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Autism is a group of complex neurodevelopmental disorders characterized by impaired social interaction, restricted and repetitive behavior. We performed a large-scale retrospective analysis of 1,996 structural magnetic
resonance imaging (MRI) examinations of the brain from 1,769 autistic and neurologically typically developing
patients (aged 0–32 years), and extracted regional volumetric measurements distributed across 463 brain regions
of each patient. The youngest autistic patients (< 2.5 years) were diagnosed after imaging and identiﬁed retrospectively. Our study demonstrates corpus callosum volumetric abnormalities among autistic patients that are
associated with brain overgrowth in early childhood (0–5 years old), followed by a shift towards known decreased volumes in later ages. Results conﬁrm known increases in ventricular volumes among autistic populations and extends those ﬁndings to increased volumes of the choroid plexus. Our study also demonstrates distributed volumetric abnormalities among autistic patients that aﬀect a variety of key regional white and grey
matter areas of the brain potentially associated with known symptoms of autism.

1. Introduction
Autism is characterized by deﬁcits in social reciprocity, impaired
social communication and repetitive/stereotyped behaviors (Gillberg,
1993; Wing, 1997). Evidence for the existence of neuroanatomical
diﬀerences between patients with autism and typically developing
controls comes from a variety of neuroimaging research and postmortem studies (Toal et al., 2005; Amaral et al., 2008). Magnetic resonance imaging (MRI) provides a wide variety of physiological/anatomical measurements of a patient’s brain, information that may assist
in both basic research and clinical applications. The most commonly
used MRI method produces structural information related to the concentration of hydrogen protons, yielding clinically useful soft tissue
contrast. In the brain, structural MRI provides for the ability to diﬀerentiate between white matter, grey matter and cerebrospinal ﬂuid,
which forms the basis for the extraction of a variety of measurements
from various brain regions, such as volume measurements in the white
matter, gray matter and ventricles (Fischl, 2012).
The analysis of autistic patients who have undergone structural MRI
examinations has been the subject of many studies in the literature that
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have incorporated distributed quantiﬁcation of volumetric, cortical
thickness, surface area measurements etc. (Fischl, 2012). However,
existing studies have been limited in the populations assessed, providing incomplete data regarding many stages of the development of
autism, particularly in terms of the ages of patients included in the
analysis and the number of patients included in the age range evaluated
(Dziobek et al., 2010; Ecker et al., 2010, 2013, 2014; Groen et al., 2010;
Haar et al., 2016; Jiao et al., 2010; Lefebvre et al., 2015; Richter et al.,
2015; Schumann et al., 2010; Schaer et al., 2013, 2015; Wallace et al.,
2013; Yang et al., 2016; Zielinski et al., 2014). These studies report
considerably diﬀerent results when trying to identify those measurements that best characterize diﬀerences between typically developing
controls and autistic patients.
It is particularly challenging to assess imaging features of autism in
a pediatric population, because of the structural changes that occur
between childhood and maturity (Bunge et al., 2002; Casey et al., 1997;
Fair et al., 2009; Gogtay et al., 2004; Reiss et al., 1996; Supekar et al.,
2009; Thomas et al., 2001). Important information regarding brain
function is encoded in distributed patterns of brain activity and neurological structure (Fox et al., 2005; McIntosh et al., 1996; Mesulam,
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1981; Vaadia et al., 1995), and identifying these patterns is particularly
challenging in a pre-adult population, because of a rapidly changing
anatomy and physiology, a high degree of brain plasticity, participant
motion, small brain sizes and an incomplete understanding of brain
development. In this paper, we hypothesize that volumetric clinical
structural MRI has the potential to assist in the diagnosis of autism and
to improve our understanding of brain physiology associated with the
condition. This study attempts to provide a thorough assessment of the
clinical potential for structural MRI by including all available autistic
patients who received MRI examinations at Boston Children's Hospital
(BCH) at 3 T producing volumetric T1 examinations compatible with
the automated extraction of distributed volumetric measurements
(Fischl, 2012).

the discussion. Automated motion correction was not performed, but
examinations with substantial motion artifacts were carefully excluded
based on visual assessment. T1 structural examinations were processed
with FreeSurfer (Fischl, 2012). Each FreeSurfer output T1 structural
examination was displayed with label map overlays and visually inspected for quality of regional segmentations. If FreeSurfer results
substantially failed, they were excluded from this analysis (i.e. FreeSurfer regions-of-interest (ROIs) that do not align to the MRI and examinations where major problems were observed with an ROI such as
cerebellar segmentations extending far beyond the extent of the cerebellum).

2. Materials and methods

This study included the acquisition of 463 regionally distributed
volumetric measurements per imaging examination, as extracted by
FreeSurfer’s recon-all command which processes the input examination
with all available atlases (Fischl, 2012). This included all available
regional volumetric measurements including whole brain measurements, whole hemisphere measurements, ventricular measurements as
well as regional white and gray matter measurements in order to perform as thorough an assessment as possible. Study participants were
divided into four age groups: early childhood (0–5 years old), late
childhood (5–10 years old), early adolescence (10–15 years old) and
late adolescence (15–20 years old). We are interested in the diagnostic
potential of these clinically acquired measurements and so each FreeSurfer extracted measurement within each age range was compared in a
group-wise manner (autism compared with typically developing) using
receiver operating characteristic (ROC) curve analysis which is summarized with the area under the ROC curve (AUC) (Youngstrom, 2014).
We also report Cohen’s d statistic (positive/negative values indicate a
higher/lower average value in the autistic population relative to the
typically developing population). A p-value based on the standard t-test
(Student, 1908) for two groups of samples was also computed for each
comparison. This yielded a total of m = 1,852 group-wise comparisons,
yielding a Bonferroni corrected threshold for achieving statistical signiﬁcance of p < 0.05/m = 2.70e−5.
In order to conﬁrm that the ﬁndings reported are the result of
group-wise diﬀerences between the autistic and typically developing
patients, a statistical model was constructed based on multivariate regression, adjusting each measurement within each age range to control
for group-wise diﬀerences in age, gender, estimated total intracranial
volume and the leading comorbid status of the most common secondary
conditions from our two groups: headaches (7% in the autistic group,
19% in the neurotypical group), ADHD (16% in the autistic group, 0%
in the neurotypical group), epilepsy (13% in the autistic group, 0% in
the neurotypical group), global developmental delay (26% in the autistic group, 0% in the neurotypical group), migraines (3% in the autistic group, 23% in the neurotypical group) and abdominal pain (14%
in the autistic group, 11% in the neurotypical group). This model was
used to adjust each volumetric measurement, in order to evaluate
whether group-wise diﬀerences between our autistic and typically developing populations are the result of age, gender, intracranial volume
or comorbid eﬀects.
Our dataset includes very few exams of patients older than 20 years
and so this range was not included in the group-wise age-dependent
statistical analyses because of the small sample size, but was included in
all scatter plots for reference. Age-dependent ROC analysis allows us to
assess the diagnostic potential of any given FreeSurfer measurement
and Cohen’s d statistic provides useful eﬀect size measurements at four
developmental stages. Scatter plots were created to visually present
measurements-of-interest from male and female patients as they vary
with age, with trend lines established with a rolling average (K = 150)
implemented in Matlab (Natick, MA).
A correlation analysis was also performed comparing the combined
volume of each patient’s ventricles (the sum of the volumes of the left

