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Abstract

The relationship between brain development and clinical heterogeneity in autism (ASD) is
unknown. This study examines the Social Responsiveness Scale (SRS) in relation to the
longitudinal development of cortical thickness. Participants (N=91 ASD, N=56 TDC; 3-39 years at
first scan) were scanned up to three times over a 7-year period. Mixed-effects models examined
cortical thickness in relation to SRS score. ASD participants with higher SRS scores showed
regionally increased age-related cortical thinning. Regional thickness differences and reduced age-
related cortical thinning were found in predominantly right lateralized regions in ASD with
decreasing SRS scores over time. Our findings emphasize the importance of examining clinical
phenotypes in brain-based studies of ASD.
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Individuals along the autism spectrum share common core impairments, but there exists a
great deal of clinical heterogeneity among individuals. Although advances in neuroimaging
methods and analyses have increased the number of studies investigating brain development
in autism, the relationships between underlying brain structures and this clinical
heterogeneity are still unknown. The present study investigates the brain basis of the clinical
phenotype measured by the Social Responsiveness Scale (SRS) and how social difficulties
change over time in ASD in relation to cortical brain structure.

A growing consensus is that many behaviors in individuals with autism spectrum disorder
(ASD) result from atypical neural organization. Work from our group and others has
examined cortical thickness as a potential avenue toward understanding atypical neural
organization that may contribute to behaviors common among individuals. Studies
examining cross-sectional samples, utilizing a single time point of MRI data, report
widespread regions of thinner cortex in ASD (Chung et al. 2005; Ecker et al. 2013; Ecker et
al. 2014; Foster et al. 2015; Hadjikhani et al. 2006; Hyde et al. 2010; Jiao et al. 2010; Misaki
et al. 2012; Richter et al. 2015; Scheel et al. 2011; Wallace et al. 2010), regions of thicker
cortex (Ecker et al. 2013; Foster et al. 2015; Hardan et al. 2006; Hyde et al. 2010; Jiao et al.
2010; Libero et al. 2014; Mak-Fan et al. 2012; Raznahan et al. 2012; Richter et al. 2015), or
no cortical thickness differences from comparison groups (Ohta et al. 2016; Schaer et al.
2013). Despite the growing literature, there still lacks a consistent pattern of age-related
cortical abnormalities in the ASD brain. It is unknown whether the absence of consistent
findings may be due to sample sizes, different age ranges and developmental periods, or
varying autism severity within and between samples. In addition, inferring developmental
processes is limited with cross-sectional samples, due to different individuals being
compared at different ages (Kraemer et al. 2000).

Longitudinal samples are advantageous in that the same individuals are examined over time
within a dataset. Despite this advantage, few research groups have employed a longitudinal
design to study cortical thickness development in ASD (Hardan et al. 2009; Hazlett et al.
2011; Schumann et al. 2010; Wallace et al. 2015; Zielinski et al. 2014). Studies of lobar
thickness report no atypical age-related changes in young children (Hazlett et al. 2011), yet
by later childhood and adolescence increased cortical thinning is found in the temporal and
occipital lobes (Hardan et al. 2009). More recently, Wallace and colleagues examined two
longitudinal scans from 17 ASD participants and 18 typical controls (age range 14-24 years)
and found accelerated cortical thinning in the ASD group in the left posterior ventrolateral
occipitotemporal and superior parietal cortex (Wallace et al. 2015). These findings
complement work by our group on a large cross-sectional and longitudinal sample of 97
males with ASD and 60 typical controls scanned up to three times over a 7 year period (age
of first scan 3-39 years; (Zielinski et al. 2014)). We found widespread increased cortical
thinning in the ASD group in frontal (right paracentral, left pars opercularis, rostral middle
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frontal and frontal pole), temporal (right transverse temporal), parietal (bilateral postcentral,
right superior parietal, left supramarginal), and occipital (bilateral cuneus, lingual,
pericalcarine, and right lateral occipital) regions. Our findings suggest regionally specific
abnormal cortical development in ASD that varied by developmental stage. For instance,
some regions became thinner in ASD by adolescence whereas other regions did not become
thinner until adulthood. Understanding the behavioral correlates of these brain-based cortical
trajectories is the focus of the present study and fundamental for understanding the clinical
course of the disorder.

