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Abstract
The neurobiology of autism spectrum disorders (ASDs) has become increasingly understood since
the advent of magnetic resonance imaging (MRI). Initial observations of an above-average head
circumference were supported by structural MRI studies that found evidence of increased total
brain volume and early rapid brain overgrowth in affected individuals. Subsequent research
revealed consistent abnormalities in cortical gray and white matter volume in ASDs. The
structural integrity and orientation of white matter have been further elucidated via diffusion
tensor imaging methods. The emergence of functional MRI techniques led to an enhanced
understanding of the neural circuitry of ASDs, demonstrating areas of dysfunctional cortical
activation and atypical cortical specialization. These studies have provided evidence of
underconnectivity in distributed cortical networks integral to the core impairments associated with
ASDs. Abnormalities in the default-mode network during the resting state have also been
identified. Overall, structural and functional MRI research has generated important insights into
the neurobiology of ASDs. Additional research is needed to further delineate the underlying brain
basis of this constellation of disorders.
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1. Introduction
Autistic disorder (autism) and related pervasive developmental disorders (PDDs) are
profound neuropsychiatric conditions characterized by impairments in social skills and
communication, as well as repetitive interests and activities. The most commonly diagnosed
PDDs, autism, Asperger's disorder, and PDD not otherwise specified (NOS), are often
referred to as autism spectrum disorders (ASDs). Epidemiological research suggests that
ASDs affect at least 60 per 10,000 youth, with estimates as high as 100 per 10,000 (Baron-
Cohen et al., 2009; Fernell and Gillberg, 2010). In addition, ASDs are considered highly
heritable polygenetic disorders, with concordance rates for autism in monozygotic twins
ranging from 60% to greater than 90% (Bailey et al., 1995; Ritvo et al., 1985).
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In 1943, Leo Kanner first described autism in a case report of 11 patients who had a
“fundamental inability to relate themselves in the ordinary way to people and situations from
the beginning of life.” In this landmark work, Kanner provided an enduring characterization
of autism that is closely reflected in the current criteria of the Diagnostic and Statistical
Manual of Mental Disorders (Fourth Edition, Text Revision) (DSM-IV-TR) (American
Psychiatric Association, 2000). This description included symptoms of autistic aloneness,
echolalia, pronoun reversal, and need for sameness, among others. Of importance, Kanner
believed that autism was congenital in nature and astutely noted the presence of “relatively
large heads” in five of the eleven children in his case report; a key observation that would
later be supported by research into the neurobiological underpinnings of autism.

In light of Kanner's (1943) original observation that some patients with autism had enlarged
heads, researchers began investigations of head circumference as a means to determine
whether individuals with autism are macrocephalic (head size greater than two standard
deviations above the mean). The findings from these studies, which included both children
and adults, revealed that approximately 15%–20% of subjects with autism exhibited
macrocephaly (Aylward et al., 2002; Bailey et al., 1993; Fombonne, 2000; Lainhart et al.,
1997, 2006). However, it was difficult to meaningfully interpret these results because head
circumference is considered to provide a fairly accurate indication of brain size in early
childhood, but not in adolescence or adulthood (Bartholomeusz et al., 2002).

Recognizing that autism first emerges early in life, investigators studied head circumference
in infants who later developed autism. As a whole, head circumference in this group was
found to be average or slightly below average at birth (Courchesne et al., 2003; Dawson et
al., 2007; Dementieva et al., 2005; Hazlett et al., 2005; Lainhart et al., 1997). However,
brain growth was then found to accelerate on or before 1 year of age, with 15%–20%
developing macrocephaly by 4–5 years of age.

These intriguing findings compelled researchers to further explore the brains of individuals
with autism in an in vivo fashion and on a larger scale than could be done before. Early
studies employed computerized tomography (CT), an imaging modality that used ionizing
radiation, to ascertain neuroanatomy. Although gross abnormalities were initially found,
many subjects suffered from other potential causes of brain damage (e.g., infectious, genetic,
neurologic) that likely confounded the results (Damasio et al., 1980). Subsequent CT studies
used rigorous screening procedures to enroll subjects with idiopathic autism (Campbell et
al., 1982; Rosenbloom et al., 1984). Overall, these studies did not show significant gross
anatomical abnormalities and supported Kemper and Bauman's (1998) hypothesis of an
aberrant neuropathology at the microscopic level in the autistic brain. Taken together, these
early studies only modestly contributed to the knowledge base in autism. Ultimately, CT
was found to have concerning limitations such as poor spatial resolution and use of ionizing
radiation that greatly restricted its use. New imaging technologies would clearly be needed
to advance the understanding of brain structure and function in individuals with ASDs.

In fact, a new technology was evolving from two seminal studies of nuclear magnetic
resonance conducted in 1946 (Huettel et al., 2009). By the 1970s, research advances in the
area had led to the first biological images captured by magnetic resonance imaging (MRI)
techniques. Magnetic resonance imaging has a high degree of spatial resolution and contrast
sensitivity, as well as an absence of ionizing radiation. However, it was not until the 1980s
that the clinical use of structural (s) MRI for brain imaging became widespread. Diffusion
tensor imaging (DTI), a MRI technique for assessing white matter microstructure in the
brain, underwent investigation during the 1980s (Pierpaoli et al., 1996; Taber et al., 2002).
In the 1990s, researchers found that changes in blood oxygenation could be measured in the
brain using functional (f) MRI. The advent of these novel neuroimaging techniques using
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MRI would soon herald a new era of investigation into the neuroanatomy and neurocircuitry
of ASDs.

This review provides a synopsis of relevant sMRI and fMRI studies in ASDs to date, with an
emphasis on well-designed, controlled research. Structural MRI findings that are
summarized include studies of total brain volume (TBV) and specific neuroanatomic
structures, as well as DTI. Functional MRI results, encompassing task-based, as well as
resting state studies of the default-mode network (DMN), are subsequently reviewed.

