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a b s t r a c t

Studies on structural brain abnormalities in individuals with autism spectrum disorders (ASD) have been
of limited size and many findings have not been replicated. In the largest ASD brain morphology study to
date, we compared subcortical, total brain (TBV), and intracranial (ICV) volumes between 472 subjects
with DSM-IV ASD diagnoses and 538 healthy volunteers (age range: 6–64 years), obtained from high-
resolution structural brain scans provided by the Autism Brain Imaging Data Exchange (ABIDE). Com-
pared to healthy volunteers, we found significantly larger pallidum (Cohen's d¼0.15) and lateral ventricle
volumes (Cohen's d¼0.18) in ASD. These enlargements were independent of total brain volume and IQ,
passed FDR correction for multiple comparisons, and were observed in overall, male-only, and medi-
cation-free subjects. In addition, intracranial, hippocampal, and caudate volumes were enlarged in ASD at
a nominal statistical threshold of po0.05. This study provides the first robust evidence for pallidum
enlargement in ASD independent from TBV and encourages further study of the functional role of the
pallidum in individuals with autism spectrum disorder.

& 2016 Published by Elsevier Ireland Ltd.
1. Introduction

Autism spectrum disorders (ASD) –as defined by the DSM-IV–
comprise a range of developmental disorders, including Autistic
Disorder, Asperger's Syndrome and Pervasive Developmental
Disorder Not Otherwise Specified (Levy et al., 2009), characterized
by social, communication, and stereotypical behaviors and/or in-
terests. However, the recently published DSM-5 no longer includes
these three sub diagnoses and characterizes ASD by two criteria:
1) social communication/interaction and 2) restricted and re-
petitive behavior symptoms (Hyman, 2013).

Brain morphological abnormalities have been observed in
autism spectrum disorders but studies are mostly small and their
findings inconsistent (Amaral et al., 2008). A meta-analyses of
region of interest (ROI) brain volumes showed larger total brain
(TBV), intracranial (ICV), cerebral hemispheres, cerebellum, and
caudate volumes as well as smaller corpus callosum volumes in
ASD subjects compared to healthy controls; with the number of
d Human Behavior, School of
nia Avenue, Suite 240, Irvine,

.

patients and controls in the individual studies ranging from be-
tween 6 and 67 patients and 8–83 controls, respectively (Stanfield
et al., 2008). In addition, one recent study showed larger putamen
volume in 29 adults (ages 18–46) with ASD compared with 29
healthy controls (Sato et al., 2014) and another showed smaller
pallidum volumes in 72 children (ages 4–18) with ASD compared
with 138 healthy children (Sussman et al., 2015).

To address the issue of small sample sizes in ASD brain imaging
studies, the Autism Brain Imaging Data Exchange (ABIDE, http://
fcon_1000. projects. nitrc. org/indi/abide) made available a col-
lection of 20 international data sets including high-resolution
structural imaging and resting state functional magnetic re-
sonance imaging (rsfMRI) of ASD patients and healthy volunteers.
Initial findings comparing brain connectivity (Di Martino et al.,
2013), cortical thickness (Valk et al., 2015), corpus callosum size
(Lefebvre et al., 2015), and region of interest volumes (Haar et al.,
2014) between ASD subjects and controls using ABIDE data have
been published. With regard to subcortical volumes, the ABIDE
studies found evidence for enlarged ventricular volumes and a
smaller central segment of the corpus callosum (Haar et al., 2014);
though the latter was not replicated in a second study (Lefebvre
et al., 2015).

Given limited comprehensive examination of subcortical

http://fcon_1000.projects.nitrc.org/indi/abide
http://fcon_1000.projects.nitrc.org/indi/abide
www.sciencedirect.com/science/journal/09254927
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Table 2
Absolute Volumes.

