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Abstract

By definition, autism spectrum disorder (ASD) is a neurodevelopmental disorder that emerges
during early childhood. It is during this time that infants and toddlers transition from appearing
typical across multiple domains to exhibiting the behavioral phenotype of ASD. Neuroimaging
studies focused on this period of development have provided crucial knowledge pertaining to this
process, including possible mechanisms underlying pathogenesis of the disorder and offering the
possibility of prodromal or presymptomatic prediction of risk. In this paper, we review findings
from structural and functional brain imaging studies of ASD focused on the first years of life and
discuss implications for next steps in research and clinical applications.

Autism spectrum disorder (ASD) is behaviorally defined by the presence of social
communication deficits and restricted and repetitive behaviors. While these core behavioral
domains provide a loose structure to the behavioral phenotype of ASD, the constellation and
severity of behavioral symptoms and associated features exhibited by affected individuals
varies greatly (Kim, Macari, Koller, & Chawarska, 2016; \eenstra-VanderWeele & Blakely,
2012). This phenotypic heterogeneity is reflected in the increasingly complex genetics
associated with autism, an evolving landscape that includes de novo and inherited risk
factors and multiple rare and common variants (Geschwind & State, 2015). Amid the
complexity and variation in the outward manifestation of ASD, as well as in its genetic
architecture, is the acknowledgment that fundamentally, it is a disorder of
neurodevelopment. Although diagnosed by virtue of the presence or absences of set
behavioral indicators, autism is biologically based and arises from an altered trajectory of
brain development that begins very early in ontogeny.

The developmental window in which ASD unfolds is a relatively narrow one, affording
researchers the opportunity to isolate developmental events leading to its onset. Until
recently, however, the emergence of autism eluded direct study (Landa & Garrett-Mayer,
2006; Zwaigenbaum et al., 2005). Approaches to understanding how the disorder developed
early in life predominantly relied on retrospective methods, or inferences based on studies of
newly diagnosed toddlers and preschoolers, and even conjecture based on findings from
older children or adults. These approaches advanced knowledge but were ultimately limited
in their ability to capture the unique and often subtle events that preceded a diagnosis. With
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regard to the brain, retrospective methods were confined in large part to records of head
circumference (Lainhart et al., 1997; Woodhouse et al., 1996). This left the possibility of
generalizing brain findings from older individuals to inform pathogenesis, an inferential leap
fraught with error given that brain development is inherently dynamic and nonlinear (e.g.,
Raznahan et al., 2011). For example, studying brain features in young adults with ASD may
speak to cumulative effects specific to that period of life, but offers little insight into the
etiology. While the relevance of age effects on the neurodevelopment of ASD have been
long appreciated (Courchesne et al., 2001; Hoshino, Manome, Kaneko, Yashima, &
Kumashiro, 1984), the events of the first years of life were, until relatively recently, largely
matter for speculation.

The past 15 years have seen significant gains in the number of magnetic resonance imaging
(MRI) studies focused on ASD in infancy and toddlerhood. This growth in the published
literature is due in part to improved methods for acquiring MRI data from young children
(Dean et al., 2014; Nordahl et al., 2008) as well as technological advances in image
processing (Goodlet, Fletcher, Gilmore, & Gerig, 2009). Another source of growth comes
from the prospective study of infant siblings of older children with ASD, or so-called baby
sibs design. Approximately 10%—20% of younger siblings of children with ASD will
themselves develop the disorder (Messinger et al., 2015; Ozonoff et al., 2011; Sandin et al.,
2014), providing researchers with a practical means of charting its development over the first
years of life by following infants at high familial risk over time. Studies employing this
approach have provided critical insights into the behavioral development of ASD, including
data suggesting that core social communicative features emerge in the second year of life
(Hudry et al., 2014; Ozonoff et al., 2010; Zwaigenbaum et al., 2005) and may be preceded
by more subtle associated features during infancy (Elison et al., 2013; Elsabbagh et al.,
2012; Flanagan, Landa, Bhat, & Bauman, 2012; Jones & Klin, 2013; Shic, Macari, &
Chawarska, 2014). The disorder is not yet discernable at birth or even in later infancy, nor
does it appear abruptly as with the flip of a switch when a child reaches a certain age.
Instead, it entails a dynamic and likely constructive process, a true journey wherein multiple
facets of vulnerability aggregate into the phenotype of ASD over time. The developing brain
is integral to this pathogenic process, and elucidating its role prior to the consolidation of
behavioral symptoms may be the key to discovering how the disorder might be detected
prior to consolidation and ameliorated through early intervention or strategic prevention.

What follows is a review and discussion of recent neuroimaging studies of autism focused
on the first years of life. Our purpose in so doing was to identify and synthesize themes
within the published literature that inform issues of timing related to proximal mechanisms
of the symptom profiles that define autism. The corpus of studies reviewed herein was
identified through systematic searches of PubMed and Google Scholar using variations
related to autism (autism OR autistic), infancy or toddlerhood (AND infants OR infancy OR
toddlers OR early), and variations related to brain imaging (AND magnetic resonance OR
MRI OR brain imaging OR resting state OR diffusion OR DTI [diffusion tensor imaging]
OR fMRI [functional MRI]). To supplement, we also reviewed the reference sections of
recently published reports to ensure adequate coverage of the literature. Studies identified
through this process are presented and briefly described in Table 1. We acknowledge that
electrophysiology and other imaging methods (e.g., near infrared spectroscopy)
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implemented during this developmental period contribute to our understanding of neural
function, but are beyond the scope of this review.

Brain Structure

Cerebral volume

The observation that brain structure may be grossly altered in ASD harkens back to Leo
Kanner’s initial work describing 11 cases, wherein he noted simply that “five had relatively
large heads™ (1943, p. 248). Over 50 years later, Kanner’s succinct but certainly prescient
observation was substantiated through several independent studies of head circumference in
children and adults with autism (Davidovitch, Patterson, & Gartside, 1996; Lainhardt et al.,
1997; Woodhouse et al., 1996). In the first MRI studies to identify generalized brain
overgrowth in ASD, Piven et al. observed increased total midsagittal brain area (1992) and
total brain volume (1995) in adult males with autistic disorder. Although these studies of
adults, along with several contemporaries focused on substructures, provided evidence
suggesting atypical brain development associated with autism, they were significantly
limited in their ability to speak to pathogenesis.

In the first imaging study of early brain development in ASD, Courchesne et al. (2001)
identified increased whole-brain volume in a small subsample of 2- to 4-year old children
with autism relative to controls. Total brain volume differences extended to both cerebral
white and gray matter, with both regions showing cross-sectional age effects whereby
increased volumes were evident in autism prior to school age but not thereafter. This
prompted the authors to suggest that autism might be characterized by early brain
overgrowth followed by slowed growth into later childhood. Follow-up work suggested that
this pattern was evident across frontal, parietal, and temporal lobes (Carper, Moses, Tigue, &
Courchesne, 2002), with the frontal lobe showing the strongest effects by preschool and
early school age, particularly in the dorsolateral prefrontal cortex (Carper & Courchesne,
2005). Although tempered by relatively small sample sizes and reliance on cross-sectional
versus longitudinal data, this series of findings indicated that brain overgrowth could be an
early neural signature of ASD. This raised interest in the study of head circumference as a
surrogate marker of brain growth and early risk for the disorder (e.g., Courchesne, Carper, &
Akshoomoff, 2003). Recent work comparing children with ASD to community controls, as
opposed to national norms, has demonstrated that head circumference may not be suitable
for these purposes (Raznahan et al., 2013; Zwaigenbaum et al., 2014).

The MRI finding of early brain overgrowth associated with ASD has been reported by
several independent research groups. For example, Sparks et al. (2002) found that cerebral
volumes were significantly increased in 3- to 4-year-old children with ASD relative to both
typically developing children and children with developmental delay. The finding that
children with ASD differed from those with developmental delay is notable as it provided
some evidence that brain overgrowth in ASD may be disorder specific and not a function of
intellectual disability, a position supported by follow-up work examining differences in T2
relaxation times (Petropoulos et al., 2006). Bloss and Courchesne (2007) examined sex
differences in 3-year-olds with ASD relative to controls, identifying that both girls and boys
with ASD showed increased total brain and gray matter volumes. In a combined brain
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imaging and head circumference study, Hazlett et al. (2005) downward extended previous
work to toddlers, finding that those with ASD were characterized by significantly greater
cortical white and gray matter volumes relative to typically developing children as well as
children with developmental delay. Retrospective head circumference data suggested that
children with ASD followed a head growth trajectory similar to that of typically developing
community controls through infancy, showing divergence and overgrowth starting around
age 12 months. In a study of toddler and preschool age boys, Hoeft et al. (2011) found that
children with idiopathic autism showed volume increases in frontal, temporal, and
subcortical regions relative to typically developing and developmentally delayed controls, as
well as children with fragile X syndrome. In a study of toddlers with ASD and an age, sex,
and developmental quotient matched control group, Xiao et al. (2014) also found
significantly elevated gray and white matter volumes in those with ASD. As expected, there
are also findings that diverge from this pattern. Nordahl et al. (2012) reported increased
brain volume in preschool-age boys with ASD who had experienced a regression according
to parent report. However, boys who did not experience regression showed similar brain
volume to typically developing controls. It is highly unlikely that the phenomenon of
regression would be limited only to simplex cases, and it is unclear whether brain
development differs among infant siblings who experience regression. That said, prospective
longitudinal studies of high-risk infants (multiplex cases) have not provided conclusive
evidence of observed acute skill loss (Brian et al., 2016).

Several longitudinal imaging studies have provided important details on trajectories of brain
growth in children with ASD over the first years of life. In a report on brain volume changes
in children with and without ASD from toddlerhood through age 5, Schumann et al. (2010)
noted significant differences in growth trajectories for total cerebral volume as well as
several cortical regions, including the parietal and cingulate cortices. For the majority of
gray and white matter regions reported, growth trajectories for children with ASD were
elevated across the age range relative to controls. Hazlett et al. (2011) identified a similar
pattern, with total gray and white matter volumes elevated and stable across ages 2 to 4 in
children with ASD relative to typically developing and developmentally delayed controls.
Volumetric differences observed between groups were driven by surface area and not
cortical thickness, a finding recently replicated by Ohta et al. (2016). With two longitudinal
imaging studies suggesting that brain overgrowth was already in place by age 2 (Hazlett et
al., 2011; Schumann et al., 2010) and head circumference data suggesting that those with
ASD might first diverge at age 1 (Hazlett et al., 2005), a critical next step was to downward
extend the study of brain growth in ASD to infancy.

Shen et al. (2013) reported data from a prospective, longitudinal study of infants at high
familial risk for ASD, who are designated as such by virtue of having an older sibling with
the disorder (baby sibs design). High-risk participants, along with a low-risk control group,
were followed from age 6 months to age 24 and 36 months, at which times they received a
diagnostic assessment. The authors found that total cerebral volume in high-risk infants who
developed ASD (HR-ASD; n=10) did not differ from high-risk infants who did not or from
typically developing controls at age 6 months. However, by age 12 months, group
differences emerged, with HR-ASD showing increased volume relative to comparison
groups. The finding that brain volume differences were not present at age 6 months but
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emerged by age 12 months was also recently reported by Hazlett et al. (2017), who tracked
development in 435 infants at 6, 12, and 24 months. Of these, 148 contributed data at each
time point (HR-ASD = 15, high risk without an ASD diagnosis = 91, low-risk controls =
42). The authors identified increased rates of surface area expansion from age 6 to 12
months, followed by increased rate of total brain volume from 12 to 24 months. These
findings directly support the hypotheses generated from previous work (Hazlett et al., 2011)
suggesting that surface area expansion underlies brain overgrowth in ASD. A machine
learning approach to diagnostic classification, applied to features of surface area growth
from 6 to 12 months, predicted diagnostic outcome at age 24 months with 88% sensitivity
and 95% specificity (Hazlett et al., 2017).

