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Abstract

Early interventions for autism spectrum disorder (ASD) are increasingly available, while only 42-50% of ASD children are
diagnosed before 3 years old (YO). To identify neuroimaging biomarkers for early ASD diagnosis, we evaluated surface- and
voxel-based brain morphometry in participants under 3YO who were later diagnosed with ASD. Magnetic resonance
imaging data were retrospectively obtained from patients later diagnosed with ASD at Boston Children’s Hospital. The ASD
participants with comorbidities such as congenital disorder, epilepsy, and global developmental delay/intellectual disability
were excluded from statistical analyses. Eighty-five structural brain magnetic resonance imaging images were collected
from 81 participants under 3YO and compared with 45 images from 45 gender- and age-matched nonautistic controls
(non-ASD). Using an Infant FreeSurfer pipeline, 236 regionally distributed measurements were extracted from each scan. By
t-tests and linear mixed models, the smaller nucleus accumbens and larger bilateral lateral, third, and fourth ventricles
were identified in the ASD group. Vertex-wise t-statistical maps showed decreased thickness in the caudal anterior
cingulate cortex and increased thickness in the right medial orbitofrontal cortex in ASD. The smaller bilateral accumbens
nuclei and larger cerebral ventricles were independent of age, gender, or gestational age at birth, suggesting that there are
MRI-based biomarkers in prospective ASD patients before they receive the diagnosis and that the volume of the nucleus
accumbens and cerebral ventricles can be key MRI-based early biomarkers to predict the emergence of ASD.
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Introduction

Autism spectrum disorder (ASD) is a complex neurodevelop-
mental disorder characterized by deficits in social communi-
cation and interaction and restricted and repetitive patterns of
behaviors, interests, and activities (The American Psychiatric
Association 2013; Maenner et al. 2014; Kim et al. 2014). ASD
prevalence is estimated as 1 in 59 children aged 8 years in 2014
in the USA (Baio et al. 2018). Early therapeutic interventions for
children with ASD are increasingly available, including intensive
behavior intervention (Dawson et al. 2010; Howard et al. 2014;
Zwaigenbaum et al. 2015; Rogers et al. 2019), and biological
approaches such as molecular targeting (Green and Garg 2018)
and genetic therapies (Benger et al. 2018). Despite the develop-
ment of early interventions for ASD, only 42-50% of ASD children
were diagnosed before 3 years old (Soke et al. 2017; Baio et al.
2018). Additionally, early intervention is generally considered to
be advantageous because it potentially enables intervention to
be delivered during a sensitive period of development and when
children have not yet fallen as far behind their peers without
ASD (Zwaigenbaum et al. 2015; Vivanti et al. 2018). Therefore,
the exploration of highly effective tools for early ASD diagnosis
is an important research goal.

Structural brain magnetic resonance imaging (MRI) measure-
ments (Hazlett et al. 2005, 2011, 2012, 2017; Schumann et al. 2010;
Wolff et al. 2015; Swanson et al. 2017) as well as salivary micro
ribonucleic acid (Hicks et al. 2016) and resting-state electroen-
cephalogram measures (Duffy and Als 2012; Heunis et al. 2016)
have been proposed as potential biomarkers for early diagnosis
of ASD. One of the major challenges of performing an ASD study
is its heterogeneous clinical symptoms with various comorbid
disorders in the ASD population. Because there is growing evi-
dence that abnormal structural brain morphology precedes the
emergence of cognitive delay and language problems, itis impor-
tant to examine structural MRI data from early developmental
ages. However, structural brain MRI scans are rarely obtained
in early childhood prior to diagnosis of ASD. Therefore, prior
structural brain MRI studies focused on infants with high genetic
risk for ASD who were studied prospectively (Hazlett et al. 2012,
2017) but are limited because children later diagnosed with ASD
are a small proportion in the enrolled population. Additionally,
these studies focused on children with a particular type of
familial risk for ASD who may not fully represent the population
of children with ASD (i.e.,, some children with ASD may have
different risk factors like de novo genetic events).

The goal of this study is to identify candidate neuroimaging
biomarkers or subclinical indicators for early diagnosis of
ASD through the surface- and voxel-based brain morphology
MRI analyses. The regional surface-based approach was used
to identify candidate measurements for predicting ASD, and
additionally, the vertex-based approach was used to identify
fine areas with changes of cortical thickness, which could not
be identified by the regional approach.

Patients and Methods
Patients

Following approval by the Institutional Review Board at Boston
Children’s Hospital (BCH), we reviewed clinical brain MR images

and electronic medical records with over 145000 examinations
from 1 January 2008 to 24 February 2016, to assemble a cohort of
patients with ASD. After exclusion of examinations with tech-
nical errors such as low-quality images and image-processing
failure, 1003 examinations from 781 participants were collected
(Levman et al. 2017, 2018a, 2018b, 2019).

