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Abstract: Autism spectrum disorder (ASD) and schizophrenia (SZ) are neuropsychiatric disorders
that overlap in symptoms associated with social-cognitive impairment. Subcortical structures play a
significant role in cognitive and social-emotional behaviors and their abnormalities are associated
with neuropsychiatric conditions. This exploratory study utilized ABIDE II/COBRE MRI and
corresponding phenotypic datasets to compare subcortical volumes of adults with ASD (n = 29), SZ
(n = 51) and age and gender matched neurotypicals (NT). We examined the association between
subcortical volumes and select behavioral measures to determine whether core symptomatology of
disorders could be explained by subcortical association patterns. We observed volume differences
in ASD (viz., left pallidum, left thalamus, left accumbens, right amygdala) but not in SZ compared
to their respective NT controls, reflecting morphometric changes specific to one of the disorder
groups. However, left hippocampus and amygdala volumes were implicated in both disorders. A
disorder-specific negative correlation (r = —0.39, p = 0.038) was found between left-amygdala and
scores on the Social Responsiveness Scale (SRS) Social-Cognition in ASD, and a positive association
(r = 0.29, p = 0.039) between full scale IQ (FIQ) and right caudate in SZ. Significant correlations
between behavior measures and subcortical volumes were observed in NT groups (ASD-NT range;
r=—0.53 to —0.52, p = 0.002 to 0.004, SZ-NT range; r = —0.41 to —0.32, p = 0.007 to 0.021) that were
non-significant in the disorder groups. The overlap of subcortical volumes implicated in ASD and SZ
may reflect common neurological mechanisms. Furthermore, the difference in correlation patterns
between disorder and NT groups may suggest dysfunctional connectivity with cascading effects
unique to each disorder and a potential role for IQ in mediating behavior and brain circuits.

Keywords: autism; schizophrenia; MRI; subcortical; hippocampus; amygdala; caudate; social
skills; FIQ

1. Introduction

Autism spectrum disorder (ASD) and schizophrenia (SZ) are neuropsychiatric disor-
ders with known phenotypic characteristics, such as social and communication deficits
and sensory issues [1,2]. This overlap in the neuropsychological profiles of the disorders,
highlights the strong similarities between them, especially when the disorder groups are
matched on intelligence quotient (IQ) [3]. Furthermore, deficits of the social brain, a spe-
cialized neural network associated with social cognition, appear to be common to both
disorders [4,5]. These observations and recent genomic studies seem to suggest that the two
disorders may be part of a neurodevelopmental continuum [6,7]. Apart from the similari-
ties, differences exist between the disorders [8-10] and delineating the common vs. distinct
neural basis of these disorders would be key for understanding their pathophysiology
towards developing diagnostic and therapeutical strategies.
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Neuroimaging studies of ASD and SZ show common brain abnormalities [11]. In
both disorders, irregularities in global brain volumetrics have been previously reported in
comparison to neurotypicals (NT). Previous MRI studies report higher total brain volume in
early childhood in ASD subjects and lower global gray matter (GM) and white matter (WM)
volumes in SZ subjects [12,13]. A meta-analysis study found reduced GM volume in right
limbic-striato-thalamic pathway in both conditions [14]. Studies also reported regional
brain volume alterations in both conditions: in ASD, reduced volumes were found in the
prefrontal cortex (PFC) and temporal regions [15]; similar to ASD, structural alterations in
SZ have been found in fronto-temporal regions, anterior cingulate cortex (ACC), amygdala,
hippocampus and the insula [16,17]. Functional MRI (fMRI) studies have also shown
aberrant activation patterns in fronto-temporo regions and in amygdala in both disorders
using mentalizing and basic emotion tasks [18,19]. In addition, both ASD and SZ have been
linked with irregularities in white matter connectivity [20-23]. However, in ASD, most of
the studies showing irregular diffusion properties indicating hypo-WM connectivity were
conducted in children and, in those focused on adults, the results were inconsistent [11].

A growing area of interest is the alteration of subcortical white matter connectivity in
ASD and SZ which is thought to reflect the neurodevelopmental origins of these disorders.
Neuroimaging studies have shown changes in the structure and connectivity of white
matter tracts involving subcortical regions in the earliest stages of the disorders [22,24-26].
While there is evidence that patients with schizophrenia and autism display abnormal
subcortical structural and local/global connectivity, the implications for the neurobiology
of these disorders remain unclear.

Subcortical structures play a significant role in cognitive and social-emotional be-
haviors in humans [27,28] (Table 1). Abnormalities of the subcortical structures and their
structural /functional connectivity have been associated with neuropsychiatric conditions
including ASD and SZ [29,30]. A study conducted using 1571 ASD participants (age range:
2-64 years) and 1651 neurotypical subjects (NT) (age range: 2-56 years) reported smaller
subcortical volumes of the pallidum, putamen, amygdala, and nucleus accumbens in the
ASD group compared to the NT group [31].

Table 1. Subcortical structures and functions.

Subcortical Structure

Function

Caudate nucleus

Putamen
Pallidum
Nucleus accumbens
Amygdala
Hippocampus

Thalamus

Directed movements [32], working memory [33,34], language [35,36], learning [37],
Goal-directed action [38,39].
Motor skills [40,41], learning [42—44]
Voluntary movement [45], reward and motivation [46,47]
Motivation, reward, locomotor activity, learning, memory [48,49]
Emotional learning [50], memory modulation [51]
Episodic memory [52,53], response inhibition, spatial cognition [54,55]
Relay sensory signals, arousal and pain regulation, motor, language function, mood and
motivation, cognition [56,57]

A similar study conducted with 2028 individuals with schizophrenia (age range:
22-43 years) and 2540 NT subjects (age range: 23-42 years) reported lower hippocampal,
amygdala, thalamus and accumbens volumes as well as larger pallidum volume in the SZ
patients [58]. In general, most studies of ASD and SZ have reported inconsistent volumetric
abnormalities of subcortical structures such as the pallidum, accumbens, thalamus, hip-
pocampus, and the amygdala compared to neurotypical subjects [31]. The inconsistencies
may be explained by age, IQ-related factors, phenotypic differences within disorders or
by various data acquisition and processing methods [59]. In addition, it is also largely
unclear how various abnormalities of specific subcortical structures may be associated
with cognitive and social-emotional consequences. ASD and SZ show different and, in
part, contrasting deficits in social cognition; for example, individuals with ASD and those
with SZ typically lack a theory of mind, i.e., the ability to infer the mental states of others.
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However, in SZ, the ability to attribute mental states can be intensified, i.e., visual/auditory
hallucinations. These differences may evidence as distinct subcortical volume alterations
when comparing the two disorders.

Therefore, a comparison of subcortical differences between the disorders, compared to
NT controls, within a common methodological framework could help delineate overlapping
from disorder-specific alterations of brain structure and connectivity. However, to the best
of our knowledge, studies to date have focused on the association between subcortical
volumetrics and cognitive-social-emotional behavior in individuals with ASD and SZ [19].

Studies that use multi-site datasets from the Autism Brain Imaging Data Exchange
(ABIDE) [60], and initiative and schizophrenia data from SchizConnect [61], have the
potential to reveal distinct and shared brain abnormalities associated with these disorders.
Previously, meta-analyses have been conducted using ABIDE data to investigate the brain
volume changes in ASD [59,60,62,63]. However, the conclusions of these studies tend to
vary, probably due to factors such as age range and IQ differences of the cohorts, and
use of a covariate approach to control for differences between total brain volume (TBV),
which assumes the association of TBV and regional volume is linear, whereas it could be
allometric or nonlinear [64]. With regard to the SchizConnect database, there appears to be
only a few studies using the database to analyze subcortical volumetrics or their association
to cognitive measures [27,65]. Additionally, previous studies did not explicitly analyze or
compare the correlations between subcortical volumes and cognitive functions pertaining
to ASD and SZ for insights into the pathophysiology of these disorders. The current
study addresses these issues while building on existing work by examining normalized
subcortical gray matter volumes and their association to cognitive scores in age, sex, and
IQ-matched subjects with and without ASD (ABIDE) and SZ (SchizConnect).

In this study, we utilized the ABIDE II collection’s Barrow Neurological Institute (BNI)
database and SchizConnect’s virtual database, Center of Biomedical Research Excellence
(COBRE) to compare subcortical structural volumes (basal ganglia: caudate, putamen,
pallidum, nucleus accumbens; limbic structures: hippocampus, amygdala, thalamus) and
global gray matter, white matter and total brain volumes of adults with ASD, SZ and
age and gender-matched neurotypical subjects. Furthermore, we examined the associa-
tion between the subcortical volumetrics and neuropsychological measures to determine
whether the behavioral symptoms of the disorders could be explained by basal ganglia-
limbic-behavior association patterns.

Even though pooling multi-site data offers improved reliability and confidence re-
garding effect size by averaging out different sources of variability, an important confound
of combining multi-site MRI data is the potential for site-specific scanner-related effects
to introduce systematic error, consequently making the interpretation of results problem-
atic. Furthermore, partial volume effects and image intensity inhomogeneity are known
to introduce bias into automated segmentation of images collected using multiple scan-
ners. Therefore, instead of directly comparing between disorders, we first compared each
disorder group with its respective neurotypical control group from the same site, for sub-
cortical volumetric differences (“within disorder/database”) and subsequently compared
the differences across the databases (between disorders) to determine distinct and shared
morphometric differences between ASD and SZ.

