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Abstract Autism spectrum disorder (ASD) is a heteroge-

neous neurodevelopmental disorder associated with both

genetic and environmental risks. Neuroimaging approaches

have been widely employed to parse the neurophysiolog-

ical mechanisms underlying ASD, and provide critical

insights into the anatomical, functional, and neurochemical

changes. We reviewed recent advances in neuroimaging

studies that focused on ASD by using magnetic resonance

imaging (MRI), positron emission tomography (PET), or

single-positron emission tomography (SPECT). Longitudi-

nal structural MRI has delineated an abnormal

developmental trajectory of ASD that is associated with

cascading neurobiological processes, and functional MRI

has pointed to disrupted functional neural networks.

Meanwhile, PET and SPECT imaging have revealed that

metabolic and neurotransmitter abnormalities may con-

tribute to shaping the aberrant neural circuits of ASD.

Future large-scale, multi-center, multimodal investigations

are essential to elucidate the neurophysiological underpin-

nings of ASD, and facilitate the development of novel

diagnostic biomarkers and better-targeted therapy.

Keywords Autism spectrum disorder � Positron emission

tomography � Magnetic resonance imaging � Molecular

imaging � Functional connectivity � Serotonin � Oxytocin

Introduction

Autism spectrum disorder (ASD) is a heterogeneous

neurodevelopmental disorder characterized by impaired

social communication and restricted, repetitive behaviors

[1], typically emerging at about 24 months of age. The

global prevalence rate of ASD is about 1% [2], and its

prevalence rate in Chinese children is estimated at 0.7%

[3]. According to the latest report, ASD is associated with

an annual economic burden of [250 billion dollars in the

USA, mainly due to special education costs, higher medical

costs, and loss of parental labor [4].

The etiologies of ASD are complex and are thought to

be attributable to both genetic and environmental risk

factors [5]. Evidence from genetic research has associated

[100 genetic variants with ASD risk [6]. Currently, the

clinical diagnosis of ASD is mainly based on observation

of behaviors [7], and there is no valid biomarker that can

aid in its diagnosis, or predict the onset, progression, or
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severity. Furthermore, it is primarily treated through

behavioral and educational interventions with no available

medication for treating its core neurobiological determi-

nants [8]. Hence, it is a priority to better understand the

neurobiological mechanisms in order to provide early

biologically-based diagnosis and more effective therapeu-

tic interventions for ASD.

Neuroimaging provides a non-invasive window into the

human brain. Over the past few decades, neuroimaging

modalities including positron emission tomography (PET)

and single-positron emission computed tomography

(SPECT) combined with structural and functional magnetic

resonance imaging (MRI) have been increasingly used to

explore the neural anatomical, functional and molecular

bases underlying ASD. Molecular imaging techniques such

as PET and SPECT allow the mapping of biological

processes in vivo at the cellular and molecular levels, and

facilitate the non-invasive visualization of ASD-specific

metabolic and neurochemical changes in vivo [9, 10]. MRI

provides anatomical and functional information underlying

ASD.

In the current review, we present the recent advances in

structural, functional, and molecular neuroimaging for

ASD. We included original neuroimaging articles on ASD

published between 2010 and June 30, 2020, particularly

structural MRI, resting-state functional MRI, PET, and

SPECT, and briefly summarize the main findings followed

by discussion of future directions. We did not cover task-

related functional MRI due to space limitations. We

searched PubMed using the following search terms:

‘‘autism’’, ‘‘magnetic resonance imaging’’, ‘‘connectivity’’,

‘‘resting state’’, ‘‘perfusion’’, ‘‘positron emission tomogra-

phy’’, and ‘‘single photon emission computed tomography’’

alone and in combination. Neuroimaging studies examin-

ing ASD and typically developing (TD) subjects were

included. We screened each retrieved article by the

relevance of its abstract, and checked the reference list of

each article for further relevant publications.

MRI

MRI is a versatile imaging modality that is capable of

probing extensive physiological processes based on the

special spin properties of protons and neutrons [11]. One

key strength of MRI is its superb spatial resolution

(micrometers), enabling the in vivo detection of subtle

changes in brain morphology. Using specialized tech-

niques, diffusion tensor MRI interrogates the microstruc-

ture of white matter based on free water diffusion, and

arterial spin labeling (ASL) allows the quantitative mea-

surement of tissue perfusion. In addition, functional MRI

enables the investigation of functional connectivity

patterns based on the blood-oxygen-level-dependent signal

[12]. In particular, resting-state functional MRI and

structural MRI have been widely employed to investigate

the neural correlates of ASD (Fig. 1).

MR Imaging of Brain Morphology

Numerous structural MRI studies on ASD have indicated

alterations in brain morphology, mainly in cortical surface

area and thickness, gray matter volume, and white matter

connectivity, particularly in the frontal cortex, temporal

cortex, and amygdala [13–17]. Table 1 summarizes the

main findings of structural MRI studies in ASD.

Cortex

Voxel-based morphometry is an objective and pragmatic

approach to assessing anatomical abnormalities (for

methodology, see [18]). By using voxel-based approaches,

gray matter volume abnormalities have been identified

throughout the brain in ASD [15, 16]. Recent meta-analysis

of voxel-based studies in ASD has provided evidence of

age-related cerebral enlargement, particularly gray matter

overgrowth in the prefrontal cortex (PFC) [13, 14]. The

PFC is involved in multiple cognitive and social functions,

such as social cognition, inhibition [19, 20], working

memory [21], language [22], motivation, and reward-based

learning [20]. Thus, structural abnormalities in the PFC

may be associated with the social impairment and language

deficits in ASD.

Emerging evidence from longitudinal neuroimaging

studies has indicated age-specific anatomical changes and

atypical neurodevelopmental trajectories in ASD

[16, 23–25]. For instance, autism is marked by brain

overgrowth during infancy and the toddler years, followed

by an accelerated rate of decline in size and perhaps

degeneration from adolescence to adulthood when

decreases in structural volume are observed. This has led

to the theory of age-specific anatomic abnormalities in

autism [23], which may be related to age-specific changes

in gene expression, and molecular, synaptic, and cellular as

well as circuit abnormalities. To address the original cause

driving these age-specific changes in anatomical abnor-

malities is a challenge in autism research, and it has been

suggested that the optimum age for studying the patho-

physiology of autism is the first three postnatal years and

prenatal life [23].

A number of longitudinal studies focused on infants and

toddlers offer critical insights into the atypical neurode-

velopmental trajectories of ASD in early postnatal life

[17, 24–33]. A recent prospective study on infants at risk

for ASD (106 high-risk and 42 low-risk) has revealed that

children who go on to develop ASD show cortical surface
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area hyper-expansion from 6 months to 12 months of age.

This hyper-expansion starts in domains mediating auditory

and visual processing and is highly predictive (a positive

predictive value of 81%) of the diagnosis of ASD in high-

risk infants [29]. The presence of cortical surface area

hyper-expansion precedes the onset of brain volume

overgrowth in the second year after birth [26, 29, 33].

Besides, several studies found no differences in cortical

thickness in ASD toddlers [29, 30, 33]. Thus, it has been

suggested that the early cortical overgrowth in ASD may

be driven by accelerated cortical surface area expansion

rather than increased cortical thickness [29, 30, 33], since

distinct developmental mechanisms may account for the

radial expansion that produces the multilayered cortex of

mammals and for the tangential expansion of cortical

surface area [34]. Specifically, tangential expansion of the

neocortical surface area is closely associated with the

number of radial units formed by symmetrical divisions

along the ventricular zone, whereas cortical thickness is

controlled by the number of asymmetric radial glial cell

divisions [35, 36]. Since each round of mitosis results in an

exponential increase in the number of progenitor cells,

small changes affecting the duration of symmetric growth

will have a dramatic impact on surface area. Thus, cortical

surface area hyper-expansion in ASD individuals is

possibly attributed to dysregulated neural progenitor cell

proliferation and differentiation, and this has been sup-

ported by the findings from ASD patient-derived neural

progenitor cells showing excessive proliferation compared

with normal controls [37–39]. On the other hand, incom-

plete synaptic pruning could also contribute to the brain

overgrowth in ASD [40], but the underlying mechanisms

are not conclusive and need to be further elucidated in

future studies.

Besides, atypical cortical folding has been indicated in

ASD [41, 42], as measured by the local gyrification index

(lGI). Gyrification, the process by which the brain forms

sulcal and gyral regions, allows for optimized compact

wiring of neuronal fibers that promotes efficient neural

processing in the brain [43]. In individuals with ASD aged

7 years–19 years, lGI is increased in the left parietal and

temporal and right frontal and temporal regions compared

with TD [42]. lGI declines with age, but more steeply in

ASD aged 41 years–61 years; compared with TD, lGI is

decreased bilaterally in insular and anterior cingulate

cortex (ACC), left postcentral, and orbitofrontal and

supramarginal regions. Gyrification is postulated to be

influenced by axonal tension [44] or differential expansion

Fig. 1 Schematic of multilevel

imaging-based studies on ASD

brain development in the con-

text of the temporal dimension

(horizontal axis) at different

scales (vertical axis). Different

indices are derived from struc-

tural, functional, and molecular

imaging, such as gyrification,

structural connectivity, func-

tional connectivity, perfusion,

metabolism, and neurotransmit-

ter systems. Longitudinal neu-

roimaging studies monitor and

delineate brain developmental

trajectories in ASD, which are

postulated to be related to cas-

cading neurodevelopmental

processes. Bottom panel,

prominent processes relevant to

ASD during fetal and post-natal

brain development. Adapted

from [163].
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Table 1 MR imaging of brain morphology.