All participants were diagnosed with ASD, or pervasive devel-
opmental disorder according to DSM-IV or DSM-5 by child neu-
rologists, developmental pediatricians, or child psychiatrists at
BCH. We included participants with age at the examination
under 3 years old and followed at least until the age of 4 years.
The leading reasons for the MRI examination in participants
with ASD are global developmental delay/intellectual deficiency
(GDD/ID) (26%), hyperactivity (16%), epilepsy (13%), headache
(10%), and abdominal symptoms (14%). Cases with congenital
disorders or other destructive brain disorders, including perina-
tal brain injuries and encephalopathy, were carefully excluded,
according to a flowchart of participant selection (Fig. 1).

We also carefully excluded genetic disorders, including con-
genital disorders with ASD and/or macrocephaly such as Sotos
syndrome (Srour et al. 2006), PTEN hamartoma tumor syndrome
(Kato et al. 2018; Shiohama et al. 2020), tuberous sclerosis com-
plex (Fidler et al. 2000), and CHD8 mutations (Bernier et al. 2014).
We also excluded ASD participants with epilepsy and/or GDD/ID
because the presence of epilepsy and GDD/ID are potential
confounders for structural brain changes. Almost all of the MRI
scans were carried out prior to the ASD diagnosis. Forty-five
examinations from 45 gender- and age-matched nonautistic
controls (non-ASD) were assembled retrospectively in previous
analyses (Levman et al. 2017, 2018a, 2018b, 2019) by selecting
participants based on a normal MRI examination, as assessed
by a BCH neuroradiologist, and whose medical records provided
no indication of any neurological problems. The leading reasons
for the MRI examination in non-ASD were headaches (60%), to
rule out intracranial pathologies (13%), vomiting (11%), and night
awakenings (10%). Both scans (ASD and non-ASD) were acquired
at BCH.

MRI Acquisition and Processing

Three-dimensional T1-weighted structural images (TR 1130-
2530 ms; TE 1.69-2.52 ms, FOV =220, matrix 192-256 x 192-256)
were obtained with four clinical 3 T MRI scanners of the same
model (Skyra, Siemens Medical Systems, Erlangen, Germany)
from both ASD and non-ASD participants at BCH. The MR
scanning was performed in ASD and non-ASD participants
under natural sleep or sedation. The qualities of the acquired
images were visually checked by two neuroscientists (J.L. and
T.S.), and images with poor qualities were excluded from
analyzes despite motion correction. Because of the clinical
and retrospective nature of this study, there is variability in
the pulse sequences employed to acquire T1-weighted MRI.
The acquisition parameters and scanners for each image were
summarized in Supplementary Material 1. Spatial resolution
varied in the x- and y-directions from 0.47 to 1.1 mm (mean:
0.90 mm, standard deviation [SD]: 0.11 mm). Through-plane
slice thickness varied from 0.8 to 2.0 mm (mean: 1.00 mm, SD:
0.25 mm). DICOM files were accessed through the Children’s
Research and Integration System (Pienaar et al. 2015) and
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1,003 images, 781 participants

210 images, 181 participants

Obtained brain MRI under age of 36 months

Follow up below 4 years old
9 images, 9 participants

Follow up over 4 yeas old
201 images, 172 participants

Exclusion due to comorbidities
Congenital disorders 21 images, 15 participants

175 images, 153 participants

Tuberous sclerosis complex 9 for 4, Sturge-
Weber syndrome 3 for 3, Rett syndrome 2 for 2,
21 Trisomy 2 for 1, Sotos syndrome 1 for 1,
CHARGE syndrome 1 for 1, Baraitser-Winter
syndrome 1 for 1, Phelan-McDermid Syndrome 1
for 1, Myotonic dystonia 1 for 1

Others 5 images, 4 particulars

Herpes simplex virus 1 encephalitis 1 for 1,
Periventricular leukomalacia 4 for 3

Exclusion due to comorbidities

Epilepsy 30 for 24, Global developmental delay/
Intelligence disability (GDD/ID) 40 for 34,
Epilepsy + GDD/ID 19 for 13

|86 images, 82 participants ‘

I !Segmental failure one mage, one participant

‘ 85 images, 81 participants ‘

Compared to gender- and age- matched controls

|

Linear mixed model analysis with confounding factors (age, gender, premature
gestation) and random effect (inter-subject variability).