2.3. Statistical analysis

2.1. Participants
Following approval by the Institutional Review Board at BCH (informed consent was waived because of the lack of risk to patients included in this retrospective analysis), the clinical imaging electronic
database at BCH was reviewed for the present analysis from 01/01/
2008 until 02/24/2016, and all brain MRI examinations were included
for further analysis if autistic status was noted in the patient’s electronic
medical records. Unfortunately, more detailed diagnostic information
(such as gold standard diagnoses; e.g. Autism Diagnostic InterviewRevised [ADI-R] and Autism Diagnostic Observation Schedule [ADOS])
was not available in this dataset, an issue that is addressed in more
detail in the limitations section of the discussion. Examinations deemed
to be of low quality because of a large metal artifact from a patient's
dental hardware, excessive patient motion, lack of a T1 structural
imaging volume providing diagnostically useful axial, sagittal and
coronal oriented images etc. were excluded from the study.
Examinations that were inaccessible for technical reasons were also
excluded. This resulted in the inclusion of 1,003 examinations from 781
autistic patients. Typically developing patients were assembled retrospectively as part of a previous study (Levman et al., 2017) by selecting
participants on the basis of a normal MRI examination, as assessed by a
BCH neuroradiologist, and whose medical records provided no indication of any neurological problems (patients with any known disorder
were excluded such as autism, cerebral palsy, traumatic brain injury,
cancer of any type, developmental delay, multiple sclerosis, tuberous
sclerosis complex, stroke, neuroﬁbromatosis, cortical dysplasia, epilepsy, attention deﬁcit hyperactivity disorder, etc.). The same exclusion
criteria applied to the autistic group was also applied to the typically
developing patients. This yielded 993 examinations from 988 patients
deemed neurotypical. Histograms demonstrating the age distributions
for both the typically developing and autistic patients are provided in
Fig. 1.
2.2. MRI data acquisition and preprocessing
All participants were imaged with clinical 3 T MRI scanners (Skyra,
Siemens Medical Systems, Erlangen, Germany) at BCH yielding T1
structural volumetric images accessible through the Children’s Research
and Integration System (Pienaar et al., 2014). Because of the clinical
and retrospective nature of this study, there is variability in the pulse
sequences employed to acquire these volumetric T1 examinations, including several types of magnetization-prepared rapid gradient echo
(MPRAGE) acquisitions, a few traditional T1 structural sequences as
well as volumetric spoiled gradient recalled sequences. Spatial resolution varied in the x–y directions from 0.219 to 1.354 mm (mean:
0.917 mm, standard deviation: 0.124 mm). Slice thickness varied from
0.500 to 2.000 mm (mean: 0.996 mm, standard deviation: 0.197 mm).
Strengths and shortcomings of the large-scale varying MR protocol
approach taken in this study are addressed in the limitations section of
35
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Fig. 1. Histograms demonstrating the patient population age distributions in this study’s neurotypical patients (left) and autistic patients (right).

autistic and neurotypical participants (ages 15–20) and substantive
diﬀerences were also observed in the ventricles and regionally distributed volumetric measurements. Our multivariate-regression statistical model’s adjusted data demonstrates that all reported statistically
signiﬁcant raw measurements remain statistically signiﬁcant (Bonferroni corrected) after multivariate regression based adjustments. This
was performed to conﬁrm that the ﬁndings we are reporting are not the
result of age, gender, intracranial volume, nor comorbid eﬀects. We
elected to present the raw results rather than the adjusted results for
ease of comparison with future studies and because of the raw data’s
potential role in future diagnostic technologies.
Histograms demonstrating the age distributions for both the typically developing and autistic groups are provided in Fig. 1. The vast
majority of the leading measurements of interest identiﬁed in Table 1
have clear potential to be associated with known outward symptoms of
autism. Table 2 provides a collection of identiﬁed measurements of
interest grouped based on their potential association with known autistic characteristics (endophenotypes), including disorders of visual
and facial processing (Behrmann et al., 2006), empathy and emotional
processing (Jones et al., 2010), speech and language processing
(Kellerman et al., 2005; Wan and Schlaug, 2010), as well as movement
and motor control (Dziuk et al., 2007). Table 2 summarizes our leading
measurements-of-interest while providing bilateral eﬀect size statistics
across all age groups to help elucidate potential physiological characteristics of autism identiﬁed in this analysis. Table 3 summarizes our
volumetric ﬁndings as percentages of estimated total intracranial volume (ETIV). Example scatter plots of measurements-of-interest are
provided in Figs. 2–4. Note the higher variability associated with observed increased average corpus callosum volumes in the earliest years
followed by volumetric reductions in later years (Fig. 2 top left), a similar inversion pattern in the volume of the white matter of the pars
opercularis (Fig. 2 bottom left) and sustained increases in the volume of
the third ventricle (Fig. 2 top right) and the choroid plexus (Fig. 2
bottom right). Fig. 3 presents the relationship between ventricular and
choroid plexus volumes. Fig. 4 demonstrates that on average the autistic exhibit increased ETIV followed by a normalization in later years.
Findings indicating increased volumes of the corpus callosum in early
years occur in the context of increased whole brain volume as measured
by ETIV (i.e. as a percentage of ETIV, the corpus callosum does not
present diﬀerently in a young autistic population relative to the neurotypical controls). The inversion pattern observed in the corpus callosum can be seen in most of the white matter volume measurements
presented (see Table 1) with the exception of the rostral anterior cingulate and the isthmus cingulate. Observed sustained increases in the

and right lateral ventricles, left and right inferior lateral ventricles,
third ventricle, fourth ventricle and ﬁfth ventricle) with the combined
volume of each patient’s choroid plexus (left and right volumes combined). This was performed to assess the relationship between the volume of the choroid plexus, which contributes to the production of
cerebrospinal ﬂuid (CSF) and the volume of the ventricles, which
contain the CSF.
A preliminary statistical validation was performed using the independently acquired Autism Brain Imaging Data Exchange (ABIDE)
dataset (Di Martino et al., 2014). The ABIDE dataset represents the
results of a multi-center study with variability in data acquisition between centers. We have elected to perform a preliminary validation
analysis assessing the leading seven feature measurements identiﬁed in
our ﬁndings from late adolescence (see Table 1) against the single
ABIDE imaging center with the most patients aged 15–20 at imaging
(the USM-ABIDE data). Comparison with a single ABIDE center was
selected in order to avoid having MR pulse sequence variability in the
independent validation dataset. Raw (unadjusted) measurements extracted by FreeSurfer from the ABIDE dataset are directly compared
with raw (unadjusted) measurements extracted by FreeSurfer from our
clinical BCH dataset.

3. Results
Histograms demonstrating the age distributions for both the neurotypical and autistic groups are provided in Fig. 1. Many brain regions
showed Bonferroni-corrected, statistically signiﬁcant diﬀerences in
volumetric measurements between patients with autism and neurotypical participants, with the leading measurements summarized in
Table 1. Of the 1,852 group-wise comparisons performed, 14% exceeded the Bonferroni correction for statistical signiﬁcance. Each
measurement in Table 1 exceeds the Bonferroni correction in at least
one age group, however, all age groupings are provided for ease of
comparison. The vast majority of the leading measurements of interest
identiﬁed in Table 1 have clear potential to be associated with known
outward symptoms of autism.
The age-dependent, d statistic and receiver operating characteristic
(ROC) curve analyses yielded several measurements that oﬀer diagnostic potential and may help elucidate the underlying anatomical and
physiological conditions associated with autism. Table 1 presents the
leading measurements organized by AUC (highest AUC values are found
at the top of the table), along with the associated d statistic as computed
from the unadjusted measurement data extracted by FreeSurfer. Thus,
the corpus callosum exhibits the largest group wise diﬀerences between
36
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WM Volume
WM Volume
WM Volume
WM Volume
Volume
WM Volume
Volume
WM Volume
WM Volume
WM Volume
Volume
WM Volume
GM Volume
WM Volume
WM Volume
WM Volume
WM Volume
Volume
WM Volume
Volume
WM Volume
WM Volume
WM Volume
GM Volume
WM Volume
WM Volume
GM Volume
GM Volume
WM Volume
GM Volume
WM Volume
GM Volume
GM Volume
WM Volume
WM Volume
GM Volume
GM Volume
GM Volume
WM Volume
WM Volume
WM Volume

mid posterior corpus callosum
central corpus callosum
posterior corpus callosum
mid anterior corpus callosum
third ventricle
pars opercularis
choroid plexus
cortical white matter (each hemisphere)
cortical white matter (combined hemispheres)
rostral middle frontal
lateral ventricle
inferior temporal
Caudate
superior temporal
Precentral
Precuneus
Fusiform
fourth ventricle
lateral orbitofrontal
estimated total intracranial volume
Supramarginal
superior frontal
middle temporal
inferior temporal gyrus
caudal anterior cingulate
rostral anterior cingulate
inferior part of the precentral sulcus
inferior temporal cortex
lateral occipital
short insular gyrus
Lingual
planum polare
Precuneus cortex
isthmus cingulate
Insula
superior temporal cortex
gyrus rectus
rostral middle frontal cortex
inferior parietal
caudal middle frontal
superior parietal