Reference Age range Brain regions Main findings in ASD group

Schumann

et al. [15]

Longitudinal, 1.5-5 years Cerebrum : GMV and WMV in cerebrum; notably in frontal, temporal, and

cingulate cortices

Hazlett

et al. [17]

18-35 months Cerebrum; cerebellum : GMV and WMV in in frontal, temporal, and parietal-occipital lobes

Sparks et al.
[70]

3-4 years Cerebrum; cerebellum;

hippocampus;

amygdala

:Volumes in cerebrum, cerebellum, amygdala, and hippocampus

Courchesne

et al. [24]

2-16 years Cerebrum; cerebellum;

cerebellar vermis

: Cerebral GMV and WMV; cerebellar WMV; ; cerebellar GMV,

cerebellar vermis lobules VI–VII in 2- to 3- year-olds

Carper et al.
[25]

2-9 years Cerebrum; frontal lobe : Volumes in dorsolateral and medial frontal regions in those under

age 5

Shen et al.
[26]

(Longitudinal, prospective)

6-9, 12–15, and 18–24

months

Cerebrum; extra-axial

CSF

: Extra-axial CSF, particularly over the frontal lobes (6-9 mo); : total

cerebral volume (12-15 and 18–24 mo)

Hazlett

et al. [29]

(Longitudinal, prospective)

6-7, 12-13, 24-25 months

Global brain tissue; sur-

face area; cortical

thickness

: Cortical surface area (6-12 mo); : TBV (12-24 mo); no difference in

cortical thickness

Ohta et al.
[30]

3-3.5 years Cortical grey matter;

cortical thickness; sur-

face area

: Cortical surface area (3 y); no difference in cortical thickness

Shen et al.
[31]

(Longitudinal, prospective)

6-7, 12-13, 24-25 months

Extra-axial CSF; lateral

ventricle

: Extra-axial CSF (6-24 mo); no difference in lateral ventricle volume

Shen et al.
[32]

2-4 years Extra-axial CSF;

cerebrum

: Extra-axial CSF (2-4 y)

Hazlett

et al. [33]

(Longitudinal, prospective)

2-3, 4-5 years

Cerebrum; cortical

thickness

: Volume in cerebrum, particularly in temporal lobe white matter; no

difference in cortical thickness

D’Mello

et al. [49]

8-13 years Cerebrum; cerebellum ; GM in cerebellar lobule VII (Crus I/II)

Pierce et al.
[50]

3-8 years Cerebellar vermis;

cerebrum

; Area of cerebellar vermal lobules VI–VII

Foster et al.
[51]

6-17 years Global brain tissue; cor-

tical thickness; surface

area

: GM concentration in frontal, temporal lobes, putamen, and caudate

nucleus; ; GM concentration in cerebellum

Wolff et al.
[52]

(Longitudinal, prospective)

6-7, 12-13, 24-25 months

Corpus callosum (CC);

global brain tissue

: Area and thickness in CC, particularly in the anterior CC (6-12 mo);

correlation between CC area and thickness (1 y) and repetitive

behaviors (2 y)

Haar et al.
[53]

6-35 years Global brain tissue; cor-

tical thickness; surface

area

: Ventricular volume; cortical thickness in several area; ; CC volume;

no difference in intracranial volume, cerebellar and amygdala

volume

Schumann

et al. [55]

1-5 years Amygdala : Amygdala volume

Barnea-Go-

raly et al.
[58]

8-12, 11-15 Amygdala; hippocampus : Right hippocampus volume (8 y); ; right hippocampus volume (15

y)

Pote et al.
[59]

4-6 months Global brain tissue; CSF;

lateral ventricle

: Cerebellar and subcortical volumes (4–6-mo)

Kohli et al.
[41]

41-61 years Cortical thickness; sur-

face area; cortical

folding

; lGI bilaterally in insular and ACC, left postcentral, and middle

frontal and right orbitofrontal and supramarginal regions; positive

correlations between lGI in the bilateral insula and right

orbitofrontal cortex and executive function scores

Kohli et al.
[42]

7-19 years Cortical thickness; sur-

face area; cortical

folding

: lGI in left parietal and temporal and right frontal and temporal

regions

ACC, anterior cingulate cortex; CT, cortical thickness; CSF, cerebrospinal fluid; GM, grey matter; GMV, grey matter volume; lGI, local

gyrification index; ROI, region of interest; SA, surface area; SBM, surface-based morphometry; TBV, total brain volume; VBM, voxel-based

morphometry; WMV, white matter volume.
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rates of cortical layers [45]. In ASD, altered gyrification

patterns can be impacted by abnormal neuronal prolifer-

ation and migration. Further investigations of cortical

folding would deepen our understanding of cortical devel-

opment, and allow us to better define the neurobiological

mechanisms associated with ASD.

Recently, the largest study to date of brain asymmetry in

ASD has mapped the differences in brain asymmetry

between participants with ASD and TD [46], suggesting

altered lateralization in ASD. Cerebral lateralization is a

prominent feature of the brain in organizing certain motor

and cognitive functions, such as handedness and language

[47]. Individuals with ASD exhibit generally reduced

asymmetry compared to TD, which suggests abnormal

hemispheric specialization in autistic individuals. Interest-

ingly, many of the regions that show significant alterations

in asymmetry, including medial frontal, anterior cingulate,

and inferior temporal regions, overlap with the default

mode network (DMN), which further supports a role of

abnormal functional lateralization of the DMN in ASD

[48].

Cerebellum and Subcortical Areas

Other morphometric studies of ASD have also character-

ized abnormalities in the cerebellum [49–51], corpus

callosum [52–54], amygdala [16, 55], caudate nucleus

[51, 56], and cerebrospinal fluid (CSF) [26, 31, 32]. The

posterior lobe of the cerebellum (lobules VI and VII) is

functionally coupled to the PFC and the ACC [57]. It is

thought to be engaged in cognitive-affective functions, and

thus may play a critical role in the pathophysiology of ASD

[49, 50]. Similarly, given the important role of the

amygdala in emotion processing, the aberrant amygdala

structure may underlie the social-emotional deficits in

individuals with ASD [24, 58]. There is evidence that

children with ASD have an enlarged amygdala that shows a

significant correlation with the severity of their social and

communication impairments [55]. Moreover, accumulating

evidence has implicated enlargement of the caudate

nucleus within the cortico-striatal circuits, and enlargement

of the caudate is correlated with the repetitive behaviors in

children with ASD [56, 59]. Notably, a disproportionately

large midsagittal corpus callosum relative to total brain

volume has been identified in a longitudinal study on ASD

infants, particularly in the anterior region, which mediates

sensory-motor functions and behavioral inhibition [52].

Besides, the authors reported that the increased area and

thickness of the corpus callosum are significantly corre-

lated with the severity of restricted, repetitive behaviors in

ASD toddlers at age 2. In contrast, decreased corpus

callosum volume has been reported in older children and

adults with ASD compared to TD subjects [53, 54]. This

atypical trajectory of the corpus callosum fits the theory of

age-specific anatomical abnormalities in ASD, and could

be related to the early excessive thin axons and subsequent

insufficient axon growth and refinement in ASD patients

[52, 60]. In addition, patients with ASD have elevated

extra-axial CSF (defined as CSF in the subarachnoid space

surrounding the cortex) relative to TD children from

infancy to age 3 [26, 31, 32]. Given the important role of

normal CSF circulation for the delivery of neural tropic

factors as well as the clearance of neurotoxins and

metabolites [61, 62], it has been suggested that the

abnormal cortical development in ASD may be

attributable to a dysfunction of CSF circulation [32].

Notably, abnormal white matter connectivity has also

been indicated in ASD (Table 2). Diffusion tensor imaging

(DTI) is a specialized MRI technique for non-invasive

detection of fiber orientation and white matter connectivity

by assessing the diffusion of water molecules in nervous

system tissue [63]. DTI-derived metrics like fractional

anisotropy (FA) and mean diffusivity are used to measure

the orientation and the magnitude of diffusion, respec-

tively, indicative of the white-matter microstructural prop-

erties including axon composition and myelination. A

longitudinal DTI study has characterized increased FA and

volume of fiber tracts (12 out of 15) in infants who later

developed ASD at 6 months of age [27], whereas

decreased FA and volume were identified in older children

with ASD compared with TD controls [27, 64, 65],

suggesting that axonal plasticity is implicated in the

development of ASD. The changes of white matter

connectivity properties over time could be associated with

the dynamic processes of axonal pruning and myelination

[66], e.g. early excessive thin axons and subsequent

insufficient axon refinement in ASD patients. Another

longitudinal study in ASD toddlers has reported axonal

over-connectivity, as indexed by FA, in the frontal white

matter tracts including the uncinate fasciculus connecting

the frontal cortex and the amygdala as well as the arcuate

fasciculus that is involved in language transmission [28], in

agreement with the findings of Wolff et al. [27]. Elevated

FA has also been reported in the corpus callosum and

superior and inferior longitudinal fasciculi, as well as the

inferior frontal-occipital fasciculus in tract-based spatial

statistical studies of preschool-aged children and adults

with ASD [67, 68]. Intriguingly, one recent study using the

high angular resolution diffusion-weighted imaging

method, which is more sensitive to deep brain structures,

has provided evidence of abnormal structure in the

mesolimbic reward pathway which connects the nucleus

accumbens and the ventral tegmental area in ASD children;

this supports the hypothesis that impaired reward process-

ing circuitry might be a mechanism underlying ASD [69].
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Taken together, MRI studies employing voxel–based

morphometry and DTI have reported age-related alter-

ations in surface area, cortical thickness, cortical folding,

brain lateralization, white matter connectivity, and gray

matter volume in the prefrontal and temporal cortex,

cerebellum [49–51], corpus callosum [52–54], amygdala

[55, 70], caudate nucleus [51, 56], and CSF [26, 31, 32] in

ASD patients, which may partly account for the emotional,

behavioral executive, and language impairments. Although

demographic features, such as sex and intelligence quotient

can to some extent explain these age-specific findings [71],

individual differences in ASD, such as the level of

impairment, and the presence of medical and behavioral

comorbidities in the selected groups may be another

important factor in these inconsistent patterns of abnor-

mality related to age. Longitudinal studies have delineated

several atypical developmental trajectories as early as

6 months, and provide critical insights into the atypical

neurodevelopment of ASD in early postnatal life

[17, 24–33]. The presence of several prodromal abnormal-

ities, such as greater cerebellar and subcortical volumes at

4–6 months, elevated extra-axial CSF level at 6 months,

increased thickness of the corpus callosum and cortical

surface area hyper-expansion at 6 months–12 months, total

brain volume overgrowth between 12 months and

24 months, and hyper-connectivity in the frontal white

matter tracts in high-risk infants at 6 months–24 months of

age, may aid in pre-symptomatic diagnosis and progression

prediction of ASD.