2. Materials and Methods
2.1. Data Collection

No data collection with human subjects took place at the authors’ institutions. Struc-
tural MRI data were drawn from the BNI and COBRE, publicly available image repositories
((http://fcon_1000.projects.nitrc.org/indi/abide /abide_IL.html (accessed on 20 December
2020), http://schizconnect.org (accessed on 28 December 2020)). These two databases were
chosen since they both contain adult structural MR datasets. All participants provided
written informed consent and were scanned according to procedures approved by the local
Institutional Review Boards (IRB) at each participating institution.
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2.2. Participants

Autism: ABIDE II database is an aggregate sample of different studies including imag-
ing and behavioral data for individuals with an ASD diagnosis and typically developing
peers. Within ABIDE II, we selected the BNI database for the present study (at the time
of data retrieval, BNI consisted of 58 ASD and neurotypical adult males): Twenty-nine
males with ASD, 18-65 years old (mean: 37.5 years & 16) and 29 age- and gender matched
neurotypical controls, 18-65 years of age (mean: 39.6 years %+ 15). All participants were
right-handed males. ASD diagnosis was based on the Autism Diagnostic Observation
Schedule-2nd edition (ADOS-2) [66] by an expert clinician. All subjects had IQ in the nor-
mal range, one standard deviation below the mean or higher, as measured by the Kaufman
Brief Intelligence Test-2 (KBIT-2nd edition) [67]. Exclusion criteria for both groups included
MRI scanning contraindications and full-scale IQ scores > 1 standard deviation below the
mean on the KBIT-2. Neurotypical subjects were also screened for history of psychiatric or
neurological disorders (acquired by a self-report of history and current medication use),
immediate family members with ASD, or other major medical conditions that would affect
brain functioning [68].

Schizophrenia: Data were downloaded from the Center of Biomedical Research Ex-
cellence (COBRE) database via SchizConnect. Fifty-one individuals with schizophrenia
(41 males), categorized as “schizophrenia strict” (diagnosed according to The Diagnostic
and Statistical Manual of Mental Disorders [DSM] IV) ranging in age from 18-65 years
(36.9 & 14) and 51 healthy controls (38 males), in the same age range (37.6 & 13) were se-
lected. The participants were mostly right-handed: [SZ], right: 43, left: 7, mixed: 1, (control),
right:46, left: 2, mixed: 3. Diagnosis was made using the Structured Clinical Interview
used for DSM Disorders (SCID). Neurotypical subjects in the COBRE database were ex-
cluded if they had a history of neurological disorder, intellectual disabilities, severe head
injuries with more than 5 min loss of consciousness, or substance abuse or dependence
within the last 12 months [69]. All subjects scored one standard deviation below the mean
or higher, as measured by the Wechsler Abbreviated Scale of Intelligence (WASI) II-[70].
Complete details on subject recruitment may be found at http://cobre.mrn.org/ (accessed
on 28 December 2020).

2.3. Psychological/Behavior Assessment

A variety of neuropsychological measures were used to assess the subjects in the two
databases. We focused on social cognition, given its role in social deficits characteristic of
both disorders towards our goal of converging on the neurobiology of social cognition and
interrogating it for disorder-specific pathways. For ASD, the Social Responsiveness Scale
(SRS-2) [71] was used to assess the severity of the ASD symptoms. Social Cognition
subscale scores were selected for analysis. For the participants with SZ, we focused
on scores on the Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT) [72], a
measure of social-cognitive ability. In addition, we included full scale IQ measure to
exclude concerns of intellectual disability and to control for group differences in assessing
brain-behavior associations.

2.4. Imaging Data

Downloaded datasets from ABIDE and COBRE included a high resolution T1-weighted
structural MRI scan for each of the subjects. MR scanner and structural acquisition parame-
ters varied across sites.

The ABIDE-BNI scans were acquired on a 3T Philips Achieva MRI (Philips Med-
ical Systems, Best, The Netherlands) with a 15-channel receive coil. T1 acquisition se-
quence: MPRAGE, TR/TE/TI/flip angle = shortest/shortest/900 ms/9°, number of exci-
tations (NEX) = 1 number of slices = 170, Slice voxel size=1 x 1 x 1 mm?, field of view
(FOV) = 270 x 252 mm.

The COBRE scans were acquired on a 3T Siemens MAGNETOM TrioTim syngo
(Siemens, Erlangen, Germany) with a 12-channel receive coil. T1-weighted images were
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acquired with a 5-echo multi-echo MPRAGE sequence [TE = 1.64, 3.5, 5.36, 7.22, 9.08 ms,
TR/TI = 2530 ms/1200 ms/7°, NEX = 1, slice thickness = 1 mm, voxel size =1 x 1 x 1 mm?,
FOV =256 x 256 mm.

2.5. Image Preprocessing
Structural Data

All T1-images were manually inspected for quality and motion artifacts. Processing
was done using the FreeSurfer v. 7.1.1 ((http:/ /surfernmr.mgh.harvard.edu [Boston, USA])
recon-all pipeline with the default settings. In addition to FreeSurfer image segmentation
procedures, we assessed and compared the Freesurfer segmentation using the quality out-
puts from FreeSurfer QAtools ((https://github.com/Deep-MI/qatools-python (accessed
on 1 February 2021)) across male neurotypicals from both BNI and COBRE. The quality
measures included for SNR, anatomical signal-to-noise ratio in white matter, mWM: mean
white matter intensity, voxWM: total number of white matter voxels, standard deviation of
white matter intensity (stdWM); and for CNR, contrast-to-noise ratio. In addition, we also
compared the estimated total intracranial volume (eTIV) and the non-(eTIV) normalized
global volumetrics such as total gray matter (tGM), subcortical gray matter (sGM), cerebral
white matter ((WM), cerebrospinal fluid (CSF) of the neurotypicals from the two databases
in order to assess potential differences that may relate to site-specific effect. Segmented
labels were visually inspected to identify potential segmentation artefacts and manual
corrections were applied when needed. Segmentations were discarded from the study if
manual corrections were not possible. The FreeSurfer output of subcortical volumes (cau-
date, putamen, globus pallidus, nucleus accumbens, amygdala, hippocampus, thalamus),
and global volumes such as the total gray and cerebral white matter, were used as feature
groups in the analysis. These volumes were normalized to eTIV to control for variability
due to sex-related as well as individual differences in brain size.

2.6. Statistical Analysis

To avoid potential confounds in data analysis due to site-specific scanner-related
differences, each disorder group was compared to its respective control group from the
same site. An analysis of variance (ANOVA) yielded differences between the groups
in global brain and subcortical volume measures. Age was not included as a covariate
in this study since age did not differ significantly between groups (Table 2). Follow up
comparisons between the groups were performed using the Sidak post hoc test. To identify
the relationship between subcortical volumetrics and behavior measures in ASD and SZ,
volumes were associated with behavior scores using Pearson’s correlation. Statistical
significance was defined as p < 0.05. Data were analyzed using GraphPad Prism (9.0.0).

Table 2. Demographics and Clinical Characteristics of ASD, SZ and Neurotypicals.

ASD ASD-NT Sz SZ-NT

Parameter N=29 N=29 p-Value N=51 N =51 p-Value
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Age (years) 37.5(16) 39.6 (15) 0.6037 36.9 (14) 37.6 (13) 0.8997

Gender (m/f) 29/0 29/0 41/10 38/13
FIQ® 107.6 (13) 112.5 (12) 0.1756 106.6 (14) 109.8 (12) <0.1667

SRS Social Cognition P 73.2 (10) 50.1 (13) <0.0001 - -

MSCEIT € - - 44.7 (11) 53.1(9) <0.0001

Significance threshold was defined as p < 0.05.  FIQ was measured with KBIT-2nd edition for ASD and with
WASI-II for SZ (normal range: 80-120). P SRS Social Cognition: subscale of the Social Responsiveness Scale. SRS
score: 60-90 (mild to severe); 35-60 (normal). ¢ MSCEIT: Mayer-Salovey-Caruso Emotional Intelligence Test.
MSCEIT: NT: 50-100 (developing to competent); <50 (difficulties with emotional cognition).
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3. Results

In this study, all analyses were performed between groups within a database (i.e., ASD
vs. ASD-NT (ABIDE II-BNI) and SZ vs. SZ-NT (COBRE) for all brain volumes. No direct
comparisons were made between ASD and SZ to avoid potential confounds associated
with data acquisition site-related factors.

3.1. Quality Assessment between Neurotypical Males in ASD and SZ Databases

We found significant differences in white matter quality metrics viz., SNR, mWM
intensity and stdWM between the two neurotypical datasets (Table 3). As for segmentation
of global volumes (non-normalized), we found significant differences in tGM and eTIV
between groups (Table 3). As such, these site-specific differences between the two neu-
rotypical groups precluded any direct comparisons between the ASD and SZ subjects who
also came from the different sites.

Table 3. FreeSurfer image segmentation quality parameters of ASD-NT and SZ-NT.

ASD-NT Males SZ-NT Males
N =29 N =38 p-Value
Mean (SD) Mean (SD)

SNR 21.6 (3) 187 (2) <0.0001
CNR 1.4 (0.08) 1.4 (0.09) 0.9759
voxWM 57,432 (13,963) 53,285 (12,866) 0.2152
mWM 104.3 (0.77) 102.2 (0.95) <0.0001
stdWM 4.9 (0.60) 5.6 (0.93) 0.0009
tGM 634,018 (47,821) 668,310 (62,118) 0.0159
sGM 62,567 (4839) 64,541 (6135) 0.1567
cWM 516,466 (47,997) 503,904 (61,055) 0.3626
CSF 1195 (190.2) 1111 (308.1) 0.2002
eTlV 1,604,009 (106,800) 1,683,745 (137,571) 0.0117

3.2. Global Brain Volumes between Groups (Disorder vs. Neurotypical)

Estimated total intracranial volume (eTIV) did not differ significantly between the
groups within the two databases. No significant differences in tGM, sGM, cWM or CSF
were found between disorder and respective control groups (Figure 1).

Total Gray matter  Subcortical Gray matter Cortical White matter CSF
0.3152 0.4620 0 9888 0.9953
1,000,000 0.9098 100,000 0.8289 800,000 0.8645 2,500 0.8087
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Figure 1. Mean =+ standard deviation for non-normalized volumetric measures (in mm?) of total
gray matter, subcortical gray matter, cortical white matter and CSF for the disorder groups and their
respective neurotypical groups (ASD [n = 29] and ASD-NT [n = 29]; SZ [n = 51] and SZ-NT [n = 51]).
Statistical significance of group differences is indicated numerically. Red circle: ASD, blue circle:
ASD-NT, red triangle: SZ, blue triangle: SZ-NT.