Figure 1. Flowchart of participant selection from patients with ASD.

analyzed with recon-all command on Infant FreeSurfer (Fischl
2012; de Macedo et al. 2015; Zdllei et al. 2020). Automatic regional
segmentation by Infant FreeSurfer was visually qualified on the
graphic interface of FreeView (http:/surfer.nmr.mgh.harvard.e
du/). There was incomplete segmentation of basal ganglia in a
participant with ASD of 7 months old; thus, we excluded the
patient’s data from subsequent statistical analyses.

We chose not to perform manual editing for handling recon-
all procedures to avoid arbitrary modifications and to ensure
reproducibility. A recent review article also mentioned that
changes in morphological estimates after manual interven-
tions do not indicate a change in the quality of the data
(Monereo-Sanchez et al. 2021).

Quantified measurements were extracted using brain
atlases; the “brainvol” for global measurements of brain
volumes, the “aseg” (Fischl et al. 2002) for segmentation of
subcortical regions including the basal ganglia, cerebellum, and

brainstem and the “aparc” (Desikan et al. 2006) for automatic
cortical parcellation. The 26 volumes and 204 regionally
distributed measurements (regional volume, surface area,
and cortical thickness) were extracted from the “aseg” (Fischl
et al. 2002) and the “aparc” (Desikan et al. 2006) in each
subject, respectively. After excluding cases with failures of
MRI processing, our study included 85 structural brain MR
images from 81 ASD participants. Example segmentation results
according to the “aseg” (Fischl et al. 2002) and the “aparc”
(Desikan et al. 2006) annotation format for both ASD and
non-ASD group are shown in Supplementary Material 2.

For group analyses of regional cortical thickness, cortical
thickness maps of all individual participants were resampled
onto the fsaverage template (MNI 305 space [Collins et al. 1994])
and spatially smoothed at a 10 mm full-width/half-maximum
using Infant Freesurfer’s mris_preproc and mri_surf2surf com-
mands. A linear mixed model (LMM) was used to evaluate the
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effect of the diagnosis of ASD on cortical thickness using Infant
FreeSurfer’s mri_glmfit command for all participants. The vertex-
wise t-statistical map between ASD and non-ASD was visualized
on the inflated surface map.

Global Developmental Delay and Intellectual Disability

GDD/ID in ASD participants was estimated by existing devel-
opmental or intellectual testing. GDD/ID was assessed with
the value of (i) functional intelligence quotient of Wechsler
Intelligence Scale for Children-IV or -V in 3 cases, Wechsler
Preschool and Primary Scale of Intelligence-III or -IV in 5 cases,
or Stanford-Binet Intelligence Scales for Early Childhood-5 in
2 cases, (ii) cognitive composite of Bayley Scales of Infant and
Toddler Development-III in 26 cases, or Battelle Developmental
Inventory-2 in 9 cases, (iii) general cognitive ability of Differ-
ential Ability Scales-II in 6 cases, (iv) early learning composite
of Mullen Scales of Early Learning in 9 cases, or other tests in
the other cases. A standard score of 70, indicating two standard
deviations below the average, was determined as the cut-off
point across these tests.

Statistical Analysis

The equality of means in each measurement of brain mor-
phology between ASD and non-ASD participants was evalu-
ated through the Levene’s test for equality of variances, two-
tailed unpaired t-tests, and the Cohen’s d statistic. Benjamini-
Hochberg critical values (Benjamini et al. 2001; Reiner et al. 2003)
for controlling the false discovery rate (FDR) (q =0.25) were deter-
mined as 0.042 for 6 repeating t-tests for global measurements,
and 0.058 for 26 repeating t-tests for “aseg” (Fischl et al. 2002)
measurements, but not determined for 204 repeating t-tests for
“aparc” (Desikan et al. 2006) measurements. For each “aseg” (Fis-
chl et al. 2002) and “aparc” (Desikan et al. 2006) measurements,
the Linear Mixed Model (LMM) (P <0.05) was used to evaluate
the effects of continuous or binary covariates (age, gender, and
prematurity [< 37 weeks of gestation]). The random effect was
included in the model to account for intrasubject correlation.
Statistical tests were computed using IBM SPSS Statistics version
19 (IBM Corp., Armonk, NY).

Results
Participants’ Background

Ages at MRI scans were not different (t(86)=1.63, P=0.106)
between ASD and non-ASD on an unpaired t test (the mean 4 SD
[range] were 24.2+6.9 [9-35] and 22.1+7.3 [10-35] months
old in ASD [male, n=74; female, n=11] and non-ASD [male,
n=38; female, n=7] participants, respectively). Among ASD
participants, 25.9% (22/85) were prematurely born, while 13.3%
(6/45) of the non-ASD particitants were prematurely born
(Supplementary Material 3). The range of the gestation weeks at
birth is 28-40 and 3040 weeks in ASD and non-ASD participants,
respectively.