(0.59/0.27)
(0.57/0.22)
(0.60/0.30)
(0.61/0.32)
(0.64/0.42)
L (0.69/0.66)
L (0.61/0.39)
L (0.69/0.65)
(0.68/0.63)
L (0.68/0.62)
L (0.66/0.46)
L (0.68/0.62)
L (0.66/0.53)
L (0.67/0.61)
L (0.67/0.61)
L (0.67/0.61)
L (0.67/0.59)
(0.67/0.52)
L (0.67/0.62)
(0.67/0.55)
L (0.67/0.60)
L (0.64/0.52)
L (0.67/0.56)
L (0.65/0.56)
L (0.65/0.54)
L (0.64/0.47)
L (0.67/0.58)
L (0.66/0.59)
L (0.66/0.57)
L (0.66/0.59)
L (0.66/0.56)
L (0.66/0.57)
L (0.61/0.45)
L (0.66/0.48)
L (0.65/0.57)
L (0.66/0.61)
L (0.50/0.09)
L (0.66/0.56)
L (0.66/0.56)
L (0.66/0.57)
L (0.66/0.53)
(0.68/0.60)
(0.68/0.48)
(0.68/0.60)
(0.68/0.62)
(0.64/0.52)
(0.66/0.57)
(0.65/0.52)
(0.67/0.58)

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

(0.65/0.48)
(0.67/0.57)
(0.67/0.59)
(0.67/0.59)
(0.67/0.54)
(0.67/0.56)
(0.61/0.42)
(0.66/0.56)
(0.62/0.43)
(0.64/0.51)
(0.64/0.49)
(0.61/0.40)
(0.58/0.34)
(0.64/0.47)
(0.66/0.56)
(0.62/0.43)
(0.51/0.21)
(0.63/0.49)
(0.60/0.30)
(0.63/0.44)
(0.60/0.35)

R (0.66/0.56)

R
R
R
R
R
R
R
R

R (0.68/0.58)
R (0.57/0.27)
R (0.68/0.60)

Ages 0–5 years
(AUC/d)
(0.68/−0.47)
(0.73/−0.47)
(0.67/−0.55)
(0.66/−0.33)
(0.67/0.54)
L (0.55/−0.17)
L (0.65/0.49) R
L (0.57/−0.20)
(0.57/−0.19)
L (0.56/−0.17)
L (0.67/0.50) R
L (0.56/−0.06)
L (0.52/0.06) R
L (0.52/−0.10)
L (0.55/−0.17)
L (0.54/−0.12)
L (0.58/−0.25)
(0.51/0.13)
L (0.58/−0.28)
(0.52/−0.04)
L (0.52/−0.03)
L (0.57/−0.18)
L (0.56/−0.11)
L (0.53/−0.09)
L (0.53/−0.08)
L (0.55/−0.19)
L (0.52/−0.08)
L (0.53/−0.10)
L (0.58/−0.18)
L (0.49/−0.05)
L (0.62/−0.38)
L (0.56/−0.18)
L (0.50/0.01) R
L (0.50/0.02) R
L (0.54/−0.23)
L (0.52/−0.12)
L (0.55/0.14) R
L (0.53/−0.11)
L (0.48/0.01) R
L (0.54/−0.14)
L (0.58/−0.25)

Ages 5–10 years
(AUC/d)

R (0.50/0.03)
R (0.56/−0.19)
R (0.55/−0.16)
R (0.49/0.00)
R (0.56/−0.11)
R (0.49/0.01)
R (0.52/−0.10)
R (0.52/−0.05)
R (0.53/−0.09)
R (0.52/−0.07)
R (0.58/−0.20)
R (0.53/−0.07)
(0.51/0.07)
(0.50/0.02)
R (0.55/−0.22)
R (0.55/−0.17)
(0.50/0.01)
R (0.55/−0.14)
(0.48/0.02)
R (0.55/−0.17)
R (0.57/−0.22)

R (0.58/−0.28)

R (0.59/−0.25)
(0.67/0.55)
R (0.54/−0.11)
(0.51/0.01)
R (0.56/−0.15)
R (0.54/−0.10)
R (0.54/−0.08)
R (0.58/−0.28)

R (0.56/−0.19)
(0.65/0.55)
R (0.56/−0.18)

Abbreviations/Symbols: R=right; L=Left; GM=gray matter; WM=white matter; AUC=area under the ROC curve; d=Cohen’s d statistic.

Measurement Type

Volumetric Measurement of Interest

Table 1
Age-dependent ROC Analysis Results – Leading Measurements by AUC with Cohen’s d statistic.

(0.74/−0.78)
(0.71/−0.68)
(0.67/−0.47)
(0.70/−0.53)
(0.69/0.77)
L (0.59/−0.25)
L (0.68/0.67) R
L (0.58/−0.30)
(0.57/−0.28)
L (0.55/−0.20)
L (0.68/0.71) R
L (0.60/−0.32)
L (0.57/0.23) R
L (0.53/−0.09)
L (0.55/−0.17)
L (0.53/−0.13)
L (0.63/−0.38)
(0.54/0.32)
L (0.55/−0.20)
(0.50/−0.05)
L (0.53/−0.05)
L (0.53/−0.13)
L (0.54/−0.18)
L (0.51/−0.05)
L (0.58/−0.27)
L (0.51/0.02) R
L (0.51/−0.11)
L (0.53/−0.10)
L (0.58/−0.33)
L (0.55/0.17) R
L (0.63/−0.39)
L (0.53/−0.08)
L (0.57/0.19) R
L (0.53/0.13) R
L (0.52/−0.15)
L (0.53/0.06) R
L (0.66/0.55) R
L (0.50/0.01) R
L (0.54/−0.14)
L (0.57/−0.28)
L (0.54/−0.15)
R (0.56/−0.12)
R (0.54/−0.10)
R (0.53/−0.03)
R (0.54/0.16)
R (0.56/−0.18)
(0.54/0.10)
R (0.51/0.12)
R (0.55/0.15)
R (0.58/−0.29)
(0.56/0.16)
R (0.62/−0.34)
R (0.50/0.01)
(0.59/0.30)
(0.50/0.00)
R (0.52/−0.14)
(0.51/0.01)
(0.57/0.23)
(0.56/0.19)
R (0.52/−0.05)
R (0.55/−0.17)
R (0.53/−0.11)

R (0.55/−0.24)

R (0.52/−0.09)
(0.65/0.65)
R (0.54/−0.13)
(0.60/0.35)
R (0.56/−0.19)
R (0.55/−0.18)
R (0.53/−0.09)
R (0.58/−0.23)

R (0.58/−0.27)
(0.69/0.74)
R (0.57/−0.25)

Ages 10–15 years
(AUC/d)

(0.72/−0.66)
(0.69/−0.67)
(0.71/−0.68)
(0.65/−0.47)
(0.66/0.70)
L (0.60/−0.35)
L (0.55/0.25) R
L (0.56/−0.22)
(0.56/−0.21)
L (0.50/−0.03)
L (0.60/0.50) R
L (0.60/−0.31)
L (0.52/−0.13)
L (0.53/−0.14)
L (0.53/−0.14)
L (0.52/−0.03)
L (0.61/−0.38)
(0.48/0.02)
L (0.55/−0.16)
(0.50/−0.09)
L (0.55/−0.14)
L (0.52/0.04) R
L (0.56/−0.08)
L (0.50/0.02) R
L (0.60/−0.36)
L (0.54/0.09) R
L (0.51/−0.03)
L (0.50/0.02) R
L (0.55/−0.07)
L (0.53/−0.13)
L (0.59/−0.30)
L (0.57/−0.22)
L (0.59/0.34) R
L (0.50/0.05) R
L (0.52/0.02) R
L (0.56/0.16) R
L (0.60/0.34) R
L (0.55/0.18) R
L (0.51/−0.06)
L (0.56/−0.23)
L (0.58/−0.24)