2. Results
2.1. Structural magnetic resonance imaging

2.1.1. Total brain volume—In light of prior research suggesting early abnormal brain
enlargement, investigators launched sMRI studies in an effort to better delineate brain
abnormalities in ASDs. Although autism had been considered a static process, new insights
gleaned from head circumference data suggested a dynamic process of age-dependent brain
growth abnormalities. To further explore this possibility, Courchesne et al. (2001) conducted
a sMRI study that quantified developmental abnormalities in TBV in boys with autism. Of
the autism group, half was scanned at 2–4years of age, whereas the other half was scanned
at 5–16 years of age. Review of neonatal head circumference records suggested that TBVs
were normal for the children with autism at birth. However, by 2–4 years of age, 90% of the
autism group had larger mean TBVs than the controls, and 37% met criteria for
macrocephaly (Fig. 1). The young autism group also exhibited more cerebral (18%) and
cerebellar (39%) white matter, as well as more cerebral cortical (12%) gray matter than
normal. In contrast to these findings, the older autism group (5–16 years) did not have larger
mean TBVs than the older control group.

An increase in TBV has been consistently reported in young children with autism, with
some studies suggesting a 5%–10% enlargement (Carper et al., 2002; Courchesne et al.,
2001; Hazlett et al., 2005; Sparks et al., 2002; Stanfield et al., 2008). A meta-analysis of
available data from head circumference, postmortem, and sMRI studies of children with
autism revealed a pattern of dysregulated brain growth (Redcay and Courchesne, 2005).
Individuals exhibited reduced or normal brain size at birth, underwent rapid brain
overgrowth during early childhood, and then experienced a plateau in brain growth such that
brain size was within the normal range by adolescence and adulthood (Fig. 2)(Courchesne et
al., 2007). However, other researchers have documented persistent brain enlargement in
adolescents and adults with autism (Freitag et al., 2009; Hazlett et al., 2006).

2.1.2. Gray and white matter contributions—The finding of early brain enlargement
in children with autism intrigued researchers who in seeking a more detailed understanding
determined that brain volume did not change in a uniform manner. Both gray and white
matter abnormalities have been identified throughout the brain, reflecting the distributed
nature of brain involvement in ASDs (Carper et al., 2002; Muller, 2008). Among the various
reported abnormalities, increased frontal lobe volume has emerged as one of the most
consistent findings (Brun et al., 2009; Carper et al., 2002; Hazlett et al., 2006; Herbert et al.,
2004; Palmen et al., 2005). Research has demonstrated increases in volume of dorsolateral
prefrontal (DLPFC) (Mitchell et al., 2009), as well as DLPFC and medial prefrontal cortex
(MPFC) (Carper and Courchesne, 2005; Herbert et al., 2004). Other findings suggest that
there may be no difference or even a decrease in orbitofrontal cortex (OFC) volume in ASDs
(Girgis et al., 2007; Hardan et al., 2006a).

Regional differences in gray matter volume have been documented throughout the brain but
particularly in areas of the frontal cortex (Hardan et al., 2006b) such as middle frontal gyrus,
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superior frontal gyrus, inferior frontal gyrus (IFG), and medial OFC, among others (Bonilha
et al., 2008; Hadjikhani et al., 2006; Hardan et al., 2009a; Hyde et al., 2010; McAlonan et
al., 2005; Waiter et al., 2004). Volumetric differences of gray matter have also been found
along the superior temporal sulcus (STS), inferior parietal lobule, cingulate, and fusiform
gyrus (FG), among others (Boddaert et al., 2004; Bonilha et al., 2008; Hadjikhani et al.,
2006; McAlonan et al., 2005; Rojas et al., 2006; Waiter et al., 2004).

Regional differences in white matter volume have also been found in several brain regions
such as cerebellum and corpus callosum, with abnormalities mostly observed in outer radiate
compartments (Amaral et al., 2008; Carper and Courchesne, 2005; Herbert et al., 2004;
Stanfield et al., 2008). This was demonstrated by Herbert et al. (2004) in their study of boys
with autism and controls (half with typical development and half with developmental
language disorder). Although increased volume was found in the outer zone of radiate white
matter in all lobes in the autism group, a clear predominance was noted in the frontal lobe.
In contrast, no volume differences were recorded in the inner zone of white matter (i.e.,
corpus callosum, internal capsule). The authors suggested that these results indicated brain
overgrowth of short- and medium-range intra-hemispheric corticocortical connections and a
lack of involvement of inter-hemispheric corticocortical connections in autism.

Additional characteristics of cortex, such as shape and thickness have also been investigated
in ASDs. Abnormalities in cortical shape have been identified in the sylvian fissure, STS,
intraparietal sulcus, right parietal lobe, and IFG (Kates et al., 2009; Levitt et al., 2003;
Nordahl et al., 2007). Recently, abnormalities in cortical folding were found in the frontal
lobe of boys with autism, but not Asperger's disorder (Jou et al., 2010). Of note, the left
inferior frontal region (e.g., Broca's area) exhibited the most prominent increase in
gyrification.

Research regarding cortical thickness has also been conducted. A study of children with
autism versus typically-developing controls found increased total cerebral sulcal and gyral
thickness, largely due to increases in temporal and parietal lobes (Hardan et al., 2006c).
Another study of cortical thickness was conducted in adults with ASDs and healthy
comparison subjects, finding cortical thinning in frontal, parietal, and temporal regions in
the ASD group (Hadjikhani et al., 2006). Hardan et al. (2009a) conducted a preliminary
longitudinal study of TBV and cortical thickness in children with autism versus typically-
developing controls. Although no difference was found in TBV between groups, greater
differences in TBV were observed in the autism group over time in several regions,
including the frontal lobe. Recently, investigators used cortical thickness analysis and voxel-
based morphometry in a study of young adults with autism and healthy controls (Hyde et al.,
2010). Both techniques found structural alterations (primarily gray matter increases) in
regions of the brain implicated in social and communication impairment, and repetitive
behavior.