The Social Responsiveness Scale (SRS, previously Social Reciprocity Scale; (Constantino et
al. 2003; Constantino et al. 2000)) is a quantitative scale that measures the presence and
extent of autistic social impairment and has been examined in both ASD and typical
samples. The SRS is correlated with ADI-R scores and measures reciprocal social behavior
and general behavioral problems that may underlie language difficulties and stereotyped
behaviors common in autism (Constantino et al. 2003; Constantino et al. 2000; Hus et al.
2013). A report of longitudinal SRS scores in children with typical development or pervasive
developmental disorder (PDD) describes modest improvement over time and the greatest
improvement in those with the most severe scores at baseline (Constantino et al. 2009).
These results are partially in line with a recent cross-sectional study by Wallace and
colleagues (Wallace et al. 2017) where social communication impairments decreased with
age in a typical sample, but these authors report increased impairments with age in the ASD
group (early childhood vs adolescence and adulthood).

Despite the clinical utility of a quantitative measure of autism symptoms, studies of SRS in
relation to cortical thickness in autism are limited. In a small sample of children with high
functioning autism, higher SRS scores (more severe symptoms) were associated with
increased thickness in left frontal and temporal regions, and lower scores associated with
increased thickness in right frontal and left parietal regions (Richter et al. 2015).
Interestingly, the SRS has been used to quantify autism traits in many typically developing
samples and a number of regions in the frontal, temporal and parietal cortices show cortical
thinning associated with higher SRS scores (Hedrick et al. 2012; Tu et al. 2016; Wallace et
al. 2012). Although developed for behavioral research, the SRS has also recently been used
as a phenotypic measure in genetic studies of autism (Lowe et al. 2015) and also of typical
samples (Hedrick et al. 2012). Thus, SRS-brain relationships may inform future biological
and genetic studies of not only those with ASD but also along the typical population.

The current report expands on our previous studies of longitudinal cortical thickness changes
in autism by examining relationships between cortical thickness and SRS scores within
typically developing participants and those with ASD. We also examine brain changes in
relation to changing SRS scores over time to identify cortical regions differentially involved
in improvement of social impairment in ASD. Our results aim to identify cortical regions
that may be involved in the presentation and progression of the autism phenotype in ASD
and typically developing individuals.
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Behavioral and imaging data were collected as part of a longitudinal study at the University
of Utah. The ASD group consisted of 91 males with ASD, age 3.4-36 years old at the time
of their first scan, and a typically developing control group that included 56 males age 4-39
years at their first scan. As part of the longitudinal study, participants underwent MRI
scanning up to three times over the course of seven years, for a total of 184 scans from ASD
participants and 97 scans from typical controls available for analysis. There were no
significant differences in number of MRI scans per participant (ASD=2.4, TDC=2.4, t=.05,
ns), average inter-scan interval (ASD=2.8 years, TDC=2.9 years; t=.5, ns) or mean age
across all MRI scans (ASD=16.4 years, TDC=16.7 years, t=.3, ns). Longitudinal cortical
thickness changes in the larger ASD (n=97) and typically developing (n=60) groups were
previously reported (see (Zielinski et al. 2014)). The present analysis included the subset of
the larger sample with an SRS score collected during the course of the longitudinal study.

All study procedures were approved by the University of Utah IRB. At study intake, autism
diagnosis [82% autism, 11% PDDNQOS, 7% broad autism (defined in (Lainhart et al. 2006))]
was based on the Autism Diagnostic Observation Schedule-Generic (ADOS-G (Lord et al.
2000)), Autism Diagnostic Interview-Revised (ADI-R; (Lord et al. 1994)), DSM-IV
(American Psychiatric Association 1994) and ICD-10 criteria. 47% of the ASD group was
taking psychotropic medications at some point during the study. Typically developing
participants were also given the ADOS-G to screen for ASD behaviors. See Table 1 for
additional demographic characteristics.