MR Imaging of Resting-State Functional

Connectivity

An increasing number of resting-state functional MRI

investigations have concentrated on the alterations in the

cerebral functional connectivity of patients with ASD by

measuring spatiotemporal patterns of blood-oxygen-level-

dependent signals (Table 3). The upsurge of interest in this

field stems from the theory that the intrinsic activity of the

brain may play a pivotal role in higher-order cognition

[72]. Diverse methodologies such as independent compo-

nent analysis, seed-based correlation analysis, graph-theo-

retical analysis, and regional homogeneity have been

widely used to analyze the functional connectivity (re-

viewed in [73]). Taking advantage of these methodologies,

atypical functional connectivity has been characterized in

ASD, including in the salience network (SN) [74–77],

DMN [75–78], executive control network (ECN)

Table 2 Diffusion tensor imaging studies.

Reference Age range Brain regions Main findings in ASD group

Wolff et al.
[27]

(Longitudinal, prospective)

6-7, 12-13, 24-25 months

Global main fiber

tracts

: FA in the body of corpus callosum, left fornix, inferior longitudinal

fasciculus, uncinate fasciculus at 6 months; : FA in anterior thalamic

radiations, anterior internal capsule at 24 months

Solso et al.
[28]

(Longitudinal, prospective)

1-4 years

Frontal tracts : FA and volume in forceps minor, inferior frontal superior frontal tract,

uncinate, frontal projection of the superior corticostriatal tract; : FA in

arcuate fasciculus portion of the superior longitudinal fasciculus; :
volume in inferior frontal occipital fasciculus, inferior longitudinal

fasciculus (12 months)

Nordahl

et al. [54]

(Longitudinal) 2-4,3-5, 5-7

years

Corpus callosum

(CC)

; CC regions with fibers directed to superior frontal cortex and

midsagittal CC area in both males and females with ASD, ; CC region

with fibers directed to the orbitofrontal cortex in males with ASD; ; CC

region associated with the anterior frontal cortex in females with ASD;

: MD, AD and RD in females with ASD

Sundaram

et al. [64]

2-7 years Association fibers in

frontal lobes

: MD in short- and long-range fibers; ; FA in short-range fibers

Langen

et al. [65]

19-39 years Fronto-striatal tracts;

global brain

volume

; FA of white matter tracts connecting putamen to frontal cortical areas; :
MD of white matter tracts connecting accumbens to frontal cortex; ;
total brain WM volume

Andrews

et al. [67]

3-5 years Global main fiber

tracts

: FA in CC, inferior frontal-occipital fasciculi, inferior and superior

longitudinal fasciculi, middle and superior cerebellar peduncles, and

corticospinal tract

Catani

et al. [68]

18-41 years Global main fiber

tracts

; FA in regions that include frontal lobe pathways; : MD in the left

arcuate fasciculus, cingulum, uncinated and anterior portions of the CC

connecting left and right frontal lobes

AD, axial diffusivity; FA, fractional anisotropy; MD, mean diffusivity; ROI, region of interest; PT, probabilistic tractography; RD, radial

diffusivity; WM, white matter.
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[75–77, 79], and dorsal attention network [77, 79, 80]. The

SN, primarily composed of the anterior insula and dorsal

ACC, is thought to be involved in detection and the

allocation of attention to internal and external stimuli, and

coordination between large-scale networks such as the

DMN and the ECN to guide appropriate behaviors [81].

Disruption of the SN may account for reduced attention to

social stimuli in ASD individuals. The DMN, comprising

the medial PFC, posterior cingulate cortex, precuneus, and

temporo-parietal junction, is implicated in autobiographical

memory, introspective thought, and theory of mind

[82–84]. A majority of studies have reported a trend of

both global hypo-connectivity and local hyper-connectivity

of the DMN in children with ASD [85–87]. It has been

speculated that excess neurons may cause early brain

overgrowth and produce a mis-wired brain with exuberant

local and short-distance cortical interactions impeding the

function of large-scale, long distance interactions between

brain regions [88]. Dysfunction of the DMN may explain

the disturbance of self-referential thought in ASD [87]. The

ECN, predominantly anchored in the dorsal lateral PFC and

parietal cortex, plays a crucial role in decision-making,

working memory, and cognitive control [89]. Disruption of

this network may account for the impairment in cognitive

flexibility in ASD [79, 89]. The dorsal attention network,

mainly consisting of the middle temporal area complex,

intraparietal sulcus, and the frontal eye fields, underlies

top-down control of attention [90], thus dysfunction of this

network may contribute to the attention shift deficits in

ASD.

One study investigated the DMN, SN, and ECN

simultaneously using resting-state functional MRI [75]

and revealed that all three large-scale networks showed

atypical intrinsic connectivity in children and adolescents

with ASD relative to TD controls. Specifically, the DMN

and ECN had age-related over-connectivity in young

children with ASD but not in adolescents with ASD, so

this may reflect delayed network segregation in ASD. In

addition, the SN was under-connected internally and with

the ECN, and the connectivity within the SN was

associated with socio-communicative impairment, indicat-

ing that reduced SN functional integrity may compromise

its role in switching between DMN and ECN. Watanabe

et al. [91] found that high-functioning adults with ASD

showed fewer neural transitions than neurotypical controls,

and such atypically stable brain dynamics underlay general

cognitive ability and core symptoms in ASD. This study of

brain network dynamics revealed that functional stability in

neural circuits and atypical functional coordination among

networks may underpin the aberrant decreases in the

flexibility of dynamics in the brains of adults with ASD.

Besides the above networks, several other functional

connections have also been reported to be compromised in

the development of ASD. Hahamy et al. [92] examined

both intra- and inter-hemispheric functional connectivity in

children with ASD using resting-state functional MRI.

They found topographically distorted inter-hemispheric

functional connectivity in ASD when compared to TD

children, and indicated that the level of distortion in

homotopic inter-hemispheric functional connectivity was

correlated with autism severity. This study demonstrated

that individualized differentiation of functional connectiv-

ity patterns might be a core neural characteristic of ASD, in

accordance with the findings of Dickie et al. [93]. In

addition, Shou et al. have reported alterations of functional

connectivity in children with ASD in the vasopressin-

related neural circuits that are critically implicated in social

behaviors [94].

Notably, a growing number of neuroimaging studies

have explored the diagnostic (that is, predictive) value of

various measures of brain anatomy, functioning, and

connectivity for ASD [29, 95]. To explore whether the

pre-symptomatic pattern of functional connectivity can be

used to predict the diagnosis in ASD, Emerson et al. [95]

carried out a prospective investigation in 59 infants at high

risk for ASD using resting-state functional MRI. The

authors reported that a machine learning algorithm based

on the functional connections (selected as those that

correlated with 24-month ASD-related behaviors) of

6-month-old infants at high familial risk for ASD is highly

predictive of an ASD diagnosis at 24 months (positive

predictive value of 100%). This study indicates that

atypical brain connectivity patterns precede the emergence

of behavioral anomalies and functional MRI could facil-

itate the detection of ASD at the prodromal stage.

Taken together, patients with ASD exhibit patterns of

under- and over-connectivity compared to TD in multiple

brain regions and networks: the SN [74–77], DMN

[75–78], ECN [75–77, 79], dorsal attention network

[77, 79, 80], and corticostriatal [79] and vasopressin-

related neural circuits [94]. Aberrant homotopic connec-

tivity [92] and atypical brain dynamics [91] in ASD

compared to controls have also been reported. Long-range

under-connectivity and short-range over-connectivity have

been hypothesized as brain abnormalities in autism[96].

Other hypotheses suggest abnormal segregation and inte-

gration of resting-state networks [97] and idiosyncratic

connectivity [75, 85, 92]. Moreover, the functional con-

nectivity pattern evaluated with a machine learning algo-

rithm may be valuable in predicting a diagnosis before the

onset of ASD.

MR Imaging of Perfusion

ASL is a noninvasive MR-based imaging technique using

endogenous water in arterial blood as a freely-diffusible
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Table 3 Resting-state functional MRI studies in ASD.

Reference Age range

(mean)

Brain regions examined Main findings in ASD group/connectivity

Uddin et al. [74] 7-12 (9.9)

years

Networks: SN (frontal-insular, ACC); ECN

(dlPFC, PPC); DMN (medial PFC, PCC);

dorsal attention network (intraparietal sulcus

and frontal eye fields)

: Connectivity in SN and posterior DMN

(precuneus, PCC, and left angular gyrus)

Abbott et al. [75] 9-17

(13.9)

years

Networks: SN; DMN; ECN : Connectivity between DMN (PCC seed) and

rECN (right IPL seed); ; connectivity in SN

internally (right anterior insular seed) and with

lECN (left IPL seed)

Plitt et al. [76] (17.9)

years

Networks: SN; DMN; frontoparietal task control

network

Connectivity involving SN, DMN, and fron-

toparietal task control network are highly

predictive of future autistic traits and the

change in autistic traits and adaptive behavior

over the same time period; functional connec-

tivity involving the SN predicted reliable

improvement in adaptive behaviors with 100%

sensitivity and 70.59% precision

Elton et al. [77] 6-18

(13.2)

years

Networks: SN; DMN; ECN; dorsal attention

network

: Connectivity between DMN and middle frontal

gyrus, bilateral IPL, and right insula; : con-

nectivity between dorsal attention network and

the precuneus, cerebellum, and right precentral

gyrus; ; connectivity between dorsal attention

network and medial frontal gyrus and lateral

temporal cortices; : connectivity between SN

and dorsal ACC; ; connectivity between SN

and the medial frontal gyrus, left middle frontal

gyrus, and left postcentral gyrus; : connectivity

between ECN and the left cerebellum; ;
connectivity between ECN and the medial

PFC, right superior frontal gyrus, right pre-

central gyrus, left middle frontal gyrus, left

postcentral gyrus, and medial frontal gyrus

Doyle-Thomas et al. [78] 6-17

(12.3)

years

DMN; whole brain ; Connectivity between PCC-L and the left

medial frontal gyrus, left and right angular

gyri, and right inferior temporal gyrus; ;
connectivity between PCC-R and the left

medial frontal gyrus, left PCC, left and right

angular gyrus, and right inferior temporal

gyrus; : connectivity between PCC-L and the

left IPL, left superior frontal gyrus, left pre-

central gyrus, right middle frontal gyrus, right

superior parietal lobule, and right IPL; :
connectivity between PCC-R, and the left and

right IPL, right middle frontal gyrus, left

precentral gyrus, left superior frontal gyrus

Holiga et al. [79] 7-12,

12-18,

18-30

(17.5)

years

Whole brain ; Connectivity in sensory-motor regions and

right temporal regions, insula, amygdala, and

hippocampus; : connectivity in PFC, ACC,

PCC, and parietal cortices

Oldehinkel et al. [80] 7-30 years Networks: SN; sensory and motor networks : Connectivity of the cerebellum with sensory

and motor networks; ; connectivity of the

visual association network with somatosensory,

medial and lateral motor networks

Yerys et al. [85] 8-13 years Networks: DMN; SN ; Connectivity within DMN (PCC-MPFC); :
connectivity between DMN and SN