R (0.54/−0.14)
(0.52/−0.04)
R (0.57/−0.27)
(0.56/0.17)
R (0.56/−0.27)
(0.56/0.21)
R (0.54/−0.08)
(0.55/0.12)
R (0.55/−0.13)
R (0.53/−0.10)
R (0.56/−0.21)
R (0.53/−0.11)
(0.66/0.50)
(0.56/−0.22)
(0.53/−0.14)
(0.52/0.06)
(0.56/0.18)
(0.54/0.18)
R (0.53/−0.08)
R (0.57/−0.20)
R (0.52/−0.13)

R (0.54/−0.14)

R (0.52/−0.09)
(0.63/0.56)
R (0.55/−0.18)
R (0.53/−0.14)
R (0.59/−0.28)
R (0.53/−0.12)
R (0.54/0.12)
R (0.58/−0.26)

R (0.60/−0.34)
(0.63/0.57)
R (0.56/−0.20)

Ages 15–20 years
(AUC/d)
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Precuneus WM
Precuneus GM
Inferior parietal WM
Inferior temporal WM
Superior temporal WM
Superior temporal GM
Fusiform WM
Inferior temporal gyrus GM
Lingual WM

Pars opercularis WM
Supramarginal WM
Superior temporal WM
Superior temporal GM
Planum polare GM
Fusiform WM
Middle temporal WM
Lingual WM
Caudate

Precentral WM
Inferior part of the precentral sulcus GM
Precuneus WM
Precuneus GM
Supramarginal WM
Superior parietal WM
Superior temporal WM
Superior temporal GM
Inferior temporal gyrus GM
Lateral occipital WM
Caudate

Lateral orbitofrontal WM
Superior frontal WM
Caudal anterior cingulate WM
Rostral anterior cingulate WM
Precuneus WM
Precuneus GM
Supramarginal WM
Inferior parietal WM
Superior temporal WM
Superior temporal GM
Insula WM
Short insular gyrus GM
Caudate

Facial & Visual Processing

Speech & Language Processing

Movement and Motor Control

Empathy Deﬁcits & Emotional Processing

Frontal
Frontal
Frontal
Frontal
Parietal
Parietal
Parietal
Parietal
Temporal
Temporal

Frontal
Frontal
Parietal
Parietal
Parietal
Parietal
Temporal
Temporal
Temporal
Occipital

Frontal
Parietal
Temporal
Temporal
Temporal
Temporal
Temporal
Occipital

Parietal
Parietal
Parietal
Temporal
Temporal
Temporal
Temporal
Temporal
Occipital

Brain Regions Aﬀected

L
L
L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L

(d = 0.62)
(d = 0.52)
(d = 0.54)
(d = 0.47)
(d = 0.61)
(d = 0.45)
(d = 0.60)
(d = 0.56)
(d = 0.61)
(d = 0.61)
(d = 0.57)
(d = 0.59)
(d = 0.53)

(d = 0.61)
(d = 0.58)
(d = 0.61)
(d = 0.45)
(d = 0.60)
(d = 0.53)
(d = 0.61)
(d = 0.61)
(d = 0.56)
(d = 0.57)
(d = 0.53)

(d = 0.66)
(d = 0.60)
(d = 0.61)
(d = 0.61)
(d = 0.57)
(d = 0.59)
(d = 0.56)
(d = 0.56)
(d = 0.53)

(d = 0.61)
(d = 0.45)
(d = 0.56)
(d = 0.62)
(d = 0.61)
(d = 0.61)
(d = 0.59)
(d = 0.56)
(d = 0.56)

Ages 0–5
L&R: d

Abbreviations/Symbols: R=right; L=Left; GM=gray matter; WM=white matter; d=Cohen’s d statistic.

Potentially Associated Measurements

Autistic Characteristics

Table 2
Summary of Measurements with Eﬀect Sizes Potentially Associated with Known Autistic Characteristics.

R
R
R
R
R
R
R
R
R
R
R
R
R

R
R
R
R
R
R
R
R
R
R
R

R
R
R
R
R
R
R
R
R

R
R
R
R
R
R
R
R
R

(d = 0.56)
(d = 0.57)
(d = 0.54)
(d = 0.56)
(d = 0.52)
(d = 0.34)
(d = 0.48)
(d = 0.30)
(d = 0.52)
(d = 0.43)
(d = 0.56)
(d = 0.51)
(d = 0.62)

(d = 0.57)
(d = 0.42)
(d = 0.52)
(d = 0.34)
(d = 0.48)
(d = 0.35)
(d = 0.52)
(d = 0.43)
(d = 0.59)
(d = 0.43)
(d = 0.62)

(d = 0.58)
(d = 0.48)
(d = 0.52)
(d = 0.43)
(d = 0.40)
(d = 0.58)
(d = 0.59)
(d = 0.49)
(d = 0.62)

(d = 0.52)
(d = 0.34)
(d = 0.30)
(d = 0.60)
(d = 0.52)
(d = 0.43)
(d = 0.58)
(d = 0.59)
(d = 0.49)

L
L
L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

R (d = −0.19)
R (d = 0.03)
R (d = −0.15)
R (d = −0.17)
R (d = −0.07)
R (d = −0.28)
R (d = −0.16)
R (d = −0.20)
(d = 0.01)
R (d = −0.10)
R (d = −0.10)
R (d = −0.08)
(d = 0.07)
R (d = 0.03)
R (d = −0.22)
R (d = −0.15)
R (d = −0.17)
R (d = 0.00)
R (d = −0.09)
(d = 0.01)
R (d = −0.28)
R (d = −0.19)
R (d = −0.11)
R (d = 0.01)
R (d = −0.08)
(d = 0.07)
R (d = 0.03)
(d = 0.02)
R (d = −0.15)
R (d = −0.17)
R (d = −0.22)
R (d = −0.07)
(d = 0.01)

(d = −0.17)
(d = −0.03)
(d = −0.10)
(d = −0.12)
(d = −0.18)
(d = −0.25)
(d = −0.11)
(d = −0.38)
(d = 0.06) R
(d = −0.17)
(d = −0.08)
(d = −0.12)
(d = 0.01) R
(d = −0.03)
(d = −0.25)
(d = −0.10)
(d = −0.12)
(d = −0.09)
(d = −0.18)
(d = 0.06) R
(d = −0.28)
(d = −0.18)
(d = −0.08)
(d = −0.19)
(d = −0.12)
(d = 0.01) R
(d = −0.03)
(d = 0.01) R
(d = −0.10)
(d = −0.12)
(d = −0.23)
(d = −0.05)
(d = 0.06) R

L
L
L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L

R (d = −0.08)
(d = 0.07)
(d = 0.02)
R (d = −0.11)
R (d = −0.15)
R (d = −0.17)
R (d = −0.28)
R (d = 0.00)
R (d = −0.20)

(d = −0.20)
(d = −0.13)
(d = −0.27)
(d = 0.02) R
(d = −0.13)
(d = 0.19) R
(d = −0.05)
(d = −0.14)
(d = −0.09)
(d = 0.06) R
(d = −0.15)
(d = 0.17) R
(d = 0.23) R

(d = −0.17)
(d = −0.11)
(d = −0.13)
(d = 0.19) R
(d = −0.05)
(d = −0.15)
(d = −0.09)
(d = 0.06) R
(d = −0.05)
(d = −0.33)
(d = 0.23) R

(d = −0.25)
(d = −0.05)
(d = −0.09)
(d = 0.06) R
(d = −0.08)
(d = −0.38)
(d = −0.18)
(d = −0.39)
(d = 0.23) R

(d = −0.13)
(d = 0.19) R
(d = −0.14)
(d = −0.32)
(d = −0.09)
(d = 0.06) R
(d = −0.38)
(d = −0.05)
(d = −0.39)

Ages 10–15
L&R: d

(d = −0.12)
(d = 0.01) R
(d = 0.01) R
(d = −0.06)
(d = −0.10)
(d = −0.12)
(d = −0.25)
(d = −0.09)
(d = −0.38)

Ages 5–10
L&R: d

R (d = −0.24)
R (d = −0.10)
R (d = −0.18)
(d = 0.10)
R (d = −0.09)
(d = 0.30)
R (d = −0.12)
R (d = −0.05)
R (d = −0.19)
(d = 0.01)
R (d = −0.14)
(d = 0.16)
(d = 0.35)