Four MRI scanners (“Scanner 1,” “Scanner 2,” “Scanner 3,” and
“Scanner 4”) were used in this study. The images were obtained
with “Scanner 1” in 29/85 and 16/45, “Scanner 2” in 46/85 and
18/45, “Scanner 3” in 9/85 and 11/45, and “Scanner 4” in 1/85
and 0/45, in ASD and non-ASD participants, respectively. There
was no statistically significant difference in the rate of the MRI
scanners used for ASD and non-ASD participants (Pearson’s
Chi-square test, x?(3)=5.41, P=0.144).
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Voxel- and Surface-Based Brain Morphology
Measurements

The estimated total intracranial volume and the volumes of
the cortical and subcortical gray matter (GM) and white matter
(WM) were not significantly different between ASD and non-
ASD participants (Table 1), while the volumes of the cerebral
ventricles and choroid plexus were larger in ASD participants
than non-ASD participants (t(128) =2.75,P=6.8 x 107°3) (Table 1).

Surface-based vertex-wise t-statistical maps showed
decreased cortical thickness in a part of the left caudal anterior
cingulate cortex and increased cortical thickness in the right
medial orbitofrontal cortex (mOF) with low P-values (P < 0.0001)
(Fig. 2).

Among the 230 measurements generated from the “aseg”
(Fischl et al. 2002) and “aparc” (Desikan et al. 2006) pipelines,
the volumes of the left and right nucleus accumbens (NAc) in
the “aseg” (Fischl et al. 2002) annotation atlas were statistically
significantly smaller in ASD than non-ASD participants, and
the volumes of the cerebral fluid spaces consisted of bilateral
lateral ventricles, and third and fourth ventricles were larger
in ASD than non-ASD participants (Table 2 and Supplementary
Material 4). The other measurements, including the volumes of
subcortical structures and the cortical measurements, did not
significantly differ in unpaired t-tests (Supplementary Materials
4 and 5). There were no significant differences among measure-
ments of cortical surface area and cortical thickness in the t-
test (Supplementary Material 5) and among measurements of
cortical surface area in the LMM (Supplementary Material 6).
No significant differences were additionally identified among
measurements in the t-test, even when selecting q =0.5 for the
FDR.

The effect of covariates on the 230 brain morphologic mea-
surements was evaluated with the LMM (Table 3 and Supple-
mentary Material 6). The diagnosis of ASD was the significant
independent factor in the volumes of the bilateral NAc, cere-
bral ventricles (bilateral lateral ventricles, third ventricle, fourth
ventricle), and the left pallidum, and the thickness in the left
caudal anterior cingulate. The volume of the left pallidum and
the thickness in the left caudal anterior cingulate were also
dependent on the variety of MRI scanners (Table 3).

The total volume of the cortical GM, WM and subcortical GM,
and the total cortical surface area demonstrated no disparity
between participants with ASD and non-ASD (upper panels of
Fig. 3), while cerebral ventricles and choroid plexus volume and
the NAc volume demonstrated a disparity starting from the
infantile period (lower panels of Fig. 3).

The average thickness of the right mOF had a negative asso-
ciation to the right NAc volume in the ASD group, but that was
confirmed by analysis between the mOF cortical volume and the
right NAc volume (Supplementary Material 7, left and middle
panels). Additionally, the right amygdala volume had a positive
association to the right accumbens area volume (Supplementary
Material 7, right panel).

Receiver operating characteristic (ROC) curves for predicting
the later diagnosis of ASD showed that the area under the curve
(AUC) were 0.628, 0.655, and 0.683, for the values of the NAc
volume, cerebral ventricles volume, and the rate of the NAc
volume to the cerebral ventricles volume in the “aseg” anno-
tation, respectively (Fig. 4). The cut-off values with the largest
Youden index were 870 mm?® (sensitivity 0.62, specificity 0.62),
9198 mm?3 (sensitivity 0.93, specificity 0.33), and 0.073 (sensitivity
0.67, specificity 0.60) for the values of the NAc volume, cerebral
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Table 1 Global measurements of brain volume in Infant FreeSurfer recon-all measurements in ASD and non-ASD participants