While findings pertaining to cerebral cortical volumes have generally converged across
studies, results for the cerebellum have been less consistent. In a study of the cerebellum and
brain stem in individuals with autism ages 6 months to 20 years, Hashimoto et al. (1995)
identified that these structures were significantly smaller in comparison to typically
developing controls. This result was consistent for the subgroup of participants who were
under the age of 4 (n=53). The authors also noted differences in cross-sectional age effects
for the pons and most cerebellar lobules. In a study of 3- to 4-year-olds, Webb et al. (2009)
found that, when adjusted for total cerebral volume, children with ASD were intermediate to
typically developing (TD) controls and children with developmental delay for vermis 1-X,
such that TD > ASD > developmental delay. Bloss and Courchesne (2007) identified
significantly elevated cerebellar white matter volume in girls and boys with ASD relative to
TD controls, as well as lower cerebellar gray matter volume in girls with ASD only.
Akshoomoff et al. (2004) also reported increased cerebellar white matter as well as
enlargement of the anterior lobe in 2- to 5-year-old children with ASD relative to TD
controls. Several others, however, have reported no differences in cerebellum volumes when
total brain or cerebral volume is accounted for (Hazlett et al., 2005, 2011; Sparks et al.,
2002), suggesting that the cerebellum may not be uniquely enlarged in young children with
ASD.

Subcortical structures

Relatively fewer brain imaging studies of young children with ASD have focused on
subcortical structures. This may be due in part to the unique methodological challenges
associated with tissue segmentation in the early developing brain, such as indeterminate
white-gray boundaries or the lack of off-the-shelf processing tools specific to pediatric scan
data. In a study of 3- to 4-year-olds with ASD, Sparks et al. (2002) identified enlargement of
both the bilateral hippocampus and the amygdala. When the authors modeled the data
accounting for total cerebral volume, only the amygdala remained enlarged, and only in the
subgroup of children with more severe autism. In a longitudinal follow-up of these children,
increased right amygdala volume at 3—4 was associated with poorer social and
communicative outcome at age 6 (Munson et al., 2006). No predictive associations were
reported for the hippocampus. Schumann, Barnes, Lord, and Courchesne (2009) also
reported evidence of amygdala enlargement in ASD, further noting that this increase was
most pronounced in girls with ASD relative to controls. The authors also reported that
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increased amygdala volume was associated with greater severity of social and
communication deficits. In a longitudinal study of toddlers with ASD, Mosconi et al. (2009)
identified that amygdala enlargement was present and stable from ages 2 to 4 relative to TD
controls. In contrast to brain—behavior associations reported by Schuman et al. (2009),
Mosconi et al. found that amygdala volume was positively associated with better joint
attention outcomes among children with ASD. In a study of several subcortical structures,
Hazlett et al. (2009) also reported that the amygdala was 20% larger in toddlers with ASD
relative to TD controls. The authors further identified that volume was increased in the
hippocampus as well as components of the basal ganglia, including the caudate nucleus,
globus pallidus, and putamen. Qiu et al. (2016) recently reported findings from a
longitudinal study showing that both the left and right caudate were enlarged in ASD relative
to a developmentally delayed control group from ages 2 to 4 years, with the right caudate
showing a significantly faster growth rate in ASD.

Other structural segmentations

In their prospective, longitudinal study of infants at risk for ASD, Shen et al. (2013)
measured volumes of extra-axial fluid, defined as cerebral spinal fluid occupying the
subarachnoid space, at ages 6, 12, and 24 months. The results indicated that extra-axial fluid
volume was significantly elevated in HR-ASD across ages 6, 12, and 24 months of age
relative to high-risk infants without ASD and low-risk controls. Using automated methods in
a sample size five times larger than the initial report, Shen et al. (2017) replicated this result.
They also showed that extra-axial fluid was disproportionately increased in more severely
affected children. In another prospective, longitudinal study of high-risk infants, Wolff et al.
(2015) reported on trajectories of midsagittal corpus callosum morphometry across ages 6,
12, and 24 months of age. They found that corpus callosum area and thickness were
significantly higher in infants who received a diagnosis of ASD at age 2 years. Observed
increases in thickness were most prominent in the anterior region of the corpus callosum,
and effects were strongest at ages 6 and 12 months. The authors also noted that measures of
area and thickness were significantly associated with degree of restricted and repetitive
behavior in participants with ASD.

Discussion of structural findings

The most consistent finding to emerge from structural MRI studies is that total brain or
cerebral volume is significantly elevated in toddlers who develop ASD (Courchesne et al.,
2001; Hazlett et al., 2005, 2011, 2017; Schumann et al., 2010; Sparks et al., 2002). Volume
differences have been reported for both white and gray matter, though more frequently for
the latter. Recent findings that include data on infants suggest that brain growth in children
who develop autism begins to diverge from a typical trajectory between 6 and 12 months of
age, and that this process may be initially driven by rate of cortical surface area expansion
(Hazlett et al., 2017). The specific connection to surface area (Lui, Hansen, & Kriegstein,
2011) suggests that an altered process of neuronal progenitor cell proliferation,
differentiation, and migration may underlay macrostructural effects (Piven, Elison, & Zylka,
in press). There is evidence implicating progenitor cells from studies of human iPS cells
derived from individuals with idiopathic ASD (Marchetto et al., 2016) as well as mouse
models of genetic conditions linked to autism (Pucilowska et al., 2015). While cerebral
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overgrowth may not be a uniform feature of ASD, findings to date have converged in
describing the timing and potentially the mechanism underlying one specific pathogenic
process culminating in ASD. This work has provided new inroads for the presymptomatic
detection of ASD (Hazlett et al., 2017) as well as the possibility of reversing its effects on
neural architecture (Marchetto et al., 2016).

Several studies have also identified early differences in subcortical and other noncerebral
structures. The most commonly reported subcortical finding is that of amygdala overgrowth
in toddlers with ASD. It has been suggested that overgrowth of this structure may be unique
to the early development of the disorder (Schumann & Amaral, 2006), contributing to the
atypical scaffolding of fundamental social and emotional skills (Sparks et al., 2002). This
interpretation is in line with studies finding no differences or even reduced amygdala
volumes in adults with ASD (Nacewicz et al., 2006; Schumann & Amaral, 2006) and is
supported by work highlighting differential age effects (Nordahl et al., 2012; Schumann et
al., 2004). There are also data suggesting that overgrowth extends to other subcortical
structures, such as the caudate nucleus (Hazlett et al., 2009; Petropoulos et al., 2006; Qiu et
al., 2016). This structure, along with others comprising the basal ganglia, have been
associated with restricted and repetitive behaviors among preschool-age children with ASD
(Estes et al., 2011; Qiu et al., 2016; Wolff, Hazlett, Lightbody, Reiss, & Piven, 2013). One
report suggests that the corpus callosum may also be associated with repetitive behaviors in
children with ASD during infancy and toddlerhood, and that this structure is significantly
thicker across the 6- to 24-month age interval (Wolff et al., 2015). There are also now two
reports on separate study samples indicating that extra-axial cerebral spinal fluid is elevated
during infancy and toddlerhood in children who develop ASD (Shen et al., 2013, 2017). This
intriguing finding suggests that the transport of waste or cytokines, and possibly the
interaction of cerebrospinal fluid with the lymphatic system (Louveau et al., 2015), may be
disrupted. While atypical cerebellar features have been consistently identified in studies of
older individuals with ASD (Fatemi et al., 2012), whether and how it is associated with the
disorder early in life is less clear (Bloss & Courchesne, 2007; Hazlett et al., 2005, 2011).

Diffusion MRI

Diffusion-weighted MRI (DW-MRI) is a specialized form of imaging sensitive to the
displacement of water molecules through body tissue (Mori & Zhang, 2006). Based on the
magnitude with which these molecules diffuse along multiple field gradients, the
microstructural properties of tissue at the voxel level may be estimated given that diffusion
rate is influenced by tissue structure. DTI is a DW-MRI method that accounts for
directionality within each three-dimensional voxel. In the brain, this form of imaging is
typically applied to the study of white matter architecture to characterize the structural
properties of local or long-range connectivity. Common measures derived from DTI data
include axial and radial diffusivity, representing diffusion along and orthogonal to the
principle eigenvector, respectively; mean diffusivity; and fractional anisotropy (FA), which
reflects degree of diffusion along the principle eigenvector relative to other directions.
Rather than characterizing any one aspect of underlying structure, these measures are
influenced by multiple facets of tissue composition, including but not limited to axon size,
packing density, fiber cohesion, and myelination (Jones, Kndsche, & Turner, 2013).
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There has been sustained interest in the potential role that disrupted or atypical neural
connectivity may play in the development of ASD, and diffusion MRI has offered a means
to interrogate this issue. To date, however, only a small fraction of published DTI studies of
ASD have focused on the first years of life (Travers et al., 2012). In a cross-sectional study
of 7 toddlers with ASD, Ben Bashat et al. (2007) identified higher FA in those with ASD
relative to typically developing children. Effects were observed across multiple fiber
pathways including several subdivisions of the corpus callosum, the corticospinal tract, and
both the external and internal capsule. Increased FA in children with ASD was also reported
by Weinstein et al. (2011) in a study of 21 toddler and preschool-age children with ASD
relative to typically developing controls. Using tract-based spatial statistics, they identified
significantly increased FA in the area of the cingulum, corpus callosum, and superior
longitudinal fasciculus. In a study of toddlers with ASD and an age, sex, and developmental
quotient matched control group, Xiao et al. (2014) reported significantly increased FA in the
several regions using voxel-based analysis including the area of the corpus callosum, limbic
system, and cingulate cortex. Recently, Conti et al. (2017) applied a network-based analysis
to diffusion data in a study of 32 toddlers with ASD and a comparison group of 16 toddlers
with broadly defined developmental delay. The authors identified significantly increased FA
in the ASD group, particularly in voxels linking frontal, temporal, and subcortical regions.
The authors also reported differences in number of streamlines between regions; however,
there is some question as to the validity of such data (e.g., Jones et al., 2013).

Two longitudinal DTI studies have elucidated the finding of increased FA associated with
ASD, identifying both increased FA and slower development of white matter pathways in
ASD. In a study of 92 infants at high familial risk for ASD across ages 6, 12, and 24 months,
Wolff et al. (2012) found significant differences in growth trajectories for 12 of 15 fiber
pathways between infants who did and did not receive a diagnosis of ASD at age 2.
Trajectories for the group who developed ASD were nearly uniformly characterized by a
pattern of increased FA at age 6 months followed by slower growth thereafter. In a study of
1- to 4-year-olds with and without ASD, Solso et al. (2016) identified significant group and
Group x Age effects for FA in several white matter pathways, including the corpus callosum,
uncinate fasciculus, and arcuate fasciculus. Overall, differences were most evident in frontal
versus posterior white matter. The authors also reported significant differences in fiber
pathway volumes based on voxel count. For both FA and volume, the developmental pattern
was similar to that reported by Wolff et al. (2012), with the ASD group higher initially but
showing slower growth over time.

Several studies have utilized diffusion MRI data to examine other aspects structural
connectivity, including its relation to behavior. Lewis et al. (2014) used DW-MRI data to
estimate properties of network efficiency in a study of 2-year olds at high and low familial
risk for ASD. They found evidence of decreased local and global efficiency among high-risk
children with ASD relative to high-risk children without ASD and low-risk controls.
Differences were most evident in the occipital and temporal regions, and to a lesser extent in
the parietal lobe. The authors also reported an inverse relationship between measures of
efficiency and autism symptom severity as indexed by the Autism Diagnostic Observation
Schedule. In another study of children at low and high familial risk for ASD using both DTI
and eye tracking, Elison et al. (2013) found that functional coupling between visual
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orienting and the splenium of the corpus callosum apparent among low-risk controls was not
observed in 7-month-old infants who later developed ASD. Wolff et al. (2017) recently
reported that FA in cerebellar and corpus callosum white matter pathways from 6 to 24
months was positively associated with restricted and repetitive behaviors, as well as
responsiveness to sensory stimuli, in toddlers with ASD. The brain—behavior relations
identified by Wolff et al. were relatively specific, and did not extend to other fiber pathways
or to social communication.

Discussion of diffusion MRI findings

Relative to structural MRI, diffusion MRI is a newer and thereby less established approach
to brain imaging. Nonetheless, there are converging findings across studies suggestive of
effects specific to the early development of autism. Foremost among these findings is that of
increased FA in infants and toddlers who either have or are later diagnosed with ASD (Ben
Bashat et al., 2007; Conti et al., 2017; Solso et al., 2016; Weinstein et al., 2011; Wolff et al.,
2012; Xiao et al., 2014). The finding of increased FA, consistent across six DTI studies of
ASD, is in distinct contrast with what has been commonly reported among older children
and adults with the disorder, wherein FA is relatively /owerin individuals with a diagnosis
(Travers et al., 2012). Based on findings from two studies reporting developmental
trajectories, it appears that FA may be initially higher, but eventually lower, in children with
ASD relative to those without the disorder (Solso et al., 2016; Wolff et al., 2012). If FA is
elevated in children with ASD during the first years of life, but not thereafter, it implicates
one or more of the rapid and dynamic neurodevelopmental events unique to this period.