2.1.3. Cerebellum—Although the cerebellum has historically been considered to be
involved in motor coordination, it also has been shown to have a role in modulating
emotion, language, and executive function (Hodge et al., 2010). Volumetric studies of the
cerebellum in ASDs have included the vermis and total cerebellum. Research findings
regarding the vermis have greatly varied. Although an early study published by Courchesne
et al. (1988) found decreases in cerebellar vermal lobules VI and VII in comparison to
healthy controls, this finding was not replicated in several subsequent studies (Garber and
Ritvo, 1992; Hashimoto et al., 1992; Holttum et al., 1992; Kleiman et al., 1992; Piven et al.,
1992). Due to these inconsistent findings, Courchesne et al. (1994) conducted a larger study
assessing vermal lobules VI and VII. Two subgroups were found; one large subgroup (86%)
with hypoplasia and one small subgroup (14%) with hyperplasia of the region. Subsequent
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research documented decreases in vermal lobules VI and VII (Akshoomoff et al., 2004;
Kaufmann et al., 2003). Recently, a meta-analysis also demonstrated decreased size of
vermal lobules VI and VII in younger individuals with autism (Stanfield et al., 2008). In
contrast to the vermis, studies of total cerebellum have generally found increased volumes in
children with ASDs (Hardan et al., 2001b; Herbert et al., 2003; Palmen et al., 2005; Sparks
et al., 2002).

2.1.4. Amygdala—The amygdala plays an important role in emotional and social behavior
(Adolphs, 2008). Similar to other sMRI findings in ASDs, volumetric research regarding the
amygdala has also been inconsistent, with age emerging as a significant factor. Amygdala
volume has been found to be increased in children with autism less than ten years of age
versus typically-developing controls (Schumann et al., 2004; Schumann et al., 2009).
Bilateral amygdala enlargement was found in children with autism aged 3–4 years versus
typically-developing controls, and right amygdala volume was positively correlated with
social and communication impairment (Munson et al., 2006; Sparks et al., 2002). More
recently, bilateral enlargement of the amygdala was reported in children with autism aged 1–
5 years in comparison to typically-developing controls, with a positive correlation between
amygdala volume and social and communication impairment found in the autism group
(Schumann et al., 2009).

In contrast, research that has included adolescent or adult subjects with autism reported
either no difference (Haznedar et al., 2000) or smaller amygdala volumes versus healthy
controls (Aylward et al., 1999; Nacewicz et al., 2006; Pierce et al., 2001). Interestingly, the
study by Nacewicz et al. (2006) found that decreased amygdala volume was associated with
decreased time fixating on the eye region of faces. This led investigators to hypothesize that
the age-related trajectory of amygdala growth may be similar to that of early brain
overgrowth in young children with autism (Courchesne et al., 2007).

2.1.5. Hippocampus—The hippocampus is critically involved in associative memory and
the integration of information. Volumetric studies of the hippocampus in autism versus
healthy controls have revealed divergent findings. Several studies have noted no difference
in hippocampal volume (Bigler et al., 2003; Haznedar et al., 2000; Howard et al., 2000;
Piven et al., 1998; Saitoh et al., 1995). However, other researchers have reported decreased
or increased hippocampal volume (Aylward et al., 1999; Nicolson et al., 2006; Schumann et
al., 2004; Sparks et al., 2002). Subject heterogeneity and varied imaging methodologies may
have contributed to these inconsistencies.

2.1.6. Insula—The anterior insula functions to integrate multiple neurocognitive systems
associated with affective, empathic, and interoceptive processes (Kosaka et al., 2010; Menon
and Uddin, 2010; Uddin and Menon, 2009). As such, it may play an important role in the
neurobiology of ASDs. Recently, decreased gray matter was documented in the right insula
and IFG in adults with ASDs versus healthy controls (Kosaka et al., 2010).

2.1.7. Fusiform gyrus—The FG, specifically the fusiform face area (FFA), is implicated
in aspects of face processing that involve face identification (Haxby et al., 2002).
Volumetric studies of the FG have found unchanged, increased, or decreased volumes in
adolescents and adults with ASDs versus healthy controls (Pierce et al., 2001; Toal et al.,
2010; Waiter et al., 2004). In addition, asymmetries of the FG were reported in boys with
autism in comparison to typically-developing healthy controls (Herbert et al., 2002).

2.1.8. Superior temporal sulcus—The cortex along the banks of the superior temporal
sulcus (STS) has been found to play a role in processing eye movements (Hoffman and
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Haxby, 2000; Puce et al., 1998). The region is involved in the interpretation of dynamic
social cues (e.g., direction of eye gaze, gestures, facial expressions) (Allison et al., 2000;
Pelphrey et al., 2005). Research has found anterior and superior displacements, as well as
decreased bilateral gray matter volumes, of the STS in youth with autism versus typically-
developing controls (Boddaert et al., 2004; Levitt et al., 2003).

2.1.9. Planum temporale—The left planum temporale (PT) (i.e., Wernicke's area) plays
a crucial role in auditory processing and receptive language (Nakada et al., 2001). As such,
it has been associated with lexical processing (Bookheimer, 2002). This region has been
found to be larger on the left in children and adolescents with autism in comparison to
typically-developing controls (Herbert et al., 2002). However, reduced left PT volume was
reported in a study of children, as well as in a study of adults, with autism versus healthy
controls (Rojas et al., 2002; Rojas et al., 2005). Recently, Knaus et al. (2009) conducted a
study of children and adolescents with ASD, dividing them up into a 7–11 year-old group
and a 12–19 year-old group. The authors found increased left PT volume and a stronger
leftward asymmetry in the older group in comparison to typically-developing controls.

2.1.10. Inferior frontal gyrus—The left IFG (i.e., Broca's area) is important in sentence
comprehension, integrating areas involved in syntactic and semantic processing, as well as
working memory (Bookheimer, 2002). Abell et al. (1999), in a sMRI study of adults with
autism, reported decreased volume in this region. Rightward asymmetry of the IFG was
reported in children with autism (Herbert et al., 2002). This asymmetry reversal was also
noted in a study of boys with ASDs (De Fosse et al., 2004). However, the finding only
occurred in the presence of language impairment.