Measurements of global anatomical ASD (85 images) Non-ASD t af P-value Absolute
classification (“brainvol”) Mean [SD] (45 images) Cohen’s d
Mean [SD]
eTIV 1113307 [118 903] 1079535 [104 288] 1.61 128 0.11 0.30
Total cortical GM volume (mm?3) 525983 [70 737] 516441 [66 238] 0.75 128 0.46 0.14
Total cortical surface area (mm?) 116631 [19 555] 113017 [19 667] 1.00 89.3 0.32 0.18
Total cortical WM volume (mm?) 295192 [55 054] 278167 [49 003] 1.74 128 0.084 0.32
Total subcortical GM volume (mm?3) 35068 [4176] 35364 [3975] -0.40 93.7 0.69 0.07
Total cerebral ventricles and choroid 13313 [6433] 10416 [3996] 2.75 128 6.8x1073 0.51

plexus volumes (mm?3)

Bold indicates the value with statistical significance. The P < 0.042 (q=0.25 for 6 repeating t-tests) was determined as a statistical significance level. Abbreviation; ASD,
Autism spectrum disorder; eTIV, estimated total intracranial volume; GM, gray matter; non-ASD, nonautistic controls; SD, standard deviation; WM, white matter.

Lateral

Medial
A: Anterior
P: Posterior

Non-ASD>ASD
I

p= 0.0001 0.01 0.01

non-ASD<ASD

Lh  Rh

Anterior

Posterior

Lh  Rh

Posterior

Anterior

0.0001

Figure 2. Surface-based vertex-wise t-statistical maps on inflated surface maps (dark gray = sulci; light gray = gyri) of thicker and thinner cortex in participants with ASD
(N =85) versus nonautistic controls (non-ASD, N =45) in lateral (A), medial (B), dorsal (C), and ventral (D) views. Regions depicted in red-yellow and blue indicate areas
with thicker and thinner cortices in ASD compared with non-ASD participants, respectively. Decreased cortical thickness in a part of the left caudal anterior cingulate
cortex (B, white arrowhead) and increased cortical thickness in the right medial orbitofrontal cortex (D, white arrow) had low P-values (P < 0.0001). Abbreviation, Lt, left

hemisphere; Rh, right hemisphere.

ventricles volume, and the rate of the NAc volume to the cerebral
ventricles volume, respectively.

Discussion

We evaluated 85 structural T1-weighted MR images obtained
from infants and toddlers later diagnosed with ASD. The 230

regionally distributed measurements (cortical and subcortical
volumes, surface area, and cortical thickness) from the “aseg”
and “aparc” annotations showed the smaller NAc and the larger
cerebral ventricles, independent of covariates (age, gender, and
prematurity) in the ASD compared to the non-ASD participants.
The vertex-wise t-statistical map showed a thinner cortex of the
left caudal ACC and a thicker cortex of the right mOF in ASD. The
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Table 2 Selected cortical and subcortical measurements with statistically significant differences between ASD and non-ASD participants

Anatomical measurements (“aparc” and ASD (85 images) Non-ASD t af P-value Absolute
“aseg”) Mean [SD] (45 images) Cohen’s d
Mean [SD]

Forth ventricle (mm?3) 1382 [374] 1170 [285] 3.32 128 1.2x1073 0.61

Lh lateral ventricle (mm?3) 6705 [3363] 5260 [2122] 2.99 124.0 3.3x1072 048

Rh lateral ventricle (mm?) 6044 [3239] 4674 [1961] 3.00 125.6 33x1073 048
Third ventricle (mm3) 895 [294] 759 [297] 2.49 128 0.014 0.46

Rh nucleus accumbens (mm?) 415 [107] 460 [115] -2.19 128 0.031 0.4

Lh nucleus accumbens (mm?3) 421 [111] 465 [112] -2.14 128 0.034 0.39

The P <0.058 (q=0.25 for 26 repeating t-tests) was determined as a statistical significance level. Abbreviation; ASD, Autism spectrum disorder; Lh, left hemisphere;

non-ASD, nonautistic controls; Rh, right hemisphere; SD, standard deviation.

Table 3 The effects of covariates on selected brain morphologic measurements; LMM between ASD and non-ASD participants

Anatomical measurements (“aparc” The presence Gender Age Premature MRI scanner
and “aseg”) of ASD gestation
Forth ventricle (mm?) F=8.80 F=0.35 F=18.98 F=5.0x10"* F=1.03
P=0.004 P=0.556 P=3.1x10"° P=0.98 P=0.38
Lh lateral ventricle (mm?3) F=6.24 F=5.34 F=1.94 F=4.74 F=0.81
P=0.014 P=0.023 P=0.166 P=0.032 P=0.49
Third ventricle (mm?) F=5.62 F=2.75 F=4.61 F=1.43 F=0.23
P=0.019 P=0.10 P=0.034 P=0.234 P=0.876
Rh lateral ventricle (mm?) F=5.54 F=5.08 F=2.23 F=4.32 F=0.63
P=0.020 P=0.026 P=0.138 P=0.040 P=0.597
Lh nucleus accumbens (mm?) F=5.19 F=1.08 F=14.03 F=0.73 F=0.67
P=0.024 P=0.301 P=29x10"* P=0.394 P=0.570
Rh nucleus accumbens (mm?) F=4.52 F=0.21 F=1.81 F=0.62 F=0.44
P=0.036 P=0.649 P=0.181 P=0.431 P=0.723
Left Pallidum (mm?) F=4.40 F=0.67 F=9.01 F=2.08 F=3.35
P=0.038 P=0.414 P=0.004 P=0.152 P=0.022
Left caudal anterior cingulate, cortical F=4.09 F=0.88 F=0.54 F=0.01 F=3.32
thickness (mm) P=0.045 P=0.351 P=0.465 P=0.929 P=0.022