R (d = −0.18)
R (d = 0.12)
R (d = −0.09)
(d = 0.30)
R (d = −0.12)
R (d = −0.11)
R (d = −0.19)
(d = 0.01)
R (d = 0.16)
R (d = −0.29)
(d = 0.35)

R (d = −0.27)
R (d = −0.12)
R (d = −0.19)
(d = 0.01)
R (d = 0.01)
R (d = −0.23)
R (d = −0.03)
R (d = −0.34)
(d = 0.35)

R (d = −0.09)
(d = 0.30)
R (d = −0.05)
R (d = −0.13)
R (d = −0.19)
(d = 0.01)
R (d = −0.23)
R (d = 0.16)
R (d = −0.34)

L
L
L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L

L
L
L
L
L
L
L
L
L

(d = −0.16)
(d = 0.04) R
(d = −0.36)
(d = 0.09) R
(d = −0.03)
(d = 0.34) R
(d = −0.14)
(d = −0.06)
(d = −0.14)
(d = 0.16) R
(d = 0.02) R
(d = −0.13)
(d = −0.13)

(d = −0.14)
(d = −0.03)
(d = −0.03)
(d = 0.34) R
(d = −0.14)
(d = −0.24)
(d = −0.14)
(d = 0.16) R
(d = 0.02) R
(d = −0.07)
(d = −0.13)

(d = −0.35)
(d = −0.14)
(d = −0.14)
(d = 0.16) R
(d = −0.22)
(d = −0.38)
(d = −0.08)
(d = −0.30)
(d = −0.13)

(d = −0.03)
(d = 0.34) R
(d = −0.06)
(d = −0.31)
(d = −0.14)
(d = 0.16) R
(d = −0.38)
(d = 0.02) R
(d = −0.30)

Ages 15–20
L&R: d

R (d = −0.14)
(d = −0.04)
R (d = −0.27)
(d = 0.21)
R (d = 0.12)
(d = 0.50)
R (d = −0.14)
R (d = −0.08)
R (d = −0.28)
(d = 0.06)
(d = −0.14)
R (d = −0.10)
R (d = −0.14)

R (d = −0.12)
R (d = −0.08)
R (d = 0.12)
(d = 0.50)
R (d = −0.14)
R (d = −0.13)
R (d = −0.28)
(d = 0.06)
(d = 0.17)
R (d = −0.13)
R (d = −0.14)

R (d = −0.34)
R (d = −0.14)
R (d = −0.28)
(d = 0.06)
R (d = −0.11)
R (d = −0.26)
R (d = −0.27)
R (d = −0.21)
R (d = −0.14)

R (d = 0.12)
(d = 0.50)
R (d = −0.08)
R (d = −0.18)
R (d = −0.28)
(d = 0.06)
R (d = −0.26)
(d = 0.17)
R (d = −0.21)
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WM Volume
WM Volume
WM Volume
Volume
WM Volume
Volume
WM Volume
Volume
WM Volume
GM Volume
GM Volume
WM Volume
Volume
WM Volume
GM Volume
WM Volume
WM Volume
GM Volume
GM Volume
Volume
GM Volume
GM Volume
WM Volume
GM Volume
GM Volume
GM Volume
GM Volume
WM Volume
WM Volume
GM Volume
GM Volume
WM Volume

Mid posterior corpus callosum
Hypointensities
Central corpus callosum
3rd Ventricle Volume
Posterior corpus callosum
Choroid plexus
Mid anterior corpus callosum
Lateral ventricle
Unsegmented white matter
Precuneus
Cerebellum
Pericalcarine
Inferior lateral ventricle
Lingual
Suborbital sulcus
Pars opercularis
Cortical white matter volume
Paracentral
Medial orbitofrontal
Non WM hypointensities
Superior frontal gyrus
Gyrus rectus
Cerebellum
Thalamus
Marginal branch of the cingulate sulcus
Paracentral gyrus and sulcus
Brodmann’s area 3b
Fusiform
Total cortical white matter volume
Brodmann’s area 3a
Postcentral
Lateral orbitofrontal

0.51 (0.07)
0.63 (−0.30)
0.48 (0.00)
0.54 (0.22)
0.51 (−0.03)
L 0.49 (0.00), R 0.53 (−0.08)
0.53 (0.17)
L 0.60 (0.38), R 0.62 (0.41)
L 0.62 (0.32), R 0.62 (0.32)
L 0.50 (0.04), R 0.56 (−0.12)
L 0.68 (−0.55) R 0.67 (−0.50)
L 0.56 (0.19), R 0.52 (0.03)
L 0.57 (0.27), R 0.53 (0.20)
L 0.58 (0.25), R 0.55 (0.18)
L 0.55 (−0.06), R 0.54 (0.14)
L 0.65 (0.47), R 0.61 (0.37)
L 0.62 (0.40), R 0.58 (0.27)
L 0.55 (−0.15), R 0.56 (−0.16)
L 0.58 (−0.07), R 0.46 (0.04)
0.47 (−0.04)
L 0.57 (−0.14), R 0.55 (−0.12)
L 0.61 (−0.24), R 0.57 (−0.13)
L 0.50 (0.00), R 0.51 (0.11)
L 0.58 (−0.28), R 0.62 (−0.34)
L 0.53 (−0.04), R 0.52 (−0.06)
L 0.59 (−0.27), R 0.61 (−0.39)
L 0.55 (−0.26), R 0.55 (−0.10)
L 0.61 (0.35), R 0.59 (0.34)
0.60 (0.34)
L 0.62 (−0.36), R 0.58 (−0.23)
L 0.57 (−0.24), R 0.58 (−0.22)
L 0.60 (0.41), R 0.58 (0.28)

Ages 0–5 years
AUC (d)
0.68 (−0.42)
0.53 (0.30)
0.72 (−0.42)
0.68 (0.61)
0.66 (−0.53)
L 0.67 (0.55), R 0.67 (0.61)
0.66 (−0.32)
L 0.69 (0.56), R 0.68 (0.60)
L 0.60 (−0.31), R 0.61 (−0.34)
L 0.51 (0.06), R 0.54 (0.15)
L 0.58 (−0.25), R 0.56 (−0.17)
L 0.63 (−0.42), R 0.57 (−0.24)
L 0.62 (0.45), R 0.59 (0.39)
L 0.63 (-0.44), R 0.58 (-0.22)
L 0.51 (0.02), R 0.50 (0.02)
L 0.56 (−0.22), R 0.57 (−0.23)
L 0.60 (-0.34), R 0.58 (-0.29)
L 0.51 (0.01), R 0.51 (0.02)
L 0.55 (0.15), R 0.53 (0.12)
0.58 (0.09)
L 0.51 (−0.09), R 0.51 (−0.01)
L 0.55 (0.22), R 0.53 (0.12)
L 0.58 (−0.15), R 0.63 (−0.29)
L 0.59 (−0.28), R 0.55 (−0.17)
L 0.50 (0.01), R 0.49 (0.01)
L 0.54 (0.01), R 0.55 (0.13)
L 0.54 (0.13), R 0.52 (0.05)
L 0.60 (−0.34), R 0.60 (−0.37)
0.60 (−0.32)
L 0.54 (0.09), R 0.54 (0.05)
L 0.51 (−0.01), R 0.50 (0.08)
L 0.64 (−0.43), R 0.63 (−0.39)

Ages 5–10 years
AUC (d)
0.76 (−0.78)
0.58 (0.35)
0.70 (−0.65)
0.72 (0.85)
0.68 (−0.49)
L 0.70 (0.73), R 0.70 (0.78)
0.70 (−0.51)
L 0.70 (0.76), R 0.67 (0.69)
L 0.68 (−0.60), R 0.66 (−0.55)
L 0.56 (0.26), R 0.59 (0.41)
L 0.57 (−0.27), R 0.57 (−0.25)
L 0.66 (−0.54), R 0.65 (−0.44)
L 0.66 (0.61), R 0.63 (0.54)
L 0.66 (-0.46), R 0.64 (-0.38)
L 0.58 (0.24), R 0.59 (0.32)
L 0.61 (−0.31), R 0.59 (−0.32)
L 0.65 (-0.48), R 0.62 (-0.39)
L 0.55 (0.16), R 0.55 (0.16)
L 0.60 (0.42), R 0.59 (0.34)
0.65 (0.25)
L 0.58 (0.29), R 0.62 (0.39)
L 0.65 (0.63), R 0.56 (0.30)
L 0.63 (−0.28), R 0.65 (−0.41)
L 0.65 (−0.39), R 0.55 (−0.11)
L 0.56 (0.19), R 0.55 (0.13)
L 0.56 (0.13), R 0.59 (0.24)
L 60 (0.32), R 0.54 (0.10)
L 0.64 (−0.51), R 0.59 (−0.31)
0.64 (−0.44)
L 0.60 (0.36), R 0.56 (0.22)
L 0.59 (0.31), R 0.54 (0.16)
L 0.57 (−0.28), R 0.59 (−0.32)

Ages 10–15 years
AUC (d)

Abbreviations/Symbols: R=right; L=Left; GM=gray matter; WM=white matter; AUC=area under the ROC curve; d=Cohen’s d statistic; ETIV Estimated Total Intracranial Volume.