Social Responsiveness Scale (SRS)

The Social Responsiveness Scale (SRS; (Constantino 2002)) was completed by a parent or
close family member at study visits. All SRS raw scores collected over the course of the
longitudinal study were included in our analyses (see Figure 1). We also examined the two
SRS domain scores that map onto the DSM-5 criteria for autism spectrum disorder: a social
communication/interaction score (SCI; sum of Awareness, Cognition, Communication, and
Motivation subscales) and restricted/repetitive behavior score (RRB; Mannerisms subscale)
(Frazier et al. 2014a; Frazier et al. 2014b; Frazier et al. 2012). We also examined change in
SRS score over time in the ASD group by calculating SRS difference scores from the first
visit and most recent follow-up visit for total raw SRS, SCI and RRB domain scores [SRS
Difference Score = SRS raw score 2 (collected at Time 2 or 3) — SRS raw score 1 (collected
at Time 1)]. Based on these difference scores, participants were subgrouped into those with
increased score over time (Decline in social function) vs decreased score (Improve in social
function), allowing for a direct comparison of cortical thickness between subgroups.. Two
participants had no change in total SRS score over time and 5 individuals had no change in
RRB scores so were excluded from their respective subgroup comparisons.

Imaging protocol and cortical thickness estimation

T1-weighted 3D MPRAGE images were acquired on a Siemens Trio 3.0 Tesla MRI scanner.
At time 1, an 8-channel, receive-only RF head coil was used (T1=1100ms, TR=1800ms,
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TE=2.93ms, flip angle=12°, FOV=256mm, slice thickness=1.0mm, 160 slices) and at time
points 2 and 3, a 12-channel, receive only RF head coil was used (T1=900ms, TR=2200ms,
TE=2.91ms, flip angle=9°, FOV=256mm, slice thickness=1.2mm, 160 slices). Imaging
hardware and protocol changes from time point 1 to 2 and 3 were modeled in the statistical
analysis. Extraction of cortical thickness estimates are described in detail in Zielinski et al.,
2014. Briefly, Freesurfer image analysis suite v5.1.0 (http://surfer.nmr.mgh.harvard.edu) was
used for cortical parcellation and thickness estimations using the Desikan-Killiany Atlas
(Desikan et al. 2006), resulting in average cortical thickness in 34 cortical parcels per
hemisphere.

Statistical analysis

Results

Mixed-effects models were used to examine raw SRS scores in relation to longitudinal age-
related changes in regional cortical thickness separately for the ASD and typical groups.
Longitudinal cortical thickness was modeled with participants contributing the random
effects, raw SRS score and age as fixed effects and the following covariates using lowest
Akaike Information Criterion (AIC; (Akaike 1974)) value identifying the best-fitting model:
SRS x age, age?, average whole brain cortical thickness, and imaging protocol. Mixed-
effects models were also used to examine the SRS difference scores by comparing age-
related changes in cortical thickness between the ASD participants with SRS scores that
increased over time, or increasing autism behaviors, versus those whose scores decreased
over time, or improved behaviors. The SRS Difference Group effect (decreased score vs
increased score) and age were included as fixed effects and the following covariates
examined for inclusion, using lowest AIC for model fit: Difference Group x age, age?,
starting SRS score, average whole brain cortical thickness, and imaging protocol. Average
whole brain cortical thickness was included as a covariate to control for whole brain
changes. Analyses were performed in R 3.2.1 (R Core Team 2015) using the package
FindMinIC (Lange et al. 2013). The FindMinIC package creates models using the fixed
variables and all combinations of the covariates of interest, ranking the models based on
minimum information criterion. All covariates were mean centered and to correct for
multiple comparisons, FDR correction at q<0.05 was applied for each SRS analysis
separately (SRS raw, SRS Difference Score, etc).