LMM analysis with confounding factors (age, gender [male 0, female 1], premature gestation) and random effect (intersubject variability). Bold indicates the value with
statistically significant (P < 0.05). Abbreviation; ASD, autism spectrum disorder; Lh, left hemisphere; non-ASD, nonautistic controls; Rh, right hemisphere.

differences between ASD and non-ASD in the NAc volume and
the cerebral ventricles volume were observed starting from the
infantile period. These results suggest that the smaller NAc is
a potential biomarker for predicting ASD, independent of other
covariates.

Brain Structural MRI Studies in Infants and Toddlers
with ASD

Several structural brain MRI studies in infants and toddlers with
ASD have been carried out (Hazlett et al. 2005, 2011, 2012, 2017;
Schumann et al. 2010; Shen et al. 2013, 2017, 2018; Wolff et al.
2015; Swanson et al. 2017; Pote et al. 2019). A prior prospective
study reported overall cortical enlargement in the temporal lobe
WM in 59 children with ASD at age 2 years (Hazlett et al. 2011).
Another prior prospective study reported that 41 toddlers with
ASD (mean age 3.6 years old) showed enlarged cerebral GM and
WM in frontal, temporal, and cingulate cortices (Schumann et al.
2010). The altered morphological findings of the subcortical GM
(Swanson et al. 2017) and corpus callosum (Wolff et al. 2015) have
also been noted in infants with ASD. In addition, some studies
in preschoolers and grade-schoolers with ASD also reported
increased brain volumes in ASD (Piven et al. 1995; Courchesne
et al. 2007).

Hazlett and colleagues prospectively studied structural brain
MRIs from 106 infants at age 1-2 years at a high familial risk
of ASD and obtained 15 examinations in ASD toddlers prior
to receiving ASD diagnoses (Hazlett et al. 2017). In that study,
although no group differences were observed in cortical thick-
ness, the ASD group showed a significantly increased growth
rate of the surface area from 6 to 12 months of age, predomi-
nantly in the bilateral middle occipital gyrus, right cuneus, and
the right lingual gyrus (Hazlett et al. 2017).

In this study, we identified regional differences in corti-
cal thickness between ASD and non-ASD participants. Previous
studies have not focused on the cortical thickness (Hazlett et al.
2005, 2012; Schumann et al. 2010; Shen et al. 2013, 2017, 2018;
Wolff et al. 2015; Swanson et al. 2017; Pote et al. 2019) except for
few studies that have reported no difference in cortical thickness
in ASD (Hazlett et al. 2011, 2017; Ohta et al. 2016).

A statistically significant difference in the global brain vol-
ume was not observed in our study, which is unlike considering
prior studies (Schumann et al. 2010; Hazlett et al. 2011). The cur-
rent study has differences from the prior studies in whether the
ASD group was identified retrospectively from the patients who
underwent clinical MRI or prospectively from high-risk infants,
and whether non-ASD received scans for clinical purposes or as
a volunteer for research.
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Figure 3. Scatter plots and regression lines (between age and measurements) of cortical GM, WM, subcortical GM, and cerebral ventricles and choroid plexus volume
in “brainvol” annotation, cortical surface area in “aparc,” and nucleus accumbens volume in “aseg” annotation in ASD (closed circle and solid-line) and non-ASD (open
circle and dotted line) participants. Abbreviation; ASD, Autism spectrum disorder; GM, gray matter; non-ASD, nonautistic controls; WM, white matter.

Such difference in study designs (prospective vs. retrospec-
tive, differences in genetic risk, and exclusion of children with
epilepsy and/or premature gestation) may explain the different
results between the prior and current studies. Patients in most
of the previous studies prospectively recruited infants at high
and low genetic risks and excluded participants with premature
birth (Shen et al. 2013, 2017, 2018; Wolff et al. 2015; Hazlett et al.
2017; Swanson et al. 2017; Pote et al. 2019). The participants
with epilepsy were excluded in some studies (Hazlett et al. 2017;
Swanson et al. 2017).