It may seem initially counterintuitive that FA would be increased in children with ASD
during early childhood. One might interpret this as evidence of precocious neural
development or hyperconnectivity. For example, higher FA resulting from precocious
development could plausibly result from atypical timing of sensitive or critical period
plasticity (Le-Blanc & Fagiolini, 2011). However, a more parsimonious explanation is that
FA does not reflect a unitary and invariant aspect of white matter structure. Based on the
relative magnitude of diffusion along the major eigenvector, FA is generally regarded to
index the strength and coherence of a given fiber pathway (i.e., “more is better”). This
interpretation may be relatively accurate in describing structural connectivity in the mature
brain. However, it may be less so among young children for whom the nature and pace of
neurodevelopment differs. For example, white matter pathways undergo dramatic change
during early childhood, a process that includes significant pruning in addition to axon
growth and myelination (Deoni et al., 2011; Gao et al., 2009; LaMantia & Rakic, 1990).
While reports of relatively lower FA in older individuals with ASD may be driven by factors
such as myelin content and axon caliber, higher FA in infants and toddlers may reflect
altered axon growth, retraction, and experience-dependent refinement (McFadden &
Minshew, 2013). There is evidence of dampened axonal pruning and growth in ASD
(Zikopoulos & Barbas, 2010) that may also explain volumetric increases reported in white
matter during infancy and toddlerhood (Wolff et al., 2015). Resolution as to the meaning of
higher FA in ASD may ultimately demand further study using higher resolution imaging as
well as histological studies of nonhuman animal models.
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Auditory-Evoked and Resting-State fMRI

FMRI is a relatively common method for deriving estimates of brain activation based on
task-evoked or spontaneous fluctuations in blood oxygen across space and time. Task-
evoked brain activation is implemented to localize a given psychological/motor
phenomenon, whereas the study of spontaneous fluctuations of blood oxygenation provides
insight into the intrinsic architecture of neural functional connectivity. Both of these
methods are highly susceptible to motion artifacts, thereby precluding implementation in
very young children while awake. However, auditory-evoked fMRI and resting-state fMRI
can be acquired during natural sleep, and there are now six published studies reporting
results from auditory-evoked fMRI or resting-state fMRI in infants and toddlers with ASD.

In the first study to use auditory-evoked fMRI during natural sleep with young children with
autism, Redcay and Courchesne (2008) identified significant differences in regional
activation patterns in response to forward and backward speech sounds in a small sample of
toddlers with autism (n7 = 12) relative to two control groups. They also reported data
suggesting lateralization favoring the right hemisphere in the ASD group. Using the same
paradigm, Eyler, Pierce, and Courchesne (2012) examined neural responses to speech
sounds in 40 children ages 12-48 months with ASD relative to typically developing controls.
They reported significantly less activation in the left superior temporal gyrus in children
with ASD, as well as evidence for right lateralization in response to speech sounds (in
contrast to left lateralization observed among the control group). Building on this work
(Eyler et al., 2012; Redcay & Courchesne, 2008), Lombardo et al. (2015) examined
activation patterns in regions associated with language function in 60 toddlers with ASD
relative to two control groups. The ASD group was subdivided on the basis of expressive
and receptive communication scores. The authors reported that toddlers with ASD who had
poorer language a year later showed less activation in bilateral temporal and frontal regions
of interest relative to comparison groups, including children with ASD who had relatively
age-typical language scores. The authors also reported an inverse pattern of brain-behavior
correlations between the ASD groups and typically developing controls. While language
function was positively correlated with activation strength in putative language regions of
interest for the TD group, there were significant negative correlations for those with ASD.
Conversely, those with ASD showed positive correlations between language measures and
nonlanguage regions, such as the cerebellum, thalamus, and motor cortex.

A study from the same research group regressed auditory-evoked activations out of the
model to examine correlations between spontaneous fluctuations in blood flow between
anatomically defined regions of interest (Dinstein et al., 2011). Decreased coactivation of
bilateral superior temporal and inferior frontal gyri (IFG) was observed in children with
ASD relative to children with language delay and TD controls. The authors noted a
significant positive association between expressive language and an index of
interhemispheric synchrony in the IFG among the group of children with ASD. They also
reported that social and communication scores derived from the Autism Diagnostic
Observation Schedule were negatively associated with IFG synchrony. While compelling,
these results should be interpreted with caution as methods for identifying and controlling
for motion artifacts in resting-state connectivity data emerged subsequent to this publication
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(see Power, Barnes, Snyder, Schlaggar, & Petersen, 2012; Satterthwaite et al., 2012; Van
Dijk, Sabuncu, & Buckner, 2012). A recent study of preschool-aged children (mean age 3.5)
that adopted rigorous motion-rejection/correction strategies showed weaker functional
connectivity between the amygdala and bilateral medial prefrontal cortex, the striatum, and
various regions within the temporal lobe (Shen et al., 2016). The authors also reported
weaker functional connectivity between V1 and somatosensory regions in children with
ASD as compared to age-matched controls.

Patterns of whole-brain functional connectivity may represent a potential biomarker of ASD
during infancy. In a prospective study of infants at high familial risk for ASD, Emerson et al.
(in press) utilized resting-state fMRI collected at age 6 months to predict diagnostic
outcomes at age 2 years. The authors reported that a cross-validated machine-learning
algorithm applied to the imaging data yielded a positive predictive value of 100% and a
negative predictive value of 96%. Functional connections contributing to the predictive
algorithm were derived on the basis of their association with cognitive and behavioral
features, such as social communication and repetitive behavior, at age 2 years. Although
based on a relatively modest sample (/7= 59 high-risk infants, 11 of whom were later
diagnosed with ASD), the results suggest the possibility of a presymptomatic test for ASD
that could be used to make clinical decisions for infants who are already at elevated risk due
to family history.

Discussion of auditory-evoked and resting state fMRI

Functional neuroimaging during natural sleep offers a potentially powerful approach for
characterizing emerging specialization (via auditory-evoked paradigms) as well as the
architecture of functional connectivity during the first years of life. To date, however, there
have been relatively few published studies applying these methods to infants and toddlers
who have or later develop ASD. In our survey of the literature, we identified only six such
studies. The majority of this work has been produced by one research group and has largely
focused on brain regions previously associated with language processing. These four studies
by Courchesne et al. have identified atypical response patterns to speech sounds, evidence of
right lateralization, as well as diminished synchronous activation of putative language
regions in children with ASD (Dinstein et al., 2011; Eyler et al., 2012; Lombardo et al.,
2015; Redcay & Courchesne, 2008).

Findings from Shen et al. (2016) concerning diminished cortical and subcortical amygdala
connectivity compliment neuroimaging reports of atypical amygdala structure among young
preschool-aged children (Mosconi et al., 2009; Munson et al., 2006; Schumann et al., 2009).
Evidence that whole-brain functional connectivity patterns could serve as a sensitive and
specific presymptomatic biomarker of autism in high-risk sibs will very likely catalyze
future work. Based on recent advances in this imaging modality, it is our view that there is
considerable potential for functional connectivity MRI to inform (a) the underlying
neurobiological substrates of autism and (b) clinical prediction. Nevertheless, a word of
caution is warranted as this field is continually refining analytic methods (e.g., Power,
Schlaggar, & Petersen, 2015). Nonetheless, work on functional connectivity collected during
the infant/toddler period is steadily accelerating (Gao, Lin, Grewen, & Gilmore, 2016), and
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it is our expectation that the number of such studies focused on ASD will significantly
increase in the coming decade.

General Discussion

Based on the clustering of clinically significant behavioral features, a diagnosis of ASD is
the result of a cascade of effects likely beginning in utero. While this cascade of effects may
occur over a broader temporal period (Brian et al., 2016; Davidovitch, Levit-Binnun, Golan,
& Manning-Courtney, 2015), ASD emerges during a unique window of brain development
characterized by changes that are extraordinary in both rate and scope. It is during this short
but crucial period of development wherein a child transitions from appearing typical across
multiple cognitive and behavioral domains to manifesting impairment and developmental
delays. Again drawing on the analogy of the journey to autism, it is not the diagnostic
outcome, perhaps viewed as the “destination,” that is of foremost interest. Instead, the
primary source of intrigue and the largely untapped opportunity are the events of the 1,000
or so days from birth to the eventual consolidation of autistic symptoms. Along with
prospective behavioral studies of infants and toddlers, brain-imaging research has
significantly advanced our knowledge of the early development of autism and potential
sources of vulnerability for the disorder.

Several consistent themes have emerged from neuroimaging studies of infants and toddlers
who have or later develop ASD. First and foremost among these is that of increased cerebral
volume involving both gray and white matter (Courchesne et al., 2001; Hazlett et al., 2005,
2011, 2017; Nordahl et al., 2012; Ohta et al., 2016; Schumann et al., 2010; Shen et al. 2013;
Sparks et al., 2002; Xiao et al., 2014). The process of tissue overgrowth appears to begin in
middle infancy, is established by toddlerhood, and remains stable through early school age.
By adulthood, overgrowth may no longer be apparent, and the effects may even be reversed
(Courchesne et al., 2001; Zielinski et al., 2014). Increased brain tissue volume in toddlers
with ASD may be explained, and temporally preceded, by hyperexpansion of cortical
surface area during the first year of life (Hazlett et al., 2017). There is also initial evidence
that the rate of surface area expansion during infancy may accurately predict a later
diagnosis of ASD in children at familial risk. As with the cerebrum, overgrowth of
subcortical structures, such as the amygdala and caudate nucleus, have also been reported
(Hazlett et al., 2009; Hoeft et al., 2011; Mosconi et al., 2009; Nordahl et al., 2012;
Schumann et al., 2009; Sparks et al., 2002), and in some cases linked to specific behavioral
features of ASD (Estes et al., 2011; Mosconi et al., 2009; Munson et al., 2006; Schumann et
al., 2009; Wolff et al., 2013).

There is also converging evidence of atypical structural and functional connectivity in the
development of ASD. Seed-based, resting-state functional connectivity between the
amygdala and canonical targets is reduced in preschool-aged children with ASD (Shen et al.,
2016), consistent with what might be expected given increased amygdala volumes and
atypical FA in limbic regions such as the uncinate and the inferior longitudinal fasciculi
(Conti et al., 2017; Solso et al., 2016; Wolff et al., 2012; Xiao et al., 2014). A series of
studies from Courchesne et al. also indicates atypical connectivity in language areas,
patterns of which have been associated with measures of receptive and expressive language
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function (Dinstein et al., 2011; Eyler et al., 2012; Lombardo et al., 2015; Redcay &
Courchesne, 2008). A proof-of-principle study from the IBIS group demonstrated that 6-
month-old functional networks revealed associations with later behavioral outcomes and
could be exploited to accurately classify whether or not a high-risk child would be diagnosed
with ASD at 24 months (Emerson et al., in press). The prognostic value of information
gleaned from functional connectivity data was likewise demonstrated recently by Lombardo
et al. (2015). To date, there are no longitudinal descriptions of whole-brain functional
connectivity patterns across the first years of life, but longitudinal studies of structural
connectivity suggest atypical growth patterns in infants/toddlers with ASD (Solso et al.,
2016; Wolff et al., 2012, 2015). There is further evidence that the structural properties of
white matter circuits may be fundamentally altered in young children who develop ASD in a
manner unique to the first years of life (Ben Bashat et al., 2007; Conti et al., 2017; Solso et
al., 2016; Weinstein et al., 2011; Wolff et al., 2012; Xiao et al., 2014). While associations
between aspects of structural and functional connectivity to the emergence of ASD warrant
further study, especially during early childhood, leveraging both modalities to inform models
of pathogenesis and clinical prediction may prove especially fruitful.