Hahamy et al. [92] (26.6)

years

Whole brain ; Homotopic interhemispheric connectivity,

particularly in the primary somatosensory and

motor cortices; : connectivity in frontal and

temporal cortex
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tracer for the measurement of tissue perfusion with high

reproducibility [98] (Fig. 1). Altered cerebral perfusion has

been indicated in both gray and white matter in ASD using

ASL. One study explored the resting cerebral blood flow

and functional connectivity simultaneously in high-func-

tioning children with ASD using ASL MRI. The authors

found frontotemporal hyper-perfusion as well as hypo-

perfusion in the dorsal ACC in children with ASD

compared to TD children [99]. While the functional

connectivity was positively associated with the perfusion

in TD children, this association was abnormal in children

with ASD [99]. The increased functional connectivity in

the ACC was accompanied by hypo-perfusion in this same

area in children with ASD [99], possibly reflecting

neurovascular decoupling, which impairs the function of

the ACC and contributes to the social impairments in ASD.

It has been speculated that possible factors driving

neurovascular decoupling in ASD could be changes of

inhibitory gamma-aminobutyric acid (GABA) neurotrans-

mitters, which has been well replicated in ASD. However,

the specific neural mechanism still needs to be further

clarified. Furthermore, the functional connectivity strength

between the anterior and posterior modules of the DMN is

reduced in ASD compared to TD children, indicating long-

range hypo-connectivity. These results suggest that ASD

children experience cerebral energetic inefficiency. More

recently, Peterson et al. [100] measured both cortical and

subcortical perfusion in ASD patients using ASL, and

identified hyper-perfusion in cortical white and subcortical

gray matter. Interestingly, the regional cerebral blood flow

throughout the frontal white matter in the ASD group was

inversely correlated with the N-acetylaspartate metabolite

levels, a marker for neuronal density and mitochondrial

metabolism [101]. These results suggest increased myelin

synthesis in ASD patients and that elevated cerebral blood

flow might represent a compensation for maintaining the

energy status of axons.

Taken together, these ASL-based studies indicate aber-

rant resting functional connectivity and altered resting

perfusion in both gray and white matter, and significantly

enhance our knowledge of brain network organization and

energetic efficiency in patients with ASD. The ability of

ASL to quantify the cerebral metabolic changes non-

invasively with excellent reproducibility renders it a

valuable imaging technique to inform the pathophysiology

of ASD.

PET and SPECT

PET and SPECT are molecular imaging techniques that use

radiolabeled tracers to probe molecular interactions of

biological processes in vivo, with high sensitivity and

specificity [102]. They offer critical insights into biological

events in vivo, such as glucose metabolism [103], gene

expression, blood flow, oxygen consumption, neurotrans-

mitter release and receptor occupancy [104] (Fig. 1). PET,

a representative mode of molecular imaging and

transpathology [105], exhibits higher sensitivity and tem-

poral resolution compared with SPECT, as well as the

potential for quantitative and dynamic imaging [106].

Table 4 summarizes the main findings of PET/SPECT

studies in ASD.

Table 3 continued

Reference Age range

(mean)

Brain regions examined Main findings in ASD group/connectivity

Dickie et al. [93] 6-65 years DMN; dorsal attention; ventral attention; fron-

toparietal; sensory motor; and visual network

; Connectivity in DMN, dorsal attention, ventral

attention, frontoparietal, sensory motor, and

visual network; : connectivity in DMN and

ventral attention network

Jann et al. [99] (13.8)

years

DMN Frontotemporal hyperperfusion and hypoperfu-

sion in the dorsal ACC; increased local FC in

the anterior module of the DMN accompanied

by decreased CBF in the same area

Peterson et al. [100] 5-60

(24.9)

years

Global brain tissue : rCBF values throughout frontal white matter

and subcortical gray; negative correlation with

NAA metabolite levels throughout frontal

white matter

ACC, anterior cingulate cortex; CBF, cerebral blood flow; dlPFC, dorsolateral prefrontal cortex; DMN, default mode network; ECN, executive

control network; FC, functional connectivity; IPL, inferior parietal lobules; NAA, N-acetylaspartate; PCC, posterior cingulate cortex; PCC-L, left

posterior cingulate cortex; PCC-MPFC, posterior cingulate cortex medial prefrontal cortex; PCC-R, right posterior cingulate cortex; PFC,

prefrontal cortex; PPC, posterior parietal cortex; rCBF, resting cerebral blood flow; rECN, right executive control; Seed, seed-based correlation

analysis; SN, salience network.
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PET Imaging of Brain Metabolism

Using 18F-fluorodeoxyglucose (18F-FDG) PET, previous

studies have characterized changes in cerebral glucose

metabolism in patients with ASD while performing tasks.

A recent study assessed cerebral glucose metabolic rates in

ASD patients using 18F-FDG PET [107]. The results

showed decreased task-dependent glucose metabolism in

the amygdala, frontal premotor and eye-field areas, and the

parietal lobe in ASD patients relative to TD controls, which

could be related to hypoactivation of these regions during a

cognitive task [108]. Increased glucose metabolism has

been detected in the hippocampus, occipital cortex, poste-

rior cingulate cortex, and basal ganglia. The increased

metabolic rate in the posterior cingulate cortex could reflect

decreased cognitive task engagement of subjects with

ASD, which in healthy participants typically leads to

decreased metabolic activity in this central-to-DMN area

[109]. Another possibility is that it could represent

inefficient functioning of the DMN in ASD, e.g., a greater

metabolic cost is devoted to the maintenance of a cohesive

sense of self, a putative role of the posterior cingulate

cortex [110]; this is thought to be the central impairment in

autism.

In addition, other investigations have also characterized

increased metabolism in white matter structures including

the corpus callosum, internal capsule, and the white matter

in the frontal and temporal lobes of patients with ASD

compared to those of TD controls [111]. Theoretically, the

metabolic and wiring costs in connections among anatom-

ically adjacent brain areas are lower than those among

distant brain regions [112]. The increased glucose meta-

bolism in white matter structures of ASD patients might be

associated with metabolically inefficient transfer of infor-

mation in the autistic brain, possibly due to inefficient

axonal wiring.

However, it is worth noting that metabolic abnormalities

in these regions have also been indicated in schizophrenia

[107], major depression [111], and bipolar disorder [113],

thus further investigations are needed to identify specific

metabolic alterations underlying the unique clinical fea-

tures of ASD.

PET and SPECT Imaging of Neurotransmitter

Systems

Serotoninergic System

Multiple lines of evidence have indicated that serotonergic

system dysfunction is implicated in ASD (reviewed in

[114, 115]). For instance, the serotonin 5-HT1A receptor

agonist buspirone has been shown to ameliorate the

obsessive–compulsive behaviors in children with ASD

[116]. However, there is also evidence indicating that

selective serotonin (5-HT) reuptake inhibitors failed to

show additional benefit for repetitive behaviors in ASD as

compared to placebo [117]. The disparity in results may

suggest only a subset of autistic patients benefit from

modulation of the serotonergic system.

Several studies have focused on the changes of 5-HT

synthesis in ASD. a-11C-methyl-L-tryptophan (AMT) is a

radiolabeled tryptophan analogue that allows for the non-

invasive visualization of 5-HT synthesis (Fig. 2). Using

AMT PET, Chugani et al. [118–120] found global

abnormalities [118], as well as asymmetric regional

abnormalities of brain 5-HT synthesis in the dentato-

thalamo-cortical pathway [119]; these were later suggested

to be related to handedness and language function in ASD

children [120].

Serotonin transmission abnormalities have also been

indicated in ASD. 18F-setoperone is a radioligand for

visualization of 5-HT2 receptors through PET (Fig. 2).

Beversdorf et al. [121] explored 5-HT2 receptor density in

high-functioning autistic adults using 18F-setoperone PET.

They characterized lower 5-HT2 receptor binding in the

thalamus in high-functioning autistic adults compared to

controls, and this was associated with language impair-

ment. The lower 5-HT2 receptor binding may occur as a

consequence of increased synthesis of 5-HT [118], or

inadequate activity of 5-HT2 receptors in autism may result

in increased synthesis in autism. This needs to be further

clarified.

The serotonin transporter (SERT) regulates serotonin-

ergic signaling through the reuptake of released 5-HT into

presynaptic neurons [122] (Fig. 2). Genetic studies have

proposed links between SERT polymorphisms and autism

in some families [123]. The SERT is also the target of the

widely-used selective serotonin receptor inhibitors in ASD

for symptom management. Iodine-123-labelled N-(2-fluo-

roethyl)-2b-carbomethoxy-3b-(4-iodophenyl)-nortropane

([123I] nor-b-CIT) is a radioligand that binds specifically to

the SERT (Fig. 2). Using [123I] nor-b-CIT SPECT,

Makkonen et al. [124] evaluated the SERT availability in

ASD children. They found significantly lower SERT

binding in ASD patients compared to controls in various

areas, including the medial frontal cortex, the midbrain,

and the temporal lobe, indicating diminished SERT binding

capacity in autistic individuals. These results have been

supported by the findings of Nakamura et al. [125], who

found markedly reduced SERT binding in the whole brain

in adults with high-functioning autism compared to con-

trols using carbon 11 (11C)–labeled trans-1,2,3,5,6,10-b-

hexahydro-6-[4-(methylthio)phenyl]pyrrolo-[2,1-a]iso-

quinoline ([11C](?)McN-5652) PET to measure SERT

availability (Fig. 2). Specifically, the reduction of SERT

binding in the thalamus was correlated with the repetitive,

123

1060 Neurosci. Bull. July, 2021, 37(7):1051–1071



T
a
b
le

4
P

E
T

/S
P

E
C

T
st

u
d

ie
s

in
A

S
D

.