As for disorder-specific findings, the volumes of left pallidum (p = 0.0004, Cohen’s d = 1.2)
and left thalamus (p = 0.0455, Cohen’s d = 0.69) were significantly smaller in ASD and left
accumbens (p < 0.0001, Cohen’s d = 1.5) and right amygdala (p < 0.0001, Cohen’s d = 1.32)
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volumes were significantly larger compared to the neurotypicals. No significant differences
were found for these or other subcortical structures specific to SZ compared to its control
group (Figure 2).
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Figure 2. Mean =+ standard deviation for eTIV-normalized volumetric measures of subcortical
structures in disorder groups and their respective neurotypical groups (ASD [n = 29] and ASD-NT
[n=29]; SZ [n = 51] and SZ-NT [n = 51]). Statistical significance is indicated numerically. Red circle:
ASD, blue circle: ASD-NT, red triangle: SZ, blue triangle: SZ-NT.

3.3. Correlations between Subcortical Volumes, IQ and Social Cognition

In ASD, a negative correlation was found between left amygdala volume and SRS-
social cognition (r = —0.39; p = 0.038) which was not significant for the ASD-NT group
(r=—0.30, p = 0.1174) (Figure 3). Conversely, we found significant negative correlations
between the bilateral amygdala and FIQ in the NT group (left: r = —0.53, p = 0.0020, right:
r=—0.52, p = 0.004 (Table 4). No other correlations were significant in ASD or SZ datasets.

o ] 3
g 0.0016 g 0.0016 o £ 0.0018- © ASD-NT
[<} [<] . [<]

- > ASD
= 0.0014- = 0.0014-] °  0.0016+ -
3 k] 3
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=z 0.0008 T T T 1 =z 0.0008 T T T 1 2 .0008 T T T 1

40 60 80 100 80 100 120 140 160 80 100 120 140 160
SRs-Social Cognition FlQ FlQ

Figure 3. Correlation plots in ASD. (Left): correlation between normalized left amygdala volume
and SRS-social cognition score in ASD (r = —0.39, p = 0.038) and ASD-NT (r= —0.30, p = 0.117).
(Middle): correlation between normalized left amygdala volume and FIQ score in ASD (r = 0.08,
p =0.668) and ASD-NT (r= —0.53, p = 0.002). (Right): correlation between normalized right amygdala
volume and FIQ score in ASD (r = —0.11, p = 0.552) and ASD-NT (r = —0.52, p = 0.004). Solid-lines:
regression-line (red = ASD, blue = ASD-NT); dashed-lines indicate the 95% confidence intervals for
respective regression lines.
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Table 4. Correlations between subcortical volumes and behavior in ASD and ASD-NT.

Correlation ASD ASD-TD
Left Amygdala vs. FIQ r=0.08, p = 0.668 r=—0.53,p =0.002
Right Amygdala vs. FIQ r=-0.11,p = 0.552 r=-0.52,p=0.004
Left Amygdala vs. SRS Social Cognition r=-0.39,p=0.038 r=-0.30,p =0.117

Red text indicates statistical significance (p < 0.05).

We observed significant correlations between a number of subcortical structures
and FIQ in SZ neurotypical group compared to SZ group (Table 5); most of these were
negative. In contrast, only two correlations in the SZ group were significant, and both
were positive. Bilateral caudate volumes showed significant negative correlations with FIQ
(left: r = —0.33, p = 0.018; right: r = —0.41, p = 0.003) in SZ-NT group; in contrast, the right
and left caudate showed positive (r = 0.29, p = 0.039) or a trend towards positive (r = 0.26,
p = 0.061) correlations with FIQ in the SZ group (Figure 4). Scores on the MSCEIT showed
no correlations in either SZ or NT.

Table 5. Correlations between subcortical volumes and behavior in SZ and SZ-NT.

Correlation SZ SZ-TD

Left Caudate vs. FIQ r=0.26,p =0.061 r=-0.33,p=0.018
Right Caudate vs. FIQ r=0.29, p=0.039 r=—0.41, p =0.003
Right Putamen vs. FIQ r=0.02, p=0.883 r=—0.35,p=0.013
Right Pallidum vs. FIQ r=—0.04, p=0.759 r=—0.37,p=0.007
Left Hippocampus vs. FIQ r=20.15p=0.289 r=-0.32,p=0.021
Left Accumbens vs. FIQ r=0.23,p=0.110 r=—0.27,p=0.057
Right Accumbens vs. FIQ r=021,p=0.213 r=-0.27,p=0.053

Red text indicates statistical significance (p < 0.05). Blue text indicates trends towards statistical significance.
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Figure 4. Schizophrenia correlation plots. (Left): correlation between normalized left caudate volume
and FIQ in SZ (r = 0.26, p = 0.061) and SZ-NT (r = —0.33, p = 0.018). (Right): correlation between
normalized right caudate volume and FIQ score in SZ (r = 0.29, p = 0.039) and SZ-NT (r = —0.41,
p =0.003). Solid-lines: regression-line (red = SZ, blue = SZ-NT); dashed-lines indicate the 95%
confidence intervals for respective regression lines.

4. Discussion

Multi-site studies are increasingly common in neuroimaging research due to the
potential for large sample sizes and more robust results. Multi-site MRI datasets provide
researchers the ability to compare neuroanatomy across several neurological disorders
and test different hypotheses, the pooled data also providing improved statistical power.
However, multi-site neuroimaging studies have the potential to introduce noise in the data
due to site-specific differences related to the type of scanners and MRI sequences used,
as was evident in the quality metric and volume segmentation differences between the
NT groups from the two sites in the present study. Consequently, any group differences
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from a direct comparison between ASD and SZ in the current study could be attributed
to site-specific effects. Therefore, between groups direct comparisons were confined to
disorder vs. control groups from the same site, while allowing us to indirectly compare the
subcortical volumetric differences between the two disorders.

4.1. Direct Comparisons
4.1.1. ASD and ASD-NT

In our study, compared to NT, the ASD group showed significant volumetric dif-
ferences in several subcortical structures in the left-hemisphere including the pallidum,
hippocampus, accumbens, thalamus and bilateral amygdala. In the left hemisphere, pal-
lidum and thalamus were characterized by significantly lower volumes, whereas the
hippocampus, and accumbens and bilateral amygdala showed higher volumes compared
to the NT subjects. Interestingly, the results appear to implicate subcortical structures
in the left hemisphere, suggestive of a lateralized dysfunction in ASD, which has been
reported previously [73-76]. Furthermore, we observed a negative correlation between the
left amygdala and SRS-social cognition only in the ASD group, and negative correlations
between bilateral amygdala and FIQ in the NT group but not in the ASD group (Table 4). It
should be noted that bilateral amygdala volumes were significantly increased in the ASD
group compared to NT group. The two groups, though, matched on FIQ differed on SRS
scores. As such, the difference in volume between the groups may give rise to the different
pattern of structure-function associations observed and have implications for white matter.
It has been shown that an increase in the number of cortical neurons takes up space needed
for axonal connections, thereby resulting in a net decrease in white matter connectivity [77].
Therefore, we can assume that this is true for subcortical structures as well, where larger
structures may decrease the cortical/subcortical white matter connectedness leading to
atypical cognitive functioning.

Subcortical structural differences have been previously reported in ASD compared to
neurotypical controls, though with substantial heterogeneity regarding their direction and
magnitude [78,79]. A recent large-scale meta-analysis based on 51 existing datasets reported
individuals with ASD to have reduced volumes of the pallidum, putamen, amygdala, and
nucleus accumbens compared to controls [59]. However, amygdala volume alterations
in ASD have been mixed, with studies reporting increased [80-86], decreased [87-89] or
no difference in volume [90] compared to neurotypical controls. Similarly, hippocampal
findings show increased and decreased volumes in ASD regardless of age [83,87,91-93].
Based on evidence from neuropathology and neuroimaging studies in humans and ani-
mals, the basal ganglia are believed to play a role in the neurobiology of autism. Overall
enlargement of the basal ganglia in ASD has been reported compared to neurotypicals [94];
however, the findings have been inconsistent [79,95]. Similarly, conflicting findings exist
for the thalamus [96-99].

The subcortical volumetric findings in our study support the involvement of the
basal ganglia, limbic system, and thalamus in ASD. In addition, scores on the SRS social
cognition and FIQ appeared to differentially associate with the amygdala in ASD com-
pared to NT controls, suggesting a possible influence of 1Q on social skills mediated by
the amygdala in ASD. In a previous study conducted with children ages 3—4, bilateral
enlargement of amygdala and larger right amygdala volume was associated with slower
acquisition of social and communicative skills; furthermore, the same study reported a
larger left amygdala volume at ages 3—4 years and predicted improved language outcome
at age 6 years [86]. It is possible that early abnormal development of the amygdalae may
result in dysregulated connectivity (cortical and subcortical), and asymmetric functional
contributions to social skills. Our analysis also yielded a negative association between
bilateral amygdala and FIQ in NT but not ASD, hinting at a possible role for intelligence in
moderating structure-function relationships as in ASD cognition [100,101].
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4.1.2. SZ and SZ-NT

Studies of schizophrenia report significant subcortical morphological abnormalities in
patients with the disorder, though there is considerable heterogeneity in the pattern of struc-
tural differences across studies [30,102-105]. In our study, individuals with schizophrenia
showed significant volumetric differences in left hemisphere, hippocampus and amygdala,
compared to neurotypicals. Both these structures showed decreased volumes compared
to the NT group. Similar to our findings, a recent case-controlled meta-analysis with 2028
patients with schizophrenia and 2540 healthy controls showed smaller hippocampus and
amygdala in patients compared to healthy controls. The same study also showed smaller
accumbens, thalamus as well as larger pallidum, which we did not observe [58].