Infant and toddler imaging studies have implicated, with some consistency, the structure and
circuitry of multiple cortical and subcortical regions and tissue types in the development of
ASD. Considered together, these observations suggest that autism may arise from a broad
disturbance in central nervous system development that begins very early and has
downstream effects on neural plasticity and specialization (Johnson, Jones, & Gliga, 2015).
Generalized brain overgrowth along with altered structural and functional connectivity
evident by infancy or toddlerhood may be by-products of a common pathogenic process that
begins in utero. Cortical neurons are almost exclusively generated prenatally, with peak
proliferation occurring between 10 and 20 weeks of gestation in typical development
(Samuelsen et al., 2003). Following this period of exuberant overproliferation, the third
trimester is marked by the elimination of approximately 50% of neurons through apoptosis
(Rabinowicz, de Courten-Myers, Petetot, Xi, & de los Reyes, 1996). This regressive process
is selective, and likely favors less established and weakly connected neurons for elimination
(Buss, Sun, & Oppenheim, 2006). There is recent evidence that alterations in prenatal
neuronal development involving progenitor cell division and differentiation, along with
subsequent growth and refinement of neurites, may lay the foundation for ASD (Marchetto
et al., 2016). Abnormal processes related to neuronal proliferation in the second trimester or
subsequent developmental elimination in the third could account for a pathological excess of
neurons and give rise to the autistic phenotype during early childhood (Casanova et al.,
2006; Courchesne et al., 2011; Fang et al., 2014). Even a relatively minor irregularity in
neuronal development could have far-reaching cumulative effects on postnatal cortical
plasticity (Kanold, 2009), connectivity (Simon et al., 2016), and synaptic function (Fang et
al., 2014; Johnson et al., 2015) that impede a child’s ability to acquire sophisticated social
communication and produce an unusual excess of restricted and repetitive behaviors.
Moreover, an altered process of neuronal development, which includes cell proliferation and
apoptosis, could plausibly explain brain growth differences observed during the first years of
life in children who develop autism (Hazlett et al., 2017).
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Inextricably linked to neurodevelopment occurring prenatally, postnatal developmental
processes are likewise integral to the emergence of ASD. Infancy and toddlerhood are
characterized by unique and rapid changes in brain structure and function, which at the
cellular level includes peak synaptic growth and arborization (Huttenlocher, 1979) as well as
axon growth, pruning, and myelination (Cowan, Fawcett, O’Leary, & Stanfield, 1984;
LaMantia & Rakic, 1990). Considering the neuroimaging studies reviewed herein, it appears
highly likely that ASD arises from a confluence of multiple developmental events not
limited to any single point of vulnerability. There is evidence implicating both synaptic and
axonal plasticity in the development of the disorder. Postmortem studies of individuals with
ASD indicate increased dendritic spine density (Hutsler & Zhang, 2010; Tang et al., 2014)
possibly resulting from deficient or less responsive pruning during early sensitive periods
(Tang et al., 2014). Postmortem studies and studies of nonhuman animal models of ASD
have likewise identified evidence of atypical axon growth and myelination (Huang et al.,
2014; Pacey et al., 2013; Zikopoulos & Barbas, 2010) suggesting that axonal plasticity
during early development may be altered in its timing or responsiveness. These and other
histological findings complement findings from neuroimaging studies on the emergence of
ASD, pointing to potentially multiple pre-and postnatal pathogenic processes involving
neurogenesis, migration, regionalization, synaptogenesis, pruning, and development of
short- and long-range connectivity. It is worth noting that the neurodevelopmental processes
underlying ASD are not discrete, and each plays a critical yet mutually dependent role in
early development. How these processes interact over time in determination of risk or
protection, as well as to what extent they arise from a common mechanism or set of
mechanisms, remain important targets for further study.

The Road Ahead

A necessary next step for studies into the development of ASD will be to account for
individual variability. While there may be common features shared by many children
diagnosed with ASD, it has been well established that no single neurobiological or
behavioral feature is uniformly associated with the disorder. On the one hand, this reflects
the etiologic and phenotypic heterogeneity of ASD and presents the opportunity to refine
conceptualization of the disorder beyond a unitary construct. On the other hand, it presents a
meaningful challenge to translating research into clinical practice, particularly for very
young children for whom the disorder may not be clearly manifest. Although certain aspects
of infant brain development, such as rate of surface area expansion or functional
connectivity signatures, have shown promise in accurately predicting a diagnosis (Emerson
et al., in press; Hazlett et al., 2017) and informing models of pathogenesis (Piven et al., in
press), extrapolating these findings beyond the ages at which these measurements were
acquired or to other subgroups is rife with difficulty. One recent compelling hypothesis,
anchored in long-term longitudinal data, suggests that trajectories of change/stability in a
given domain (e.g., patterns of network connectivity, language functioning) may be
particularly useful for parsing heterogeneity in a manner that could bolster clinical efforts
(Lord, Bishop, & Anderson, 2015). Autism is ultimately not immune to the developmental
psychopathology principles of equifinality and multifinality (Cicchetti & Rogosch, 1996).
Unfortunately, analytic approaches that embrace the developmental complexities inherent to
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ASD are the exception rather than the rule, and attention to such issues is in many cases
limited to perfunctory discussions of heterogeneity. More long-term longitudinal studies
incorporating multimodal neuroimaging data coupled with data from multiple levels of
analysis are needed to fully characterize the heterogeneity of ASD and better capture how
points of vulnerability vary across individuals and time. That said, the emerging body of
results on brain development from studies of infant siblings with autism, which by design
reduce etiologic heterogeneity by examining multiplex families, suggests some common
starting points.

One important motivation for better characterizing the early neurodevelopment of ASD is to
propel efforts to deliver targeted intervention or prevention. Early intervention can be highly
effective in ameliorating the impact of ASD by improving long-term cognitive and
behavioral outcomes (Dawson et al., 2009; Estes et al., 2015; MacDonald, Parry-Cruwys,
Dupere, & Ahearn, 2014) and significantly decreasing lifetime costs associated with care
(Chasson, Harris, & Neely, 2007). However, only a minority of young children with ASD
achieve significant gains through such intervention, and many show little or no improvement
in core deficit areas (Howlin, Magiati, & Charman, 2009; Magiati, Wei Tay, & Howlin,
2012). This is in part due to a lack of precision in how interventions are tailored to
individual needs. Because early childhood represents a finite window of significant brain
and behavioral plasticity, the conventional trial-and-error approach to identifying an
effective intervention risks the expenditure of valuable time and resources. The solution may
lay in intervention strategies that take heterogeneity into account through individualization
(Sherer & Schreibman, 2005). Cognitive and behavioral factors such as pretreatment
cognitive function or adaptive communication ability can provide some guidance as to type,
duration, and intensity of intervention, but the prescriptive power of these factors alone is
limited (Kovshoff, Hastings, & Remington, 2011; Magiati, Charman, & Howlin, 2007).
Accounting for variability in the neural phenotype of ASD has the potential to further
improve links between the specific needs of an individual child and the content, intensity,
and timing of intervention (Dawson, 2008; Ecker, 2017; Wolff, 2016). Accomplishing this
will require novel and developmentally informed strategies that leverage behavioral and
neurobiological variability to inform determination of risk and individualization of
treatment.

The past two decades have been marked by a dramatic increase in knowledge pertaining to
the neurodevelopment of ASD. This has included new insights into changes in brain
structure and connectivity that take place prior to consolidation of clinical symptoms. Taken
together, this work highlights an important and relatively narrow window of vulnerability for
the development of autism. This work also provides opportunities to better detect risk for the
disorder and intervene prior to an age when a diagnosis of autism is conventionally made.
We would be remiss in failing to acknowledge, however, that there is no single, well-worn
path to autism. Instead, there are multiple developmental pathways culminating in a
common diagnosis, and clarifying these trajectories will likely increase the precision with
which children are identified and provided treatment.

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al. Page 16

Acknowledgments

This work was supported by the National Institute of Mental Health under Grants KO1 MH101653 (to J.J.W.) and
RO1 MH104324 (to J.T.E.) and by a University of Minnesota/Mayo Clinic Partnership Grant (to S.J.)

References

Akshoomoff N, Lord C, Lincoln AJ, Courchesne RY, Carper RA, Townsend J, Courchesne E. Outcome
classification of preschool children with autism spectrum disorders using MRI brain measures.
Journal of the American Academy of Child & Adolescent Psychiatry. 2004; 43:349-357. DOI:
10.1097/00004583-200403000-00018 [PubMed: 15076269]

Ben Bashat D, Kronfeld-Duenias V, Zachor DA, Ekstein PM, Hendler T, Tarrasch R, Ben Sira L.
Accelerated maturation of white matter in young children with autism: A high b value DWI study.
Neurolmage. 2007; 37:40-47. DOI: 10.1016/j.neuroimage.2007.04.060 [PubMed: 17566764]

Bloss CS, Courchesne E. MRI Neuroanatomy in young girls with autism. Journal of the American
Academy of Child & Adolescent Psychiatry. 2007; 46:515-523. DOI: 10.1097/chi.
0b013e318030e28b [PubMed: 17420687]

Brian J, Bryson SE, Smith IM, Roberts W, Roncadin C, Szatmari P, Zwaigenbaum L. Stability and
change in autism spectrum disorder diagnosis from age 3 to middle childhood in a high-risk sibling
cohort. Autism. 2016; 20:888-892. DOI: 10.1177/1362361315614979 [PubMed: 26685198]

Buss RR, Sun W, Oppenheim RW. Adaptive roles of programmed cell death during nervous system
development. Annual Review of Neuroscience. 2006; 29:1-35. DOI: 10.1146/annurev.neuro.
29.051605.112800

Carper RA, Courchesne E. Localized enlargement of the frontal cortex in early autism. Biological
Psychiatry. 2005; 57:126-133. DOI: 10.1016/j.biopsych.2004.11.005 [PubMed: 15652870]

Carper RA, Moses P, Tigue ZD, Courchesne E. Cerebral lobes in autism: Early hyperplasia and
abnormal age effects. Neurolmage. 2002; 16:1038-1051. [PubMed: 12202091]

Casanova MF, van Kooten IAJ, Switala AE, van Engeland H, Heinsen H, Steinbusch HWM, Schmitz
C. Minicolumnar abnormalities in autism. Acta Neuropathologica. 2006; 112:287-303. DOI:
10.1007/s00401-006-0085-5 [PubMed: 16819561]

Chasson GS, Harris GE, Neely WJ. Cost comparison of early intensive behavioral intervention and
special education for children with autism. Journal of Child and Family Studies. 2007; 16:401-413.
DOI: 10.1007/5s10826-006-9094-1

Cicchetti D, Rogosch FA. Equifinality and multifinality in developmental psychopathology.
Development and Psychopathology. 1996; 8:597.doi: 10.1017/S0954579400007318

Conti E, Mitra J, Calderoni S, Pannek K, Shen KK, Pagnozzi A, Guzzetta A. Network over-
connectivity differentiates autism spectrum disorder from other developmental disorders in
toddlers: A diffusion MRI study. Human Brain Mapping. 2017; Advance online publication. doi:
10.1002/hbm.23520

Courchesne E, Carper R, Akshoomoff N. Evidence of brain overgrowth in the first year of life in
autism. Journal of the American Medical Association. 2003; 290:337.doi: 10.1001/jama.290.3.337
[PubMed: 12865374]

Courchesne E, Karns CM, Davis HR, Ziccardi R, Carper RA, Tigue ZD, Courchesne RY. Unusual
brain growth patterns in early life in patients with autistic disorder: An MRI study. Neurology.
2001; 57:245-254. [PubMed: 11468308]

Courchesne E, Mouton PR, Calhoun ME, Semendeferi K, Ahrens-Barbeau C, Hallet MJ, Pierce K.
Neuron number and size in prefrontal cortex of children with autism. Journal of the American
Medical Association. 2011; 306:2001-2010. DOI: 10.1001/jama.2011.1638 [PubMed: 22068992]

Cowan WM, Fawcett JW, O’Leary DD, Stanfield BB. Regressive events in neurogenesis. Science.
1984; 225:1258-1265. [PubMed: 6474175]

Davidovitch M, Levit-Binnun N, Golan D, Manning-Courtney P. Late diagnosis of autism spectrum
disorder after initial negative assessment by a multidisciplinary team. Journal of Developmental &
Behavioral Pediatrics. 2015; 36:227-234. DOI: 10.1097/DBP.0000000000000133 [PubMed:
25651066]

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al.