2.1.11. Caudate—The caudate, a part of the basal ganglia that subserves executive
function, has been implicated in the development of stereotyped and repetitive behaviors
(Turner et al., 2006). Several studies have found an increase in caudate volume, as well as a
positive correlation between caudate volume and repetitive behavior, in youth and adults
with autism (Brambilla et al., 2003; Hollander et al., 2005; Rojas et al., 2006). Sears et al.
(1999) also reported an increase in caudate volume in adolescents and adults with autism.
However, predominantly negative correlations were found between caudate volume and
repetitive behavior. Changes in caudate volume were examined in a study of children and
adults with ASDs versus healthy controls, noting an increase in volume with development
(Langen et al., 2007). A negative association was found between caudate volume and
repetitive behavior in the autism group. A volumetric study that focused not on repetitive
behavior, but executive function, documented larger caudate volumes in children with ASDs
compared to typically-developing and bipolar disorder controls (Voelbel et al., 2006). A
positive correlation was found between caudate volume and impaired problem solving.

2.1.12. Thalamus—The thalamus is involved in multiple roles encompassing language
and emotion processing, as well as components of executive function (Katz and Shatz,
1996). Several sMRI studies that included a wide age range of individuals with ASDs have
not found significant structural abnormalities in the thalamus (Hardan et al., 2006a;
Haznedar et al., 2006; Tsatsanis et al., 2003). However, Hardan et al. (2008) conducted a
study of children with autism that revealed a positive correlation between thalamic volume
and TBV in both the autism and typically-developing control group.

2.1.13. Cingulate cortex—Neurons originating within the cingulate cortex are the first to
cross the midline during development (Korkmaz et al., 2006). This region has reciprocal
connections with nearly all areas of the cerebral cortex, as well as subcortical, brainstem,
and spinal connections. Whereas the posterior cingulate cortex (PCC) is believed to play a
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role in visuospatial and memory function, the anterior cingulate cortex (ACC) primarily
appears to be involved in the integration of affect, cognition, and behavioral expression.
Haznedar et al. (1997) recorded significantly smaller ACC volume in adults with autism in
comparison to healthy controls.

2.1.14. Corpus callosum—The corpus callosum, a white matter tract connecting the
cerebral hemispheres, facilitates interhemispheric connectivity. Numerous studies have
recorded deficits of corpus callosum volume in subjects with autism versus healthy controls
(Chung et al., 2004; Egaas et al., 1995; Freitag et al., 2009; Hardan et al., 2000, 2009b;
Keary et al., 2009; Manes et al., 1999; Piven et al., 1997; Saitoh et al., 1995; Vidal et al.,
2006), whereas others have not documented significant differences (Elia et al., 2000;
Gaffney and Tsai, 1987; Herbert et al., 2004; Tepest et al., 2010). A meta-analysis found
reduced total corpus callosum area in subjects with autism versus healthy controls (Frazier
and Hardan, 2009). The anterior regions of corpus callosum had the largest area of reduced
volume.

2.1.15. Brainstem—The brainstem is involved in sensory modulation (Ornitz, 1983).
Early volumetric studies found reduced brainstem volume in autism versus healthy controls
(Gaffney et al., 1988; Hashimoto et al., 1995). However, other investigations demonstrated
no significant differences (Elia et al., 2000; Hardan et al., 2001a; Herbert et al., 2003;
Kleiman et al., 1992; Piven et al., 1992). Recently, Jou et al. (2009) documented a decrease
in brainstem gray matter volume in children with autism compared to typically-developing
controls. A positive correlation was found between brainstem gray matter volume and oral
sensory sensitivity.

2.1.16. Diffusion tensor imaging—Research studies employing DTI in children and
adults with ASDs have found decreased fractional anisotropy (coherent fiber tract
directionality) in several white matter regions, such as VMPFC, OFC, ACC, external
capsule, internal capsule, corpus callosum, temporal stem, ventral temporal lobe, and STS,
and superior and middle cerebellar peduncles, among others (Alexander et al., 2007; Barnea-
Goraly et al., 2004; Bloemen et al., 2010; Brito et al., 2009; Catani et al., 2008; Cheung et
al., 2009; Keller et al., 2007; Lee et al., 2007; Pardini et al., 2009; Pugliese et al., 2009;
Thakkar et al., 2008).

2.1.17. Summary—Taken together, structural neuroimaging research has made valuable
contributions to our understanding of the neuro-anatomy of ASDs. Investigators have
demonstrated increased TBV and early rapid brain overgrowth, as well as decreased white
matter integrity in several brain regions. However, inconsistencies have been found in the
location and direction (increase or decrease) of change in brain volume, as well as in the
contribution of gray and white matter (Amaral et al., 2008; Bonilha et al., 2008; Stanfield et
al., 2008). The diverse findings have been hypothesized to be due to the heterogeneity of
ASDs, as well as differences in diagnostic criteria, subject characteristics [e.g., age,
intelligence quotient (IQ), gender], and imaging methodologies (Amaral et al., 2008; Craig
et al., 2007; Kwon et al., 2004; McAlonan et al., 2008; Stanfield et al., 2008).

2.2. Functional magnetic resonance imaging
2.2.1. Task-based studies of core symptoms
2.2.1.1. Social cognition: A significant portion of fMRI research in ASDs has focused on
delineating the neurobiology of core social impairment. Face perception, a central aspect of
social cognition, is one of the earliest emerging social deficits in ASDs (Dawson et al.,
2005). Research has found differences in the way individuals with ASDs visually scan faces.
Whereas typically-developing controls rely on the eye region and use a holistic-style when
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processing faces, subjects with ASDs tend to focus more on the mouth region and use a
feature-based style (Klin et al., 2002; Pelphrey et al., 2002; Weeks and Hobson, 1987).

2.2.1.1.1. Neutral face tasks: Given that face perception is considered an essential
component of social cognition, investigators began to conduct fMRI studies that employed
emotionally neutral face tasks (Hubl et al., 2003; Pierce et al., 2001; Schultz et al., 2000). In
these studies, individuals with ASDs demonstrated either no activation or lower activation in
the FFA in response to the tasks. The ASD subjects tended to exhibit greater activation in
more object-related brain regions. A more recent fMRI study of adults with autism versus
healthy controls found decreased activation in the FFA, occipital face area, and STS
(Humphreys et al., 2008).

