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Autism is a behaviorally defined disorder characterized by a broad
constellation of symptoms. Numerous studies directed to the biological
substrate demonstrate clear effects of neurodevelopmental differences that
will likely point to the etiology, course, and long-term outcomes of the
disorder. Consistently replicated research on the neural underpinnings of
autism is reviewed. In general, results suggest several main conclusions:
First, autism is a heterogeneous disorder and is likely to have multiple
possible etiologies; second, structural brain studies have indicated a variety
of diffuse anatomical differences, reflective of an early developmental
change in the growth or pruning of neural tissue, rather than localized
lesions; similarly, neurochemical studies suggest early, neuromodulatory
discrepancies rather than gross or localized abnormalities; and finally, there
are a number of limitations on studies of brain activity that to date preclude
definitive answers to questions of how the brain functions differently in
autism. The large number of active research programs investigating the
cognitive neuroscience of autism spectrum disorders, in combination with
the exciting development of new methodologies and tools in this area,
indicates the drama and excitement of work in this area.
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severe and persistent deficits in three primary areas of

functioning: impairments in social reciprocity and en-
gagement; language and communicative skills; and the presence
of repetitive nonfunctional behaviors and stereotyped interests
[American Psychiatric Association, 1994]. The study of a disor-
der such as autism sheds light on the disorder itself, but also
improves our understanding of normal development and func-
tioning [Cicchetti and Rogosch, 1996]. This review summarizes
some of the methodological approaches to studying autism,
drawing on background from other contributions to this special
issue. One overarching theme is the challenge of understanding
the biological basis of a disorder, diagnosed only through be-
havioral criteria, with a heterogeneous set of symptoms that
cross multiple domains [McBride et al., 1996].

“Autism spectrum disorders” (ASD) are viewed as a set of
disorders that span a wide spectrum of functioning [Folstein and
Rosen-Scheidley, 2001]. Included in the definition of Pervasive
Developmental Disorders are classic autism, Asperger syndrome,

Q utism is a neurodevelopmental disability characterized by
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Rett syndrome, Childhood Disintegrative Disorder, and Perva-
sive Developmental Disorder Not Otherwise Specified (PDD/
NOS). All the disorders are characterized by early-arising defi-
cits in the social and communicative domains, although Rett
syndrome and Disintegrative Disorder encompass a period of
apparently typical growth and development followed by a sig-
nificant loss of skills [see Lord and Risi, 2000, for an overview].
Similarly, one third of the parents of children with autism report
a normal early developmental trajectory, with subsequent loss of
function.

The spectrum of autism refers both to the relatively heter-
ogeneous disorders that make up the autism “family” of diag-
noses, and to the wide variety in functional abilities. While
approximately 75% of individuals with autism experience co-
morbid mental retardation (MR), sometimes in the severe or
profound range, the remaining 25% have intellectual abilities
that range from low average to above average. Similarly, while
many individuals may require supervision and sheltered living
arrangements later in life, others may not only live indepen-
dently, but also may start families and coordinate independent
careers (although the latter cohort is less frequent). Researchers
have suggested that increased recognition of the higher-func-
tioning end of the spectrum is what accounts, in part, for the
increase in ASD diagnoses over the past decade [Fombonne,
1999].

The autism spectrum has been expanded even further by
the notion of the Broader Autism Phenotype, encompassing
milder autism-like impairments in both psychological and bio-
logical functioning [Fombonne et al., 1997; Pickles et al., 2000].
As early as 1957, clinical and experimental studies have demon-
strated sub-clinical autistic symptomatology in family members
of affected individuals [Eisenberg, 1957], including executive
dysfunction (see below) in parents [Hughes et al., 1997] and
siblings [Hughes et al., 1999] of children with autism, and social
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impairments in parents of affected chil-
dren [Wolft et al., 1988]. Parents of af-
fected children exhibit subtle language
and communicative differences [Landa et
al.,, 1991; 1992] and experience higher
rates of major depressive disorder (19%)
and social phobia [15%; Piven and
Palmer, 1999]. There is evidence of ele-
vated blood serotonin levels (hypersero-
tonemia) in family members [Leboyer et
al,, 1999]. (Note that the latter is not
pathognomic, and there are no clear
boundaries between “elevated” and
“normal” levels.)

