales, 2nd
Edition (VABS), Expressive Communication subscale (standardized Vscale
scores) and the MacArthur-Bates Communicative Developmental In-
ventories (CDI) Words Produced (out of 396 and 680), were collected as
secondary measures. Blinded clinician ratings were also obtained based on
the Clinical Global Impressions (CGI) Overall Severity and Improvement
rating scales (Guy, 1976), as well as subscales specifically targeting
Communication and Integrated Social Interaction and Communication.

2.4. Neuroimaging acquisition and processing

Neuroimaging data were obtained at baseline before any treatment was
provided. Magnetic resonance imaging (MRI) was carried out at the Richard
M. Lucas Center for Imaging on a GE 3T MR750 scanner (Waukesha,
Wisconsin, USA) using a standard 8-channel head coil. To reduce potential
motion artefacts and increase acquisition success, all scans were acquired
during natural sleep after the child's normal bedtime (Almli et al., 2007;
Nordahl et al., 2008). A structural T1 weighted spoiled grass gradient re-
called (SPGR) 3D MRI sequence was acquired in the oblique plane with the
following parameters: TR 8.5 msec, TE 6 msec, Flip angles 15°, 1.2 mm
thick, 0 mm gap, 1 NEX, FOV 22 cm, and a 256 × 192 matrix. Cortical
reconstruction and volumetric segmentation of T1 images was performed
using the FreeSurfer (Fischl, 2012) image analysis suite (http://surfer.nmr.
mgh.harvard.edu) based on gyral and sulcal structure from the Destrieux
atlas (Destrieux et al., 2010). Trained raters visually inspected all automated
procedures and edited WM/GM segmentation when errors were present.
Regions of interest (ROIs) included the left IFG, pars opercularis and tri-
angularis subdivisions, and left STG, anterior (planum polare), middle/lat-
eral, and posterior (planum temporale) subdivisions. Asymmetry quotients
between the right and left hemisphere were also calculated using the fol-
lowing formula: (right – left)/[0.5 * (right + left)].

2.5. Statistical analyses

PRT trial outcome measures were compared pre- and post-treatment
with paired samples t-tests. Correlations between outcome measures
and baseline structural properties (volume, area, thickness, and cur-
vature) were examined with Spearman's rho due to the pilot sample
size. Correction for multiple comparisons was completed by controlling
for the false discovery rate (FDR) (Benjamini and Hochberg, 1995)
within classes of comparisons across subdivisions of the IFG and STG.

3. Results

3.1. Participants

Fifteen males and five females with ASD initially participated in this
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preliminary investigation. However, two female participants were ex-
cluded due to the poor quality of their SLO assessments. Table 1 sum-
marizes the demographic information and clinical characteristics of the
18 participants who were included in the analyses.

3.2. PRT for targeting language

Following 12 weeks of PRT, participants exhibited gains in language
and communication abilities on all of the primary and secondary out-
come measures (Table 2). Clinician ratings from the CGI indicated that
83% of participants exhibited some improvement in overall severity
and communication alone and 72% exhibited improvement in in-
tegrated social interaction and communication. The primary outcome
measure, number of utterances during the SLO, was the only measure
that was available from all participants; thus, primary analyses focused
on the number of utterances.

3.3. Baseline structural properties of language regions

There were generally no relationships found between baseline

structural properties of the primary language regions and the number of
utterances exhibited during the SLO at baseline, p < 0.05 in most in-
stances. There were some moderate associations between the number of
utterances at baseline and baseline thickness of the STG, such as
asymmetry of the anterior subdivision, which indicated more leftward
asymmetry may have been associated with a higher number of utter-
ances. However, none of these correlations survived correction for
multiple comparisons.

3.4. Neuroimaging predictors of the benefits of PRT

Change in the number of utterances following 12 weeks of PRT was
associated with asymmetry of the size of both subdivisions of the IFG as
well as thickness of the lateral STG at baseline. The only correlation
that survived correction for multiple comparisons was asymmetry of the
IFG pars triangularis (rs = 0.57, 95%CI [0.14,0.82]), p = 0.01), which
indicated that more rightward asymmetry at baseline was associated
with greater improvement at the end of the trial (Fig. 1). Importantly,
this association remained significant when controlling for total brain
volume (rs = 0.62, 95%CI [0.22,0.84], p = 0.01), participant age
(rs = 0.56, 95%CI [0.13,0.81], p = 0.02), and the severity of functional
communication deficits (rs = 0.62, 95%CI [0.22,0.84], p = 0.01), as
assessed by the CGI.