Region Autism spectrum disorder
(n¼472)

Healthy volunteer
(n¼538)

Hippocampus
Left 4234(561) 4167 (494)
Right 4302(536) 4221 (512)
Amygdala
Left 1759 (316) 1717 (285)
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volumes in the ASD literature and in the ABIDE sample, as well as
meta-analytic evidence for subcortical volume (caudate) enlarge-
ment in ASD (Stanfield et al., 2008), here we examined total brain,
intracranial, and subcortical volumes in 472 ASD patients and 538
healthy volunteers (ages 6–64 years old) with brain imaging data
obtained from the ABIDE. Based on a meta-analysis (Stanfield
et al., 2008), we hypothesized larger TBV, ICV, lateral ventricle, and
caudate volumes in individuals with ASD compared with healthy
volunteers.
Right 1823 (304) 1795 (306)
Caudate
Left 4140 (595) 4074 (560)
Right 4240 (625) 4186 (570)
Putamen
Left 6821 (878) 6748 (832)
Right 6541 (882) 6441 (805)
Pallidum
Left 2020 (277) 1974 (254)
Right 1808 (258) 1776 (241)
Thalamus
Left 7501 (895) 7485 (813)
Right 7651 (876) 7611 (832)
Lateral ventricle
Left 6143 (3614) 5428 (3110)
Right 5696 (3468) 5011 (2844)
Nucleus accumbens
Left 797 (171) 779 (170)
Right 818 (174) 800 (169)
Total brain volume 1224 (132) 1213 (120)
Intracranial volume 1383 (239) 1365 (220)

The absolute volumes are presented as mean mm3 (SD) except for the Total brain
volume which is presented as mean cm3 (SD).
2. Methods

2.1. Subjects

This study includes 472 (mean age7SD¼17.778.6, 418 males) subjects with a
DSM-IV-TR ASD diagnosis and 538 healthy volunteers (HV; mean age7SD
17.377.7, 443 males) with high-resolution T1-weighted imaging data. The patient
and control groups were similar in mean age and handedness distribution but the
ASD group included a higher proportion of males, had lower IQ, lower social skills,
and higher proportion of medication use (see Table 1). Analysis of the anonymous
ABIDE data was approved as non-human subjects research by the University of
California, Irvine Institutional Review Board.

2.2. Image acquisition

One-thousand-one-hundred-and-two, anonymous, high-resolution, whole
brain, structural imaging scans were downloaded from the ABIDE website (http://
fcon_1000. projects. nitrc. org/indi/abide). The ABIDE structural imaging scans were
acquired at 20 sites using a variety of scanners and acquisition protocols (for
summary of scan parameters, see Table 1S available online).

2.3. Quality assurance and image processing

Based on visual inspection of the T1-weighted images, blind to diagnosis (only
subject identifiers were known at time of visual inspection), we excluded 84 out of
the 1102 scans due to significant motion artifacts (see Table 10S). FreeSurfer failed
to complete recon-all and extract subcortical volumes on an additional 8 scans
resulting in a total of 92 excluded scans (see Table 10S). Left and right lateral
ventricle, thalamus, caudate, putamen, pallidum, hippocampus, amygdala, and
accumbens volumes as well as total brain and intracranial volumes (Table 2) were
obtained using Freesurfer (http://surfer. nmr. mgh. harvard. edu, Version 5.1.0).
Table 1
Sample demographics.

Autism spectrum disorder (n¼472

DSM-IV-TR Diagnosis
Autism 304
Aspergers Syndrome (AS) 86
PDD-NOS 35

AS or PDD-NOS 5
Sex (M/F) 418/54
Age at Scan in Years (SD) 17.7 (8.6)
Handedness (L/R/M/A) 32/277/3/8
FSIQ (SD) 106.02 (16.9)
VIQ (SD) 104.83 (18.1)
PIQ (SD) 105.62 (16.9)
FSIQ (SD) Autism 103.78 (15.6)
FSIQ (SD) AS 112.86 (16.1)
FSIQ (SD) PDD-NOS 100.97 (21.2)
ADIa-R Social (SD) 19.77 (5.6)
ADIa-R Verbal (SD) 15.93 (4.66)
ADIa-R RRB 6.03 (2.6)
Vinelandb Social 75.10 (1.8)
Vinelandb Communication (SD) 78.60 (15.5)
Vinelandb ABC 77.09 (1.6)
Medication Status (taking/not taking) 108/232