The striatum, made up of the caudate, putamen and nucleus accumbens, is one of
the most essential subcortical components of the cortico-striato-thalamo-cortical circuits.
It is involved in integrating and modulating sensory information, important in learning
and cognition [106]. In fact, the caudate and putamen receive axonal fibers from the
cortex and the intralaminar nuclei of the thalamus, in keeping with their involvement
in sensory and cognitive information processing. A previous study in schizophrenia
patients reported correlations between reduced putamen volume and deficits in verbal
learning, working memory, and higher cognitive function, which are essential for language
processing [107]. In our study, we found a positive association of FIQ with right caudate
volume, and a positive trend with the left caudate in the SZ group, unlike in the NT group
where these associations were found to be negative. The right putamen and bilateral
accumbens, too, were correlated, a negative association, but only in the NT group. Taken
together, this difference in the association of the caudate, putamen and accumbens with
FIQ between the groups suggests a possible role for the striatum, particularly the caudate,
in mediating cognitive outcomes in SZ. Recent studies have reported IQ, reasoning and
problem-solving skills as positively correlating with the hippocampus, amygdala and
nucleus accumbens volumes in patients with schizophrenia [17,93]. Although we found
significant group differences in some of these structures, no significant associations were
observed between these structures and FIQ in the SZ group; rather, FIQ showed negative
associations or a negative trend with left hippocampus and bilateral accumbens in the
NT group. Given the role of the hippocampus in learning and memory, the finding raises
questions about potentially impaired striatal-hippocampus connections affecting temporal
cognition in schizophrenia evident in thought disorder and contextually inappropriate
behavior [108-110].

4.2. Indirect Comparisons: ASD vs. SZ in Relation to NT

In this study, we observed subcortical structural differences in both ASD and SZ; some
of these structures implicated in both disorders. Specifically, the left hippocampus and left
amygdala volumes were higher in ASD and lower in SZ compared to respective NT.

Subcortical structures, which include the basal ganglia, limbic system and the tha-
lamus, have been shown to be involved in learning and memory, as well as other key
functions such as motor control, attention and emotion [35,111,112]. Subcortical structures
also have important roles in higher-order executive functions including inhibitory control
and working memory through their structural and functional connectivity with prefrontal
and temporal regions [113]. ASD and SZ are both neurodevelopmental disorders that share
impairments in social behavior and cognitive function [4,5]. However, both are considered
distinct disorders, with the symptoms of autism initially showing in early childhood while
positive symptoms of schizophrenia typically appear in early adulthood [114]. Our focus
on subcortical structures, and their potential association with social-emotional cognition
implicated in both disorders, has the potential to offer valuable clinical insights and help
guard against diagnostic conflation that has been historically problematic as many young
individuals with ASD were thought to have a childhood version of schizophrenia. In this
study we found subcortical volumetric associations with scores on the SRS in ASD, but not
with the MSCEIT, the only measure available in the social emotional domain in the COBRE
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database. Despite the vagaries associated with behavioral testing and test measures, our
findings of the hippocampus and amygdala volume differences common to both disorders
have been previously implicated as having neurobiological basis for social cognition and
emotion processing in ASD and SZ patients [18,115]. This may suggest impairment in a
specific subcortical-cortical network of social cognition in both disorders.

Overall, our results comparing ASD and SZ with neurotypicals show support for the
role of the basal ganglia in these disorders. Considering the spatial proximity and the
structural connectivity between the amygdala and hippocampus, opposing volumetric
anomalies and their association with cognitive function, as observed in the current study,
may well explain the structural and functional connectivity differences in other brain areas
in keeping characteristic symptoms of the two disorders.

Finally, our observations of the subcortical volumetric differences and their correlation
with behavioral measures in ASD and SZ may suggest potential alterations in the cortical-
basal ganglia network. As such, similar volumetric or networkwide alterations may also
exist within the limbic system, as we see in our study, a potential consequence of adaptive-
compensatory mechanisms over the course of development.

5. Conclusions

We acknowledge the limitations of our study. Due to site-specific scanner-related
differences in the collection of the ASD and SZ data, a direct comparison between these
disorders was not possible. The results should be considered preliminary, given the
difference in the sample size of the ASD and SZ datasets. Nevertheless, despite the
exploratory nature of the study, the difference in subcortical volumetrics and the pattern
of correlation with cognitive behavior in ASD and SZ suggest dysfunctional connectivity
with cascading effects unique to each disorder.

In summary, while focusing on complex behaviors in the social domain, paying
attention to elemental subtle differences, both structural and functional, that are common
across ASD and SZ, may help identify the basis for core characteristics in these disorders.
In addition, this approach could guide the development of diagnostic and intervention
strategies for autism and schizophrenia based on underlying neurobiological differences.

Author Contributions: Conceptualization, A.W., G.N. and M.M.; methodology, A.W. and M.M.;
software, A.W.; validation, A.W., A.L-M. and M.M.; formal analysis, A.W.; investigation, A.W.;
resources, M.M.; data curation, A.W.; writing—original draft preparation, A.W.; writing—review
and editing, A.I-M., M.M. and G.N.; visualization, A.W.; supervision, M.M. and G.N.; project
administration, M.M.; funding acquisition, G.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Stanford University (Nolan and Mody). Nolan and Weerasek-
era were partially funded by the Rachford and Carlotta A. Harris Endowed Professorship to GPN.

Institutional Review Board Statement: All participants provided written informed consent and were
scanned according to procedures approved by the local Institutional Review Boards (IRB) at each par-
ticipating institution (Barrow Neurological Institute and Center of Biomedical Research Excellence).

Informed Consent Statement: All participants provided written informed consent at each partici-
pating institution.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Calisir, O.M.; Atbasoglu, E.C.; Ozgiiven, H.D.; Olmez, S. Cognitive features of high-functioning adults with autism and
schizophrenia spectrum disorders. Turk Psikiyatr. Derg. 2018, 29, 1-10.

2. Noel, J.; Stevenson, R.A.; Wallace, M.T. Atypical audiovisual temporal function in autism and schizophrenia: Similar phenotype,
different cause. Eur. |. Neurosci. 2018, 47, 1230-1241. [CrossRef] [PubMed]


http://doi.org/10.1111/ejn.13911
http://www.ncbi.nlm.nih.gov/pubmed/29575155

Brain Sci. 2022, 12, 439 12 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Eack, S.M.; Hogarty, S.S.; Greenwald, D.P; Litschge, M.Y.; Porton, S.A.; Mazefsky, C.A.; Minshew, N.J. Cognitive enhancement
therapy for adult autism spectrum disorder: Results of an 18-month randomized clinical trial. Autism Res. 2018, 11, 519-530.
[CrossRef] [PubMed]

Pelphrey, K.A.; Shultz, S.; Hudac, C.; Wyk, B.C.V. Research Review: Constraining heterogeneity: The social brain and its
development in autism spectrum disorder. J. Child Psychol. Psychiatry 2011, 52, 631-644. [CrossRef] [PubMed]

Nestor, P.G.; Niznikiewicz, M.; Hasler, V.C.; Newell, D.T.; Shenton, M.E.; McCarley, O.W. Neuropsychology of the Social Brain
Hypothesis of Schizophrenia: Symptoms, Personality and MRI Correlates. ]. Neuroimaging Psychiatry Neurol 2017, 2, 3-10.
[CrossRef]

Owen, M.].; O'Donovan, M.C. Schizophrenia and the neurodevelopmental continuum: Evidence from genomics. World Psychiatry
2017, 16, 227-235. [CrossRef]

Voineskos, A. Behavioral and neural correlates of social cognition: A dimensional approach in youth with mental illness.
Neuropsychopharmacology 2016, 41, S63-564.

Goldstein, G.; Minshew, N.J.; Allen, D.N.; Seaton, B.E. High-functioning autism and schizophrenia A comparison of an early and
late onset neurodevelopmental disorder. Arch. Clin. Neuropsychol. 2002, 17, 461-475. [CrossRef]

Khanjani, Z.; Azmoodeh, S.; Mahmoudaliloo, M.; Noorazar, G. A Comparison of Autistic Like Traits in the Relatives of Patients
with Autism and Schizophrenia Spectrum Disorder. Iran. J. Psychiatry 2018, 13, 148-153.

Meyer, U.; Feldon, J.; Dammann, O. Schizophrenia and autism: Both shared and disorder-specific pathogenesis via perinatal
inflammation? Pediatric Res. 2011, 10, 26-33. [CrossRef]

Haigh, S.M.; Eack, S.M.; Keller, T.; Minshew, N.J.; Behrmann, M. White matter structure in schizophrenia and autism: Abnormal
diffusion across the brain in schizophrenia. Neuropsychologia 2019, 135, 107233. [CrossRef] [PubMed]

Stanfield, A.; McIntosh, A.; Spencer, M.; Philip, R.; Gaur, S.; Lawrie, S.M. Towards a neuroanatomy of autism: A systematic review
and meta-analysis of structural magnetic resonance imaging studies. Eur. Psychiatry 2008, 23, 289-299. [CrossRef] [PubMed]
Vita, A.; De Peri, L.; Silenzi, C.; Dieci, M. Brain morphology in first-episode schizophrenia: A meta-analysis of quantitative
magnetic resonance imaging studies. Schizophr. Res. 2006, 82, 75-88. [CrossRef] [PubMed]

Cheung, C.; Chua, S.E.; Cheung, V.; Khong, P.L.; Tai, K.S.; Wong, TK.W.; Ho, T.P.; McAlonan, G.M. White matter fractional
anisotrophy differences and correlates of diagnostic symptoms in autism. J. Child Psychol. Psychiatry Allied Discip. 2009, 50,
1102-1112. [CrossRef]