SRS Total Score, SCI, RRB and Cortical Thickness

Total SRS raw score—Our first analysis identified cortical subregions with significant
associations between cortical thickness and SRS total raw score. In ASD, higher SRS raw
score, indicating more impaired functioning, was associated with thicker right frontal pole
(t=2.2, p=.024), thinner right posterior cingulate (t=-2.5, p=.011) and thinner left inferior
temporal gyrus (t=—2.1, p=.033). Higher scores were also associated with thicker left
superior frontal (t=2.0, p=.046) and right temporal pole (t=2.0, p=.042), although these
comparisons failed to survive FDR correction. Figure 2a shows regions of thicker or thinner
cortex associated with SRS score in ASD. In the TDC group, higher SRS total score was
associated with thicker left pars triangularis (t=2.0, p=.048) and thinner left insula (t=-2.1,
p=.041), but neither result remained significant after FDR correction. Total raw SRS score
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was not associated with average whole brain cortical thickness for either group. Model
estimates for both groups are presented in a Supplementary Table.

SCI and RRB domains—Higher scores in both the SCI and RRB domains were
associated with thinner left inferior temporal gyrus (SCI t=-2.2, p=.028; RRB t=-2.3, p=.
021). Higher SCI score was associated with thicker left superior frontal (t=2.2, p=.025) and
thinner right posterior cingulate (t=—2.8, p=.004) and higher RRB score with thicker right
frontal pole (t=3.2, p=.001). Additional regions failed to remain significant after FDR
comparison: higher SCI and thicker right temporal pole (t=2.1, p=.036) and thinner right
caudal anterior cingulate (t=—2.1, p=.039); higher RRB and thinner left bank of the superior
temporal sulcus (t=—1.9, p=.048). In the TDC group, all findings were left lateralized.
Higher SCI was associated with thinner insula (t=—2.3, p=.023) and higher RRB was
associated with thicker cuneus (t=2.9, p=.005) and pars opercularis (t=2.1, p=.042, missed
FDR cutoff).

SRS by age interactions: SRS total raw, SCI, RRB—Significant SRS by age
interactions, indicating age-related cortical thickness changes associated with SRS score
were also found. In ASD, a SRS by age interactions in the left medial orbitofrontal region
was driven by the RRB domain (SRS total t=—2.2, p=.027, RRB t=-2.7, p=.007) and right
inferior temporal driven by the SCI domain (SRS total t=—2.3, p=.022; SCI t=-2.3, p=.020).
To visualize the interaction between the two quantitative variables of SRS total score and
age on cortical thickness, participants were classified into subgroups based on average SRS
score collected during the study period. We used these average SRS scores to assign our
participants into one of the following subgroups: Average SRS = within 1SD of group mean;
High SRS = +1SD; Low SRS = -1SD. Figure 2b shows increased age-related cortical
thinning in the ASD group with high SRS scores compared to the ASD participants with
average and low SRS scores. RRB by age interactions were found in a number of regions:
left lateral orbitofrontal (t=2.4, p=.016), superior frontal (t=2.3, p=.020), and right lateral
occipital (t=3.4, p=.003) and lingual gyrus (t=2.5, p=.014). Scatterplots in 2b show increased
age-related cortical thinning in the participants with low RRB scores. Additional SRS by age
interactions that did not survive FDR correction are provided in the Supplementary Table.

In TDC, a significant SRS score by age interaction was found in the left temporal pole (SRS
total t=—3.08, p=.004; SCI t=-2.8, p=.007; RRB t=-3.1, p=.003) and left superior parietal
cortex for the SCI domain (t=2.3, p=.024). Figure 2c shows that the TDC participants with
higher SRS scores have a greater degree of age-related regional cortical thinning in the left
temporal pole and reduced age-related changes in the left superior parietal cortex.