In contrast to these findings, Hadjikhani et al. (2004) reported significant activation in the
FFA in adults with ASDs and healthy controls. However, in this study, subjects were cued to
attend to the eye region via a central fixation cross. This suggested that FFA activation may
be related to the degree of gaze fixation. Another study also found significant activation in
the FFA in response to a neutral face task in adults with ASDs and healthy controls
(Kleinhans et al., 2008b). In the ASD group, increased social impairment was associated
with decreased FFA–amygdala connectivity and increased FFA–right inferior frontal
connectivity (Fig. 3). A subsequent fMRI study assessed changes in amygdala and FFA in
response to neutral face stimuli in adults with ASDs versus healthy controls (Kleinhans et
al., 2009). In comparison to the ASD group, the controls exhibited significantly greater
bilateral amygdala habituation. Overall, no differences were recorded in fusiform
habituation between groups. The authors concluded that individuals with ASDs may
experience amygdala hyperarousal in response to socially relevant stimuli.

2.2.1.1.2. Familiar face tasks: Pierce et al. (2004) conducted a fMRI study of adults with
autism and healthy controls using a familiar face task. Significant activation in the FFA in
response to familiar and stranger faces was found in both groups. The authors hypothesized
that the inclusion of almost a dozen familiar faces for each subject may have enhanced
attention and motivation in the subjects with autism throughout the entire task. Another
fMRI study using a familiar face task was conducted in children with ASDs versus
typically-developing controls (Pierce and Redcay, 2008). Subjects with autism demonstrated
normal FFA activity in response to a familiar face (their mother) or another child's face. In
contrast, significant deficits in FFA activity were observed in response to adult faces of
strangers in comparison to controls, suggesting reduced attention during this condition.

2.2.1.1.3. Emotional face tasks: Other researchers have utilized emotional face tasks in
fMRI studies of individuals with ASDs. Critchley et al. (2000) examined brain activation in
adults with autism versus healthy controls during an emotional face task. In comparison to
the control group, the autism group did not activate a cortical `face area' when explicitly
assessing emotions or the left amygdala and left cerebellum when implicitly processing
facial emotions. An investigation of children and adolescents with ASDs versus typically-
developing controls revealed no differences in activation when labeling facial emotions
(cognitive task) (Wang et al., 2004). However, the ASD group demonstrated decreased FFA
activation in comparison to controls when matching facial expressions, an automatic
process. Decreased FFA activation in response to matching facial emotions was found in a
study of children and adolescents with ASDs versus typically-developing controls (Piggot et
al., 2004). No differences in task accuracy were found between groups.

Another study found that adolescents and young adults with autism versus healthy controls
exhibited activation in the FFA and amygdala that was positively correlated with time spent
fixating on the eyes during an emotional face task (Dalton et al., 2005). The authors
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suggested that a heightened emotional response may be associated with gaze fixation in
autism. Pelphrey et al. (2007) used a dynamic and static emotional face task in a study of
adolescents and adults with autism versus healthy controls. The authors observed reduced
activity in the amygdala and FG to dynamic emotional expressions in the autism group.

Recently, a study of children with autism versus typically-developing controls found
decreased activation of the FFA and amygdala while matching facial emotions, even though
task performance was intact (Corbett et al., 2009). While matching people, the autism group
exhibited deficits in task performance associated with some FFA and variable amygdala
activation. These findings were consistent with abnormalities in the neural circuitry involved
in emotion and face processing. Kleinhans et al. (2010) found significantly greater activation
in bilateral FFA, left amygdala, right pulvinar, and bilateral superior colliculi during a
supraliminal fearful face task in healthy controls compared to adults with ASDs. The authors
noted that the ASD group did not engage subcortical face regions involved in face detection
and automatic emotional face processing. A fMRI study found increased right amygdala
activation in adults with ASDs in comparison to healthy controls when attention bias to
emotional faces was equivalent between groups (Monk et al., 2010).

2.2.1.1.4. Eye gaze: A fMRI study showed that brain regions involved in gaze processing,
including the STS, are not sensitive to intentions conveyed by gaze shifts in adults with
autism versus healthy controls (Pelphrey et al., 2005). This finding may contribute to the
gaze processing deficits associated with autism.

2.2.1.1.5. Theory of mind and the mirror neuron system: Individuals with ASDs suffer
from deficits in theory of mind, known as the ability to attribute mental states to oneself and
others, as well to use these attributions in understanding and predicting the behavior of
others (Premack and Woodruff, 1978). Neuroimaging studies have recently begun to
investigate the neural basis underlying impairments in theory of mind in youth and adults
with ASDs (Castelli et al., 2002; Gilbert et al., 2009; Lombardo et al., 2010; Wang et al.,
2006). These studies found abnormal patterns of activation in the neural network subserving
theory of mind, namely the MPFC, STS, and right temporal pole (Frith and Frith, 2003).

Deficits in theory of mind associated with ASDs may develop as a result of early mirror
neuron system (MNS) dysfunction (Dapretto et al., 2006). Although the MNS has been
identified in the ventral premotor and parietal cortex of the macaque, it has not been directly
confirmed in humans via neuropathological studies. However, neurophysiological and
neuroimaging research has contributed to the identification of a human homologue of this
system in the pars opercularis of the IFG and the posterior parietal cortex. The human MNS
plays a critical role in action observation and imitation, as well as in the understanding of
emotions (Buxbaum et al., 2005; Cattaneo and Rizzolatti, 2009; Iacoboni et al., 1999;
Johnson-Frey et al., 2003; Rizzolatti and Craighero, 2004).

A fMRI study of MNS activation in ASDs during the imitation and observation of emotional
facial expressions was conducted by Dapretto et al. (2006). Although there was no
difference in task performance between groups, no MNS activity was observed in the pars
opercularis of the IFG in children with ASDs versus typically-developing controls. An
inverse correlation was found between MNS activation and social impairment (Fig. 4). The
authors concluded that a dysfunctional MNS may underlie the social deficits observed in
autism. The neural underpinnings of imitation were investigated in adolescent males with
ASDs and typically-developing controls (Williams et al., 2006). In comparison to the control
group, the ASD group demonstrated decreased activation of the MNS in the somatosensory
cortex and increased activation of the dorsal premotor and dorsal prefrontal cortex. The
authors suggested that the altered connectivity patterns observed during imitation in ASDs
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could arise from deficient integration among areas subserving visual, motor, proprioceptive,
and emotional functions. It was hypothesized that this could negatively affect the
development of theory of mind through imitation in ASDs.