Measurement Type

Volumetric Measurement of Interest

Table 3
Age-dependent ROC Analysis Results – Leading Volumetric Measurements as a Percentage of ETIV, AUC (Cohen’s d).

0.72 (−0.55)
0.74 (0.88)
0.69 (−0.65)
0.71 (0.77)
0.72 (−0.62)
L 0.58 (0.35), R 0.64 (0.66)
0.64 (−0.47)
L 0.61 (0.56), R 0.64 (0.62)
L 0.69 (−0.60), R 0.67 (−0.52)
L 0.62 (0.49), R 0.68 (0.70)
L 0.57 (−0.27), R 0.57 (−0.11)
L 0.59 (−0.20), R 0.55 (−0.17)
L 0.59 (0.54), R 0.63 (0.43)
L 0.60 (0.33), R 0.57 (-0.24)
L 0.65 (0.60), R 0.55 (0.16)
L 0.62 (−0.42), R 0.61 (−0.37)
L 0.61 (-0.31), R 0.60 (-0.28)
L 0.65 (0.56), R 0.65 (0.56)
L 0.65 (0.57), R 0.61 (0.43)
0.63 (0.18)
L 0.65 (0.53), R 0.64 (0.49)
L 0.61 (0.48), R 0.57 (0.29)
L 0.48 (0.21), R 0.47 (0.18)
L 0.48 (0.11), R 0.49 (0.06)
L 0.64 (0.56), R 0.62 (0.52)
L 0.63 (0.49), R 0.64 (0.47)
L 0.61 (0.51), R 0.64 (0.47)
L 0.63 (−0.49), R 0.61 (−0.37)
0.61 (−0.30)
L 0.63 (0.44), R 0.64 (0.48)
L 0.60 (0.41), R 0.64 (0.43)
L 0.55 (−0.14), R 0.53 (−0.13)

Ages 15–20 years
AUC (d)
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Fig. 2. Scatter plots of the volumes of four regions of interest, including the mid posterior corpus callosum (upper left), the third ventricle (upper right), the left pars
opercularis white matter (lower left) and the right choroid plexus (lower right). Scatter plots present patients with autism (red) and neurotypical participants (green).
Male patients are represented with an ‘x’, females with an ‘o’. Trend lines are plotted (magenta = autistic, blue = neurotypical). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Scatter plot of each patient’s combined choroid plexus
volume (sum of the left and right volumes) as it varies with the
sum of the patient’s ventricular volumes. Patients with autism
are presented in red, neurotypical patients are presented in
green. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this
article.)
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decreases in corpus callosum volumes in later years. Autistic patients
exhibited increased ETIV in the early years which account for the absolute increases observed in corpus callosum volume. We also observed
white and gray matter volumes exhibiting a similar pattern (autistic
increases early on followed by decreases in later years) in a variety of
regions (see Table 1) that are potentially implicated in known symptoms of autism (see Table 2). We also demonstrated sustained increases
in choroid plexus volumes among the autistic relative to the neurotypical participants.
Our ﬁndings could be indicative of autistic patients exhibiting an
initial period of overgrowth, followed by a normalization that eventually results in autistic patients exhibiting volumetric reductions at
later ages, in agreement with previous research (Courchesne et al.,
2001, 2003), however, more research is needed to interpret these
ﬁndings. Our ﬁndings include known increases in ventricular volumes
among the autistic group, in agreement with the literature (Turner
et al., 2016). However, we’ve extended those ﬁndings by showing that
patients with autism also have, on average, larger volumes of the
choroid plexuses.
The choroid plexuses are highly vascularized structures composed
of numerous vili that are branched, and deeply immersed in the ventricles. The endothelium of their capillary vessels is fenestrated, which
speaks in favor of their role in ﬁltration of substances between blood
and cerebrospinal ﬂuid (CSF). However, evidence from molecular
biology indicates that the choroid plexuses also function as secretory
glands. The membranes of their cuboidal epithelial cells is composed of
pumps, aquaporines, cotransporters, antiporters, and ion channels
(Brown et al., 2004). Recent work (Lun et al., 2015) showed that the
choroid plexuses exhibit regional diﬀerences in gene expression during
development. Thus, enlargement of the volume of the choroid plexuses
in autistic patients shown in our study might be linked with changes in
signaling gradients across the cerebro-ventricular system (Lun et al.,
2015) which in turn might contribute to alteration of histogenic processes that occur during development. This hypothesis, as well as our
results, is further supported by the recent work of (Chaddad et al.,
2017), whose study demonstrated that autistic patients have abnormalities in the spatial distribution of choroid plexus signal intensities as
assessed with texture analysis.
Furthermore, until recently it has been believed that the cerebrospinal ﬂuid (CSF) is formed and secreted by an active metabolic
process that occurs exclusively within the choroid plexuses of the
ventricles. However, this classic hypothesis has been challenged as
numerous experiments failed to demonstrate it (for an excellent review,
see Oreskovic and Klarica, 2010). For example, choroid plexotomy
(removal of the choroid plexus) does not result in diminishment of CSF
volume (Milhorat, 1976), nor with alteration of chemical composition
of CSF (Hammock and Milhorat, 1973). Thus, recently it has been
suggested that CSF, composed almost 99% of water, is both produced
and reabsorbed through capillary walls of the central nervous system
tissue (Bulat, 1993). This is highly dependent on osmotic and hydrostatic gradients of CSF and surrounding tissue (Oreskovic and Klarica,
2010). The new theory, however, does not underestimate the relevance
of the choroid plexus in CSF volume formation, especially in conditions
(i.e. inﬂammation) that change or alter hydrostatic and osmotic forces
in CSF or surrounding tissue (Karimy et al., 2017). In light of the previously mentioned, it is possible that inﬂammation and inﬂammatory
cytokine production (Zimmerman et al., 2005), together with enlargement of the choroid plexuses and their secretory role (Lun et al., 2015),
alters osmotic pressure of CSF and causes enlargement of ventricles in
patients with autism. Our ﬁndings demonstrate a positive correlation
between ventricle volumes and choroid plexus volumes in both autistic
and neurotypical patients (see Fig. 3). However, a direct causal relationship between choroid plexus volumes and ventricular volumes
remains to be conﬁrmed.
We have performed a preliminary validation with the Autism Brain
Imaging Data Exchange (ABIDE) public dataset (Di Martino et al.,