Change in SRS Scores Over Time in Relation to Cortical Thickness in ASD

A subset of 65 individuals from the ASD sample had at least 2 SRS scores collected during
the study period so were included in the Difference score analysis. As a group, Total raw
SRS score decreased over time (mean at first SRS=103, second SRS=98, t=2.0, p=.04).
Regional differences in both cortical thickness and age-related changes were found in the
ASD subgroup comparison of those with decreased scores over time, or reduced autism
behaviors, versus increased scores over time. No significant differences were found in age or
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starting SRS score between the participants with increasing Total raw SRS scores over time
(n=25, mean age First SRS=14.3 years, mean First SRS=98) versus decreasing scores over
time (n=38, mean age First SRS=15.6 years, mean First SRS=107). Compared to the ASD
participants with increasing scores over time, the ASD participants with decreasing scores
over time had thicker right pars opercularis (Total SRS raw group B=.07, t=2.6, p=.011; SCI
group B=.06, t=2.1, p=.034, missed FDR correction) and thinner left pericalcarine (Total
raw group B=-.1, t=-2.6, p=.009). Reduced RRB score over time was associated with
thinner right supramarginal gyrus (B=-.07, t=—2.4, p=.018) and thinner caudal middle
frontal (B=-.06, t=—2.0, p=.048), although the latter finding was no longer significant after
FDR correction. Figure 3a displays regions of thicker or thinner cortex associated with
decreased SRS severity over time.

Significant group by age interactions, indicating different cortical thickness age-related
changes depending on whether the ASD participants had increased or decreased scores over
time, were found for the SCI and RRB subscores only. As shown in Figure 3b, the ASD
group with improved (or reduced) autism SCI behaviors showed reduced age-related cortical
thinning in the right superior parietal (B=.008, t=2.3, p=.023) and those participants with
reduced RRB behaviors had reduced age-related cortical thinning in the right rostral anterior
cingulate (B=.014, t=2.3, p=.021). Additional Difference group by age interactions failed to
survive FDR correction (SCI: left supramarginal B=-.006, t=-2.0, p=.041; RRB: left frontal
pole B=-.014, t=— 1.9, p=.05).

Discussion

The present study examined a quantitative measure of autism behaviors in relation to cortical
thickness development. We further examined our ASD sample to identify cortical regions
that may be related to SRS domain severity and change in scores over time. Our study
design thus allowed for a description of stable clinical-brain findings (regions where SRS
scores were associated with thicker or thinner cortex), and dynamic clinical-brain findings
(changing SRS severity over time was associated with cortical thickness and/or different
developmental cortical trajectories). Our findings highlight regions that may be involved in
behaviors measured with the SRS and emphasize the importance of including clinical
phenotypes, and change in phenotype over time, in future brain-based studies of the disorder.

Stable SRS-Brain Relationships

The ease of administration of the SRS has made it a valuable measure to examine autism
behaviors in ASD. A number of cortical regions were identified where SRS raw total and
domain scores were associated with regions of thicker or thinner cortex, predominantly in
the frontal and temporal lobes and cingulate cortex. We also identified increased age-related
cortical thinning associated with higher SRS scores in the left medial orbitofrontal gyrus and
increased left lateral orbitofrontal thinning associated with lower RRB domain scores.
Previous cross-sectional studies have reported thinner orbitofrontal gyrus in children with
ASD (Doyle-Thomas et al. 2013; Jiao et al. 2010; Richter et al. 2015) and higher ADI-R
social scores associated with reduced thickness in the left orbitofrontal gyrus (Doyle-
Thomas et al. 2013). Our results suggest that age-related developmental differences may
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also be present in this region. In addition, the finding of higher SRS scores associated with
increased cortical thinning in the left medial orbitofrontal and inferior temporal lobe
highlights the need to not only take into account clinical heterogeneity but also sample age
in the interpretation of case- control comparison studies, as group differences may only be
present at certain ages or developmental periods.