Martineau et al. (2010) published a fMRI study of adults with autism versus healthy
controls. Increased activation of IFG was documented during the observation and execution
of hand movements compared to a control condition (rest) in the ASD group versus controls.
This finding suggests that atypical MNS activity may be central to the core social deficits of
ASDs. However, another fMRI study of adults with autism versus controls found that the
individuals with autism exhibited normal fMRI responses in MNS areas during the
observation and execution of hand movements (Dinstein et al., 2010).

The neural mechanisms of empathy were investigated in adolescents with ASDs and their
fathers, comparing them to healthy control groups (Greimel et al., 2010). During the
presentation of emotional faces, subjects were asked to infer the emotional state from the
face or judge their own emotional response to the face. When ASD subjects attributed
emotions to self and other, decreased activation was noted in FFA compared to controls. In
addition, when ASD subjects inferred their own emotional response to faces, they showed
decreased activity in IFG. In part, the findings provided evidence of aberrant mirroring
mechanisms associated with empathy impairments in ASDs.

2.2.1.1.6. Summary: Atypical patterns of FFA activation have consistently been found
during face processing in ASDs, suggesting a critical role for this region in socioemotional
functioning. Whereas many studies demonstrated decreased or absent activation, others
recorded increased FFA activation during face processing. These contradictory findings may
be explained by differences in gaze patterns, visual attention, and/or motivation to attend to
faces in this diagnostic group (Klin and Klin, 2008; Scherf et al., 2010). Finally, recent
investigations have suggested that early MNS dysfunction may play an important role in the
development of theory of mind deficits in ASDs.

2.2.1.2. Language and communication: Autism spectrum disorders are associated with a
wide range of language and communication impairments. Most individuals with ASDs
exhibit some degree of semantic, syntactic, and pragmatic deficits (Groen et al., 2008; Harris
et al., 2006). However, linguistic deficits may vary considerably, ranging from a lack of
functional speech to outstanding language abilities in this diagnostic group. Studies using
fMRI have recently begun to contribute to our understanding in this area, often
demonstrating abnormalities in the left IFG and PT.

Just et al. (2004) utilized a sentence comprehension task to examine semantic and syntactic
processing in adults with autism versus healthy controls. Increased left PT activation and
decreased left IFG activation, as well as decreased connectivity, were found in the autism
group (Just et al., 2004). A fMRI study of adults with ASDs and healthy controls was
conducted using a single-word lexical semantic processing task (Harris et al., 2006). The
study revealed less activation in left IFG but increased activation of the PT in the ASD
group relative to controls. In addition, decreased differences in activation between concrete
and abstract words were observed in the ASD group.

Language and working memory were investigated in a fMRI study of adults with autism
versus healthy controls (Koshino et al., 2005). The investigators employed a n-back working
memory task with letters to examine verbal working memory. Although task accuracy was
similar between groups, the autism group exhibited decreased activation in left frontal
regions reflecting a possible tendency for individuals with autism to use visual strategies
during task completion. Adults with autism were compared with healthy controls during a
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fMRI study that employed a sentence processing task with high- and low-imagery content
(Kana et al., 2006). Although the use of visualization is not necessary for processing low-
imagery sentences, the autism group activated parietal and occipital regions of the brain
associated with imagery for both the low- and high-imagery task conditions. The authors
hypothesized that individuals with autism may be more dependent on visualization for
language processing. Gaffrey et al. (2007) investigated changes in activation associated with
a semantic category decision word task in adults with ASDs compared to healthy controls.
The control group showed significant activation for semantic decision in the left IFG,
whereas the autism group exhibited more limited activation in this region. In addition,
significantly greater activation was recorded in bilateral extrastriate visual cortex in the
autism group versus controls, suggesting an important role of perceptual components such as
visual imagery in semantic processing in autism. Recently, Sahyoun et al. (2010) evaluated
the networks underlying visuospatial versus linguistic (semantic) processing in children with
autism and typically-developing controls via a pictorial reasoning paradigm. In contrast to
the control group, the autism group activated occipito-parietal and ventral temporal areas,
suggesting a dependence on visual mediation in autism.

Semantic functions were also examined in adolescents with ASDs and typically-developing
controls utilizing a reading version of a response-naming task (Knaus et al., 2008). Although
both groups performed the task at ceiling levels, subjects with ASDs versus controls had
significantly increased activation in IFG, which was less left lateralized. In contrast to the
control group, the ASD group did not demonstrate a significant correlation between IFG and
PT activation in the left hemisphere. Letter and category fluency was investigated in a fMRI
study of adolescents and adults with ASDs versus healthy controls (Kleinhans et al., 2008a).
Letter fluency requires the use of lexical retrieval strategies, whereas category fluency relies
on overlearned semantic knowledge. The ASD group exhibited significantly greater
activation of the right frontal and superior temporal lobes during the letter fluency task
compared to the control group. In addition, significantly reduced lateralization in activation
patterns in letter fluency was observed in the subjects with ASDs versus controls. The
authors hypothesized that atypical structural and functional organization may contribute to
language impairment in ASDs.

Pragmatic language comprehension has been investigated in children and adults with ASDs
(Mason et al., 2008; Wang et al., 2006). In these studies, subjects with ASDs versus controls
exhibited increased activation of the right IFG during narrative and irony comprehension
tasks. Tesink et al. (2009) also investigated pragmatic language comprehension in a study of
adults with ASDs versus healthy controls. The authors examined the neural correlates of the
integration of speaker characteristics inferred from the voice and content of a message.
There were no differences in task accuracy between groups. Relative to the control group,
the ASD group showed increased activation in the right IFG that was likely compensatory in
nature.