Nickl-Jockschat, T.; Habel, U.; Michel, T.; Manning, J.; Laird, A.; Fox, P.T.; Schneider, F,; Eickhoff, S.B. Brain structure anomalies in
autism spectrum disorder-a meta-analysis of VBM studies using anatomic likelihood estimation. Hum. Brain Mapp. 2011, 33,
1470-1489. [CrossRef]

Shepherd, A.M.; Laurens, K.; Matheson, S.L.; Carr, V.J.; Green, M. Systematic meta-review and quality assessment of the structural
brain alterations in schizophrenia. Neurosci. Biobehav. Rev. 2012, 36, 1342-1356. [CrossRef]

Honea, R.; Crow, T.J.; Passingham, D.; Mackay, C. Regional Deficits in Brain Volume in Schizophrenia: A Meta-Analysis of
Voxel-Based Morphometry Studies. Am. J. Psychiatry 2005, 162, 2233-2245. [CrossRef]

Pinkham, A.E.; Hopfinger, ].B.; Pelphrey, K.A.; Piven, ].; Penn, D.L. Neural bases for impaired social cognition in schizophrenia
and autism spectrum disorders. Schizophr. Res. 2008, 99, 164-175. [CrossRef]

Radeloff, D.; Ciaramidaro, A.; Siniatchkin, M.; Hainz, D.; Schlitt, S.; Weber, B.; Poustka, F.; Bolte, S.; Walter, H.; Freitag, C.M.
Structural Alterations of the Social Brain: A Comparison between Schizophrenia and Autism. PLoS ONE 2014, 9, e106539.
[CrossRef]

Joo, S.W.; Yoon, W.; Shon, S.-H.; Kim, H.; Cha, S.; Park, K.J.; Lee, J. Altered white matter connectivity in patients with schizophrenia:
An investigation using public neuroimaging data from Schiz Connect. PLoS ONE 2018, 13, e0205369. [CrossRef]

Jiang, Y;; Luo, C.; Li, X.; Li, Y,; Yang, H.; Li, ].; Chang, X.; Li, H.; Yang, H.; Wang, J.; et al. White-matter functional networks
changes in patients with schizophrenia. Neurolmage 2019, 190, 172-181. [CrossRef] [PubMed]

Li, S.-].; Wang, Y.; Qian, L.; Liu, G.; Liu, S.-F,; Zou, L.-P; Zhang, ].-S.; Hu, N.; Chen, X.-Q.; Yu, S.-Y,; et al. Alterations of White
Matter Connectivity in Preschool Children with Autism Spectrum Disorder. Radiology 2018, 288, 209-217. [CrossRef] [PubMed]
Hong, S.-J.; Hyung, B.; Paquola, C.; Bernhardt, B.C. The Superficial White Matter in Autism and Its Role in Connectivity
Anomalies and Symptom Severity. Cereb. Cortex 2019, 29, 4415-4425. [CrossRef] [PubMed]

Bonekamp, D.; Nagae, L.M.; Degaonkar, M.; Matson, M.; Abdalla, W.M.; Barker, P.B.; Mori, S.; Horskd, A. Diffusion tensor
imaging in children and adolescents: Reproducibility, hemispheric, and age-related differences. Neurolmage 2007, 34, 733-742.
[CrossRef] [PubMed]

Shakeel, M.K.; MacQueen, G.; Addington, J.; Metzak, P.D.; Georgopoulos, G.; Bray, S.; Goldstein, B.I.; MacIntosh, B.].; Wang, J.;
Kennedy, S.H.; et al. White Matter Connectivity in Youth at Risk for Serious Mental Illness: A Longitudinal Analysis. Psychiatry
Res. Neuroimaging 2020, 302, 111106. [CrossRef]

Li, F; Lui, S.; Yao, L.; Ji, G.-].; Liao, W.; Sweeney, A.J.; Gong, Q. Altered White Matter Connectivity Within and Between Networks
in Antipsychotic-Naive First-Episode Schizophrenia. Schizophr. Bull. 2018, 44, 409-418. [CrossRef]

Koshiyama, D.; Fukunaga, M.; Okada, N.; Yamashita, F.; Yamamori, H.; Yasuda, Y.; Fujimoto, M.; Ohi, K.; Fujino, H.;
Watanabe, Y.; et al. Role of subcortical structures on cognitive and social function in schizophrenia. Sci. Rep. 2018, 8, 1183.
[CrossRef]


http://doi.org/10.1002/aur.1913
http://www.ncbi.nlm.nih.gov/pubmed/29286586
http://doi.org/10.1111/j.1469-7610.2010.02349.x
http://www.ncbi.nlm.nih.gov/pubmed/21244421
http://doi.org/10.17756/jnpn.2017-013
http://doi.org/10.1002/wps.20440
http://doi.org/10.1093/arclin/17.5.461
http://doi.org/10.1203/PDR.0b013e318212c196
http://doi.org/10.1016/j.neuropsychologia.2019.107233
http://www.ncbi.nlm.nih.gov/pubmed/31655160
http://doi.org/10.1016/j.eurpsy.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17765485
http://doi.org/10.1016/j.schres.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16377156
http://doi.org/10.1111/j.1469-7610.2009.02086.x
http://doi.org/10.1002/hbm.21299
http://doi.org/10.1016/j.neubiorev.2011.12.015
http://doi.org/10.1176/appi.ajp.162.12.2233
http://doi.org/10.1016/j.schres.2007.10.024
http://doi.org/10.1371/journal.pone.0106539
http://doi.org/10.1371/journal.pone.0205369
http://doi.org/10.1016/j.neuroimage.2018.04.018
http://www.ncbi.nlm.nih.gov/pubmed/29660513
http://doi.org/10.1148/radiol.2018170059
http://www.ncbi.nlm.nih.gov/pubmed/29584599
http://doi.org/10.1093/cercor/bhy321
http://www.ncbi.nlm.nih.gov/pubmed/30566613
http://doi.org/10.1016/j.neuroimage.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17092743
http://doi.org/10.1016/j.pscychresns.2020.111106
http://doi.org/10.1093/schbul/sbx048
http://doi.org/10.1038/s41598-017-18950-2

Brain Sci. 2022, 12, 439 13 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Fischi-Gomez, E.; Vasung, L.; Meskaldji, D.-E.; Lazeyras, F.; Borradori-Tolsa, C.; Hagmann, P,; Barisnikov, K.; Thiran, J.-P.; Hiippi,
P. Structural Brain Connectivity in School-Age Preterm Infants Provides Evidence for Impaired Networks Relevant for Higher
Order Cognitive Skills and Social Cognition. Cereb. Cortex 2015, 25, 2793-2805. [CrossRef]

Cerliani, L.; Mennes, M.; Thomas, R.M.; Di Martino, A.; Thioux, M.; Keysers, C. Increased Functional Connectivity Between
Subcortical and Cortical Resting-State Networks in Autism Spectrum Disorder. JAMA Psychiatry 2015, 72, 767-777. [CrossRef]
Okada, N.; Fukunaga, M.; Yamashita, F.; Koshiyama, D.; Yamamori, H.; Ohi, K.; Yasuda, Y.; Fujimoto, M.; Watanabe, Y.;
Ya-hata, N.; et al. Abnormal asymmetries in subcortical brain volume in schizophrenia. Mol. Psychiatry 2016, 21, 1460-1466.
[CrossRef]

Boedhoe, PS.; Van Rooij, D.; Hoogman, M.; Twisk, ].W.; Schmaal, L.; Abe, Y.; Alonso, P.; Ameis, S.H.; Anikin, A.; Anticevic, A.; et al.
Subcortical brain volume, regional cortical thickness, and cortical surface area across disorders: Findings from the ENIGMA
ADHD, ASD, and OCD working groups. Am. J. Psychiatry 2020, 177, 834-843. [CrossRef] [PubMed]

White, N.M. Some highlights of research on the effects of caudate nucleus lesions over the past 200 years. Behav. Brain Res. 2009,
199, 3-23. [CrossRef] [PubMed]

Hannan, K.L.; Wood, S.J.; Yung, A.R.; Velakoulis, D.; Phillips, L.J.; Soulsby, B.; Berger, G.; McGorry, P.D.; Pantelis, C. Caudate
nucleus volume in individuals at ultra-high risk of psychosis: A cross-sectional magnetic resonance imaging study. Psychiatry Res.
Neuroimaging 2010, 182, 223-230. [CrossRef] [PubMed]

Levitt, ].J.; McCarley, R.W.; Dickey, C.C.; Voglmaier, M.M.; Niznikiewicz, M.A.; Seidman, L.J.; Hirayasu, Y.; Ciszewski, A.A_;
Kikinis, R.; Jolesz, FA.; et al. MRI Study of Caudate Nucleus Volume and Its Cognitive Correlates in Neuroleptic-Naive Patients
with Schizotypal Personality Disorder. Am. J. Psychiatry 2002, 159, 1190-1197. [CrossRef] [PubMed]

Vallar, G. Subcortical functions in language and memory. Neuropsychologia 1994, 32, 1035-1036. [CrossRef]

Jacquemot, C.; Bachoud-Lévi, A.C. Striatum and language processing: Where do we stand? Cognition 2021, 213, 104785. [CrossRef]
[PubMed]

Seger, C.A.; Cincotta, C.M. The roles of the caudate nucleus in human classification learning. J. Neurosci. 2005, 25, 2941-2951.
[CrossRef]

Grahn, J.A,; Parkinson, J.A.; Owen, A.M. The role of the basal ganglia in learning and memory: Neuropsychological studies.
Behav. Brain Res. 2009, 199, 53-60. [CrossRef]

Elliott, R.; Newman, J.L.; Longe, O.A.; Deakin, J. Differential Response Patterns in the Striatum and Orbitofrontal Cortex to
Financial Reward in Humans: A Parametric Functional Magnetic Resonance Imaging Study. . Neurosci. 2003, 23, 303-307.
[CrossRef]