The current retrospective study excluded participants with
epilepsy and/or GDD/ID and included the presence of prema-
ture gestation as a covariate. The presence of epilepsy and
GDD/ID are important comorbidities that affect brain morpho-
logic measurements. Epilepsy with an onset at young infant ages

potentially includes several syndromes with a variety of sever-
ity from benign infant epilepsy to epileptic encephalopathic
syndromes, which could lead to neurodevelopmental disorders
such as ASD and GDD/ID. In addition, the participants with
ASD and GDD/ID potentially have some undiagnosed congenital
syndromes such as Rett syndrome. Therefore, in this study,
we excluded participants with epilepsy and/or GDD/ID instead
of including the presence of epilepsy and GDD/ID as binary
variates.

NAc Volume in ASD Pathophysiology

Our results identified smaller volumes of the bilateral NAc in the
ASD group compared to the non-ASD group, and the volumes
of the NAc were positively associated with the volume of the
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Figure 4.ROC curve for predicting the later diagnosis of ASD by the values of nucleus accumbens volume, cerebral ventricles volume, and the rate of nucleus accumbens
volume to cerebral ventricles volume. Abbreviation; ASD, autism spectrum disorder; AUC, area under the curve; ROC, receiver operating characteristic.

amygdala in both groups. Previous studies of structural brain
MRIin infants and toddlers with ASD have not reported volume
changes in the NAc (Hazlett et al. 2005, 2011, 2012, 2017; Schu-
mann et al. 2010; Shen et al. 2013, 2017, 2018; Wolff et al. 2015;
Ohta et al. 2016; Swanson et al. 2017; Pote et al. 2019), possibly
because these studies did not focus on the basal ganglia.

The NAc is a crucial component of a key neural network for
maintaining flexible behavioral responses for rewards (Keha-
gia et al. 2010), interacting with the mOF cortex and amyg-
dala (Jackson and Moghaddam 2001; Stuber et al. 2012; Hol-
loway et al. 2018). Dopamine regulates behaviors associated
with action selection in the striatum, reward in the NAc, emo-
tional processing in the amygdala, and executive functioning
in the mOF cortex. Such a dynamic interaction between the
mOF cortex, amygdala, and the NAc may be fundamental to the
regulation of goal-directed behavior by affective and cognitive
processes (Jackson and Moghaddam 2001). Abnormal coordi-
nation between these regions has been suggested to underlie
behavioral control deficits in neuropsychiatric disorders, as well
as ASD (Stuber et al. 2012; Mannella 2013).

The neuropeptide oxytocin treatment has been reported to
improve social performance in ASD patients (Yamasue et al.
2020; Watanabe et al. 2015; Gordon et al. 2016; Kruppa et al.
2019). Interestingly, the enhancement of serotonin release from
the paraventricular nucleus to the NAc via binding of oxytocin
receptor activation on the NAc has been widely accepted as the
therapeutic mechanism of oxytocin for social performance in
ASD (Dolen et al. 2013; Walsh et al. 2018). Taken together, the
volume reduction of the NAc in the ASD group in our study
suggests its relation to the ASD pathophysiology.

The Cerebral Ventricles in ASD Pathophysiology

In terms of the cerebral ventricles in ASD, group differences from
controls in extra-axial fluid volumes were either very mild (Shen
et al. 2013, 2017, 2018) or not observed in some previous infant
studies (Hazlett et al. 2012; Pote et al. 2019). A review article
reported that many studies rarely found ventricular volume
differences in early development, but rather in adolescence and
adulthood (Ismail et al. 2016). The extra-axial fluid is not in the
same location as the cortical ventricle fluid is; however, our
findings of large cortical ventricles in ASD are consistent with

the findings observed by Shen and colleagues (Shen et al. 2013,
2017, 2018).

Although the association between the cerebral fluid and
the occurrence of ASD still remains unclear, interestingly, CSF
abnormalities and ASD-hydrocephalus comorbidity have been
identified from a population-based cohort study (Munch et al.
2021). In our study, using the modified version of FreeSurfer
for infantile cases may have helped to detect the large cortical
ventricles in early brain development.