Dynamic SRS Changes Associated with Stable Brain Differences

The longitudinal nature of our dataset also allowed for the identification of dynamic clinical-
brain relationships, such that we were able to subgroup individuals within our ASD sample
based on their changing scores over the course of the study. The ASD subgroup analysis
showed that those individuals whose scores decreased during the course of the study, or
showed improved autism related behaviors, had regions of thicker or thinner cortex
compared to the ASD group with increased severity of behaviors. Thicker right pars
opercularis was associated with decreased Total score, a finding driven by the SCI domain.
Our right-lateralized pars opercularis results are supported by behavioral studies that show a
relationship between thinning in the pars opercularis and ADI-R Social + Communication
scores (Hadjikhani et al. 2006) and reduced gray matter volume of the right pars opercularis
associated with increased social communication and reciprocity impairments (Yamasaki et
al. 2010).. Atypical development of the left pars opercularis, part of the inferior frontal gyrus
language network, has also been shown previously in ASD. Increased thickness was found
during childhood (Mak-Fan et al. 2012) while increased thickness reversed to thinner cortex
in ASD only after controlling for age and intracranial volume (Libero et al. 2014). Both
findings are in line with atypical age-related cortical thinning found in our larger ASD
sample (Zielinski et al. 2014). Taken together, these findings suggest that an atypical frontal
language network in ASD may contribute to social impairments, and suggest that increased
right pars opercularis thickness may be a compensatory developmental change in some ASD
participants that results in improved communication, and as a result improved social
function and related behaviors.

Regions of thinner cortex were also found in those individuals who scores improved over
time. Improved RRB domain score was associated with thinner right caudal middle frontal
and supramarginal gyrus. In the left hemisphere, improved Total score was associated with
thinner pericalcarine, a finding supported by a study by Blanken and colleagues who found
lower SRS scores associated with thinner pericalcarine in boys (age 6-10 years; (Blanken et
al. 2015)). The relationships found between regional thickness and clinical phenotype within
ASD emphasizes the importance of understanding more about the early development of
these regions and associated networks, as they may provide potential targets for therapies or
interventions aimed at improving social function.

Dynamic SRS Changes Associated with Cortical Developmental Trajectories

We also found regions where age-related cortical thickness changes differed within the ASD
group according to whether impairments increased or decreased during the study period.

Reduced age-related cortical thinning was found in the right superior parietal cortex in those
with improved SCI domain scores and right rostral anterior cingulate in those with improved
RRB domain scores. Other research has identified cortical thickness changes associated with
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changing clinical profiles. Cortical thickness changes in the right precentral gyrus was
recently associated with changing Vineland expressive communication scores in a lower
functioning sample (Smith et al. 2016). Atypical gyrification in the left precentral gyrus was
found in a cross-sectional sample of children with ASD; namely increasing gyrification with
age in those with high SRS vs no change in gyrification in low SRS (Yang et al. 2016). The
regional differences we found between our SRS subgroups underscores the importance of
examining the SRS domain scores in future studies of ASD, as differing clinical phenotypes
may be masked in just a total score comparison.

Typically Developing Findings

Limitations

One of the clinical strengths of the SRS is the broad range of scores and ability to examine
variation along the typical population. Although our study focused on ASD, we did find age-
related changes in the left temporal pole associated with SRS score and left superior parietal
associated with the SCI domain in the typical group. Our findings are in line with a study by
Wallace and colleagues of a typically developing longitudinal cohort (age range 3-30 years;
323 participants; 54% male) who found thinner left superior parietal cortex associated with
higher SRS scores (Wallace et al. 2012) and provide support for age-related changes that
may also be present in this region. We also noted associations between higher SRS score and
thicker left cuneus and pars triangularis and thinner left insula, although neither of the latter
findings remained significant after multiple comparison correction. Our insula findings are
partially in line with a small study of typical adolescents, where higher SRS scores were
associated with thinner cortex in bilateral insula and right superior temporal gyrus (Tu et al.
2016). The continued application of this measure in genetic studies of typical development
combined with results from the ASD field will aid in identifying shared and unique genetic
and developmental markers that may have the potential for brain-based interventions.