Marchand, W.R.; Lee, ].N.; Thatcher, ]JW.; Hsu, EZW.; Rashkin, E.; Suchy, Y.; Chelune, G.; Starr, J.; Barbera, S.S. Putamen
coactivation during motor task execution. Neuroreport 2008, 19, 957-960. [CrossRef]

Delong, M.R.; Alexander, E.G.; Georgopoulos, A.P.; Crutcher, M.D.; Mitchell, S.J.; Richardson, R.T. Role of basal ganglia in limb
movements. Hum. Neurobiol. 1984, 2, 235-244. [PubMed]

Packard, M.G.; Knowlton, B.]. Learning and Memory Functions of the Basal Ganglia. Annu. Rev. Neurosci. 2002, 25, 563-593.
[CrossRef] [PubMed]

Yamada, H.; Matsumoto, N.; Kimura, M. Tonically Active Neurons in the Primate Caudate Nucleus and Putamen Differentially
Encode Instructed Motivational Outcomes of Action. J. Neurosci. 2004, 24, 3500-3510. [CrossRef] [PubMed]

Ell, SW.; Marchant, N.L.; Ivry, R.B. Focal putamen lesions impair learning in rule-based, but not information-integration
categorization tasks. Neuropsychologia 2006, 44, 1737-1751. [CrossRef]

Gillies, M.; Hyam, J.A.; Weiss, A.; Antoniades, C.; Bogacz, R.; Fitzgerald, ].].; Aziz, T.Z.; Whittington, M.A.; Green, A.L. The
Cognitive Role of the Globus Pallidus interna; Insights from Disease States. Exp. Brain Res. 2017, 235, 1455-1465. [CrossRef]
Smith, K.S.; Tindell, A.J.; Aldridge, ].W.; Berridge, K.C. Ventral pallidum roles in reward and motivation. Behav. Brain Res. 2009,
196, 155-167. [CrossRef]

Ottenheimer, D.; Richard, ].M.; Janak, PH. Ventral pallidum encodes relative reward value earlier and more robustly than nucleus
accumbens. Nat. Commun. 2018, 9, 4350. [CrossRef]

Setlow, B. The nucleus accumbens and learning and memory. J. Neurosci. Res. 1997, 49, 515-521. [CrossRef]

Salgado, S.; Kaplitt, M.G. The Nucleus Accumbens: A Comprehensive Review. Ster. Funct. Neurosurg. 2015, 93, 75-93. [CrossRef]
Maren, S. Long-term potentiation in the amygdala: A mechanism for emotional learning and memory. Trends Neurosci. 1999, 22,
561-567. [CrossRef]

Tsoory, M.; Vouimba, R.; Akirav, I.; Kavushansky, A.; Avital, A.; Richter-Levin, G. Amygdala modulation of memory-related
processes in the hippocampus: Potential relevance to PTSD. Prog. Brain Res. 2007, 167, 35-51. [CrossRef]

Wixted, ].T.; Goldinger, S.D.; Squire, L.R.; Kuhn, J.R.; Papesh, M.H.; Smith, K.A.; Treiman, D.M.; Steinmetz, PN. Coding of
episodic memory in the human hippocampus. Proc. Natl. Acad. Sci. USA 2018, 115, 1093-1098. [CrossRef] [PubMed]

Tulving, E.; Markowitsch, H.J. Episodic and declarative memory: Role of the hippocampus. Hippocampus 1998, 8, 198-204.
[CrossRef]

Fritch, H.A.; MacEvoy, S.P; Thakral, P.P; Jeye, B.M.; Ross, R.S.; Slotnick, S.D. The anterior hippocampus is associated with spatial
memory encoding. Brain Res. 2020, 1732, 146696. [CrossRef] [PubMed]

Shrager, Y.; Bayley, PJ.; Bontempi, B.; Hopkins, R.O.; Squire, L.R. Spatial memory and the human hippocampus. Proc. Natl. Acad.
Sci. USA 2007, 104, 2961-2966. [CrossRef]


http://doi.org/10.1093/cercor/bhu073
http://doi.org/10.1001/jamapsychiatry.2015.0101
http://doi.org/10.1038/mp.2015.209
http://doi.org/10.1176/appi.ajp.2020.19030331
http://www.ncbi.nlm.nih.gov/pubmed/32539527
http://doi.org/10.1016/j.bbr.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19111791
http://doi.org/10.1016/j.pscychresns.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/20488675
http://doi.org/10.1176/appi.ajp.159.7.1190
http://www.ncbi.nlm.nih.gov/pubmed/12091198
http://doi.org/10.1016/0028-3932(94)90062-0
http://doi.org/10.1016/j.cognition.2021.104785
http://www.ncbi.nlm.nih.gov/pubmed/34059317
http://doi.org/10.1523/JNEUROSCI.3401-04.2005
http://doi.org/10.1016/j.bbr.2008.11.020
http://doi.org/10.1523/JNEUROSCI.23-01-00303.2003
http://doi.org/10.1097/WNR.0b013e328302c873
http://www.ncbi.nlm.nih.gov/pubmed/6715208
http://doi.org/10.1146/annurev.neuro.25.112701.142937
http://www.ncbi.nlm.nih.gov/pubmed/12052921
http://doi.org/10.1523/JNEUROSCI.0068-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15071097
http://doi.org/10.1016/j.neuropsychologia.2006.03.018
http://doi.org/10.1007/s00221-017-4905-8
http://doi.org/10.1016/j.bbr.2008.09.038
http://doi.org/10.1038/s41467-018-06849-z
http://doi.org/10.1002/(SICI)1097-4547(19970901)49:5&lt;515::AID-JNR1&gt;3.0.CO;2-E
http://doi.org/10.1159/000368279
http://doi.org/10.1016/S0166-2236(99)01465-4
http://doi.org/10.1016/s0079-6123(07)67003-4
http://doi.org/10.1073/pnas.1716443115
http://www.ncbi.nlm.nih.gov/pubmed/29339476
http://doi.org/10.1002/(SICI)1098-1063(1998)8:3&lt;198::AID-HIPO2&gt;3.0.CO;2-G
http://doi.org/10.1016/j.brainres.2020.146696
http://www.ncbi.nlm.nih.gov/pubmed/32014532
http://doi.org/10.1073/pnas.0611233104

Brain Sci. 2022, 12, 439 14 of 16

56.
57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.
72.
73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

Schmahmann, J.D. Vascular Syndromes of the Thalamus. Stroke 2003, 34, 2264-2278. [CrossRef]

Sherman, S.M.; Guillery, R-W. Exploring the Thalamus and Its Role in Cortical Function; MIT Press: Cambridge, MA, USA, 2018.
Van Erp, T.G,; Hibar, D.P; Rasmussen, ].M.; Glahn, D.C.; Pearlson, G.D.; Andreassen, O.A.; Agartz, I.; Westlye, L.T.; Haukvik,
U.K; Dale, A.M,; et al. Subcortical brain volume abnormalities in 2028 individuals with schizophrenia and 2540 healthy controls
via the ENIGMA consortium. Mol. Psychiatry 2016, 21, 547-553. [CrossRef]

Van Rooij, D.; Anagnostou, E.; Arango, C.; Auzias, G.; Behrmann, M.; Busatto, G.F; Calderoni, S.; Daly, E.; Deruelle, C,;
Di Martino, A,; et al. Cortical and subcortical brain morphometry differences between patients with autism spectrum disorder
and healthy individuals across the lifespan: Results from the ENIGMA ASD working group. Am. J. Psychiatry 2018, 175, 359-369.
[CrossRef]

Di Martino, A.; Yan, C.G.; Li, Q.; Denio, E.; Castellanos, FX.; Alaerts, K.; Anderson, J.S.; Assaf, M.; Bookheimer, S.Y.;
Dapretto, M.; et al. The autism brain imaging data exchange: Towards a large-scale evaluation of the intrinsic brain architecture
in autism. Mol. Psychiatry 2014, 19, 659-667. [CrossRef]

Wang, L.; Alpert, K.I.; Calhoun, V.D.; Cobia, D.J.; Keator, D.; King, M.D.; Kogan, A.; Landis, D.; Tallis, M.; Turner, M.D.; et al.
SchizConnect: Mediating neuroimaging databases on schizophrenia and related disorders for large-scale integration. Neurolmage
2016, 124, 1155-1167. [CrossRef]

Riddle, K.; Cascio, C.J.; Woodward, N.D. Brain structure in autism: A voxel-based morphometry analysis of the Autism Brain
Imaging Database Exchange (ABIDE). Brain Imaging Behav. 2017, 11, 541-551. [CrossRef] [PubMed]

Zhang, W.; Groen, W.; Mennes, M.; Greven, C.; Buitelaar, J.; Rommelse, N. Revisiting subcortical brain volume correlates of
autism in the ABIDE dataset: Effects of age and sex. Psychol. Med. 2018, 48, 654-668. [CrossRef] [PubMed]

Williams, C.M.; Peyre, H.; Toro, R.; Beggiato, A.; Ramus, F. Adjusting for allometric scaling in ABIDE I challenges subcortical
volume differences in autism spectrum disorder. Hum. Brain Mapp. 2020, 41, 4610-4629. [CrossRef] [PubMed]

Oh, J.; Oh, B.-L,; Lee, K.-U; Chae, J.-H.; Yun, K. Identifying Schizophrenia Using Structural MRI with a Deep Learning Algorithm.
Front. Psychiatry 2020, 11, 16. [CrossRef]

McCrimmon, A.W.; Rostad, K. Test Review: Autism Diagnostic Observation Schedule, Second Edition (ADOS-2) Manual (Part II):
Toddler Module. J. Psychoeduc. Assess. 2014, 32, 88-92. [CrossRef]

Garcia-Alba, J.; Rubio-Valdehita, S.; Sanchez, M.].; Garcia, A.IM.; Esteba-Castillo, S.; Gémez-Caminero, M. Cognitive training
in adults with intellectual disability: Pilot study applying a cognitive tele-rehabilitation program. Int. ]. Dev. Disabil. 2020, 1-7.
[CrossRef]

Di Martino, A.; O’connor, D.; Chen, B.; Alaerts, K.; Anderson, ].S.; Assaf, M.; Balsters, ].H.; Baxter, L.; Beggiato, A.; Bernaerts, S.; et al.
Enhancing studies of the connectome in autism using the autism brain imaging data exchange II. Sci. Data 2017, 4, 170010.
[CrossRef]

Cabral, C.; Kambeitz-Ilankovic, L.; Kambeitz, J.; Calhoun, V.D.; Dwyer, D.B.; Von Saldern, S.; Urquijo, M.E,; Falkai, P.; Koutsouleris,
N. Classifying Schizophrenia Using Multimodal Multivariate Pattern Recognition Analysis: Evaluating the Impact of Individual
Clinical Profiles on the Neurodiagnostic Performance. Schizophr. Bull. 2016, 42, S5110-S117. [CrossRef]

Wechsler, D. Wechsler Abbreviated Scale of Intelligence (WASI-II), 2nd ed.; NCS Pearson: San Antonio, TX, USA, 2011.