Correlations between changes in the secondary language endpoints
(VABS and CDI) and baseline neuroimaging properties revealed several
additional associations between structural measures and response to PRT.
The majority did not survive correction for multiple comparisons, but
there was a consistent relationship between the volume of the anterior
subdivision of the STG (planum polare) and improvement following PRT
(Fig. 2) for the VABS (r = −0.63, 95%CI [-0.88,-0.12],p = 0.02) and CDI,
out of 396 (r = −0.70, 95%CI [-0.89,-0.29], p = 0.003) and 680 words
(r = −0.67, 95%CI [-0.88,-0.26], p = 0.005).

4. Discussion

Young children with ASD exhibited a significant improvement in
language and communication abilities following 12 weeks of PRT. As
previously reported (Gengoux et al., 2015; Hardan et al., 2015;
Minjarez et al., 2011), PRT parent training is an efficient and cost-ef-
fective therapy for targeting language development in children with
ASD. In this preliminary investigation, we observed that children with
ASD who displayed rightward asymmetry of the IFG at baseline, a
primary language region, were more likely to exhibit improvement
following PRT targeting language development. In an exploratory
analysis, we also found that smaller volume of the anterior portion of
the left STG at baseline, another primary language region, was also
associated with improvement in standardized language measures fol-
lowing PRT.

Table 1
Demographics and clinical characteristics.

Demographics Baseline (n = 18)

Mean SD

Age (years) 4.49 1.14
Gender (M/F) 15/3 –
Ethnicity (A/B/W/MO) 7/1/7/3 –
SES (Hollingshead) 46.85 7.48

Clinical Characteristics

MSEL
Verbal IQ 38.22 18.39
Non-verbal IQ 55.23 13.86
Full Scale IQ 46.58 15.54
ADI-R
Social Interaction 21.60 4.72
Verbal Communication 11.00 2.35
RRB 5.00 0.71
ADOS-2
Social Affect 15.88 3.09
RRB 5.13 1.25
Comparison Score 7.75 1.67

A/B/W/MO = Asian/black/white/multiple or other.
Mullen Scales of Early Learning, AGS Edition (MSEL), standard scores, Autism
Diagnostic Inventory – Revised (ADI-R) diagnostic algorithm, and Autism
Diagnostic Observation Schedule, 2nd edition (ADOS-2) scores are provided.
RRB: Restricted and Repetitive Behaviors; SES: Socioeconomic Status.

Table 2
Language abilities before and after pivotal response treatment.

Pre-PRT Post-PRT Pre vs Post

n Mean SD n Mean SD n Mdiff t p

SLO
# of Utterances 18 37.83 22.01 18 69.94 34.16 18 32.11 4.71 < 0.001**
VABS
Expressive Communication (Vscale) 16 6.63 1.82 13 7.62 2.63 13 0.77 2.38 0.035**
CDI
Words Produced (out of 396) 17 112.18 114.53 15 172.67 133.18 15 48.73 3.88 0.002**
Words Produced (out of 680) 17 149.06 150.80 16 236.81 176.78 16 72.06 2.88 0.011**

Functional communication measures are from before/after 12 weeks of Pivotal Response Treatment (PRT) parent training. SLO: Structured lab observation; VABS:
Vineland Adaptive Behavior Scales; and CDI: MacArthur-Bates Communicative Developmental Inventories scores are displayed. Pre/Post comparisons are based on
paired samples t tests.
* = sig. at p < 0.05.
** = sig. with FDR correction across all comparisons.
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The development of language and communication abilities is asso-
ciated with hemispheric ‘specialization’ of the primary language re-
gions, typically leading to larger size of one hemisphere compared to
the other, i.e., asymmetry (Josse and Tzourio-Mazoyer, 2004). Children
with ASD, who commonly exhibit language delays, are more likely to
display atypical rightward asymmetry of language regions compared to
typically-developing (TD) controls (Herbert et al., 2005). However,
these differences are variable across individuals and developmental
periods (Knaus et al., 2009). In this pilot sample, we found that young
children with ASD who exhibit language deficits may not display the
anticipated association between language abilities and the degree of
asymmetry of the primary language regions, STG (Brodmann area (BA)
22) and IFG (BA 44 and 45). There was a moderate relationship be-
tween asymmetry of the STG and the number of utterances that were
displayed at baseline but this correlation did not survive correction for
multiple comparisons. These findings, or lack thereof, indicate that
altered ‘specialization’ of language regions in the brain may be asso-
ciated with the language deficits that are often observed in children
with ASD.