Our study is an important step in identifying cortical subregions involved in the progression
of the autism behavioral phenotype but has a number of limitations. Our study design only
consisted of high functioning, verbal male participants, so is not generalizable to minimally
verbal or female populations. Another limitation is that only cortical thickness was
examined. As neuroimaging methods and analysis continue to evolve, the combined analysis
of cortical thickness along with other brain-based measures, such as gyrification and surface
area, may be best able to identify stable and dynamic brain mechanisms. For example,
studies have shown complex relationships between thickness and measures of cortical
volume, surface area and gyrification (eg, (Wallace et al. 2013)) and regional gyrification has
been associated with autism traits (Blanken et al. 2015; Schaer et al. 2013); thus a more
thorough investigation into the clinical correlates of multiple cortical facets is warranted.
Along these lines, we cannot discern the underlying biological mechanisms driving cortical
thickness differences and thickness-SRS relationships and whether these are the same
between participant groups. Finally, the longitudinal nature of our study design has many
strengths but does have limitations. The SRS was the only longitudinal measure of autism
severity collected over these time points and the original SRS was designed for parent report
of children and adolescents up to age 18. Because of the need for consistent measurements
over time, the original instrument was used for all participants at all timepoints, including
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those who had reached adulthood, and thus we only analyzed raw scores. Although the SRS
is highly correlated with clinical measures of ASD (Constantino et al. 2003), the reliance on
parent report can be problematic as it is unknown how different parents rate the severity of
behaviors in question. Additionally, a number of our participants were taking psychotropic
medications over the course of the study period and some changed medications over time.
We do not know the short or long-term effects of psychotropic medication use on cortical
thickness structure and longitudinal development. Moreover, we were not able to
quantitatively assess how an individual’s treatment or therapies may be related to SRS score
and change in score over time. Although, Constantino and colleagues did not find that
treatment modalities predicted SRS change over time in a small sample of participants
(n=40; (Constantino et al. 2009)), it is still unknown how psychotropic medications, therapy,
intervention and treatment impact the structure of the developing brain and progression of
the autism phenotype. Despite these limitations, our findings are an important step in
understanding longitudinal brain correlates of autism-related behaviors from childhood into
adulthood.

Although the SRS is considered a measure of autism behaviors related to social function,
there are many components to social interactions where the inability to filter out relevant
information (visual stimuli, reading emotional cues, auditory information) may prevent the
learning of social cues and integration of appropriate social responses. Thus, the continued
study of our ASD sample may identify important cortical regions outside of traditional
“social” or “communication” networks that are important for filtering out, attending and
responding to relevant information. Many studies show that the ASD brain is
developmentally different from that of typical development, thus our examination of cortical
thickness variation within an ASD sample is important for identifying regions where brain
changes are associated with improved function that may not be found in a case-control
comparison. Our current findings emphasize the importance of examining clinical
phenotypes along the autism spectrum in future studies of brain structure and function and
demonstrate the importance of examining longitudinal samples, as age-related
developmental processes may mask or enhance group differences when only a single time
point of data is included. A longitudinal study design provides a deeper understanding of
group and individual differences in brain structure and development and will allow for more
insight into the clinical progression of ASD and related brain based disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

SRS Total Raw Scores in ASD and TDC (typically developing group). Each point represents
an SRS score for a given participant and repeated scores for participants are connected by
line.
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Regional cortical thickness associated with total raw SRS score, SCI and RRB domains.

2a. In the ASD group, higher SRS scores were associated with regions of thicker (light
color) or thinner cortex (dark color). Higher scores were associated with thicker right frontal
and temporal poles, and left superior frontal. Higher scores were associated with thinner left
inferior temporal and bank of the superior temporal sulcus, and right caudal anterior and

posterior cingulate.
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2b. Scatterplots of cortical regions with significant SRS total score by age interactions in
ASD. To visualization the interactions, individual participants and group fit lines are labeled
according to ASD SRS subgroups: Average (within 1SD of ASD group mean), High (>1SD
of group mean), Low (<1SD of group mean).

2c. Visualization of significant SRS score by age interactions in the TDC group only
according to TDC SRS subgroups: Average (within 1 SD of TDC mean), High (>1SD of
group mean), Low (<1SD of group mean).
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Figure 3.

Regional cortical thickness associated with SRS difference scores.

3a. Cortical regions where participants with improved SRS scores over time had thicker
(dark color, right pars opercularis) or thinner (light color, left pericalcarine, right
supramarginal, right caudal middle frontal) cortex.

3b. Scatterplots of cortical regions with significantly different age-related changes according
to Difference score group (Decline vs Improve). SCI scores were associated with right
superior parietal and RRB associated with right rostral anterior cingulate.
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