R
ef

er
en

ce
M

o
d

al
it

y
T

ar
g

et
A

S
D

ag
e:

m
ea

n
±

S
D

,

ra
n

g
e

N
u

m
b

er
o

f

p
ar

ti
ci

p
an

ts

(N
)

A
S

D

d
ia

g
n

o
si

s

A
S

D
IQ

:

m
ea

n
±

S
D

,

ra
n

g
e

A
S

D

se
d

at
io

n

C
o

n
tr

o
l

g
ro

u
p

M
ai

n
fi

n
d

in
g

s
in

A
S

D

M
it

el
m

an
et

a
l.

[1
0

7
]

P
E

T
G

lu
co

se
3

1
.5 y
ea

rs
± 1

1
.6

A
S

D
:

N
=

2
5

;

C
O

N
:

N
=

5
5

A
S

D
[D

S
M

-
IV

an
d

A
D

I-
R

]

IQ
: 1
0

8
.8

0
±

2
0

.2
5

N
o

M
at

ch
ed

b
y

si
m

il
ar

ag
e

(3
1

.4
8

y
ea

rs
±

1
1

.5
7

,
3

3
.3

6
y

ea
rs

±
1

2
.8

5
)

;
M

et
ab

o
li

c
ra

te
s

in
th

e
p

ar
ie

ta
l

lo
b

e,
fr

o
n

ta
l

p
re

m
o

to
r

an
d

ey
e-

fi
el

d
s

ar
ea

s,
an

d
am

y
g

d
al

a;
:

R
at

es
in

th
e

p
o

st
er

io
r

ci
n

g
u

la
te

,
o

cc
ip

it
al

co
rt

ex
,

h
ip

p
o

ca
m

p
u

s
an

d
b

as
al

g
an

g
li

a

M
it

el
m

an
et

a
l.

[1
1

1
]

P
E

T
G

lu
co

se
3

1
.5 y
ea

rs
± 1

1
.6

A
S

D
:

N
=

2
5

;

C
O

N
:

N
=

5
5

A
S

D
[D

S
M

-
IV

an
d

A
D

I-
R

]

IQ
: 1
0

8
.8

0
±

2
0

.2
5

N
o

M
at

ch
ed

b
y

si
m

il
ar

ag
e

(3
1

.4
8

y
ea

rs
±

1
1

.5
7

,
3

3
.3

6
y

ea
rs

±
1

2
.8

5
)

:
M

et
ab

o
li

c
ra

te
s

ac
ro

ss
th

e
w

h
it

e
m

at
te

r
re

g
io

n
s

as
se

ss
ed

,
in

cl
u

d
in

g
in

te
rn

al
ca

p
su

le
,

co
rp

u
s

ca
ll

o
su

m
,

an
d

w
h

it
e

m
at

te
r

in
th

e
fr

o
n

ta
l

an
d

te
m

p
o

ra
l

lo
b

es

P
ar

k
et

a
l.

[1
5

8
]

P
E

T
G

lu
co

se
1

4
y

ea
rs

A
S

D
:

N
=

1
;

C
O

N
:

N
=

0

A
S

D
IQ

:
6

0
at

8
y

ea
rs

o
f

ag
e

N
o

N
/A

,
ca

se
st

u
d

y
;

M
et

ab
o

li
sm

in
th

e
p

re
fr

o
n

ta
l

an
d

fr
o
n

ta
l

co
rt

ex
as

w
el

l
as

th
e

o
cc

ip
it

al
co

rt
ex

w
as

m
ar

k
ed

C
h

u
g

an
i
et

a
l.

[1
1

8
]

P
E

T
S

er
o

to
n

in
sy

n
th

es
is

6
.4

1
y

ea
rs

±
3

.3

A
S

D
:

N
=

3
0

;

C
O

N
:

N
=

8

A
u

ti
sm

[A
D

I-
R

an
d

D
S

M
-I

V
]

O
A

B
:

4
9

±
9

.3
N

o
M

at
ch

ed
b

y
ag

e
:/
;

S
er

o
to

n
in

sy
n

th
es

is
in

au
ti

st
ic

b
o

y
s

b
u

t
n

o
t

in
au

ti
st

ic
g

ir
ls

C
h

u
g

an
i
et

a
l.

[1
1

9
]

P
E

T
S

er
o

to
n

in
sy

n
th

es
is

4
.1

-1
1
.1

y
ea

rs
A

S
D

:
N

=
8

;

C
O

N
:

N
=

5

A
S

D
[D

S
M

-
IV

]
O

A
B

:
2

2
(m

ea
n

)
N

em
b

u
ta

l
o

r
m

id
az

o
la

m
fo

r
8

au
ti

st
ic

ch
il

d
re

n
an

d
3

si
b

li
n

g
s

M
at

ch
ed

b
y

ag
e

;
S

er
o

to
n

in
sy

n
th

es
is

in
th

e
le

ft
fr

o
n

ta
l

co
rt

ex
an

d
th

al
am

u
s

in
5

b
o

y
s;
:

A
M

T
ac

cu
m

u
la

ti
o
n

in
th

e
ri

g
h
t

d
en

ta
te

n
u
cl

eu
s

o
f

th
e

ce
re

b
el

lu
m

;
;

A
M

T
ac

cu
m

u
la

ti
o

n
in

th
e

ri
g

h
t

fr
o
n

ta
l

co
rt

ex
an

d
th

al
am

u
s

an
d

el
ev

at
ed

in
th

e
le

ft
d

en
ta

te
n

u
cl

eu
s

in
th

e
re

m
ai

n
in

g
2

b
o

y
s

B
ev

er
sd

o
rf
et

a
l.

[1
2

1
]

P
E

T
5

-H
T

2
A

3
1

.0 y
ea

rs
±

8
.0

A
S

D
:

N
=

8
;

C
O

N
:

N
=

1
2

A
u

ti
sm

[D
S

M
-I

V
an

d
A

D
I-

R
]

IQ
:

1
1

4
.7

±
1

4
.7

N
o

M
at

ch
ed

b
y

ag
e

an
d

F
IS

Q
;

5
-H

T
2
A

b
in

d
in

g
in

th
al

am
u

s

N
ak

am
u

ra
et

a
l.

[1
2

5
]

P
E

T
S

E
R

T
an

d
D

A
T

2
1

.2 y
ea

rs
±

2
.0

1
8

–
2
6

y
ea

rs

A
S

D
:

N
=

2
0

;

C
O

N
:

N
=

2
0

A
u

ti
sm

[D
S

M
-I

V
-

T
R

,
A

D
I

an
d

A
D

O
S

]

IQ
:

9
9

.3
±

1
8

.1
N

o
M

at
ch

ed
b

y
se

x
an

d
si

m
il

ar
ag

e:
2

1
.9

y
ea

rs
±

2
,

1
8

–
2

6
y

ea
rs

,
IQ

n
o

t
si

g
-

n
ifi

ca
n

tl
y

d
if

fe
re

n
t

;
S

E
R

T
b

in
d

in
g

in
A

C
an

d

p
o
st

er
io

r
ci

n
g
u
la

te
co

rr
el

at
ed

w
/A

S
D

sy
m

p
to

m
at

o
lo

g
y

E
rn

st
et

a
l.

[1
2

8
]

P
E

T
P

re
sy

n
ap

ti
c

D
A

ac
ti

v
it

y

1
3

y
ea

rs
±

2
A

S
D

:
N

=
1

4
;

C
O

N
:

N
=

1
0

A
u

ti
sm

[D
S

M
-I

II
-

R
]

IQ
:

7
4
±

2
3

.1
,

ra
n
g

e
4

6
–

1
2

3

P
ro

p
o

fo
l

S
im

il
ar

ag
e:

1
4

y
ea

rs
±

2
;

F
D

O
P

A
u

p
ta

k
e

in
m

P
F

C

M
o

ri
et

a
l.

[1
3

3
]

S
P

E
C

T
G

A
B

A
A

7
.0 y

ea
rs

±
3

.7

A
u

ti
sm

:
N

=
9

;
A

S
:

N
=

1
5

;
C

O
N

:
N

=
1

0

A
S

D
cl

as
si

-
fi

ed
as

au
t-

is
m

o
r

A
S

[D
S

M
-I

V
]

IQ
\

7
0

(N
=

7
);

IQ
[

7
0

(N
=

1
7

)

T
ri

cl
o

fo
s

so
d

iu
m

N
o

n
-s

y
m

p
to

m
at

ic
p

ar
ti

al
ep

il
ep

sy
p

at
ie

n
ts

w
/o

in
te

l-
le

ct
u
al

d
el

ay
,

si
m

i-
la

r
ag

e:
7

.8
y

ea
rs

±
3

.6

;
B

in
d

in
g

in
su

p
er

io
r

an
d

m
ed

ia
l

fr
o

n
ta

l
co

rt
ex

in
A

S
D

F
u

n
g
et

a
l.

[1
3

4
]

P
E

T
G

A
B

A
A

2
6

.6 y
ea

rs
±

8
.3

A
S

D
:

N
=

2
8

;

C
O

N
:

N
=

2
9

A
S

D
[D

S
M

-
5

,
A

D
I-

R
an

d
A

D
O

S
-

2
)]

IQ
:

1
0

2
.1

±
1

6
.5

N
o

M
at

ch
ed

b
y

IQ
,

se
x

an
d

ag
e

N
o

d
if

fe
re

n
ce

s
in

G
A

B
A

A
re

ce
p

to
r

d
en

si
ty

in
b

il
at

er
al

th
al

am
i

an
d

le
ft

d
o

rs
o

la
te

ra
l

p
re

-
fr

o
n

ta
l

co
rt

ex
b

et
w

ee
n

A
S

D
an

d
T

D
g

ro
u

p

123

X. Li et al.: Structural, Functional, and Molecular Imaging 1061



T
a
b
le

4
co

n
ti

n
u

ed

R
ef

er
en

ce
M

o
d
al

it
y

T
ar

g
et

A
S

D
ag

e:

m
ea

n
±

S
D

,

ra
n

g
e

N
u

m
b

er
o

f
p
ar

ti
ci

p
an

ts
(N

)

A
S

D
d

ia
g
n

o
si

s
A

S
D

IQ
:

m
ea

n
±

S
D

,

ra
n

g
e

A
S

D
se

d
at

io
n

C
o
n

tr
o

l
g

ro
u

p
M

ai
n

fi
n

d
in

g
s

in
A

S
D

F
at

em
i
et

a
l.