PDD-NOS: Pervasive Developmental Disorder – Not Otherwise Specified
Handedness: L¼Left; R¼Right, M¼Mixed; A¼Ambidextrous
FSIQ¼Full Scale Intelligence Quotient; VIQ¼Verbal Intelligence Quotient; PIQ¼Perform

a ADI¼Autism Diagnostic Interview-Revised (Rutter et al., 2008)
b Vineland¼Vineland Adaptive Behavioral Scale (Cabrera et al., 1999)
Methods used to obtain subcortical volumes have been described in previous
publications (Fischl et al., 2002; Fischl, 2012). After FreeSurfer analysis, all regions
of interest with a volume larger or smaller than 1.5 times the inter quartile range
(IQR) were identified and visually inspected by overlaying them on the subject's
anatomical images. Based on these inspections, between 0 and 5 data points for
each of the regions were removed from the final analyses due to poor segmentation
(see Table 11S). All data exclusions were based on consensus of visual inspections
performed by authors AHT and TGMvE.
) Healthy volunteers (n¼538) Statistics

443/95 χ1¼7.73, p¼0.005
17.3 (7.7) t1008¼0.83, p¼0.41
29/334/3/5 χ3¼2.41, p¼0.49
111.37 (12.3) t938¼�5.61, po0.0001
111.56 (13.0) t829¼�6.21, po0.0001
108.20 (13.2) t841¼�2.49, p¼0.01
111.37 (12.3) t776¼�7.29, po0.0001
111.37 (12.3) t568¼�1.04, p¼0.30
111.37 (12.3) t520¼�4.22, po0.0001
…

…

111.72 (2.3) t108¼12.84, po0.0001

108.53 (2.0) t108¼12.64, po0.0001
2/391 χ1¼139.62, po0.0001

ance Intelligence Quotient

http://fcon_1000.projects.nitrc.org/indi/abide
http://fcon_1000.projects.nitrc.org/indi/abide
http://surfer.nmr.mgh.harvard.edu,Version5.1.0
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2.4. Statistical analyses

Group differences in TBV and ICV were examined using univariate mixed model
regression analyses (Proc Mixed, SAS v9.2, SAS Institute Inc.) predicting volumes
with group, site, sex, age, and the group � site interactions. Group differences for
each subcortical region were examined using univariate mixed model regression
analyses (Proc Mixed, SAS v9.2, SAS Institute Inc.) predicting subcortical volumes
with group, hemisphere, site, sex, age, group � site, group � hemisphere, site �
hemisphere, and group � site � hemisphere interactions. Hemisphere entered the
model as a repeated measures variable. TBV was included in the model to control
for individual differences in brain size. Because of the large age range in the ABIDE
sample 6–64 years, for age distributions see Supplement 1, Fig. 2S) and non-linear
effects of age on brain volumes, we added quadratic (age2) and cubic (age3) age
predictors to all statistical models (for results including linear and quadratic terms,
see supplemental Table 3S and 4S). Based on prior evidence of accelerated brain
growth during development and normalization of brain volumes during adoles-
cence in ASD (Courchesne et al., 2001; Courchesne et al., 2003; Redcay and
Courchesne, 2005), models including group � age, group � age and group �
age2, or group � age, group � age2 and group � age3) interactions were run first
to examine possible differential age effects between groups. These interaction
terms were not significant for any of the regions and were therefore dropped from
the final analysis (Engqvist, 2005). To further examine whether any group differ-
ences may be related to accelerated brain growth trajectories in ASD compared to
controls, though perhaps not observed as a group by age interaction due to lack of
power, we performed additional post-hoc analyses splitting the sample into
childhood / adolescent and adult samples (r18 and 418 years of age, respec-
tively) for brain structures observed to be enlarged in the main analyses. In addi-
tion, given that Asperger's Syndrome is associated with higher IQ than other forms
of ASD, we performed a post-hoc comparison comparing volumes between DSM-
IV-TR ASD categories for structures observed to differentiate ASD from controls.