Fig. 4. Scatter plot of each patient’s estimated total intracranial volume as it
varies with age. Patients with autism are presented in red, neurotypical patients
are presented in green. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

third ventricle volume extend to all of the other ventricles and to both
the left and right choroid plexus volumes. The gray matter regions
exhibiting the most group-wise diﬀerences tended to exhibit elevated
volumes in the earliest years followed by a period of normalization with
the exception of the precuneus and the gyrus rectus. We also performed
a correlation analysis comparing the combined volume of each patient’s
ventricles (the sum of the volumes of the left and right lateral ventricles, left and right inferior lateral ventricles, third ventricle, fourth
ventricle and ﬁfth ventricle) with the combined volume of each patient’s choroid plexus (left and right volumes combined). Results demonstrate a positive correlation between the choroid plexus volume
and ventricular volumes (correlation 0.60, p = 5.9e−195), with autistic
patients who exhibit elevated ventricular volumes also tending to exhibit elevated choroid plexus volumes (see Fig. 3). In order to support a
thorough analysis, all available brain atlases from FreeSurfer were included in this study, resulting in Tables 1–3 reporting overlapping regions of interest including measurements across a region's cortex as well
as localized gyral, sulcal and lobular measurements when available.
We have performed a preliminary validation with the Autism Brain
Imaging Data Exchange (ABIDE) public dataset (Di Martino et al.,
2014). Results conﬁrm these leading volumetric measurements relative
to our BCH data: posterior corpus callosum (BCH: d = −0.66, ABIDE:
d = −0.52), central corpus callosum (BCH: d = −0.67, ABIDE:
AUC = −0.39), mid posterior corpus callosum (BCH: d = −0.66,
ABIDE: d = −0.26), mid anterior corpus callosum (BCH: d = −0.47,
ABIDE: d = −0.59), third ventricle (BCH: d = 0.70, ABIDE: d = 0.48),
the right choroid plexus (BCH: d = 0.57, ABIDE: d = 0.39), and the
right lateral ventricle (BCH: d = 0.56, ABIDE: d = 0.35). This conﬁrmed our ﬁndings in each of our leading measurements (late adolescence) exhibiting reduced separation between the neurotypical and
autistic groups in the ABIDE dataset, with the exception of the mid
anterior corpus callosum which exhibits a larger eﬀect size in ABIDE.
4. Discussion
We performed a large-scale volumetric analysis of structural MRI
examinations of the brain in autistic and neurotypical individuals and
demonstrated a wide variety of imaging features exhibiting diﬀerences
between groups. Our ﬁndings include several unreported feature measurements that demonstrate group-wise diﬀerences between autistic
and neurotypical participants, including high volumetric variability of
the corpus callosum in young ages, with average increases relative to
the neurotypical group followed by an inversion of this eﬀect to known
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emotional processing include the bilateral orbitofrontal region, which
forms the basis for an existing test for autism (Stone et al., 1998), the
insula, which is involved in the processing of norm violations (Sanfey
et al., 2003), emotional processing (Phan et al., 2002) and empathy
(Singer, 2006), the superior frontal region, which has been shown to
activate with empathic judgments (Farrow et al., 2001), the superior
temporal and the bilateral inferior parietal regions, which are involved
in the perception of emotions in facial stimuli (Radua et al., 2010), the
caudate, for which voxel based morphometry has demonstrated correlations with empathy (Rankin et al., 2006), the anterior cingulate,
which has been linked with empathy for others’ pain (Gu et al., 2010),
the bilateral supramarginal region, which is thought to be associated
with empathy (Silani, 2013), and ﬁnally, the precuneus, which has been
shown to activate when a patient decides whether to act out of empathy
and forgiveness (Farrow et al., 2001).
The main strength of this research study is that it incorporates large
sample sizes in terms of the number of exams and also includes a wide
range of patient ages while assessing what can be clinically accomplished in autistic imaging with MRI. This retrospective analysis included a cohort of very young patients who received imaging prior to
their diagnosis of autism, a population particularly challenging to include in a traditional prospective study design, which typically involves
the recruitment of patients based on a pre-existing diagnosis. Our dataset includes many examinations of patients aged 0–2.5 years, providing data on early stages of autism's development that is insuﬃcient
in the scientiﬁc literature. By including all samples available, we provide a thorough analysis of a clinical population, which is ideal for the
assessment and development of diagnostic tests that would be applied
to autistic patients receiving routine clinical imaging. Future generations of diagnostic technologies will be responsible for the correct
identiﬁcation of a variety of pathological conditions (such as autism)
from large pools of patients assessed with routine clinical imaging.
Data acquisition with MRI involves measurement noise. Additional
noise is introduced by FreeSurfer processing of MRI exams.
Furthermore, there is a natural amount of variability in both the neurotypical population investigated, as well as in any autistic population.
These factors result in substantial measurement variability when employing MRI and FreeSurfer to assess autistic and neurotypical participants. This variability may explain inconsistencies reported in the
many MRI-based autism FreeSurfer studies that have been published in
the literature, which are based on relatively small sample sizes, from
widely ranging age groups, none of which cover the entire age range
from newborn to adult (Groen et al., 2010; Jiao et al., 2010; Schumann
et al., 2010; Schaer et al., 2013, 2015; Wallace et al., 2013; Ecker et al.,
2014; Zielinski et al., 2014; Richter et al., 2015; Yang et al., 2016). With
few samples available, diﬀerences between neurotypical and autistic
groups may appear to exist when the observed eﬀect could merely be a
by-product of high levels of measurement variability. With high measurement variability, few samples and many measurements evaluated,
some measurements will exhibit substantial group-wise diﬀerences by
random chance. Insuﬃcient sample sizes in the presence of high levels
of measurement variability can result in erroneous ﬁndings. Measurement variability can also obscure real eﬀects as non-statistically signiﬁcant when sample sizes are low.
Our dataset includes many examinations of patients aged 0–2.5
years, providing data on early stages of autism’s development that is
minimal in the literature. By including all samples available, we provide a thorough analysis of a clinical population, which is ideal for the
assessment and development of diagnostic tests that ultimately would
be applied to autistic patients who are referred to routine clinical
imaging. Future generations of diagnostic technologies will be responsible for the correct identiﬁcation of a variety of pathological
conditions (autism included) from large pools of patients assessed with
routine clinical imaging, making clinically imaged autistic patients an
interesting population for further research despite this group not having
been studied in-depth.