Page 17

Davidovitch M, Patterson B, Gartside P. Head circumference measurements in children with autism.
Journal of Child Neurology. 1996; 11:389-393. [PubMed: 8877607]

Dawson G. Early behavioral intervention, brain plasticity, and the prevention of autism spectrum
disorder. Development and Psychopathology. 2008; 20:775-803. DOI: 10.1017/
S0954579408000370 [PubMed: 18606031]

Dawson G, Rogers S, Munson J, Smith M, Winter J, Greenson J, Varley J. Randomized, controlled
trial of an intervention for toddlers with autism: The Early Start Denver Model. Pediatrics. 2009;
125:e17-e23. [PubMed: 19948568]

Dean DC, Dirks H, O’Muircheartaigh J, Walker L, Jerskey BA, Lehman K, Deoni SCL. Pediatric
neuroimaging using magnetic resonance imaging during non-sedated sleep. Pediatric Radiology.
2014; 44:64-72. DOI: 10.1007/s00247-013-2752-8 [PubMed: 23917588]

Deoni SCL, Mercure E, Blasi A, Gasston D, Thomson A, Johnson M, Murphy DGM. Mapping infant
brain myelination with magnetic resonance imaging. Journal of Neuroscience. 2011; 31:784-791.
DOI: 10.1523/jneurosci.2106-10.2011 [PubMed: 21228187]

Dinstein I, Pierce K, Eyler L, Solso S, Malach R, Behrmann M, Courchesne E. Disrupted neural
synchronization in toddlers with autism. Neuron. 2011; 70:1218-1225. DOI: 10.1016/j.neuron.
2011.04.018 [PubMed: 21689606]

Ecker C. The neuroanatomy of autism spectrum disorder: An overview of structural neuroimaging
findings and their translatability to the clinical setting. Autism. 2017; 21:18-28. DOI:
10.1177/1362361315627136 [PubMed: 26975670]

Elison JT, Paterson SJ, Wolff JJ, Reznick JS, Sasson NJ, Gu H, Piven J. White matter microstructure
and atypical visual orienting in 7-month-olds at risk for autism. American Journal of Psychiatry.
2013; 170:899-908. DOI: 10.1176/appi.ajp.2012.12091150 [PubMed: 23511344]

Elsabbagh M, Mercure E, Hudry K, Chandler S, Pasco G, Charman T, BASIS Team. Infant neural
sensitivity to dynamic eye gaze is associated with later emerging autism. Current Biology. 2012;
22:338-342. DOI: 10.1016/j.cub.2011.12.056 [PubMed: 22285033]

Emerson RW, Adams C, Nishino T, Hazlett HC, Wolff JJ, Zwaigenbaum L, Piven J. Functional
neuroimaging in high-risk 6-month-old infants predicts later autism. Science Translational
Medicine. (in press).

Estes A, Munson J, Rogers SJ, Greenson J, Winter J, Dawson G. Long-term outcomes of early
intervention in 6-year-old children with autism spectrum disorder. Journal of the American
Academy of Child & Adolescent Psychiatry. 2015; 54:580-587. DOI: 10.1016/j.jaac.2015.04.005
[PubMed: 26088663]

Estes A, Shaw DWW, Sparks BF, Friedman S, Giedd JN, Dawson G, Dager SR. Basal ganglia
morphometry and repetitive behavior in young children with autism spectrum disorder. Autism
Research. 2011; 4:212-220. DOI: 10.1002/aur.193 [PubMed: 21480545]

Eyler LT, Pierce K, Courchesne E. A failure of left temporal cortex to specialize for language is an
early emerging and fundamental property of autism. Brain. 2012; 135:949-960. DOI: 10.1093/
brain/awr364 [PubMed: 22350062]

Fang WQ, Chen WW, Jiang L, Liu K, Yung WH, Fu AK, Ip NY. Overproduction of upper-layer
neurons in the neocortex leads to autism-like features in mice. Cell Reports. 2014; 9:1635-1643.
DOI: 10.1016/j.celrep.2014.11.003 [PubMed: 25466248]

Fatemi SH, Aldinger KA, Ashwood P, Bauman ML, Blaha CD, Blatt GJ, Welsh JP. Consensus paper:
Pathological role of the cerebellum in autism. Cerebellum. 2012; 11:777-807. DOI: 10.1007/
§12311-012-0355-9 [PubMed: 22370873]

Flanagan JE, Landa R, Bhat A, Bauman M. Head lag in infants at risk for autism: A preliminary study.
American Journal of Occupational Therapy. 2012; 66:577-585. DOI: 10.5014/ajo0t.2012.004192
[PubMed: 22917124]

Gao W, Lin W, Chen Y, Gerig G, Smith JK, Jewells V, Gilmore JH. Temporal and spatial development
of axonal maturation and myelination of white matter in the developing brain. American Journal of
Neuroradiology. 2009; 30:290-296. DOI: 10.3174/ajnr.A1363 [PubMed: 19001533]

Gao W, Lin W, Grewen K, Gilmore JH. Functional connectivity of the infant human brain.
Neuroscientist. 2016; 23:169-184. DOI: 10.1177/1073858416635986

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al.

Page 18

Geschwind DH, State MW. Gene hunting in autism spectrum disorder: On the path to precision
medicine. Lancet Neurology. 2015; 14:1109-1120. DOI: 10.1016/S1474-4422(15)00044-7
[PubMed: 25891009]

Goodlett CB, Fletcher PT, Gilmore JH, Gerig G. Group analysis of DT fiber tract statistics with
application to neurodevelopment. Neurolmage. 2009; 45:5133-S142. DOI: 10.1016/j.neuroimage.
2008.10.060 [PubMed: 19059345]

Hashimoto T, Tayama M, Murakawa K, Yoshimoto T, Miyazaki M, Harada M, Kuroda Y.
Development of the brainstem and cerebellum in autistic patients. Journal of Autism and
Developmental Disorders. 1995; 25:1-18. [PubMed: 7608030]

Hazlett HC, Gu H, Munsell BC, Kim S, Styner M, Wolff JJ, Piven J. Early brain development in
infants at high risk for autism spectrum disorder. Nature. 2017; 542:348-351. DOI: 10.1038/
nature21369 [PubMed: 28202961]

Hazlett HC, Poe MD, Gerig G, Smith RG, Provenzale J, Ross A, Piven J. Magnetic resonance imaging
and head circumference study of brain size in autism. Archives of General Psychiatry. 2005;
62:1366.doi: 10.1001/archpsyc.62.12.1366 [PubMed: 16330725]

Hazlett HC, Poe MD, Gerig G, Styner M, Chappell C, Smith RG, Piven J. Early brain overgrowth in
autism associated with an increase in cortical surface area before age 2 years. Archives of General
Psychiatry. 2011; 68:467-476. DOI: 10.1001/archgenpsychiatry.2011.39 [PubMed: 21536976]

Hazlett HC, Poe MD, Lightbody AA, Gerig G, Macfall JR, Ross AK, Piven J. Teasing apart the
heterogeneity of autism: Same behavior, different brains in toddlers with fragile X syndrome and
autism. Journal of Neurodevelopmental Disorders. 2009; 1:81-90. DOI: 10.1007/
$11689-009-9009-8 [PubMed: 20700390]

Hoeft F, Walter E, Lightbody AA, Hazlett HC, Chang C, Piven J, Reiss AL. Neuroanatomical
differences in toddler boys with fragile x syndrome and idiopathic autism. Archives of General
Psychiatry. 2011; 68:295-305. DOI: 10.1001/archgenpsychiatry.2010.153 [PubMed: 21041609]

Hoshino Y, Manome T, Kaneko M, Yashima Y, Kumashiro H. Computed tomography of the brain in
children with early infantile autism. Folia Psychiatrica et Neurologica Japonica. 1984; 38:33-43.
[PubMed: 6336153]

Howlin P, Magiati I, Charman T. Systematic review of early intensive behavioral interventions for
children with autism. American Journal on Intellectual and Developmental Disabilities. 2009;
114:23.doi: 10.1352/2009.114:23;nd41 [PubMed: 19143460]

Huang TN, Chuang HC, Chou WH, Chen CY, Wang HF, Chou SJ, Hsueh YP. Tbrl haploinsufficiency
impairs amygdalar axonal projections and results in cognitive abnormality. Nature Neuroscience.
2014; 17:240-247. DOI: 10.1038/nn.3626 [PubMed: 24441682]

Hudry K, Chandler S, Bedford R, Pasco G, Gliga T, Elsabbagh M, Charman T. Early language profiles
in infants at high-risk for au tism spectrum disorders. Journal of Autism and Developmental
Disorders. 2014; 44:154-167. DOI: 10.1007/s10803-013-1861-4 [PubMed: 23748385]

Hutsler JJ, Zhang H. Increased dendritic spine densities on cortical projection neurons in autism
spectrum disorders. Brain Research. 2010; 1309:83-94. DOI: 10.1016/j.brainres.2009.09.120
[PubMed: 19896929]

Huttenlocher PR. Synaptic density in human frontal cortex—Developmental changes and effects of
aging. Brain Research. 1979; 163:195-205. [PubMed: 427544]

Johnson MH, Jones EJH, Gliga T. Brain adaptation and alternative developmental trajectories.
Development and Psychopathology. 2015; 27:425-442. DOI: 10.1017/S0954579415000073
[PubMed: 25997763]

Jones DK, Knésche TR, Turner R. White matter integrity, fiber count, and other fallacies: The do’s and
don’ts of diffusion MRI. Neurolmage. 2013; 73:239-254. DOI: 10.1016/j.neuroimage.
2012.06.081 [PubMed: 22846632]

Jones W, Klin A. Attention to eyes is present but in decline in 2-6-month-old infants later diagnosed
with autism. Nature. 2013; 504:427-431. DOI: 10.1038/nature12715 [PubMed: 24196715]

Kanner L. Autistic disturbances of affective contact. Nervous Child. 1943; 2:217-250.

Kanold PO. Subplate neurons: Crucial regulators of cortical development and plasticity. Frontiers in
Neuroanatomy. 2009; 3:16.doi: 10.3389/neuro0.05.016.2009 [PubMed: 19738926]

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al.

Page 19

Kim SH, Macari S, Koller J, Chawarska K. Examining the phenotypic heterogeneity of early autism
spectrum disorder: Subtypes and short-term outcomes. Journal of Child Psychology and
Psychiatry. 2016; 57:93-102. DOI: 10.1111/jcpp.12448

Kovshoff H, Hastings RP, Remington B. Two-year outcomes for children with autism after the
cessation of early intensive behavioral intervention. Behavior Modification. 2011; 35:427-450.
DOI: 10.1177/0145445511405513 [PubMed: 21586502]

Lainhart JE, Piven J, Wzorek M, Landa R, Santangelo SL, Coon H, Folstein SE. Macrocephaly in
children and adults with autism. Journal of the American Academy of Child & Adolescent
Psychiatry. 1997; 36:282-290. DOI: 10.1097/00004583-199702000-00019 [PubMed: 9031582]

LaMantia AS, Rakic P. Axon overproduction and elimination in the corpus callosum of the developing
rhesus monkey. Journal of Neuroscience. 1990; 10:2156-2175. [PubMed: 2376772]

Landa R, Garrett-Mayer E. Development in infants with autism spectrum disorders: A prospective
study. Journal of Child Psychology and Psychiatry. 2006; 47:629-638. DOI: 10.1111/j.
1469-7610.2006.01531.x [PubMed: 16712640]

LeBlanc JJ, Fagiolini M. Autism: A critical period disorder? Neural Plasticity. 2011; 2011:921680,
el7.doi: 10.1155/2011/921680 [PubMed: 21826280]

Lewis JD, Evans AC, Pruett JR, Botteron K, Zwaigenbaum L, Estes A, Piven J. Network inefficiencies
in autism spectrum disorder at 24 months. Translational Psychiatry. 2014; 4:e388.doi: 10.1038/tp.
2014.24 [PubMed: 24802306]

Lombardo MV, Pierce K, Eyler LT, Carter Barnes C, Ahrens-Barbeau C, Solso S, Courchesne E.
Different functional neural substrates for good and poor language outcome in autism. Neuron.
2015; 86:567-577. DOI: 10.1016/j.neuron.2015.03.023 [PubMed: 25864635]

Lord C, Bishop S, Anderson D. Developmental trajectories as autism phenotypes. American Journal of
Medical Genetics Part C: Seminars in Medical Genetics. 2015; 169:198-208. DOI: 10.1002/
ajmg.c.31440

Louveau A, Smirnov |, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, Kipnis J. Structural and functional
features of central nervous system lymphatic vessels. Nature. 2015; 523:337-341. DOI: 10.1038/
nature14432 [PubMed: 26030524]

Lui JH, Hansen DV, Kriegstein AR. Development and evolution of the human neocortex. Cell. 2011,
146:18-36. [PubMed: 21729779]