The Right Medial Orbitofrontal Cortex in ASD
Pathophysiology

Our results demonstrated the increased thickness of the right
mOF in the ASD group. The pathogenic significance of the
increased cortical thickness in ASD has been generally under-
stood to be associated with synaptic pruning deficits in ASD
(Geschwind and Levitt 2007; Tang et al. 2014; Khundrakpam
etal. 2017). Synaptic pruning is the process that excess synapses
decrease in response to neural activity and is recognized as a
process to optimize network structures more economically and
functionally (Navlakha et al. 2015). The process begins at peri-
natal stages and continues through adolescence (Khundrakpam
et al. 2017). Although regional differences of synaptic pruning in
typical development are not fully understood, it is possible that
the thicker right insular cortex in ASD in our study may be asso-
ciated with a regional deficit of synaptic pruning in ASD. This
result could implicate the role of neurogenic regions responsible
for brain growth and hodology, such as the subventricular zone
of the lateral ventricle (Sanai et al. 2011; Corley et al. 2019) in ASD.
Our results indicate that additional studies of cell activity and
migratory potential in such regions warrant further attention.

The Left Caudal Anterior Cingulate Cortex in ASD
Pathophysiology

We found, in the ASD group, decreased cortical thickness of the
left caudal part of the anterior cingulate cortex (ACC), which
is involved in the frontal executive functions, parietal sensori-
motor systems, and the limbic intentional or emotional process
(Holroyd and Coles 2002; Taylor et al. 2007; Zhou et al. 2016).
Zhou and colleagues reported decreased functional connectivity
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between the left caudal ACC and the cortical regions related with
the sensorimotor networks in the ASD group using resting-state
functional MRI (Zhou et al. 2016).

On the other hand, there is no unified view on the ACC and
ASD pathophysiology in structural MRI studies in the litera-
ture so far. One study reported decreased cortical thickness of
the right caudal ACC was identified in adults with ASD (Laidi
et al. 2019), while other researchers identified increased cortical
thickness of the left caudal ACC in toddlers with ASD (Jiao et al.
2010).

Advantages and Limitations in this Study

We performed a large-scale study for identifying early MRI-
based biomarkers of ASD in infants and toddlers. In clinical
settings at BCH, structural T1-weighted brain MRIs were scanned
with the same model of MRI machines throughout the study
period. Additionally, we used Infant FreeSurfer (Fischl 2012; de
Macedo et al. 2015; Zollei et al. 2020), which is optimized for
infantile participants of 0-2 YO, instead of the original version
of FreeSurfer. The original FreeSurfer is recommended not to
use for participants under 6 YO of age, and the rate of failure
increases for participants under 8 months of age, at which
point myelination contrast patterns have inverted to match
the general pattern exhibited through the rest of life. Infant
FreeSurfer successfully extracted measurements from clinical
MRI examinations for almost all participants aged 0-3 YO in this
study. The images of ASD and non-ASD control groups used in
this study were selected from images with a successful run on
the FreeSurfer recon-all command in our previous study on ASD
(Levman et al. 2018a) and non-ASD participants (Levman et al.
2017). That may be the reason why recon-all analyses of Infant
FreeSurfer were successfully completed in almost all images of
ASD and non-ASD participants in this study.

A limitation of this study is a lack of gold standard diagnoses
for autism (ADI-R and ADOS evaluations were available in a
small part of ASD participants) due to the retrospective nature
of this study, which made it difficult to account for all variables
tracked and controlled, but it is hoped that this work will iden-
tify anatomic and physiological effects of interest that will be
thoroughly validated in carefully controlled future prospective
studies.

Another limitation is that there are fewer non-ASD partici-
pants in our study than ASD participants. Because of the nature
of the clinical neuroimaging at BCH, the number of available
MRI images for non-ASD participants was lower than for ASD
patients. Additionally, the male-female rate of ASD is generally
considered to be 4:1 (Jokiranta et al. 2014). When selecting the
non-ASD group, we also focused on age- and gender-matching
from patients scanned by the same suit of MRI magnets and
the uniformity of scan conditions, which further reduced the
number of included non-ASD scans. The low rate of non-ASD
to ASD participants in the group matching process potentially
decreased statistical power in this study.

We also could not entirely exclude a possible presence of
measurement bias by a variety of scan sequences and selection
bias (healthcare access bias) with a higher rate of co-occurring
clinical conditions in our sample. Comparison of our rates with
those reported in a prior population-based study (Jokiranta et al.
2014) found premature birth (<37 weeks of gestation) in chil-
dren with ASD were 25.6% versus 9.4%. Because our study was
conducted at a single medical facility that treats more complex

cases, ASD patients in our study may have had more severe
conditions than the general population.

Conclusion

Statistically significant smaller bilateral accumbens nuclei and
larger cerebral ventricles were identified in infants and toddlers
with prospective ASD patients compared with controls, inde-
pendent of age, gender, or gestational age at birth. This result
suggests that there are MRI-based biomarkers in prospective
ASD patients before they receive the diagnosis and that the
volume of the nucleus accumbens and cerebral ventricles can
be key MRI-based early biomarkers to predict the emergence of
ASD.
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