Bruni, T.P. Test Review: Social Responsiveness Scale-Second Edition (SRS-2). J. Psychoeduc. Assess. 2014, 32, 365-369. [CrossRef]
Mayer, J.; Saloyev, P.; Caruso, D. The Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT); Multi-Health Systems: Toronto,
ON, Canada, 2002.

Kleinhans, N.M.; Miiller, R.-A.; Cohen, D.N.; Courchesne, E. Atypical functional lateralization of language in autism spectrum
disorders. Brain Res. 2008, 1221, 115-125. [CrossRef]

Herbert, M.R,; Ziegler, D.A.; Deutsch, C.K.; O’'Brien, L.M.; Kennedy, D.N.; Filipek, P.A.; Bakardjiev, A.IL;; Hodgson, J.; Takeoka, M.;
Makris, N.; et al. Brain asymmetries in autism and developmental language disorder: A nested whole-brain analysis. Brain 2005,
128, 213-226. [CrossRef] [PubMed]

Thompson, PM.; Cannon, T.D.; Narr, K.L.; Van Erp, T.; Poutanen, V.-P.; Huttunen, M.; Lénnqvist, ].; Standertskjold-Nordenstam,
C.-G.; Kaprio, ].; Khaledy, M.; et al. Genetic influences on brain structure. Nat. Neurosci. 2001, 4, 1253-1258. [CrossRef] [PubMed]
O’Dwyer, L.; Tanner, C.; Van Dongen, E.V.; Greven, C.U.; Bralten, ].; Zwiers, M.P,; Franke, B.; Heslenfeld, D.; Oosterlaan, J.;
Hoekstra, PJ.; et al. Decreased Left Caudate Volume Is Associated with Increased Severity of Autistic-Like Symptoms in a Cohort
of ADHD Patients and Their Unaffected Siblings. PLoS ONE 2016, 11, e0165620. [CrossRef] [PubMed]

Herculano-Houzel, S.; Collins, C.E.; Wong, P.; Kaas, ].H. Cellular scaling rules for primate brains. Proc. Natl. Acad. Sci. USA 2007,
104, 3562-3567. [CrossRef] [PubMed]

Donovan, A.; Basson, M.A. The neuroanatomy of autism—A developmental perspective. J. Anat. 2017, 230, 4-15. [CrossRef]
Haar, S.; Berman, S.; Behrmann, M.; Dinstein, I. Anatomical Abnormalities in Autism? Cereb. Cortex 2016, 26, 1440-1452.
[CrossRef]

Howard, M.; Cowell, P.; Boucher, J.; Broks, P.; Mayes, A.; Farrant, A.; Roberts, N. Convergent neuroanatomical and behavioural
evidence of an amygdala hypothesis of autism. Neuroreport 2000, 11, 2931-2935. [CrossRef]

Mosconi, M.W.; Cody-Hazlett, H.; Poe, M.D.; Gerig, G.; Gimpel-Smith, R.; Piven, J. Longitudinal Study of Amygdala Volume and
Joint Attention in 2- to 4-Year-Old Children with Autism. Arch. Gen. Psychiatry 2009, 66, 509-516. [CrossRef]

Munson, J.; Dawson, G.; Abbott, R.; Faja, S.; Webb, S.J.; Friedman, S.D.; Shaw, D.; Artru, A.; Dager, S.R. Amygdalar Volume and
Behavioral Development in Autism. Arch. Gen. Psychiatry 2006, 63, 686—693. [CrossRef]


http://doi.org/10.1161/01.STR.0000087786.38997.9E
http://doi.org/10.1038/mp.2015.63
http://doi.org/10.1176/appi.ajp.2017.17010100
http://doi.org/10.1038/mp.2013.78
http://doi.org/10.1016/j.neuroimage.2015.06.065
http://doi.org/10.1007/s11682-016-9534-5
http://www.ncbi.nlm.nih.gov/pubmed/26941174
http://doi.org/10.1017/S003329171700201X
http://www.ncbi.nlm.nih.gov/pubmed/28745267
http://doi.org/10.1002/hbm.25145
http://www.ncbi.nlm.nih.gov/pubmed/32729664
http://doi.org/10.3389/fpsyt.2020.00016
http://doi.org/10.1177/0734282913490916
http://doi.org/10.1080/20473869.2020.1764242
http://doi.org/10.1038/sdata.2017.10
http://doi.org/10.1093/schbul/sbw053
http://doi.org/10.1177/0734282913517525
http://doi.org/10.1016/j.brainres.2008.04.080
http://doi.org/10.1093/brain/awh330
http://www.ncbi.nlm.nih.gov/pubmed/15563515
http://doi.org/10.1038/nn758
http://www.ncbi.nlm.nih.gov/pubmed/11694885
http://doi.org/10.1371/journal.pone.0165620
http://www.ncbi.nlm.nih.gov/pubmed/27806078
http://doi.org/10.1073/pnas.0611396104
http://www.ncbi.nlm.nih.gov/pubmed/17360682
http://doi.org/10.1111/joa.12542
http://doi.org/10.1093/cercor/bhu242
http://doi.org/10.1097/00001756-200009110-00020
http://doi.org/10.1001/archgenpsychiatry.2009.19
http://doi.org/10.1001/archpsyc.63.6.686

Brain Sci. 2022, 12, 439 150f 16

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Groen, W,; Teluij, M.; Buitelaar, J.; Tendolkar, I. Amygdala and Hippocampus Enlargement during Adolescence in Autism. J. Am.
Acad. Child Adolesc. Psychiatry 2010, 49, 552-560.

Nordahl, C.W.; Scholz, R.; Yang, X.; Buonocore, M.H.; Simon, T.; Rogers, S.; Amaral, D.G. Increased rate of amygdala growth in
children aged 2 to 4 years with autism spectrum disorders: A longitudinal study. Arch. Gen. Psychiatry 2012, 69, 53—61. [CrossRef]
[PubMed]

Schumann, C.M.; Hamstra, J.; Goodlin-Jones, B.L.; Lotspeich, L.J.; Kwon, H.; Buonocore, M.H.; Lammers, C.R.; Reiss, A.L,;
Amaral, D.G. The Amygdala Is Enlarged in Children but Not Adolescents with Autism; the Hippocampus Is Enlarged at All
Ages. J. Neurosci. 2004, 24, 6392-6401. [CrossRef] [PubMed]

Sparks, B.E.; Friedman, S.D.; Shaw, D.W.; Aylward, E.H.; Echelard, D.; Artru, A.A.; Maravilla, K.R.; Giedd, ].N.; Munson, J.;
Dawson, G.; et al. Brain structural abnormalities in young children with autism spectrum disorder. Neurology 2002, 59, 184-192.
[CrossRef] [PubMed]

Aylward, E.H.; Minshew, N.J.; Goldstein, G.; Honeycutt, N.A.; Augustine, A.M.; Yates, K.O.; Barta, P.E.; Pearlson, G.D. MRI
volumes of amygdala and hippocampus in non-mentally retarded autistic adolescents and adults. Neurology 1999, 53, 2145.
[CrossRef] [PubMed]

Nacewicz, B.M.; Dalton, K.M.; Johnstone, T.; Long, M.T.; McAuliff, E.M.; Oakes, T.R.; Alexander, A.L.; Davidson, R. Amygdala
Volume and Nonverbal Social Impairment in Adolescent and Adult Males with Autism. Arch. Gen. Psychiatry 2006, 63, 1417-1428.
[CrossRef] [PubMed]

Herrington, J.D.; Maddox, B.B.; Kerns, C.M.; Rump, K.; Worley, J.A.; Bush, ].C.; McVey, A.].; Schultz, R.T.; Miller, ].S. Amygdala
Volume Differences in Autism Spectrum Disorder Are Related to Anxiety. . Autism Dev. Disord. 2017, 47, 3682-3691. [CrossRef]
[PubMed]

Haznedar, M.M.; Buchsbaum, M.S.; Wei, T.-C.; Hof, PR.; Cartwright, C.; Bienstock, C.A.; Hollander, E. Limbic Circuitry in
Patients with Autism Spectrum Disorders Studied with Positron Emission Tomography and Magnetic Resonance Imaging. Am. J.
Psychiatry 2000, 157, 1994-2001. [CrossRef]

Barnea-Goraly, N.; Frazier, TW.,; Piacenza, L.; Minshew, N.J.; Keshavan, M.S.; Reiss, A.L.; Hardan, A.Y. A preliminary longitudinal
volumetric MRI study of amygdala and hippocampal volumes in autism. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2014, 48,
124-128. [CrossRef]