MacDonald R, Parry-Cruwys D, Dupere S, Ahearn W. Assessing progress and outcome of early
intensive behavioral intervention for toddlers with autism. Research in Developmental Disabilities.
2014; 35:3632-3644. DOI: 10.1016/j.ridd.2014.08.036 [PubMed: 25241118]

Magiati I, Charman T, Howlin P. A two-year prospective follow-up study of community-based early
intensive behavioural intervention and specialist nursery provision for children with autism
spectrum disorders. Journal of Child Psychology and Psychiatry. 2007; 48:803-812. DOI:
10.1111/j.1469-7610.2007.01756.x [PubMed: 17683452]

Magiati I, Wei Tay X, Howlin P. Early comprehensive behaviorally based interventions for children
with autism spectrum disorders: A summary of findings from recent reviews and meta-analyses.
Neuropsychiatry. 2012; 2:543-570. DOI: 10.2217/NPY.12.59

Marchetto MC, Belinson H, Tian Y, Freitas BC, Fu C, Vadodaria KC, Muotri AR. Altered proliferation
and networks in neural cells derived from idiopathic autistic individuals. Molecular Psychiatry.
2016; Advance online publication. doi: 10.1038/mp.2016.95

McFadden K, Minshew NJ. Evidence for dysregulation of axonal growth and guidance in the etiology
of ASD. Frontiers in Human Neuroscience. 2013; 7:671.doi: 10.3389/fnhum.2013.00671
[PubMed: 24155705]

Messinger DS, Young GS, Webb SJ, Ozonoff S, Bryson SE, Carter A, Zwaigenbaum L. Early sex
differences are not autism-specific: A Baby Siblings Research Consortium (BSRC) study.
Molecular Autism. 2015; 6:32.doi: 10.1186/513229-015-0027-y [PubMed: 26045943]

Mori S, Zhang J. Principles of diffusion tensor imaging and its applications to basic neuroscience
research. Neuron. 2006; 51:527-539. DOI: 10.1016/j.neuron.2006.08.012 [PubMed: 16950152]

Mosconi MW, Cody-Hazlett H, Poe MD, Gerig G, Gimpel-Smith R, Piven J. Longitudinal study of
amygdala volume and joint attention in 2- to 4-year-old children with autism. Archives of General
Psychiatry. 2009; 66:509-516. DOI: 10.1001/archgenpsychiatry.2009.19 [PubMed: 19414710]

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al.

Page 20

Munson J, Dawson G, Abbott R, Faja S, Webb SJ, Friedman SD, Dager SR. Amygdalar volume and
behavioral development in autism. Archives of General Psychiatry. 2006; 63:686.doi: 10.1001/
arch-psyc.63.6.686 [PubMed: 16754842]

Nacewicz BM, Dalton KM, Johnstone T, Long MT, McAuliff EM, Oakes TRES. Amygdala volume
and nonverbal social impairment in adolescent and adult males with autism. Archives of General
Psychiatry. 2006; 63:e472—-e486. DOI: 10.1001/archpsyc.63.12.1417

Nordahl CW, Scholz R, Yang X, Buonocore MH, Simon T, Rogers S, Amaral DG. Increased rate of
amygdala growth in children aged 2 to 4 years with autism spectrum disorders. Archives of
General Psychiatry. 2012; 69:53.doi: 10.1001/archgenpsychiatry.2011.145 [PubMed: 22213789]

Nordahl CW, Simon TJ, Zierhut C, Solomon M, Rogers SJ, Amaral DG. Brief report: Methods for
acquiring structural MRI data in very young children with autism without the use of sedation.
Journal of Autism and Developmental Disorders. 2008; 38:1581-1590. DOI: 10.1007/
s10803-007-0514-x [PubMed: 18157624]

Ohta H, Nordahl CW, losif 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 Research. 2016;
9:232-248. DOI: 10.1002/aur.1520 [PubMed: 26184828]

Ozonoff S, losif AM, Baguio F, Cook IC, Hill MM, Hutman T, Young GS. A prospective study of the
emergence of early behavioral signs of autism. Journal of the American Academy of Child &
Adolescent Psychiatry. 2010; 49:256-266. [PubMed: 20410715]

Ozonoff S, Young GS, Carter A, Messinger D, Yirmiya N, Zwaigenbaum L, Stone WL. Recurrence
risk for autism spectrum disorders: A Baby Siblings Research Consortium study. Pediatrics. 2011,
128

Pacey LKK, Xuan ICY, Guan S, Sussman D, Henkelman RM, Chen Y, Hampson DR. Delayed
myelination in a mouse model of fragile X syndrome. Human Molecular Genetics. 2013; 22:3920-
3930. DOI: 10.1093/hmg/ddt246 [PubMed: 23740941]

Petropoulos H, Friedman SD, Shaw DWW, Artru AA, Dawson G, Dager SR. Gray matter
abnormalities in autism spectrum disorder revealed by T2 relaxation. Neurology. 2006; 67:632—
636. DOI: 10.1212/01.wnl.0000229923.08213.1e [PubMed: 16924017]

Piven J, Arndt S, Bailey J, Havercamp S, Andreasen NC, Palmer P. An MRI study of brain size in
autism. American Journal of Psychiatry. 1995; 152:1145-1149. [PubMed: 7625461]

Piven J, Elison JT, Zylka MJ. Towards aconceptual framework for early brain and behavioral
development in autism. Molecular Psychiatry. (in press).

Piven J, Nehme E, Simon J, Barta P, Pearlson G, Folstein SE. Magnetic resonance imaging in autism:
Measurement of the cerebellum, pons, and fourth ventricle. Biological Psychiatry. 1992; 31:491—
504. [PubMed: 1581425]

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations in
functional connectivity MRI networks arise from subject motion. Neurolmage. 2012; 59:2142—
2154. DOI: 10.1016/j.neuroimage.2011.10.018 [PubMed: 22019881]

Power JD, Schlaggar BL, Petersen SE. Recent progress and outstanding issues in motion correction in
resting state fMRI. Neurolmage. 2015; 105:536-551. DOI: 10.1016/j.neuroimage.2014.10.044
[PubMed: 25462692]

Pucilowska J, Vithayathil J, Tavares EJ, Kelly C, Karlo JC, Landreth GE. The 16p11.2 deletion mouse
model of autism exhibits altered cortical progenitor proliferation and brain cytoarchitecture linked
to the ERK MAPK pathway. Journal of Neuroscience. 2015; 35:3190-3200. DOI: 10.1523/
jneurosci.4864-13.2015 [PubMed: 25698753]

Qiu T, Chang C, Li Y, Qian L, Xiao CY, Xiao T, Ke X. 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. Developmental Cognitive Neuroscience. 2016; 19:137-143. DOI: 10.1016/
j.dcn.2016.02.010 [PubMed: 26999477]

Rabinowicz T, de Courten-Myers GM, Petetot JM, Xi G, de los Reyes E. Human cortex development:
Estimates of neuronal numbers indicate major loss late during gestation. Journal of
Neuropathology and Experimental Neurology. 1996; 55:320-328. [PubMed: 8786390]

Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace GL, Greenstein D, Giedd JN. How does your
cortex grow? Journal of Neuroscience. 2011; 31:7174-7177. [PubMed: 21562281]

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al.

Page 21

Raznahan A, Wallace GL, Antezana L, Greenstein D, Lenroot R, Thurm A, Giedd JN. Compared to
what? Early brain overgrowth in autism and the perils of population norms. Biological Psychiatry.
2013; 74:563-575. DOI: 10.1016/j.biopsych.2013.03.022 [PubMed: 23706681]

Redcay E, Courchesne E. Deviant functional magnetic resonance imaging patterns of brain activity to
speech in 2-3-year-old children with autism spectrum disorder. Biological Psychiatry. 2008;
64:589-598. DOI: 10.1016/j.biopsych.2008.05.020 [PubMed: 18672231]

Samuelsen GB, Larsen KB, Bogdanovic N, Laursen H, Graem N, Larsen JF, Pakkenberg B. The
changing number of cells in the human fetal forebrain and its subdivisions: A stereological
analysis. Cerebral Cortex. 2003; 13:115-122. [PubMed: 12507942]

Sandin S, Lichtenstein P, Kuja-Halkola R, Larsson H, Hultman CM, Reichenberg A. The familial risk
of autism. Journal of the American Medical Association. 2014; 311:1770.doi: 10.1001/jama.
2014.4144 [PubMed: 24794370]

Satterthwaite TD, Wolf DH, Loughead J, Ruparel K, Elliott MA, Hakonarson H, Gur RE. Impact of in-
scanner head motion on multiple measures of functional connectivity: Relevance for studies of
neurodevelopment in youth. Neurolmage. 2012; 60:623-632. DOI: 10.1016/j.neuroimage.
2011.12.063 [PubMed: 22233733]

Schumann CM, Amaral DG. Stereological analysis of amygdala neuron number in autism. Journal of
Neuroscience. 2006; 26:7674-7679. DOI: 10.1523/jneurosci.1285-06.2006 [PubMed: 16855095]

Schumann CM, Barnes CC, Lord C, Courchesne E. Amygdala enlargement in toddlers with autism
related to severity of social and communication impairments. Biological Psychiatry. 2009; 66:942—
949. DOI: 10.1016/j.biopsych.2009.07.007 [PubMed: 19726029]

Schumann CM, Bloss CS, Barnes CC, Wideman GM, Carper RA, Akshoomoff N, Courchesne E.
Longitudinal magnetic resonance imaging study of cortical development through early childhood
in autism. Journal of Neuroscience. 2010; 30:4419-4427. DOI: 10.1523/jneurosci.5714-09.2010
[PubMed: 20335478]

Schumann CM, Hamstra J, Goodlin-Jones BL, Lotspeich LJ, Kwon H, Buonocore MH, Amaral DG.
The amygdala is enlarged in children but not adolescents with autism; the hippocampus is enlarged
at all ages. Journal of Neuroscience. 2004; 24:6392-6401. [PubMed: 15254095]

Shen MD, Kim SH, McKinstry RC, Gu H, Hazlett HC, Nordahl CW, Piven J. Increased extra-axial
cerebrospinal fluid in high-risk infants who later develop autism. Biological Psychiatry. 2017;
Advance online publication. doi: 10.1016/j.biopsych.2017.02.1095

Shen MD, Li DD, Keown CL, Lee A, Johnson RT, Angkustsiri K, Nordahl CW. Functional
connectivity of the amygdala is disrupted in preschool-aged children with autism spectrum
disorder. Journal of the American Academy of Child & Adolescent Psychiatry. 2016; 55:817—
824. DOI: 10.1016/j.jaac.2016.05.020 [PubMed: 27566123]

Shen MD, Nordahl CW, Young GS, Wootton-Gorges SL, Lee A, Liston SE, Amaral DG. Early brain
enlargement and elevated extra-axial fluid in infants who develop autism spectrum disorder.
Brain. 2013; 136:2825-2835. DOI: 10.1093/brain/awt166 [PubMed: 23838695]

Sherer MR, Schreibman L. Individual behavioral profiles and predictors of treatment effectiveness for
children with autism. Journal of Consulting and Clinical Psychology. 2005; 73:525-538. DOI:
10.1037/0022-006X.73.3.525 [PubMed: 15982150]

Shic F, Macari S, Chawarska K. Speech disturbs face scanning in 6-month-old infants who develop
autism spectrum disorder. Biological Psychiatry. 2014; 75:231-237. DOI: 10.1016/j.biopsych.
2013.07.009 [PubMed: 23954107]

Simon DJ, Pitts J, Hertz NT, Yang J, Yamagishi Y, Olsen O, Lu J. Axon degeneration gated by
retrograde activation of somatic pro-apoptotic signaling. Cell. 2016; 164:1031-1045. DOI:
10.1016/j.cell.2016.01.032 [PubMed: 26898330]

Solso S, Xu R, Proudfoot J, Hagler DJ, Campbell K, Venkatraman V, Courchesne E. DTI provides
evidence of possible axonal over-connectivity in frontal lobes in asd toddlers. Biological
Psychiatry. 2016; 79:676-684. DOI: 10.1016/j.biopsych.2015.06.029 [PubMed: 26300272]

Sparks BF, Friedman SD, Shaw DW, Aylward EH, Echelard D, Artru AA, Dager SR. Brain structural
abnormalities in young children with autism spectrum disorder. Neurology. 2002; 59:184-192.
[PubMed: 12136055]

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WOLFF et al.