[1
3

7
]

P
E

T
m

G
lu

R
5

2
0

y
ea

rs
±

2
.1

A
S

D
:

N
=

6
;

C
O

N
:

N
=

3

A
u

ti
sm

[A
D

O
S

,
A

D
I-

R
,

A
S

S
Q

,
C

G
I,

A
B

C
,

S
C

Q
an

d
G

A
F

]

N
o

t sp
ec

ifi
ed

N
o

M
at

ch
ed

b
y

se
x

an
d

ra
ce

:
m

G
lu

R
5

b
in

d
in

g
in

ce
re

b
el

lu
m

,
p
o
st

ce
n
tr

al
g

y
ru

s,
en

to
rh

in
al

ar
ea

,
an

d
th

e
p

re
cu

n
eu

s

Z
ü
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obsessive behaviors, and the reduction in the anterior and

posterior cingulate cortex was associated with the social

cognition in ASD, compatible with previous studies

[121, 126]. Taken together, these studies indicate a

disturbed serotonergic system in ASD patients and high-

light its involvement in social cognition, and the restricted,

repetitive behaviors in ASD.

Dopaminergic System

Dopamine (DA) is a catecholamine neurotransmitter

involved in reward and social motivation that may be

central to the social deficits in autism [127]. Previous

studies have characterized abnormalities in DA synthesis

and DA transporters in ASD patients [124, 125, 128]. 18F-

labelled fluorodopa (18F-FDOPA) is an L-DOPA analogue

that allows the evaluation of DA synthesis. Using 18F-

FDOPA PET, Ernst et al. [128] have found decreased 18F-

FDOPA accumulation in the anterior medial PFC in 14

drug-naı̈ve ASD children compared to age-matched

healthy controls, indicating that prefrontal dopaminergic

deficits may account for the cognitive impairment in ASD.

Nakamura et al. [125] measured DA transporter binding in

20 adults with high-functioning autism and 20 age- and

intelligence quotient-matched TD adults using 2-b-car-

bomethoxy-3-b-(4-fluorophenyl) tropane (11C-WIN-

35,428) PET. In the autistic group, they found significantly

higher DA transporter binding in the orbitofrontal cortex, a

key region in the network underlying emotional regulation

[129]. Over-functioning of the dopaminergic system in the

orbitofrontal-limbic circuit could be associated with the

impulsive and aggressive behaviors in ASD.

GABAergic System

Gamma-aminobutyric acid (GABA) is the most prevalent

inhibitory neurotransmitter in the mature central nervous

system, mainly acting on GABAA and GABAB receptors.

But GABA-mediated signaling also plays a central role in

regulating key developmental processes, such as cell

proliferation, neuron differentiation, and circuit refinement

(reviewed in [130]). Emerging evidence has suggested that

impaired GABA-mediated signaling lead to an imbalance

of excitation and inhibition that may contribute to the

pathogenesis of autism (reviewed in [131, 132]). To

investigate the GABAA receptor in ASD patients, Mori

et al. [133] performed 123I-iomazenil (123I-IMZ) SPECT in

children with ASD and found decreased 123I-IMZ accu-

mulation in the superior and medial frontal cortex, a region

that is thought to be associated with theory of mind, in the

ASD group compared to the control group. A more recent

study examined the GABAergic system in 28 high-

functioning adults with ASD [134]. While they did not

find altered GABAA receptor density in high-functioning

adults with ASD using 18F-flumazenil (18F-FMZ) PET,

region-dependent and sex-specific differences in GABA

concentrations were indicated. Notably, they discovered a

higher GABA concentration in the left dorsal-lateral PFC

in the autistic group than in TD adults, which may underlie

the hypo-activation of dorsal-lateral PFC during working

memory tasks in adults with ASD [135]. Another possi-

bility is that higher cortical GABA levels occur in

compensation for primary defects in GABAergic signaling.

Glutamatergic System

Glutamate is the predominant excitatory neurotransmitter

in the brain and plays vital roles in brain development and

neural plasticity. Deficiency in Shank 3 gene coding the

postsynaptic scaffold protein located in glutamatergic

neurons, has been associated with ASD [136]. A recent

Fig. 2 Schematic of PET and SPECT modalities for assessing

presynaptic and postsynaptic serotonergic targets. 5-Hydroxytryptamine

(5-HT, serotonin) is synthesized from the amino-acid tryptophan via
hydroxylation (forming the intermediate precursor 5-hydroxy-

tryptophan), and then stored in synaptic vesicles. a-11C-methyl-L-

tryptophan (11C-AMT) is a radiolabeled tryptophan analogue that

allows for non-invasive visualization of 5-HT synthesis. Serotonin

reuptake into presynaptic neurons occurs via a serotonin transporter

(SERT). [123I] nor-b-CIT, 11C-DASB and [11C](?)McN-5652 are

radioligands that bind specifically to SERTs. 5-HT1A receptors are

located on both presynaptic and postsynaptic neurons. 18F-MPPF

allows the visualization of 5-HT1A receptors in vivo. Two different

types of 5-HT receptors are expressed on postsynaptic neurons:

5-HT1A and 5-HT2A. 18 F-setoperone is a radioligand for mapping

5-HT2 receptors.
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study reported significantly higher metabotropic glutamate

receptor 5 in the cerebellum and postcentral gyrus in ASD

adults compared to those in the TD group, using 18F-3-

fluoro-5-[(pyridin-3-yl)ethynyl]benzonitrile (18F-FPEB)

PET to measure metabotropic glutamate receptor 5 density

[137]. The cerebellum is crucial to the control of action

through the integration of sensory and motor signals

necessary for skilled movement [138]. Morphological

changes in the cerebellum of subjects with autism have

been identified, such as changes in total cerebellar volume,

altered Purkinje cell density, and abnormal deep cerebellar

nuclei [138]. Changes of glutamate signaling in the

cerebellum may contribute to abnormalities in these

somatosensorimotor-cerebellar circuits, leading to the

motor and cognitive deficits associated with autism.

Intriguingly, positive correlation between [18F]-FPEB

binding and autistic symptomatology as measured by the

autism behavior checklist has been found in the precuneus,

a principal component of the DMN. Changes in glutamate

signaling, leading to an excitatory/inhibitory imbalance,

coupled with structural and functional abnormalities in the

DMN, potentially impact the functioning of the DMN.

PET Imaging of Neuroinflammation

Increasing evidence has suggested involvement of the

immune system in the pathophysiology of ASD. The 11C-

PBR28 is a radiotracer that is able to detect subtle changes

of 18-kDa translocator protein (TSPO) expression [139].

The putative roles of TSPO include apoptosis, steroidoge-

nesis, neuroinflammation, energy production, cell metabo-

lism, and oxidative stress [140]. Changes in TSPO may

reflect abnormalities in these processes. Using 11C-PBR28

PET-MR, Zürcher et al. [141] reported significantly lower

TSPO levels in young male adults with ASD compared to

those of age- and sex-matched controls in multiple brain

regions, including the precuneus/posterior cingulate cortex,

insular cortex, and temporal, angular, and supramarginal

gyri bilaterally. Decreased TSPO in ASD could reflect

changes in glia, neurons, or endothelial cells. Additional

research is warranted to elucidate the specific mechanism

behind the abnormal TSPO expression in ASD.

Taken together, impaired serotonergic, dopaminergic,

glutamatergic, and GABAergic systems are critically

involved in shaping the disturbed neural circuitry of

ASD. However, the specificity of such abnormalities

remains to be elucidated, since similar alterations in

neurotransmitter systems have also been shown in other

psychiatric disorders, such as schizophrenia [107]. In

addition, glucose metabolic abnormalities and neuroin-

flammation may contribute to the pathogenesis of autism.

Thus, the onset and progression of ASD is a complex

process that involves multiple mechanisms. Additional

research is warranted to identify the ASD-specific molec-

ular basis and to further our understanding of the neural

correlates of ASD.

Intervention-Related Neuroimaging Biomarkers

To date, psychological and behavioral interventions are

still the predominant treatment for ASD. However, behav-

ioral therapies are typically expensive and difficult to

access, and can put substantial strain on families and

caregivers. To provide on-demand, personalized interven-

tions for ASD is urgently needed. Lately, technology-based

interventions, such as wearable digital intervention and

robot-assisted therapy, have shown potential to improve

socialization in ASD and hold great promise for augment-

ing the current standard of care [142, 143]. However,

effective pharmacological treatments for the core symp-

toms of ASD are still lacking. Oxytocin, a neuropeptide

mediating social affiliation, is emerging as a promising

medical therapy for ASD [144]. Neuroimaging techniques,

such as resting-state MRI and PET have become important

methods for measuring the therapeutic effect of oxytocin in

patients with ASD [145–151] (Table 5). Using resting-state

functional MRI, researchers found that oxytocin enhanced

the functional connectivity of the DMN [152], and cortical-

striatal circuits [153]. Specifically, 6-week intranasal

administration of oxytocin enhanced the functional con-

nectivity between the ACC and dorsal medial PFC in ASD

patients, and significantly attenuated the impaired recipro-

cal social interactions [152]. Moreover, this functional

connectivity enhancement was robustly correlated with

symptom improvement. However, these findings cannot be

extrapolated to female patients with ASD due to the

unbalanced sex representation (all male participants).

Another study focused on the effect of oxytocin on

intrinsic functional connectivity in females [83] and found

that oxytocin increased cortical-striatal connectivity and

this was positively associated with autistic traits. Future

work might include efforts to quantify how therapeutically

effective treatments remediate topologically sub-optimal

network configurations in ASD patients using graph

theoretical measures.

Using 20-methoxyphenyl-(N-20-pyridinyl)-p-[18F]flu-

oro-benzamidoethylpiperazine (18F-MPPF) PET to assess

5-HT1A receptors (Fig. 2), Lefevre et al. [154] investigated

the therapeutic effect of oxytocin on the serotoninergic

system in ASD patients. In TD controls, they found an

oxytocin-serotonin interaction which was absent in patients

with ASD. Hirosawa et al. [155, 156] investigated the

serotonergic modulation after long-term administration of

oxytocin in ASD patients using (11C)-3-amino-4-(2-

[(demethylamino)methyl]phenylthio)benzonitrile (11C-
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DASB) PET to measure SERT availability (Fig. 2). The

authors found significantly elevated 11C-DASB binding in

regions including the left inferior frontal gyrus and striatum

in patients with ASD following oxytocin administration.