Redcay and Courchesne (2008) investigated the neural correlates of language development
in young children with autism. A fMRI study was conducted during natural sleep as a means
to identify brain regions involved in speech perception in youth with autism aged 2–3 years
versus controls. In comparison to the chronological age matched controls, the ASD group
demonstrated increased activation within right and medial frontal regions. In addition, the
ASD group versus mental age matched controls exhibited decreased activation in a network
of brain regions typically recruited during early language acquisition. Overall, the findings
suggest an aberrant developmental language trajectory in young children with autism.

2.2.1.2.1. Summary: Functional MRI research has contributed to our understanding of the
neurobiology of language and communication impairment in ASDs. Several studies have
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shown a pattern of decreased left IFG and increased PT activation in subjects with ASDs
compared to controls. This pattern suggests an increased tendency of individuals with ASDs
to engage in more extensive processing of the meanings of individual words versus
integrating their meanings into a coherent conceptual structure. In addition, research
supports the role of visual imagery in semantic processing in this diagnostic group.
Although additional research is needed, young children with autism appear to be on an early
deviant trajectory of language development.

2.2.1.3. Executive functions and repetitive symptoms: Individuals with ASDs commonly
exhibit repetitive interests and activities. Some investigators have hypothesized that these
repetitive symptoms may be due to deficits in executive function that impair behavioral
control in this diagnostic group (Lopez et al., 2005).

Executive function subsumes several domains of cognition including inhibition, working
memory, set shifting, and planning (Dichter and Belger, 2007; Russo et al., 2007).

A study of response inhibition found decreased ACC activation in adults with autism
relative to healthy controls (Kana et al., 2007). In addition, decreased functional
connectivity was found between the inhibition network (ACC, middle cingulate gyrus,
insula) and the right middle and inferior frontal and right inferior parietal regions. These
results suggest an atypical inhibition circuitry in individuals with autism. Increased rostral
ACC activation was recorded during correct trials of a response monitoring task in adults
with ASDs versus healthy controls (Thakkar et al., 2008). The authors suggested that
individuals with ASDs may misinterpret this as a signal that something is wrong, which may
trigger repetitive attempts at correction. This may contribute to the core repetitive behavior
observed in ASDs.

The effects of processing directional face information on a cognitive brain network were
assessed in adults with autism and healthy controls (Dichter and Belger, 2007). Whereas
unimpaired activation of a cognitive control network was found while processing non-social
stimuli, decreased activation in this network occurred while processing social stimuli. Thus,
processing of social stimuli may interfere with cognitive control in ASDs. A subsequent
study examined the effects of viewing high-arousal pictures on brain activation during a
cognitive control task in adults with autism and healthy controls (Dichter and Belger, 2008).
When low-arousal pictures preceded cognitive control stimuli, no differences in brain
activation were found between the groups. When high-arousal pictures preceded cognitive
stimuli, the control group exhibited increased right lateral midfrontal cortex activation,
whereas the autism group did not modulate activity in this region. This indicated that areas
of cognitive control may be abnormally sensitive to social–emotional context in ASDs.

In the aforementioned study by Koshino et al. (2005), adults with autism and controls had
similar behavioral results on a verbal working memory task. Whereas the autism group
employed a visually-oriented processing style, the control group used verbal strategies
during task completion. Spatial working memory was investigated via an oculomotor
delayed response task in a study of adults with autism and healthy controls (Luna et al.,
2002). The autism group versus controls exhibited decreased task-related activation in the
DLPFC and PCC. In comparison to typically-developing controls, adolescents with ASDs
showed decreased activation in medial and lateral premotor cortex, DLPFC, caudate, and
ACC, during a spatial working memory task (mental rotation task) (Silk et al., 2006). These
results suggest that frontostriatal networks are dysfunctional in ASDs.

Another component of executive function, planning, was assessed with the Tower of
London task in a fMRI study of adults with autism and healthy controls (Just et al., 2007).
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Although no significant differences in brain activation were found between groups, evidence
of decreased connectivity was recorded between frontal and parietal areas in the subjects
with autism. This finding suggested that a lower degree of information integration across
certain cortical regions may contribute to the executive function deficits observed in autism.

2.2.1.3.1. Summary: The neural basis of executive function deficits in ASDs has been
increasingly investigated via fMRI methods. Some studies of executive function have
indicated a potential relationship between impaired response inhibition and repetitive
symptoms in ASDs. Other research has shown that, despite similar behavioral performance
on certain executive function tasks, individuals with ASDs versus controls exhibit
underlying abnormalities in brain activation and connectivity. As such, this diagnostic group
may employ different cognitive processes when completing these tasks.

2.2.2. Resting state connectivity and the default-mode network—Resting state
studies are investigations into the functional connectivity of a brain region when the subject
is not performing any coordinated, purposeful task (Huettel et al., 2009). Mental events
continue to arise even during the resting state, activating the DMN. This network is a set of
brain regions whose activity decreases during active, engaging tasks and increases during
conditions of rest and reflection (Huettel et al., 2009). Increased activity of the DMN has
also been found during tasks involving autobiographical memory, future prospection, and
theory of mind (Broyd et al., 2009).

Resting state connectivity studies have found abnormalities of the DMN in autism
(Cherkassky et al., 2006; Kennedy et al., 2006). Continuous resting state data assessed
connectivity between three seed regions of the DMN (MPFC, PCC/precuneus, left angular
gyrus) and all voxels in the brain in adolescents and adults with ASDs and healthy controls
(Kennedy and Courchesne, 2008a). Decreased functional connectivity was recorded in the
DMN in the autism group due to specific abnormalities of the MPFC and left angular gyrus.
The DMN was investigated during social and introspective tasks, and at rest in adolescents
and adults with ASDs versus healthy controls (Kennedy and Courchesne, 2008b). Decreased
functional activity was found in the ventral MPFC/ACC in the ASD group across the task
and rest conditions.