Lateralization of language regions may provide valuable informa-
tion regarding the prediction of response to PRT targeting language.
The presence of rightward asymmetry of the IFG at baseline, particu-
larly in the par triangularis subdivision (BA 45), was associated with
the level of improvement following 12 weeks of PRT. The IFG (Broca's

area) is generally involved with the expressive (motor) aspects of
speech (Fadiga et al., 2009), and the pars triangularis subdivision is also
thought to mediate some additional aspects of semantic processing
(Newman et al., 2003). The IFG is typically lateralized towards the left
hemisphere in most TD individuals (Foundas et al., 1996) and this la-
teralization is associated with hemispheric language dominance
(Foundas et al., 1998). Our preliminary findings suggest that young
children with ASD who display atypical rightward asymmetry, or
dominance, of the IFG may be more likely to respond to PRT targeting
language development. We also observed that size of the left STG,
specifically the anterior pole, was associated with response to PRT. This
is particularly relevant because the left anterior STG is also associated
with processing semantic information (Vigneau et al., 2006) and brain
tissue enlargement is frequently reported in ASD (Amaral et al., 2008;
Brambilla et al., 2003), including within the temporal lobe (Schumann
et al., 2004). These preliminary results indicate that objective neuro-
biological markers could potentially aid in treatment planning for
children with ASD, which is similar to previous studies that examined
the ability of functional MRI measures to predict response to PRT tar-
geting social deficits (Yang et al., 2016).

As with any preliminary research, there are some limitations that
should be considered regarding this investigation. Participants were
drawn from a convenience sample of children that were participating in
multiple trials of PRT. Although PRT parent training implementation
was similar across trials, differences across studies may have con-
tributed to the variability in response. Handedness is also associated
with variability in cerebral asymmetry (Toga and Thompson, 2003), but
we were unable to reliably assess handedness because children in this
age range typically demonstrate inconsistent hand preferences
(Scharoun and Bryden, 2014). There may have also been relevant
gender differences in these relationships, but we did not enroll enough
females in this pilot sample to examine males and females separately.
The uncontrolled design of this investigation might have also affected
the findings, even though the imaging analyses were completed in a
blinded manner. Finally, additional research will be necessary to de-
termine whether these relationships are specific to PRT and children
with severe language deficits or might be associated with other beha-
vioral treatments targeting language development or other symptom
domains in children with ASD.

In summary, PRT parent training is an effective and cost-efficient
therapy to target language deficits in young children with ASD. Atypical
development of language networks in the brain may be associated with
the language delays and functional communication deficits that young
children with ASD often exhibit and the neurobiological assessment of
language regions may provide objective measures to aid in treatment
planning for these domains. More importantly, the application of these
techniques could allow more individualized prescription of interven-
tions to young children with ASD and ultimately improve long-term
outcomes. Future investigations should examine these relationships in a
larger randomized controlled trial of PRT that has more power to assess
other sources of variability (e.g., gender, IQ, concomitant interventions)
in treatment response and neurobiology.
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Fig. 1. Baseline Asymmetry of the IFG and Language Improvement after
PRT. The relationship between the change in number of utterances from
baseline to after 12 weeks of PRT, as assessed during standardized laboratory
observation (SLO), and baseline asymmetry of the inferior frontal gyrus (IFG)
pars triangularis subdivision is displayed.

Fig. 2. Baseline Volume of the STG and Language Improvement after PRT.
The relationship between the change in the number of words produced on the
CDI (out of 396) from baseline to after 12 weeks of PRT and size of the left
superior temporal gyrus (STG), anterior subdivision (planum porale), at base-
line is displayed.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jpsychires.2019.02.001.
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