Given that oxytocin-based therapy can modulate the

serotonergic system and enhance the functional connectiv-

ity in frontal-striatal neural circuits that are enriched in

dopaminergic neurons [153, 157] in patients with ASD,

further studies are needed to investigate the interaction of

oxytocin with the dopaminergic system.

One study has investigated the therapeutic effect of deep

brain stimulation for an ASD patient with self-injurious

behaviors using 18F-FDG PET [158]. The authors reported

that the glucose metabolism in the occipital cortex as well

as the prefrontal and frontal cortex was significantly

decreased with symptomatic improvement 2 years after

bilateral nucleus accumbens deep brain stimulation. More-

over, the reduction in glucose metabolism was associated

with decreased volumes in these regions as revealed by

volumetric MRI after deep brain stimulation. These results

indicate that ASD patients with life-threatening self-

injurious behaviors have organic lesions associated with

structural and functional alterations, and such lesions can

be modulated by deep brain stimulation to achieve

symptomatic improvement, suggesting the therapeutic

potential of nucleus accumbens-targeted deep brain stim-

ulation for these patients.

Taken together, neuroimaging studies significantly

increase our understanding of the treatment outcome in

ASD at the circuit level, and offer objective biomarkers for

the evaluation of novel therapies for ASD.

Conclusions and Future Perspectives

Accumulating evidence has suggested that ASD encom-

passes alterations of brain structural and functional con-

nectivity, particularly in regions and networks implicated

in social-cognition. Longitudinal neuroimaging studies

have delineated atypical developmental trajectories of

ASD that are associated with cascading neurobiological

processes (Fig. 1). Meanwhile, impaired serotonergic,

dopaminergic, glutamatergic, and GABAergic systems as

well as neuroinflammation may be critically involved in the

pathogenesis of ASD. Still, further research is warranted to

explore how imaging biomarkers are related to the

treatment effect, symptomology, and genetic variants of

ASD.

While most neuroimaging findings show extensive

variability [159], the progress of finding clinically-relevant

biomarkers is likely to be facilitated by identifying

homogeneous ASD subgroups based on neuroimaging

features, referred to as neurosubtyping (for review, see

[160]). Future neurosubtyping approaches would benefit

from leveraging findings from the larger literature of

candidate biomarkers. Examining the totality of attributes

in the context of each other is crucial for understanding the

developmental course of individuals. Big data and data-

driven methods may be promising approaches to decom-

posing the extensive heterogeneity in ASD [161].

Advanced analytical models that are tailored to capture

the categorical and dimensional nature of ASD hetero-

geneity will be important to delineate biologically and

clinically meaningful subgroups [162] and model complex

growth- and time-related courses. In addition, the high

comorbidity rate underscores the need for a trans-diagnos-

tic framework for deepening our understanding of the

heterogeneity within and beyond autism.

Future longitudinal studies covering younger patients

may help identify the causative mechanisms and vulnerable

developmental stages of ASD. Big data approaches cou-

pled with data-driven methods will likely facilitate efforts

to decompose the ASD heterogeneity. In parallel, large-

scale, multi-center, multidisciplinary collaborations are

increasingly important to elucidate neurophysiological

underpinnings of ASD and facilitate the development of

objective diagnostic biomarkers and ASD-targeted therapy.

Future advances in imaging techniques and the develop-

ment of new tracers may further our understanding of the

pathophysiology and promote drug development by reveal-

ing novel mechanistic or therapeutic targets for ASD.

Acknowledgements This review was supported by grants from the

National Key Research and the Development Program of China

(2016YFA0100900) and the National Natural Science Foundation of

China (81761148029, 81725009, 81425015, and 81900255).

Conflict of interest The authors claim that there are no conflicts of

interest.

References

1. APA. Diagnostic and Statistical Manual of Mental Disorders.

Fifth Edition. Washington, DC: American Psychiatric Associ-

ation, 2013.

2. Baxter AJ, Brugha TS, Erskine HE, Scheurer RW, Vos T, Scott

JG. The epidemiology and global burden of autism spectrum

disorders. Psychol Med 2015, 45: 601–613.

3. Zhou H, Xu X, Yan W, Zou X, Wu L, Luo X. Prevalence of

autism spectrum disorder in China: A nationwide multi-center

population-based study among children aged 6 to 12 years.

Neurosci Bull 2020, 36: 961–971.

4. Buescher AV, Cidav Z, Knapp M, Mandell DS. Costs of autism

spectrum disorders in the United Kingdom and the United

States. JAMA Pediatr 2014, 168: 721–728.

5. Hallmayer J, Cleveland S, Torres A, Phillips J, Cohen B,

Torigoe T, et al. Genetic heritability and shared environmental

factors among twin pairs with autism. Arch Gen Psychiatry

2011, 68: 1095–1102.

123

1066 Neurosci. Bull. July, 2021, 37(7):1051–1071



6. Sanders SJ, He X, Willsey AJ, Ercan-Sencicek AG, Samocha

KE, Cicek AE, et al. Insights into autism spectrum disorder

genomic architecture and biology from 71 risk loci. Neuron

2015, 87: 1215–1233.

7. Li C, Zhou H, Wang T, Long S, Du X, Xu X, et al. Performance

of the autism spectrum rating scale and social responsiveness

scale in identifying autism spectrum disorder among cases of

intellectual disability. Neurosci Bull 2018, 34: 972–980.

8. Lord C, Elsabbagh M, Baird G, Veenstra-Vanderweele J.

Autism spectrum disorder. Lancet 2018, 392: 508–520.

9. Weissleder R, Mahmood U. Molecular imaging. Radiology

2001, 219: 316–333.

10. James ML, Gambhir SS. A molecular imaging primer: modal-

ities, imaging agents, and applications. Physiol Rev 2012, 92:

897–965.

11. Lerch JP, van der Kouwe AJ, Raznahan A, Paus T, Johansen-

Berg H, Miller KL, et al. Studying neuroanatomy using MRI.

Nat Neurosci 2017, 20: 314–326.

12. Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A.

Neurophysiological investigation of the basis of the fMRI

signal. Nature 2001, 412: 150–157.

13. DeRamus TP, Kana RK. Anatomical likelihood estimation

meta-analysis of grey and white matter anomalies in autism

spectrum disorders. Neuroimage Clin 2015, 7: 525–536.

14. Liu J, Yao L, Zhang W, Xiao Y, Liu L, Gao X, et al. Gray

matter abnormalities in pediatric autism spectrum disorder: a

meta-analysis with signed differential mapping. Eur Child

Adolesc Psychiatry 2017, 26: 933–945.

15. Schumann CM, Bloss CS, Barnes CC, Wideman GM, Carper

RA, Akshoomoff N, et al. Longitudinal magnetic resonance

imaging study of cortical development through early childhood

in autism. J Neurosci 2010, 30: 4419–4427.

16. van Rooij D, Anagnostou E, Arango C, Auzias G, Behrmann M,

Busatto GF, 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.

17. Hazlett HC, Poe M, Gerig G, Smith RG, Provenzale J, Ross A,

et al. Magnetic resonance imaging and head circumference

study of brain size in autism: birth through age 2 years. Arch

Gen Psychiatry 2005, 62: 1366–1376.

18. Ashburner J, Friston KJ. Voxel-based morphometry–the meth-

ods. Neuroimage 2000, 11: 805–821.

19. Aron AR, Robbins TW, Poldrack RA. Inhibition and the right

inferior frontal cortex: one decade on. Trends Cogn Sci 2014,

18: 177–185.

20. Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. The

role of the medial frontal cortex in cognitive control. Science

2004, 306: 443–447.

21. du Boisgueheneuc F, Levy R, Volle E, Seassau M, Duffau H,

Kinkingnehun S, et al. Functions of the left superior frontal

gyrus in humans: a lesion study. Brain 2006, 129: 3315–3328.

22. Hirshorn EA, Thompson-Schill SL. Role of the left inferior

frontal gyrus in covert word retrieval: neural correlates of

switching during verbal fluency. Neuropsychologia 2006, 44:

2547–2557.

23. Courchesne E, Campbell K, Solso S. Brain growth across the

life span in autism: age-specific changes in anatomical pathol-

ogy. Brain Res 2011, 1380: 138–145.

24. Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA,

Tigue ZD, et al. Unusual brain growth patterns in early life in

patients with autistic disorder: an MRI study. Neurology 2001,

57: 245–254.

25. Carper RA, Courchesne E. Localized enlargement of the frontal

cortex in early autism. Biol Psychiatry 2005, 57: 126–133.

26. Shen MD, Nordahl CW, Young GS, Wootton-Gorges SL, Lee

A, Liston SE, et al. Early brain enlargement and elevated extra-

axial fluid in infants who develop autism spectrum disorder.

Brain 2013, 136: 2825–2835.

27. Wolff JJ, Gu H, Gerig G, Elison JT, Styner M, Gouttard S, et al.
Differences in white matter fiber tract development present from

6 to 24 months in infants with autism. Am J Psychiatry 2012,

169: 589–600.

28. Solso S, Xu R, Proudfoot J, Hagler DJ Jr, Campbell K,

Venkatraman V, et al. on tensor imaging provides evidence of

possible axonal overconnectivity in frontal lobes in autism

spectrum disorder toddlers. Biol Psychiatry 2016, 79: 676–684.

29. Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ,

et al. Early brain development in infants at high risk for autism

spectrum disorder. Nature 2017, 542: 348–351.

30. Ohta H, Nordahl CW, Iosif AM, Lee A, Rogers S, Amaral DG.

Increased surface area, but not cortical thickness, in a subset of

young boys with autism spectrum disorder. Autism Res 2016, 9:

232–248.

31. Shen MD, Kim SH, McKinstry RC, Gu H, Hazlett HC, Nordahl

CW, et al. Increased extra-axial cerebrospinal fluid in high-risk

infants who later develop autism. Biol Psychiatry 2017, 82:

186–193.

32. Shen MD, Nordahl CW, Li DD, Lee A, Angkustsiri K, Emerson

RW, et al. Extra-axial cerebrospinal fluid in high-risk and

normal-risk children with autism aged 2–4 years: a case-control

study. Lancet Psychiatry 2018, 5: 895–904.