Page 22

Tang G, Gudsnuk K, Kuo SH, Cotrina ML, Rosoklija G, Sosunov A, Sulzer D. Loss of mTOR-
dependent macroautophagy causes autistic-like synaptic pruning deficits. Neuron. 2014;
83:1131-1143. DOI: 10.1016/j.neuron.2014.07.040 [PubMed: 25155956]

Travers BG, Adluru N, Ennis C, Tromp DPM, Destiche D, Doran S, Alexander AL. Diffusion tensor
imaging in autism spectrum disorder: A review. Autism Research. 2012; 5:289-313. DOI:
10.1002/aur.1243 [PubMed: 22786754]

Van Dijk KRA, Sabuncu MR, Buckner RL. The influence of head motion on intrinsic functional
connectivity MRI. Neurolmage. 2012; 59:431-438. DOI: 10.1016/j.neuroimage.2011.07.044
[PubMed: 21810475]

Veenstra-VanderWeele J, Blakely RD. Networking in autism: Leveraging genetic, biomarker and
model system findings in the search for new treatments. Neuropsychopharmacology. 2012;
37:196-212. DOI: 10.1038/npp.2011.185 [PubMed: 21937981]

Webb SJ, Sparks BF, Friedman SD, Shaw DWW, Giedd J, Dawson G, Dager SR. Cerebellar vermal
volumes and behavioral correlates in children with autism spectrum disorder. Psychiatry
Research: Neuroimaging. 2009; 172:61-67. DOI: 10.1016/j.pscychresns.2008.06.001

Weinstein M, Ben-Sira L, Levy Y, Zachor DA, Ben ltzhak E, Artzi M, Ben Bashat D. Abnormal white
matter integrity in young children with autism. Human Brain Mapping. 2011; 32:534-543. DOI:
10.1002/hbm.21042 [PubMed: 21391246]

Wolff, J. Accounting for the developing brain. In: Reichow, B.Boyd, BA.Barton, EE., Odom, SL.,
editors. Handbook of early childhood special education. Cham: Springer; 2016. p. 565-578.

Wolff JJ, Gerig G, Lewis JD, Soda T, Styner MA, Vachet C, Piven J. Altered corpus callosum
morphology associated with autism over the first 2 years of life. Brain. 2015; 138:2046—2058.
DOI: 10.1093/brain/awv118 [PubMed: 25937563]

Wolff JJ, Gu H, Gerig G, Elison JT, Styner M, Gouttard S, Piven J. Differences in white matter fiber
tract development present from 6 to 24 months in infants with autism. American Journal of
Psychiatry. 2012; 169:589-600. DOI: 10.1176/appi.ajp.2011.11091447 [PubMed: 22362397]

Wolff JJ, Hazlett HC, Lightbody AA, Reiss AL, Piven J. Repetitive and self-injurious behaviors:
Associations with caudate volume in autism and fragile X syndrome. Journal of
Neurodevelopmental Disorders. 2013; 5:12.doi: 10.1186/1866-1955-5-12 [PubMed: 23639144]

Wolff JJ, Piven J. On the emergence of autism: Neuroimaging findings from birth to pre-school.
Neuropsychiatry. 2013; 3:209-222. DOI: 10.2217/npy.13.11

Wolff JJ, Swanson MR, Elison JT, Gerig G, Pruett JR, Styner MA, IBIS Network. Neural circuitry at
age 6 months associated with later repetitive behavior and sensory responsiveness in autism.
Molecular Autism. 2017; 8:8.doi: 10.1186/513229-017-0126-z [PubMed: 28316772]

Woodhouse W, Bailey A, Rutter M, Bolton P, Baird G, Le Couteur A. Head circumference in autism
and other pervasive developmental disorders. Journal of Child Psychology and Psychiatry, and
Allied Disciplines. 1996; 37:665-671.

Xiao Z, Qiu T, Ke X, Xiao X, Xiao T, Liang F, Liu Y. Autism spectrum disorder as early
neurodevelopmental disorder: Evidence from the brain imaging abnormalities in 2-3 years old
toddlers. Journal of Autism and Developmental Disorders. 2014; 44:1633-1640. DOI: 10.1007/
510803-014-2033-x [PubMed: 24419870]

Zielinski BA, Prigge MBD, Nielsen JA, Froehlich AL, Abildskov TJ, Anderson JS, Lainhart JE.
Longitudinal changes in cortical thickness in autism and typical development. Brain. 2014;
137:1799-1912. DOI: 10.1093/brain/awu083 [PubMed: 24755274]

Zikopoulos B, Barbas H. Changes in prefrontal axons may disrupt the network in autism. Journal of
Neuroscience. 2010; 30:14595-14609. DOI: 10.1523/jneurosci.2257-10.2010 [PubMed:
21048117]

Zwaigenbaum L, Bryson S, Rogers T, Roberts W, Brian J, Szatmari P. Behavioral manifestations of
autism in the first year of life. International Journal of Developmental Neuroscience. 2005;
23:143-152. DOI: 10.1016/j.ijdevneu.2004.05.001 [PubMed: 15749241]

Zwaigenbaum L, Young GS, Stone WL, Dobkins K, Ozonoff S, Brian J, Messinger D. Early head
growth in infants at risk of autism: A baby siblings research consortium study. Journal of the
American Academy of Child & Adolescent Psychiatry. 2014; 53:1053-1062. DOI: 10.1016/
j.jaac.2014.07.007 [PubMed: 25245349]

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



Page 23

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.

WOLFF et al.

(01) 65
zawil
(9) 9
SXd < (1) te adet
asy :sndweosoddiy 7 efepbAwe 'SV < SX4 M [eJodwsa} (2) se aLrte
alew sjuedioned |1y SXd < ASY [IANM 2 IND [BIU0L (SXH < ASY IND [ed110D (9) ve SXd €5
‘Ipe AGL 79 ‘1 ‘8B ‘feuipnubuo  'SXd < @SV :WN|19G8I80 :AAQ/dL < ‘'SXd = ASV NM ‘AdL 197 TawiL asyv 89 1702 ‘Ie 18 N8jzeH
(9) 9¢ aaet
al < asy :uswend (1) te aLrte
alew spuedioned ||y AL < ASV< SX4 snpijfed snqolf '@l < ASY :snduresoddiy (2) se SX4 ¢S
‘e AGL 79 ‘DI ‘eby ‘AL < SV < SXd :alepned ‘4l ‘SXd < asy ‘efephAwy 167 (9) ve asv €9 6002 '[e 18 NajzeH
aao
aLst
©eale 3J.LINS |eJ1110J pasealdul YlMm pajeloosse E>>o\_m\_m>0 Gv 09 dsyv 9¢
sdnouf ssouoe sali010alel) ymolb |ajesed (%) 55 zawil
S winj8gala) () 09 aact
Aad < sy WM 2 INO [eIga180 ‘AdL (s) ve aLoae
Al < dsy :NM D IND [eIga18) (9) 08 asv 65
“[pe O1 % ‘xas ‘abe :[eurpnibuo] ad +dl < dsy :NM 7 IND [elga1sd ‘AgL 167 () ze Tawil TTOZ '[e 38 Wa|zeH
SU 1wn||agalad
ad < asy WM 2 IND [eIga180 ‘AgL (s) ze aartt
dl < dsv M [eigaisD (s) 62 aLvt
Ipe xas 79 aby ad + dl < dsy IIAM ® IND [elga190 ‘Ad L 167 () ze asv 16 G002 '[e 38 N3|ZeH
pooyp|1yd AL < ASYV 'SIWISA Je|[9¢8190 % suod 10} (99) g8 aLzit G66T
AjJea sapnjoul ‘Apnis s10aye abe euUO0I108S-SS0ID puaJl palejal-abe ‘gl > QSV :Walsulelq ‘SIWIBA Je||agala) 1S7T/50 (95) €2 asy zot ‘[e 18 olowIyseH
a|dwesgns pjo-1eak-¢ 0}-z Ul 4L < ASV :Wn|3ga1ad (8) v aLcet 1002
Apnis Jabie| wouy 1oyod aby 9 INM IND [e01110 ‘3jdwies [e10} Ul A1 < ASY ‘AdL 197 (8) v asv og ‘[e 18 8USBYIIN0D
6 (e 19 aLst G002 3USAY2IN0D
=U ‘Ql ‘7T =V ‘Asy :sieak g> abe dnoibgns “jou| aLl < dsy :sieak g > abe ‘Q4d |eipaw 79 [esaie|osiod 197 (6T) 29 asv sz 79 Jadsed
asV < dl ‘WO [eeed il < asy (L) tr als
Apns Jabire| woug 1oyod 8By AD [esodwal 7 [euoly :dL < ASVY M [e1aied 7 [ejuol 197 () zv asv et 2002 ‘e 18 Jadied
(v1) e aew @1 €1
(eT) o aleway AL T
8lew Q1 < 8[ewW ASV :INM Je|[308180 79 IND |eIgaI80 ‘Bewa) (o1) v 8lew ASV /2 1002
Al < 9Jewdy ASV M 78 IND JB||30a130 ‘IND [e4ga1sd ‘ADI 167 (17) v dlewsy SV 6  dUSdY2INOD 7 ss0|g
SaInseaw [HAl Uo paseq sased 4l
ASV %06< Pal}ISse|d sISA[eue [euoiouny JURUIWILIISIP {SON
(0T =) SON-aQd % (2T =) V4H -ddd ‘'V4H 'V47T < AL A1 SIWISA Jej[3galag 'dL < V41 (eT) 2 aLst 7002
9 (0€ =v) 471 :Aanss Ag padnoifigns Sy :WIN|[9¢8190 [B30} !L < V4T [ND [84g9190 'dL < V41 ‘AL 167 (01) 9 asv zs [e 18 JJowooysyy
IdIA [eInjdnns
SO10N sbuipuig Aoy uiBuess ppid  Sbuey  (as) N spelgns Apnis
~m£coE ' mm(
pooyJds|ppol pue Aoueul Bulinp @Sy 1o saipnis BulbewioinaN
T a|qel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 24

WOLFF et al.

aast
asv 9
(@) vs zawil
(S) ¥s aast
(s) 62 asv 9
‘Ire ADI 27® TawIll e ad < ASV -aepned 1ybu 7 Yo Le (¥) og TawiL 9T0Z ‘[e 1 NIO
(o1) v aaot
(z1) Qad < asy :awes ymolb arepned wbu ‘gl = (z1) L2 aLot 9002
awi uonexeas Jo uostiedwoo fpe xes 7 8y ASV < AQ (M [21100 :dL < dSV < ad :Z.L IND [ed10) 197 (1) 2w asv 09 ‘[e 33 sojnodosiad
BAWN|OA NS pasealoul
Sa114apun ‘ssaud1y} [BI11409 JoU Ing ‘eale adeuns (/T
=u) Ajeydaousjelaw yum @sy Jo dnoibgns Aq Ajable usaLip (g) 9g al os
‘[pe aby $90UBIBYIQ ‘suOIBal [8211I02 40 %ES Ul AL < ASY (NS Le (9) 9¢ asv it 9702 '[e 18 BYO
alLse
asv sv
(S) zs zawiL
(9) 617 allv
Al < dsy :arel ymolb ejephAwe () 28 asv S8
‘Ipe ADI % 36k ‘eutpnibuoT 2@ TWIL e dL < dSV :([elame|ia) elepbAwe % ADI 1€ (9) 2¢ TaWIL  ZT0Z '[e 38 |yepioN
aLvt
aao
(9) 58 asv e
(9) 09 zawil
(s) 09 aLze
Asy u1 uonuaye juof pairedwy sss| (9) 0e aartt
UMM paye1dosse awnjoA Jaybly ‘ad < dL = asy :e¥es ymolh (s) ve asv 0§
“pe O1 % ‘xas ‘abe :[eurpnibuo] 'Z7® Tawll e Qd + dl < Asy :([elaeiq) erepbAwy 167 () ce TAWIL 600 ‘[e 13 1U0JSON
(9) 9¢ aaet
asV < SX4 :awrnbuid % arepned :asy < ad (1) te aLte
+ @1 ‘1AB wioysny 7 Jefjagasd :SX4 < Ad + dL < ASVY (1) se SX4 25
Anawoydiow paseq-|sxon '$900]/SI0H INM ® IND dfdinw ssoioe uiaped 8|qeroossiq 167 (9) ve asv €9 TTOZ '[e 19 YaoH
(1) se
(1) sz
(1) 5e
gawil
(et
(met
(met
zawiL
UOI1eIUNWWOI [e100S UM PaYeloosse T2
AGLV ZdWi] 0} T 8wi] woly Sy ui Jeyeald uoisuedxs (1) 2 [011U00 47 68
BB 30B4INS 'S|0U0D Y 7® ASY OU HH 'SA ASV Ul (T)2 @SV ou ¥H ¥ST
‘[pe OQ@ 7 ‘ozIs Apoq ‘xas ‘abe ‘Jeuipniibuo  ares yimouh Jaisey ‘g awi) e sdnoib uosedwod < ASY AL 1€ Tawil adsv 4H 9€ /T0Z “Ie 19 N9jzeH
(2)19
(9) a5
() 09
S910N sbuipuid Aoy yibus s ppi4 (@) w selans Apnis
NmECOE . ®m<

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



Page 25

WOLFF et al.