Because there were significantly more men than women in the ASD group, all
analyses were repeated using a male-only sample (ASD¼418, HV¼443). Given
potential medication effects, all analyses were also rerun in mediation-free subjects
only (ASD¼364; HV¼536). False Discovery Rate (FDR) was used to correct for
multiple comparisons (Benjamini and Hochberg, 1995) and results that pass FDR
are reported with (FDR-corrected p-value o0.05, followed by the uncorrected
p-value). For regions with significant group effects, Cohen's d effect sizes are
reported.
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3. Results

3.1. Group effects

There were significant effects of group on intracranial [ASD vs.
HV LSM (cm3)7 SD ¼13407239 vs. 13127232], lateral ventricle
[LSM (mm3)7 SD ¼589374258 vs. 518174152], pallidum [LSM
(mm3)7 SD ¼18777261 vs. 18397232], caudate [LSM (mm3)7
SD ¼41947630 vs. 41227626], and hippocampus [LSM (mm3)7
SD ¼42867500 vs. 42207487] volumes. For each of these re-
gions, ASD patients’ volumes were significantly larger than those
of controls regardless of whether age was included as a cubic,
quadratic, or linear effect in the statistical model (Table 3, and
Table 3S and 4S available online). Only the effects for lateral ven-
tricle (FDR-corrected p-value o0.05, uncorrected p¼0.001) and
pallidum volumes (FDR-corrected p-value o0.05, uncorrected
p¼0.005) were significant when corrected for multiple compar-
isons (Fig. 1) and those for ICV, caudate, and hippocampus were
significant at a nominal (uncorrected) p-value o0.05. Moreover,
these findings remained similar when analyses were limited to the
male-only and medication-free samples (see Table 2S, 5S, 6S, and
7S available online).

3.2. Site and group by site interaction effects

There were significant effects of site for each of the regions, and
there was only a significant diagnosis by site interaction on ICV
(p¼0.03; see Table 2S, 5S, and 6S available online). Within-site
group comparisons showed that ICV in ASD was larger than in
healthy controls in two (po0.02 and po0.002) and smaller in one
(po0.01) out of the 20 sites.



Fig. 1. Pallidum and Lateral Ventricle Volume Enlargement in ASD volumes are in mm3.
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3.3. Post-Hoc analyses

Our analyses did not reveal significant group by age interac-
tions though it is quite possible that this study is not adequately
powered to achieve such interactions given the amount of varia-
bility in cross sectional samples. Based on evidence for accelerated
brain growth during development and normalization during
childhood and adolescence (Courchesne et al., 2001; Courchesne
et al., 2003; Redcay and Courchesne, 2005), we performed post-
hoc analyses examining effect sizes for the pallidum in young
(r18 years) and old (418 years) ASD subjects. Adult ASD subjects
had non-significantly larger pallidum volumes than adult controls
(t299¼0.76, p¼0.45, Cohen's d¼0.07; male only: t264¼0.49,
p¼0.62, d¼0.06). In contrast, young ASD subjects had significantly
larger pallidum volumes than young controls (t630¼2.10, p¼0.04,
Cohen's d¼0.15; male only: t518¼2.43, p¼0.02, d¼0.20). It is no-
teworthy that the effect sizes in the young ASD subjects are nearly
triple the size of those in the adult ASD subjects regardless of
sample selection criteria (full sample or males only). For com-
pleteness, statistical results for all regions in young (r18 years)
and old (418 years) samples are reported in Supplemental
Tables 12S–17S. Moreover, to further assess possible normalization
of volumes during adolescence, pallidum volumes are plotted
across child (ager10, p¼0.05; d¼0.30), adolescent
(10oager18, p¼0.05; d¼015), and adult (age418; d¼0.05)
subsamples (Supplement 1, Fig. 3S). All data are available for fur-
ther exploration upon request.

While DSM-V no longer makes the same categorical distinc-
tions as DSM-IV-TR for ASD, there could be differences among ASD
diagnostic categories with different levels of functioning. As ex-
pected, FIQ was significantly higher in subjects with Asperger's
Syndrome than in subjects with Autism (t392¼4.26, po0.001) and
PDD-NOS (t392¼3.30, p¼0.001) diagnoses. However, a post-hoc
comparison of pallidum and lateral ventricle volumes between the
ASD subgroups showed no significant differences between groups.
4. Discussion

In one of the largest structural imaging analysis of ASD patients
conducted to date, we found that subjects with a DSM-IV diag-
nosis of ASD (n¼472) had significantly larger pallidum (Cohen's
d¼0.15; male only d¼0.22; FDR-corrected p-value o0.05, un-
corrected p¼0.005) and lateral ventricle volumes (Cohen's
d¼0.18; male only d¼0.23; FDR-corrected p-value o0.05, un-
corrected p¼0.001) compared to healthy volunteers (n¼538) that
passed FDR correction for multiple comparisons. In addition, ASD
subjects had nominally (po0.05) larger ICV (p¼0.02), caudate
(p¼0.03), and hippocampus (p¼0.01) volumes compared to
healthy volunteers.