Intrinsic functional connectivity within the DMN was evaluated in ASDs (Monk et al.,
2009). A single seed was placed in the PCC. In comparison to healthy controls, adults with
ASDs demonstrated decreased connectivity between the PCC and superior frontal gyrus and
increased connectivity between PCC and both right temporal lobe and right
parahippocampal gyrus. In the ASD group, worse social functioning was correlated with
decreased connectivity between the PCC and the superior frontal gyrus. More severe
repetitive behavior was associated with increased connectivity between the PCC and right
parahippocampal gyrus. Ebisch et al. (2010) investigated the intrinsic connectivity of the
insula in ASDs by means of resting state fMRI. Using four seeds placed in anterior and
posterior regions of insula, the autism group showed decreased connectivity of bilateral
posterior insular cortices with ventral and dorsal somatosensory cortices and between
anterior insular cortices (right hemisphere) and amygdala. The integrity of functional
connectivity within default-mode sub-networks was assessed using brief resting fMRI scans
in adults with ASDs and healthy controls (Assaf et al., 2010). The default-mode sub-
networks were found to be similar between groups. However, the ASD group exhibited
decreased connectivity between the precuneus and MPFC/ACC. The authors found a
negative correlation between functional connectivity in these regions and severity of social
and communication impairment.
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2.2.2.1. Summary: The DMN plays a putative role in self-referential mental representation
and theory of mind. As such, study of the DMN may be highly relevant to ASDs. Recent
investigations of this network in individuals with ASDs have revealed atypical patterns of
functional connectivity. Furthermore, researchers are beginning to find correlations between
the core symptom domains of ASDs and connectivity between certain regions of the DMN.
Additional research is greatly needed to better understand the functional significance of the
DMN in this diagnostic group.

3. Discussion
The concept of autism as a brain-based disorder began with a highly significant early
observation, namely the finding of “relatively large heads” in some children with autism.
Although this finding would later be verified via studies of head circumference, new
technologies were clearly needed to further our understanding of ASDs. Several decades
would pass after Kanner's original observations before investigators would begin to actively
utilize MRI techniques in an effort to elucidate the neurobiological underpinnings of ASDs.

The initial findings of increased head circumference in autism were confirmed by sMRI
studies that demonstrated increased TBV in affected individuals. An atypical trajectory of
neurodevelopment in autism was identified that began with a period of rapid brain
overgrowth in early childhood and was followed by a plateau in brain growth resulting in
normal total brain volume by adolescence. Consistent abnormalities in cortical gray and
white matter volume have also been identified in ASDs. Studies have found an increase in
intrahemispheric white matter volume along with a decrease in interhemispheric (i.e., corpus
callosum) white matter volume in autism. White matter abnormalities have been
increasingly explored at a microstructural level with DTI. Investigations of neural circuitry
with fMRI via task-based and resting state approaches have demonstrated abnormalities in
cortical activation and specialization. Several fMRI studies have provided evidence of
underconnectivity in distributed cortical networks subserving core symptoms of ASDs. In
addition, abnormalities in the DMN have been identified during the resting state. This is of
particular importance given the DMNs hypothesized involvement in higher-order social
cognitive processes such as theory of mind.

In summary, sMRI and fMRI research to date has meaningfully informed our understanding
of brain structure, composition, and function in ASDs. As such, it has made invaluable
contributions to our understanding of the neurobiology of these profound disorders.
However, existing investigations have been fraught with limitations such as small sample
sizes, cross-sectional designs, heterogeneous subject characteristics, and varying
methodologies. Neuroimaging studies that address these limitations, as well as incorporate
multiple structural and functional techniques, will have greater potential to positively impact
the field.

4. Experimental procedures
A PubMed search was conducted from 1966 to 2010 using the search terms autism, autism
spectrum disorders, default-mode network, diffusion tensor imaging, functional magnetic
resonance imaging, neuroimaging, pervasive developmental disorders, and structural
magnetic resonance imaging, with additional publications obtained from articles identified
in the search.
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Fig. 1.
Whole brain volume by age. Two- to four-year-old autistic and normal boys are plotted
showing overall whole brain enlargement of the youngest autistic children. As shown, 90%
of the autistic boys had whole brain volumes larger than the normal mean. In contrast, only
one normal boy in this age range exceeded the autism mean (from Courchesne et al.,
Neurology 2001).
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Fig. 2.
Regional early overgrowth in ASD. (Top) Model of early brain overgrowth that is followed
by arrest of growth. Blue lines represent ASD, while red lines represent age matched
typically-developing individuals. In some regions and individuals, the arrest of growth may
be followed by degeneration, indicated by the blue dashes that slope slightly downward.
(Bottom) Sites of regional overgrowth in ASD include frontal and temporal cortices,
cerebellum, and amygdala (from Courchesne et al., Neuron 2004).
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Fig. 3.
Relationship between functional connectivity and clinical severity in the ASD group. (a) An
inverse correlation between fusiform face area-left amygdala connectivity and the Autism
Diagnostic Interview-Revised (ADI-R) social score was found. A scatter plot depicting the
relationship between face-specific connectivity and social severity on the ADI-R is shown to
the right of the functional activation map. The mean z-score value for the amygdala was
based on the average z-score of the cluster showing a significant relationship between
connectivity and ADI-R social score. (b) A direct relationship between autism diagnostic
observation schedule (ADOS) social score and activation in the right inferior frontal gyrus
was found in the ASD group. The individuals with ASD with the most severe level of
current functioning as measured by the ADOS showed increased connectivity to the right
inferior frontal gyrus during face processing. The scatter plot depicts the relationship
between the face-specific functional connectivity activation and the ADOS. The mean z-
score values for the right inferior frontal gyrus was based on the average z-score of the
cluster showing a significant relationship between connectivity and the ADOS social score
(from Kleinhans et al., Brain 2008b).
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Fig. 4.
Reliable activity during imitation of emotional expressions: (a and b) Activity in bilateral
pars opercularis (stronger in the right) of the inferior frontal gyrus is seen in the typically-
developing group (a) but not in the ASD group (b). A between-group comparison (c)
revealed that this difference was significant (t>1.83, P<0.05, corrected for multiple
comparisons at the cluster level). (RH=right hemisphere; LH=left hemisphere) (from
Dapretto et al., Nature Neuroscience 2006).
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