33. Hazlett HC, Poe MD, Gerig G, Styner M, Chappell C, Smith

RG, et al. Early brain overgrowth in autism associated with an

increase in cortical surface area before age 2 years. Arch Gen

Psychiatry 2011, 68: 467–476.

34. Martı́nez-Cerdeño V, Noctor SC, Kriegstein AR. The role of

intermediate progenitor cells in the evolutionary expansion of

the cerebral cortex. Cereb Cortex 2006, 16(Suppl 1): i152-161.

35. Lui JH, Hansen DV, Kriegstein AR. Development and evolution

of the human neocortex. Cell 2011, 146: 18–36.

36. Rakic P. A small step for the cell, a giant leap for mankind: a

hypothesis of neocortical expansion during evolution. Trends

Neurosci 1995, 18: 383–388.

37. Marchetto MC, Belinson H, Tian Y, Freitas BC, Fu C,

Vadodaria K, et al. Altered proliferation and networks in neural

cells derived from idiopathic autistic individuals. Mol Psychi-

atry 2017, 22: 820–835.

38. Wang M, Wei PC, Lim CK, Gallina IS, Marshall S, Marchetto

MC, et al. Increased neural progenitor proliferation in a hiPSC

model of autism induces replication stress-associated genome

instability. Cell Stem Cell 2020, 26(221–233): e226.

39. Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini

L, et al. FOXG1-dependent dysregulation of GABA/glutamate

neuron differentiation in autism spectrum disorders. Cell 2015,

162: 375–390.

40. Muhle RA, Reed HE, Stratigos KA, Veenstra-VanderWeele J.

The emerging clinical neuroscience of autism spectrum disor-

der: a review. JAMA Psychiatry 2018, 75: 514–523.

41. Kohli JS, Kinnear MK, Martindale IA, Carper RA, Müller RA.

Regionally decreased gyrification in middle-aged adults with

autism spectrum disorders. Neurology 2019, 93: e1900–e1905.

42. Kohli JS, Kinnear MK, Fong CH, Fishman I, Carper RA, Müller

RA. Local cortical gyrification is increased in children with

autism spectrum disorders, but decreases rapidly in adolescents.

Cereb Cortex 2019, 29: 2412–2423.

43. White T, Su S, Schmidt M, Kao CY, Sapiro G. The development

of gyrification in childhood and adolescence. Brain Cogn 2010,

72: 36–45.

123

X. Li et al.: Structural, Functional, and Molecular Imaging 1067



44. Van Essen DC. A tension-based theory of morphogenesis and

compact wiring in the central nervous system. Nature 1997, 385:

313–318.

45. Reillo I, de Juan Romero C, Garcı́a-Cabezas M, Borrell V. A

role for intermediate radial glia in the tangential expansion of

the mammalian cerebral cortex. Cereb Cortex 2011, 21:

1674–1694.

46. Postema MC, van Rooij D, Anagnostou E, Arango C, Auzias G,

Behrmann M, et al. Altered structural brain asymmetry in

autism spectrum disorder in a study of 54 datasets. Nat Commun

2019, 10: 4958.

47. Geschwind N, Galaburda AM. Cerebral lateralization. Biolog-

ical mechanisms, associations, and pathology: II. A hypothesis

and a program for research. Arch Neurol 1985, 42: 521–552.

48. Nielsen JA, Zielinski BA, Fletcher PT, Alexander AL, Lange N,

Bigler ED, et al. Abnormal lateralization of functional connec-

tivity between language and default mode regions in autism.

Mol Autism 2014, 5: 8.

49. D’Mello AM, Crocetti D, Mostofsky SH, Stoodley CJ. Cere-

bellar gray matter and lobular volumes correlate with core

autism symptoms. Neuroimage Clin 2015, 7: 631–639.

50. Pierce K, Courchesne E. Evidence for a cerebellar role in

reduced exploration and stereotyped behavior in autism. Biol

Psychiatry 2001, 49: 655–664.

51. Foster NE, Doyle-Thomas KA, Tryfon A, Ouimet T, Anagnos-

tou E, Evans AC, et al. Structural gray matter differences during

childhood development in autism spectrum disorder: a multi-

metric approach. Pediatr Neurol 2015, 53: 350–359.

52. Wolff JJ, Gerig G, Lewis JD, Soda T, Styner MA, Vachet C,

et al. Altered corpus callosum morphology associated with

autism over the first 2 years of life. Brain 2015, 138: 2046–2058.

53. Haar S, Berman S, Behrmann M, Dinstein I. Anatomical

Abnormalities in Autism?. Cereb Cortex 2016, 26: 1440–1452.

54. Nordahl CW, Iosif AM, Young GS, Perry LM, Dougherty R,

Lee A, et al. Sex differences in the corpus callosum in

preschool-aged children with autism spectrum disorder. Mol

Autism 2015, 6: 26.

55. Schumann CM, Barnes CC, Lord C, Courchesne E. Amygdala

enlargement in toddlers with autism related to severity of social

and communication impairments. Biol Psychiatry 2009, 66:

942–949.

56. Qiu T, Chang C, Li Y, Qian L, Xiao CY, Xiao T, et al. Two

years changes in the development of caudate nucleus are

involved in restricted repetitive behaviors in 2-5-year-old

children with autism spectrum disorder. Dev Cogn Neurosci

2016, 19: 137–143.

57. Wang SS, Kloth AD, Badura A. The cerebellum, sensitive

periods, and autism. Neuron 2014, 83: 518–532.

58. Barnea-Goraly N, Frazier TW, Piacenza L, Minshew NJ,

Keshavan MS, Reiss AL, et al. A preliminary longitudinal

volumetric MRI study of amygdala and hippocampal volumes in

autism. Prog Neuropsychopharmacol Biol Psychiatry 2014, 48:

124–128.

59. Pote I, Wang S, Sethna V, Blasi A, Daly E, Kuklisova-

Murgasova M, et al. Familial risk of autism alters subcortical

and cerebellar brain anatomy in infants and predicts the

emergence of repetitive behaviors in early childhood. Autism

Res 2019, 12: 614–627.

60. Zikopoulos B, Barbas H. Changes in prefrontal axons may

disrupt the network in autism. J Neurosci 2010, 30:

14595–14609.

61. Lehtinen MK, Zappaterra MW, Chen X, Yang YJ, Hill AD, Lun

M, et al. The cerebrospinal fluid provides a proliferative niche

for neural progenitor cells. Neuron 2011, 69: 893–905.

62. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA,
et al. A paravascular pathway facilitates CSF flow through the

brain parenchyma and the clearance of interstitial solutes,

including amyloid b. Sci Transl Med 2012, 4: 147ra111.

63. Mori S, Zhang J. Principles of diffusion tensor imaging and its

applications to basic neuroscience research. Neuron 2006, 51:

527–539.

64. Sundaram SK, Kumar A, Makki MI, Behen ME, Chugani HT,

Chugani DC. Diffusion tensor imaging of frontal lobe in autism

spectrum disorder. Cereb Cortex 2008, 18: 2659–2665.

65. Langen M, Leemans A, Johnston P, Ecker C, Daly E, Murphy

CM, et al. Fronto-striatal circuitry and inhibitory control in

autism: findings from diffusion tensor imaging tractography.

Cortex 2012, 48: 183–193.

66. Tau GZ, Peterson BS. Normal development of brain circuits.

Neuropsychopharmacology 2010, 35: 147–168.

67. Andrews DS, Lee JK, Solomon M, Rogers SJ, Amaral DG,

Nordahl CW. A diffusion-weighted imaging tract-based spatial

statistics study of autism spectrum disorder in preschool-aged

children. J Neurodev Disord 2019, 11: 32.

68. Catani M, Dell’Acqua F, Budisavljevic S, Howells H, Thiebaut
de Schotten M, Froudist-Walsh S, et al. Frontal networks in

adults with autism spectrum disorder. Brain 2016, 139:

616–630.

69. Supekar K, Kochalka J, Schaer M, Wakeman H, Qin S,

Padmanabhan A, et al. Deficits in mesolimbic reward pathway

underlie social interaction impairments in children with autism.

Brain 2018, 141: 2795–2805.

70. Sparks BF, Friedman SD, Shaw DW, Aylward EH, Echelard D,

Artru AA, et al. Brain structural abnormalities in young children

with autism spectrum disorder. Neurology 2002, 59: 184–192.

71. Bedford SA, Park MTM, Devenyi GA, Tullo S, Germann J,

Patel R, et al. Large-scale analyses of the relationship between

sex, age and intelligence quotient heterogeneity and cortical

morphometry in autism spectrum disorder. Mol Psychiatry 2020,

25: 614–628.

72. Raichle ME. The restless brain: how intrinsic activity organizes

brain function. Philos Trans R Soc Lond B Biol Sci 2015, 370:

20140172. https://doi.org/10.1098/rstb.2014.0172.

73. Smith SM, Vidaurre D, Beckmann CF, Glasser MF, Jenkinson

M, Miller KL, et al. Functional connectomics from resting-state

fMRI. Trends Cogn Sci 2013, 17: 666–682.

74. Uddin LQ, Supekar K, Lynch CJ, Khouzam A, Phillips J,

Feinstein C, et al. Salience network-based classification and

prediction of symptom severity in children with autism. JAMA

Psychiatry 2013, 70: 869–879.

75. Abbott AE, Nair A, Keown CL, Datko M, Jahedi A, Fishman I,

et al. Patterns of atypical functional connectivity and behavioral

links in autism differ between default, salience, and executive

networks. Cereb Cortex 2016, 26: 4034–4045.

76. Plitt M, Barnes KA, Wallace GL, Kenworthy L, Martin A.

Resting-state functional connectivity predicts longitudinal

change in autistic traits and adaptive functioning in autism.

Proc Natl Acad Sci U S A 2015, 112: E6699-6706.

77. Elton A, Di Martino A, Hazlett HC, Gao W. Neural connectivity

evidence for a categorical-dimensional hybrid model of autism

spectrum disorder. Biol Psychiatry 2016, 80: 120–128.

78. Doyle-Thomas KA, Lee W, Foster NE, Tryfon A, Ouimet T,

Hyde KL, et al. Atypical functional brain connectivity during

rest in autism spectrum disorders. Ann Neurol 2015, 77:

866–876.
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