Research findings on pallidum abnormalities in ASD are mixed.
One study found that higher severity of repetitive and stereotyped
behaviors –characteristic of ASD– was associated with lower pal-
lidum volumes in 3–4-year old infants (Estes et al., 2011). A more
recent study found lower pallidum volumes in children with ASD
compared to healthy children (Sussman et al., 2015). A third study
reported larger pallidum (globus pallidus) volumes in 7–11 year
old ASD patients compared with controls; though this finding did
not remain significant after controlling for total brain volume
(Herbert et al., 2003). In this much larger study, pallidum volume
remained significantly larger (FDR corrected for multiple com-
parisons) in ASD compared to controls even when statistically
controlling for individual differences in TBV. The finding was not
an artifact of differences in sex distributions between the groups
because it was also present in the male-only sample. A recent
analysis of subcortical volumes using a stricter ABIDE data sample
did not report significant pallidum volume abnormalities when
controlling for IQ (Haar et al., 2014). We reanalyzed the data using
similar stricter inclusion criteria (ageo35 years, males only, and
available IQ data) with IQ included in the model as a covariate, and
found that both pallidum (po0.0001) and lateral ventricle en-
largement (p¼0.001) remained significant (see Table 8S).

There are numerous possible explanations for the discrepant
pallidum findings between Haar et al., (2014) and this study. We
highlight two of them. The first is that the discrepant findings may
be due to between-study differences in sample selection methods,
which resulted in markedly different sample sizes. Our stricter
inclusion criteria included a male only sample with ageo35.
However, instead of Haar et al.’s method of matching subjects for
IQ at an individual subject level which resulted in the loss of a
large number of data points, we co-varied for individual differ-
ences in IQ to maximize sample size. Our method resulted in
sample sizes of 370 ASD subjects and 402 healthy volunteers,
while those of Haar et al., (2014) resulted in 295 subjects in each
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group. Such a significant difference in sample size may contribute
to the different results. A second, and possibly more likely ex-
planation may be related to between-study differences in multiple
comparison correction. Our study examined 10 regions of interest
(ROIs), so our FDR corrections, and therefore results, are not
comparable to those reported by Haar et al., (2014) who examined
180 ROIs (148 cortical and 32 subcortical ROIs). Moreover, Haar
et al., (2014) did not report the effect size for the pallidum, which
makes it difficult to compare the results between studies.

Whether larger pallidum volumes in ASD patients are asso-
ciated with disease-related factors, a consequence of treatment, or
due to group differences in other unmeasured confounding factors
(Weinberger and Radulescu, 2016) remains to be determined.
Though, given that the effects are present in the overall sample as
well as in subjects younger than 35 years of age, they are not likely
due to confounds of cardiovascular issues or poor sampling across
the age range. Moreover, we also observed pallidum enlargement
in the medication free ABIDE sample (see Table 7S), suggesting
that the pallidum enlargement is not likely due to treatment. More
general confounding factors, such as differences in motion during
the scan would not likely uniquely affect the pallidum but would
likely affect multiple other brain regions. While we cannot exclude
the possibility of confounding factors, our findings suggest that the
observed pallidum enlargement may be related to the disease-
related factors. If so, then what role does the pallidum play in
ASD?