2014). Results conﬁrm these leading volumetric measurements relative
to our BCH data: posterior corpus callosum (BCH: d = −0.66, ABIDE:
d = −0.52), central corpus callosum (BCH: d = −0.67, ABIDE:
AUC = −0.39), mid posterior corpus callosum (BCH: d = −0.66,
ABIDE: d = −0.26), mid anterior corpus callosum (BCH: d = −0.47,
ABIDE: d = −0.59), third ventricle (BCH: d = 0.70, ABIDE: d = 0.48),
the right choroid plexus (BCH: d = 0.57, ABIDE: d = 0.39), and the
right lateral ventricle (BCH: d = 0.56, ABIDE: d = 0.35). This conﬁrmed our ﬁndings in each of our leading measurements (late adolescence) exhibiting reduced separation between the neurotypical and
autistic groups in the ABIDE dataset with the exception of the mid
anterior corpus callosum which exhibits a larger eﬀect size in ABIDE.
Reduced separation in the ABIDE dataset relative to BCH data in many
of our validated measurements may be caused by diﬀerences in distributions of autistic severity in each group with the routine clinical
BCH data likely to exhibit increased proportions of unhealthy autistic
children which may also be correlated with more severe manifestations
of autism. In contrast, the ABIDE dataset’s autistic population’s intelligence quotients (IQ) are similar to their typically developing
counterparts (Di Martino et al., 2014), implying the dataset might
disproportionately represent patients with high functioning autism.
We found regions of the brain potentially associated with disorders
of visual facial processing including the inferior temporal region
(Haxby et al., 2000), the inferior parietal region, which is involved in
the perception of emotions in facial stimuli (Radua et al., 2010), the
superior temporal region, which has been claimed to be involved in the
perception of where others are directing their gaze, and is thought to be
important in determining where others’ emotions are being directed
(Campbell et al., 1990), the fusiform region, which has been observed
to inﬂuence the amygdala's response to emotional faces (Stephanou
et al., 2016) and activation therein has been observed in autistic patients viewing faces (Hadjikhani et al., 2004), the lingual region, which
appears to provide input to the ventral face area (McCarthy et al.,
1999), the precuneus, which is involved in visuo-spatial imagery
(Cavanna and Trimble, 2006) and the inferior temporal region, which is
involved in visual object recognition (Logothetis and Sheinberg, 1996).
Identiﬁed brain regions potentially associated with disorders of
speech and language include the bilateral superior temporal region
which contains the primary auditory cortex (Bigler et al., 2007), the
supramarginal region, which may be associated with language function
as lesions therein may cause receptive aphasia, the middle temporal
region, which has been identiﬁed as a critical node in the brain’s language network (Acheson and Hagoort, 2013), the pars opercularis,
which plays an important role in speech and language production
(Foundas et al., 1998), the planum polare, reported to be part of a
cortical “language network” (Koelsch et al., 2002), the caudate, which
has been reported to exhibit language-dependent neuronal adaption
(Crinion et al., 2006) and ﬁnally, the lingual and fusiform regions,
which have been shown to be involved in language tasks (Mechelli
et al., 2000).
Measurements demonstrating group-wise diﬀerences were also
found in brain regions potentially associated with movement and motor
control disorders including: the precentral region, which is a known
motor area (Yousry et al., 1997), the caudate, damage to which has
been associated with motor deﬁcits (Pickett et al., 1998), the bilateral
supramarginal gyrus, which is involved in the perception of space and
limb locations, the left lateral occipital region and the bilateral inferior
temporal gyrus (Brodmann’s areas 18, 19, 37), which are involved in
visual object recognition (Logothetis and Sheinberg, 1996), the precentral white matter, which is linked with the primary motor cortex
(Brodmann’s area 4), the superior parietal region, which is thought to
be involved with spatial orientation, the precuneus, which is involved
in attention to motor targets (Cavanna and Trimble, 2006), and ﬁnally,
the superior temporal region, which mediates spatial awareness and
exploration (Karnath et al., 2001).
Regions potentially linked with empathy deﬁcits and disorders of
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autistic and neurotypical patients) of volumetric measurements (in
mm3) is approximately identical to the discriminating power of the
voxel count measurements in those same regions (this includes ventricular volumes/voxel counts and corpus callosum volumes/voxel
counts). Since voxel counts vary greatly with spatial resolution variations, we believe the eﬀect on our results caused by varying spatial
resolutions in our MR protocols to be modest.
An additional limitation of this study is that the age distributions of
available patients for the two groups vary considerably (Fig. 1), because
of the availability of patients that met our inclusion criteria from a large
clinical population. This inevitably resulted in imbalanced patient populations for further analysis. Our experiment did not involve age- or
gender-based patient matching between our groups. Instead, we have
opted to perform our statistical analyses in a group-wise manner,
varying the age range under consideration, and to plot our main ﬁndings on an age-dependent basis while diﬀerentiating between female
and male patients in our scatter plots (Fig. 2). This methodology was
selected to avoid the reduced sample size that would arise from only
including those autistic patients who have a neurotypical counterpart
with identical age and the same gender. Additionally, this methodology
was selected to avoid having our analysis be inﬂuenced by the extent of
diﬀerence between matched pairs of individuals, for which a variety of
factors beyond age and gender might inﬂuence how appropriate it is for
the patients to have been paired (brain volume, sub-structure volume,
co-morbidities, etc.). We also performed a multivariate regression
analysis that controls for the eﬀects of age, gender, intracranial volume
and several comorbidities to conﬁrm that these factors are not the cause
of our reported ﬁndings.
An additional limitation of this study is that FreeSurfer is not optimized for the youngest patients in our population. As such, the rate at
which FreeSurfer fails to extract measurements from clinical MRI examinations increases substantially for participants aged 0–8 months-old
and the reliability of the results successfully produced by FreeSurfer on
patients from this age range is uncertain. This issue likely contributes to
increased measurement variability in the early years in our experiment.
FreeSurfer’s reliability was assessed as reasonable for patients 8months-old and later (considering this is beyond the validated age
range for the technology), at which point myelination contrast patterns
have inverted so as to match the general pattern exhibited through the
rest of life (with gray contrast located on the brain’s periphery and
white contrast occupying central regions). It was noted that, in particular, frontal regions had a tendency to be undersegmented. Research
aimed at overcoming the problem of FreeSurfer’s applicability and reliability in very young populations (de Macedo Rodrigues et al., 2015;
Zollei et al., 2017) will be incorporated into future work, which will
also involve the extension of this analysis to tractography and functional MRI (fMRI) as well as to perform a detailed and thorough validation with the ABIDE dataset.
Additional future work will involve correlating our dataset with
detailed clinical information not available in our electronic patient
medical records. This large-scale task may allow us to assess the potential association between MRI measurements and symptom severity,
outcomes etc. Future work will also look at comparing the autistic
group with groups at high risk for autism and groups that present similarly to autism in order to extend this work's diagnostic assessments
to diﬀerential diagnosis.
Our results indicate that automatically extracted measurements can
be used to predict the pathological status of a patient whose brain has
been imaged with MRI; however, future work is needed to optimize the
performance of such diagnostic testing. Future work will look at improving our ability to discriminate between autistic and neurotypical
patients with the help of additional MRI modalities, such as tractography and fMRI as well as with multivariate analysis. It is hoped that
these research avenues will assist toward better understanding autism
as well as assisting with improved characterization, diagnosis and
classiﬁcation of the disorder into subtypes.

A major limitation of this study is a lack of gold standard diagnoses
for autism (ADI-R and ADOS evaluations were not available). This
problem is caused by the retrospective nature of this study, for which it
was not feasible to interview each patient and thus electronic patient
medical records had to be relied upon. While indications of autism are
typically entered into the electronic patient medical records by a Boston
Children’s Hospital physician, this does not guarantee that our dataset
does not include patients whose autistic status was established by a
community physician (ie. not an expert in diagnosing autism).
Additionally, intelligence quotient (IQ) data was unavailable for the
patients in this study. The retrospective nature of this study makes it
impossible to account for all variables tracked and controlled for in
prospective studies which include detailed patient interviews, but it is
hoped that this work will identify anatomic and physiological eﬀects of
interest that will be thoroughly validated in carefully controlled future
prospective studies. It is also hoped that this research can help bridge
the gap between prospective studies and what can be achieved clinically. An additional limitation of our study was the need to include
patients that are inferred to be neurotypical from routine clinical
imaging. This was accomplished by excluding patients with indications
of a long list of neurological issues while requiring each patient’s MRI
examination to have been assessed as normal by a neuroradiologist at
BCH (Levman et al., 2017). This process yielded 993 examinations from
patients deemed most likely to represent neurotypical individuals from
a large pool of MRI examinations, in order to best approximate a typically developing population from a large-scale routine clinical imaging cohort. It is expected that the rate of false negatives (seemingly
neurotypical patients who actually have a neurological issue) might be
higher than the rate exhibited in typical well-controlled prospective
studies and so may add variability to our neurotypical measurements
and may represent an additional source of error in our study.
An additional limitation of this study is that it was performed retrospectively on patients that received an MRI for a wide variety of
reasons. Among the patients in the neurotypical group, the leading
reasons for the MRI examinations were headaches (60%), to rule out
intracranial pathologies (13%), vomiting (11%) and night awakenings
(10%). Among the autistic patients, the leading reasons for the MRI
examinations were seizures (19%), to rule out intracranial pathologies
(14%) and an abnormal EEG (9%). Since the population was drawn
from routine clinical imaging, there is also a wide variety of comorbidities indicated in our patient’s electronic medical records. The
most common comorbidities in our neurotypical population are migraines (23%), headaches (19%) and abdominal pain (11%). The most
common comorbidities in our autistic population are global developmental delay (26%), attention deﬁcit hyperactivity disorder (16%),
abdominal pain (14%) and epilepsy (13%). This study design was intended to provide a thorough analysis of a complete clinical population,
providing a baseline of what to expect from other clinical populations
and facilitating research into novel diagnostic tests which would be
applied to populations akin to the one investigated in this study.
Traditional prospective MRI studies often involve imaging patients who
are much healthier than is realistic clinically. The study design presented here allows for the assessment of what can be accomplished in
the context of large-scale clinical imaging.
There is variability in imaging parameters (spatial resolution,
signal-to-noise ratio etc.) caused by variations in the pulse sequences
employed; however, imaging was performed with a suite of 3 T Siemens
MRI scanners all installed at BCH in 2007. Ideally, this study would be
performed on scans using a single MRI protocol; however, doing so
would greatly reduce the number of samples available for inclusion.
Large sample sizes help overcome potential bias associated with measurements that exhibit considerable variability. While limiting the
analysis to a single imaging protocol would reduce potential bias
caused by scan parameter variability, it would increase bias induced by
sample size eﬀects. Many measurements produced by FreeSurfer on our
BCH dataset demonstrate that the discriminating power (between
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