Nicolson, R.; De Vito, T.].; Vidal, C.N.; Sui, Y.; Hayashi, K.M.; Drost, D.J.; Williamson, P.C.; Rajakumar, N.; Toga, A.W.; Thompson,
P. Detection and mapping of hippocampal abnormalities in autism. Psychiatry Res. Neuroimaging 2006, 148, 11-21. [CrossRef]
Maier, S.; van Elst, L.T.; Beier, D.; Ebert, D.; Fangmeier, T.; Radtke, M.; Perlov, E.; Riedel, A. Increased hippocampal volumes
in adults with high functioning autism spectrum disorder and an IQ>100: A manual morphometric study. Psychiatry Res.
Neuroimaging 2015, 234, 152-155. [CrossRef]

Sato, W.; Kubota, Y.; Kochiyama, T.; Uono, S.; Yoshimura, S.; Sawada, R.; Sakihama, M.; Toichi, M. Increased Putamen Volume in
Adults with Autism Spectrum Disorder. Front. Hum. Neurosci. 2014, 8, 957. [CrossRef] [PubMed]

Lange, N.; Travers, B.G.; Bigler, E.D.; Prigge, M.B.; Froehlich, A.L.; Nielsen, J.; Cariello, A.N.; Zielinski, B.A.; Anderson, J.;
Fletcher, P.T.; et al. Longitudinal Volumetric Brain Changes in Autism Spectrum Disorder Ages 6-35 Years. Autism Res. 2015, §,
82-93. [CrossRef] [PubMed]

Lin, H.-Y;; Ni, H.-C,; Lai, M.-C.; Tseng, W.-Y.L; Gau, S.S.-F. Regional brain volume differences between males with and without
autism spectrum disorder are highly age-dependent. Mol. Autism 2015, 6, 29. [CrossRef] [PubMed]

Ismail, M.M.T.; Keynton, R.S.; Mostapha, M.M.M.O.; ElTanboly, A.H.; Casanova, M.E; Gimel'’Farb, G.L.; El-Baz, A. Studying
Autism Spectrum Disorder with Structural and Diffusion Magnetic Resonance Imaging: A Survey. Front. Hum. Neurosci. 2016,
10, 211. [CrossRef]

Tsatsanis, K.D.; Rourke, B.P; Klin, A.; Volkmar, ER.; Cicchetti, D.; Schultz, R.T. Reduced thalamic volume in high-functioning
individuals with autism. Biol. Psychiatry 2003, 53, 121-129. [CrossRef]

Schuetze, M.; Park, M.T.; Cho, LY.; MacMaster, F.; Chakravarty, M.M.; Bray, S.L. Morphological Alterations in the Thalamus,
Striatum, and Pallidum in Autism Spectrum Disorder. Neuropsychopharmacology 2016, 41, 2627-2637. [CrossRef]

Garman, H.D.; Spaulding, C.J.; Webb, S.J.; Mikami, A.; Morris, J.P.; Lerner, M.D. Wanting it Too Much: An Inverse Relation
Between Social Motivation and Facial Emotion Recognition in Autism Spectrum Disorder. Child Psychiatry Hum. Dev. 2016, 47,
890-902. [CrossRef]

Sasson, N.J.; Morrison, K.E.; Kelsven, S.; Pinkham, A.E. Social cognition as a predictor of functional and social skills in autistic
adults without intellectual disability. Autism Res. 2020, 13, 259-270. [CrossRef]

Ward, K.E.; Friedman, L.; Wise, A.; Schulz, S. Meta-analysis of brain and cranial size in schizophrenia. Schizophr. Res. 1996, 22,
197-213. [CrossRef]

Nelson, M.D.; Saykin, A.; Flashman, L.A.; Riordan, H.J. Hippocampal volume reduction in schizophrenia as assessed by magnetic
resonance imaging: A meta-analytic study. Arch. Gen. Psychiatry 1998, 55, 433-440. [CrossRef]

Wright, I.C.; Rabe-Hesketh, S.; Woodruff, PW.; David, A.S.; Murray, R.; Bullmore, E. Meta-Analysis of Regional Brain Volumes in
Schizophrenia. Am. J. Psychiatry 2000, 157, 16-25. [CrossRef] [PubMed]

Haijma, S.V.; Van Haren, N.; Cahn, W.; Koolschijn, P.C.M.P.; Hulshoff Pol, H.E.; Kahn, R.S. Brain volumes in schizophrenia: A
meta-analysis in over 18,000 subjects. Schizophr. Bull. 2013, 39, 1129-1138. [CrossRef] [PubMed]


http://doi.org/10.1001/archgenpsychiatry.2011.145
http://www.ncbi.nlm.nih.gov/pubmed/22213789
http://doi.org/10.1523/JNEUROSCI.1297-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254095
http://doi.org/10.1212/WNL.59.2.184
http://www.ncbi.nlm.nih.gov/pubmed/12136055
http://doi.org/10.1212/WNL.53.9.2145
http://www.ncbi.nlm.nih.gov/pubmed/10599796
http://doi.org/10.1001/archpsyc.63.12.1417
http://www.ncbi.nlm.nih.gov/pubmed/17146016
http://doi.org/10.1007/s10803-017-3206-1
http://www.ncbi.nlm.nih.gov/pubmed/28689329
http://doi.org/10.1176/appi.ajp.157.12.1994
http://doi.org/10.1016/j.pnpbp.2013.09.010
http://doi.org/10.1016/j.pscychresns.2006.02.005
http://doi.org/10.1016/j.pscychresns.2015.08.002
http://doi.org/10.3389/fnhum.2014.00957
http://www.ncbi.nlm.nih.gov/pubmed/25505401
http://doi.org/10.1002/aur.1427
http://www.ncbi.nlm.nih.gov/pubmed/25381736
http://doi.org/10.1186/s13229-015-0022-3
http://www.ncbi.nlm.nih.gov/pubmed/26045942
http://doi.org/10.3389/fnhum.2016.00211
http://doi.org/10.1016/S0006-3223(02)01530-5
http://doi.org/10.1038/npp.2016.64
http://doi.org/10.1007/s10578-015-0620-5
http://doi.org/10.1002/aur.2195
http://doi.org/10.1016/S0920-9964(96)00076-X
http://doi.org/10.1001/archpsyc.55.5.433
http://doi.org/10.1176/ajp.157.1.16
http://www.ncbi.nlm.nih.gov/pubmed/10618008
http://doi.org/10.1093/schbul/sbs118
http://www.ncbi.nlm.nih.gov/pubmed/23042112

Brain Sci. 2022, 12, 439 16 of 16

106.

107.

108.

109.

110.

111.

112.
113.

114.
115.

Chan, S.-H.; Ryan, L.; Bever, T.G. Role of the striatum in language: Syntactic and conceptual sequencing. Brain Lang. 2013, 125,
283-294. [CrossRef] [PubMed]

Hartberg, C.B.; Sundet, K.; Rimol, L.M.; Haukvik, U.K,; Lange, E.-H.; Nesvag, R.; Melle, I.; Andreassen, O.A.; Agartz, I. Subcortical
brain volumes relate to neurocognition in schizophrenia and bipolar disorder and healthy controls. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2011, 35, 1122-1130. [CrossRef] [PubMed]

Fan, E; Xiang, H.; Tan, S.; Yang, F; Fan, H.; Guo, H.; Kochunov, P; Wang, Z.; Hong, L.E.; Tan, Y. Subcortical structures and
cognitive dysfunction in first episode schizophrenia. Psychiatry Res. Neuroimaging 2019, 286, 69-75. [CrossRef]

Carroll, C.A.; Boggs, J.; O'Donnell, B.F.; Shekhar, A.; Hetrick, W.P. Temporal processing dysfunction in schizophrenia. Brain Cogn.
2008, 67, 150-161. [CrossRef]

Ward, R.D.; Simpson, E.; Richards, V.L.; Deo, G.; Taylor, K.; Glendinning, 1.]J.; Kandel, E.R.; Balsam, P.D. Dissociation of
Hedonic Reaction to Reward and Incentive Motivation in an Animal Model of the Negative Symptoms of Schizophrenia.
Neuropsychopharmacology 2012, 37, 1699-1707. [CrossRef]

Koziol, L.F.,; Budding, D.E. Subcortical Structures and Cognition: Implications for Neuropsychological Assessment; Springer: New York,
NY, USA, 2009.

Lang, PJ. The Emotion Probe: Studies of Motivation and Attention. Am. Psychol. 1995, 50, 372. [CrossRef]

Leisman, G.; Braun-Benjamin, O.; Melillo, R. Cognitive-motor interactions of the basal ganglia in development. Front. Syst.
Neurosci. 2014, 8, 16. [CrossRef]

DelLisi, L.E. The Significance of Age of Onset for Schizophrenia. Schizophr. Bull. 1992, 18, 209-215. [CrossRef]

Wojtalik, J.; Eack, S.M.; Keshavan, M.S. Structural neurobiological correlates of Mayer—-Salovery—Caruso Emotional Intelligence
Test performance in early course schizophrenia. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2013, 40, 207-212. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.bandl.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22200490
http://doi.org/10.1016/j.pnpbp.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21457744
http://doi.org/10.1016/j.pscychresns.2019.01.003
http://doi.org/10.1016/j.bandc.2007.12.005
http://doi.org/10.1038/npp.2012.15
http://doi.org/10.1037/0003-066X.50.5.372
http://doi.org/10.3389/fnsys.2014.00016
http://doi.org/10.1093/schbul/18.2.209
http://doi.org/10.1016/j.pnpbp.2012.09.013
http://www.ncbi.nlm.nih.gov/pubmed/23041620

	Introduction 
	Materials and Methods 
	Data Collection 
	Participants 
	Psychological/Behavior Assessment 
	Imaging Data 
	Image Preprocessing 
	Statistical Analysis 

	Results 
	Quality Assessment between Neurotypical Males in ASD and SZ Databases 
	Global Brain Volumes between Groups (Disorder vs. Neurotypical) 
	Correlations between Subcortical Volumes, IQ and Social Cognition 

	Discussion 
	Direct Comparisons 
	ASD and ASD-NT 
	SZ and SZ-NT 

	Indirect Comparisons: ASD vs. SZ in Relation to NT 

	Conclusions 
	References