14N [84N1ONAS 79 | 1. pauIquiod Aq A1JBASS WISIINE YIIM Pale|aliod Ajasianul oLaw (1) sz
painseaw Se Sapou usamiag syibusj yled uo paseq Aouaio1ya ‘suoibal [esodwisy 7 ‘[e1arted ‘eudiddo ul sjosu0d (1) sz asv ou vH z8
paulep Aoustoiye ‘paisnipe suis ueas 79 ‘xas ‘aby 71 'ASV ou ¥H > asy dH :Aoualoiys [eqo)f 7 eao L€ (1) sz asy 4H TE ¥T0Z "[2 18 SIMa
(12 [03U00 Y7 TY
(Burjqis yuegur) %su | Buroely aks Aq painseaw juswiabebuasip T2 asv ou vH 0z
[euonuaye uo sisoubeiq x urelg 40 uonoeislul JuBdIUBIS leg (12 ASV UHTT €102 "le 18 uosi|3
suoifal [ea1i0aqgns 7 ‘jedodwiay ‘jeyuosy ul Ajrewid (9) 0g aaot
‘sapou a|diynw Ul ad < ASY :v4 ‘sisheue paseq Y10MmiN 16T (9) 9z asv ce LT0C ‘| 18 nuo9
9.V alriy 100¢
uoIeWINSa anINd-abe [eU0ID8S-SS04D s10Y a1dinw ‘luswade|dsip 7 ‘Aljiqeqoid ‘w4 pasealou| 1671 -2z asv . ‘e 10 Yeyseg uag
14N uoisnyia
(v) 82 aase
payarew OQA 7 'xes ‘aby aa<asy :AM® N9 (el Le (9) g asv 0s Y102 'Te 19 0eIX
(1) 52
(1) sz
(1) sz
gawil
(et
(M et
(Mer
SSaUNDIY) Zawi]
D Ul 93UBLIBA JO 90 < paulejdxa ANAISNYIP [elpel (2 79 1) 2
(Bunqrs wregur) Ysu ferjiwey ybiH T WL e % OO JoLBIUE Ul padunouoid ISOW SdUBIBYIP ASY (1) 2 102Ju02 47 80T
“[pe uoeonps s, Jaylow 7 ‘O ‘e8NS UBIS ‘X8S  OU YH % S|0AIU0D ¥ 0} 8A1RIa) ASY HH Ul Jaybiy ssausoly: (T)2 QSVouyH €12
‘[eurpniibuoT 09D ‘sdnolb usaniag SSauddIyl 79 eale DD 10§ 19913 UIRIN 1€ Tawil asv ¥H .S GTOZ ‘12 18 JIOM
(9) 8y aavt
(9) v aLoge
[pe aWn|oA Je|180a1a9 JO [2J08130 [€10) 79 ‘X3S ‘aby ad < asv< dl :HA-IA % A—l SIWIaA Jejjagalad 1671 ) Lv asv sy 6002 [ 19 qusM\
asv (9) 8y aaosr
Ul S3INSeaW sWNJOA YIIM Palel1dosse Jou O] ‘dl < dSY a4enss (9) st aloz
*[pe BWIN|OA [e1gaIad [B10] 79 ‘Xas ‘aby :awnjoA ejepbAwe ‘gQg ‘Al < ASV :9WN|OA [eIgalad [e10] 1671 (s) 81 asv Sy 2002 '[e 18 syreds
28T
‘e ol
Z w1y Aq sdnoib G127 Aejap Jayo TT
uostiedwod ueyy ADL Ja1ealb "Jiubis sy ul slel yimolh ‘Zawin] ]04JU02 ¥ 6T
19158} ADL A11ISASS WISIINE Y)IM PaleIdosse PInj) [eIXe-eiixa 6-9 adsVy ou ¥H ST
‘fpe ADL 72 ‘WbB1am ‘xas ‘abe ‘feurpnyibuo] “utod awin yoes e sdnoub Jaylo < Sy :pInjy [eIxe-esx3 1€ ‘Tawil asv ot £T0Z '1e 18 Usys
‘[pe xas 79 abe ‘sabuel abe Burnp suoifal INM 72 INO aldinw 1oy seAInd ymolh 86-92 al vy 0102
SuedS 9 0} T PaINqLIIU0I s30algns ‘feurpniibuo] 1ea1dAie ‘a1l < @SV :Sieah 'z abe 18 INAA 9 IND [81GR180D 167 19-22 asv 1v ‘[e 18 uuRWNYIS
(2) ve 8lew a1 82
(9) £ alewd) QL TT
asv (o1) 9 alew AAd 9
% Qdd YHM S3[ewl 10§ JuawIredw! [2190S YN Paie|aliod (9) 95 dlews) AAd €
S9SAJeue awWos Jo} Alaanisod swinjon ejepBAwe ‘afew/sfews) gL < afew/a[ewsy (2) og 8lew A4SV 2€ 6002
asv yum pauiquod dnoif aad *fpe ADI 8 X8S asyv WBu ajewsy L < dfeway ASY ‘Wa| ‘elepbAwy 1871 () 9e alewsa} ASY 6 [e 19 uueWwNydS
SOI0N sbulpui4 foy  yibuensppld  abuey  (aS) W spalons Apnis
Syiuow) sby

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



Page 26

WOLFF et al.

“Ja1rewW aIYM ‘M ‘jouod Buidojanap AjealdAy ‘gl fawnjon
ureaq [e101 ‘Agl ‘snIAB jesodwal Jouadns ‘9 'S 1saisiul Jo uolfal ‘|OY X109 [ejuoigald ‘D-4d ‘paijioads asImiIaylo Jou ‘Iaplosip [eyuawdolanap anisealad ‘SON-Add ‘Buibew soueuosal onaubew ‘14N
SiS1 Mmo| ‘YT ‘ebenbuey Jamo) ‘77 fwisiine Buiuonoung moj ‘w4 ‘SnJAB [eluo.) JoLIBUL ‘D] ‘BWNJOA [eIURIIIBIUI ‘AD] Msu ybiy ‘YH ‘abenbue| Jaybiy ‘“H ‘wsnne Buiuonouny ybiy ‘w4H ‘lenew Asib ‘NSO
‘awolpuAs X ajibels ‘sx4 ‘Adonosiue jeuonoely ‘w4 ‘uanonb eiuawdolansp ‘OQ ‘pakelap Ajfeiuswdojansp ‘QqQ ‘ease uuewpeolq ‘g JapJosip wnioads wsnne ‘gsy uoissiwiad yim paydepy speuinor
$s920y UadQ Aq £T0Z WPAdOD "222—602 '€ AneIyofsdoinan ‘€TOZ ‘UsAld T pue JIOM T T Ag ..'|00YIS-aid 01 yuig woi4 sbuipuiq Buibewioina :wsiny Jo adusbiaw3 ayl uQ,, woiy pardepy .a7o0nN

uoneAnoR
|edodwiaiojuoly yBLI Yyim pajeldosse abenbue| annndadal (g) 8t yorew VN TT
‘asVy < al ‘91S 7 ‘[elodwaipiw ‘feuoiypiw ‘srenburo (s) 9¢ aLrzt 8002 8Usay21n0)
skl Yyoaads Alolipne aAIssed ‘Jue 49| ‘yojew abe [elusW > AQSY :UoleAIIdR [euolfay 197 (2) se asv zt 79 Aeopay
‘[pe abe-ueds dL ™® dSV Usamiag panlasqo suoiie[aliod Joiaeysg-urelq (8) 2z aa/al et
Buiddew yiuAsoinaN Aq pauyap sjOY abenfue]  8slaAul STH-ASY % AL 01 8AIR|31 S|OY B 79 19| [eIu0I4 Ul (o1) 82 alLie
¥s afenBue| ;oMo UOHRAIR SSB| (TH-ASY P ‘A71/AA ‘AL 03 8AE[R T1-ASY (8) 8z 11-AsV ¥2 ST0Z
‘(anndaoal 10/79 anissaldxa) |114s abenbue| JaybiH ur |0y abenBuej [esodwia) 1ybu 72 18] Ul UOITBAIIJE SS87] 1671 (8) sz TH-ASV 9¢ ““le 18 opJequio]
@. jou Ing @SV ul abe yum parejaliod
‘fau 19 1S Jouslue Ya| ‘AL < ASY :SnIAB [endiooopiuw (4N) sz alor
“[pe afe awos ‘yse) yosads A1onpne salssed ‘aL > asy :(zz va) LS 40 UOISIAIP ‘UOIBANOY 197 (4N) ze asv ov 2T0Z ‘[e 18 J91A3
Aorinaoe 94007 YUM Asy jo sisoubep asv
pajoipald Bulules) aulyoew sreak z abe 1e Joi1neyaq yum (MN) 9 ou 4H 8 ssaud
palepIfen-ss040 WiyiLIofe aAnoIpald PalRIdnSSE SUIUOW 9 18 SUOIIIBULOD [UOIIdUNY JO 18S 10UnsIg 10°€ (4N) 9 asv 4H 1T Ul [e 19 uoslawg
(4N) 8¢ alog
asy ui abenbue| anissaldxa Yym pare|aliod 94| ‘dl (4N) 6T Aejap ‘Bue| €T
= Q7> dSY 941 ® ‘O1S ‘UoHeZIU0IYOUAS dLIaydsiwayaiu| 197 (4N) 62 asv 6¢ TT0¢ 'le 18 uRsuIlg
14Nl [euonoun4 axels Bunsay pue paxon3-Alolipny
aa (v) 82 aase
paydrew OQ 7 ‘xes ‘aby < @SV :a¥e[nburd 79 ‘suoiBas d1qui| ‘winso|[ed sndiod ul v Le (9) og asv 0s ¥TOZ "[e 18 OBIX
(1) se
(1) se
gawil
(T)et
(Mer
-dasv cawnp
HH 01 8AIIB[a] SYIUOW 2 18 4 JaMO] INg SYyIUoW 9 18 (1) 2 asv
Burjais  J1aybiy Aq pazuialoereyd +ASV HH ‘S10e INM 2T 104 +dSY M2 OU ¥H ¥9
st weyut ybiH *fpe O1 79 86y ‘feutpnibuo] H 'SA —ASV YH 10} 1adaais ‘yubis sari0josfel) Yimoib w4 Leg TawiL asV 4H 82 2102 '[e 19 IO
Al < dsV :snnaisey [eutpnibuol (1) 9¢ alLse 1102
‘[pe abv Jowadns Ya| ‘wninButd 6L ‘09 40 Apoq % nuab ‘v 1ST (e1) 8¢ asv zz ‘[e 18 UIRISUIB
s1oelJ) |0J3U0
Jo119150d 10J panIasqo s109))9 “JIUbBIs Jamay ‘arenate Ing |fe
(12 =v) ajdwes 10 JUSJBLLIP BLUNJOA 1081) ‘81endJe ‘ajeulaun ‘ajnsdeo [eulaiul (t1) 92 aLee
a1 40 19sgns e JeuipniiBuoj 1o} elep (xas Joy [py ‘Jouiw sdaaloy oy 8By x dnoio 7 dnolb 1oy s10ays JIubIS 167 (8) oe asv 19 9T0Z ‘[ 19 0S|0S
[01U0D ¥ €2
S910N sbuipuid Aoy yibuess ppid  ebuey  (as) W spelans Apnis
Syiuow) sby
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Dev Psychopathol. Author manuscript; available in PMC 2018 May 01.



	Abstract
	Brain Structure
	Cerebral volume
	Cerebellum
	Subcortical structures
	Other structural segmentations
	Discussion of structural findings

	Diffusion MRI
	Discussion of diffusion MRI findings

	Auditory-Evoked and Resting-State fMRI
	Discussion of auditory-evoked and resting state fMRI

	General Discussion
	The Road Ahead
	References
	Table 1