The basal ganglia include direct (striatum to substantia nigra;
selection of relevant motor programs) and indirect (striatum to
globus pallidus, to subthalamic nucleus, to substantia nigra; sup-
pression of competing motor programs) motor pathways (Bechard
et al., 2016). A recent study in the deer mouse model found that
environmental enrichment associated increases in neural activa-
tion and dendritic spine densities in the indirect basal ganglia
pathway were associated with decreased repetitive motor beha-
vior (Bechard et al., 2016). These findings suggest a role for the
pallidum in the repetitive and stereotypic symptoms observed in
ASD. Interestingly, similar to the pallidum volume abnormalities
observed in this study, stereotyped repetitive movement ab-
normalities in ASD decrease with age (Esbensen et al., 2009). We
did, however, not observe a significant correlation between the
ADI-R RRB RB (restricted, repetitive, and stereotyped behaviors)
score and pallidum volumes though the underlying mechanisms of
these symptoms is likely more complex than a one-to-one linear
relationship. Of note, in addition to a possible role of the pallidum
in stereotypic behavior (Estes et al., 2011), the ventral pallidum has
been implicated in disordered social bonding (Napier and Mick-
iewicz, 2010) though more research is needed to explore the
possible link between the pallidum and social functioning in ASD.

Larger lateral ventricles replicate earlier findings in ASD pa-
tients compared with controls (Stanfield et al., 2008) and are not
unique to ASD but also present in many other neuropsychiatric
disorders (Hendren et al., 2000). In contrast to the Stanfield et al.,
(2008) meta-analysis, we did not find enlarged TBV in ASD in-
dividuals compared with controls. Together with the analysis of
covariance controlling for TBV, this rules out the likelihood that
the larger regional volumes observed in our analyses are due to a
global increase in TBV.

The strong effects of site indicate the need for multi-center
studies to control for site in their statistical models. These effects
can even be present in prospective multi-center studies, and bal-
ancing the recruitment of patients and controls across sites when
possible is therefore highly recommended in multi-center studies;
see (Glover et al., 2012) for additional multi-center imaging re-
commendations. There was only a significant group by site effect
on ICV. Consistent with the study by Haar et al., (2014), ICV was
only found to be significantly larger in ASD compared to healthy
volunteers in 2 out of the 20 sites. The lack of group by site in-
teractions suggest that the effects observed, though some weak,
were largely consistent across samples.

Study strengths include the statistical power provided by the
large ABIDE sample, the use of automated analysis methods, and
FDR correction for multiple comparisons. Additionally, the en-
larged lateral ventricle, pallidum, hippocampus, and caudate vo-
lumes found in ASD were independent from total brain volumes.

Weaknesses of the study include the use of different clinical
assessments across samples, the cross sectional study design
which does not allow for the study of developmental trajectories,
and the lack of imaging data on subjects younger than 6 years of
age. Additionally, the lack of detailed medication data (e.g., name
and dose) available through ABIDE limited the analysis of specific
medication effects on brain morphology. Though, analysis of a
medication-free sample showed similar findings, which suggests
that our findings are more likely disease related rather than
treatment related (see Table 7S). Future studies should collect
detailed medication information such that possible effects of
medication can be studied in greater detail.

In conclusion, in the largest study on subcortical brain volumes
in ASD to date, we observed that individuals with ASD had sig-
nificantly larger pallidum and lateral ventricle volumes compared
to healthy volunteers while controlling for total brain volume.
Though the findings for hippocampus and caudate volumes were
only nominally significant despite the large cross sectional sample,
they are consistent with the possible involvement of the caudate
and hippocampus in ASD (Stanfield et al., 2008; Calderoni et al.,
2014). Our finding of pallidum enlargement was not hypothesized
based on studies published to date and warrants replication. Our
investigation of the cross sectional ABIDE data did not find sig-
nificant group by age interactions on subcortical brain volumes
that would be suggestive of abnormal developmental trajectories
in Autism spectrum disorder. Though, modeling non-linear re-
lationships with age across the lifespan in cross sectional samples
is challenging. We did, however, find that the effect size for the
pallidum enlargement was larger in the young (r18 years; Co-
hen's d¼0.15, and d¼0.20 male only) compared with the old
(418 years, Cohen's d¼0.07, and d¼0.06 in male only) cohort.
Moreover, pallidum effect sizes also showed a step-wise decrease
across child (d¼0.30), adolescent (d¼0.15), and adult samples
(d¼0.05; see Supplement 1 Fig. 3S). These findings are, at least in
part, suggestive of dynamic developmental brain changes in ASD.
Though, large-scale, prospective, standardized, longitudinal brain
imaging studies are needed to confirm possible abnormal brain
developmental trajectories associated with Autism spectrum
disorder.
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