BEHAVIORAL AND COGNITIVE
CHARACTERISTICS OF
AUTISM

Social Reciprocity

Individuals with autism exhibit de-
lays or failures of development in three
primary arenas of social reciprocity: inter-
personal relatedness, a failure to coordinate
affective perspectives with others [Hob-
son, 1986]; joint attention, the ability to
coordinate one’s attention to an object
with another person [McArthur and Ad-
amson, 1996]; and imitation, the mimick-
ing of facial expressions [typically seen in
newborns; Meltzoft, 1988], playful imi-
tation of others, and voluntary gestural
imitation [Rogers et al., 1996]. How-
ever, social responsiveness is not simply
absent; even lower-functioning children
make social overtures and display com-
municative intent [Lord and Paul, 1997].

Language and Communication
Although communicative deficits
can range from mutism to adequate
speech with poor conversational skills, as
many as 50% of individuals with autism
fail to develop functional spoken lan-
guage abilities [Bryson et al., 1988]. The
most-studied aspects of language in ASD
are pragmatic and discourse processes, in-
cluding conversational skills, implicit
meanings, and nonverbal communica-
tion [Baron-Cohen et al., 1985; Mundy
and Markus, 1997], with individuals of all
ages exhibiting deficits [Bartak et al.,
1975]. The unique speech style charac-
teristic of ASD includes atypical intona-
tion, prosody, and other speech qualities
[Rutter et al., 1992]. Communicative
impairments extend into the nonverbal
domain, as children and adults with ASD
exhibit difficulties integrating gesture and
language [Lord and Pickles, 1996;
Mundy et al., 1990]. While some studies
have failed to demonstrate deficits in
grammatical development in autism
[Fein and Waterhouse, unpublished data;
Howlin, 1984], others have found such
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impairments [Bartolucci and Albers,
1974; Bartolucci et al., 1980; Dalgleish,
1975]. Language deficits appear to reflect
deviance, rather than simple delay [Sha-
piro, 1977]. In general, there is a dearth
of research on the psycholinguistics of
young children with autism [Minshew et
al., 1995].

Repetitive Behaviors and
Stereotyped Interests

Individuals with ASD typically
have stereotyped behaviors and interests,
including a strong resistance to changes
in their environment or routines; a pre-
occupation with one or more fixed in-
terests, such as train schedules or cartoon
characters; a preference for repetitive ob-
ject play, such as lining up cars; an insis-
tence on ritualized actions; and stereo-
typed body movements involving the
fingers and hands or the whole body.
High-functioning individuals are equally
likely to show these symptoms. While
this symptom domain is the least well-
studied, ritualized behaviors, stereotyped
movements, and object preoccupations
all seem to improve with age; however,
social impairments due to circumscribed
interests typically increase [South et al.,
unpublished data].

Cognitive Impairments

One striking feature of ASD is the
“jagged profile” of performance across
subtests of IQ measures such as the
Wechsler scales. Most individuals with
ASD show relative strengths in tasks
which demand visuospatial organization
and perceptual organization abilities
(such as Block Design), and relative im-
pairments on tasks that demand planning
and interpretation of practical knowledge
or events [such as Picture Arrangement;
Happe and Frith, 1996]. ASD is charac-
terized by “islets of ability,” including
excellent rote memory abilities, skill with
jigsaw puzzles, and (in 10% of individuals
with autism) savant skills such as calen-
drical calculation. In contrast to strong
rote memory abilities, individuals with
autism exhibit impairments of working
memory and organizational aspects of
memory [Bennetto et al., 1996; Dawson
et al., 1998], although studies of children
have been inconsistent [Griffith et al.,
1999; Russell et al., 1996]. Children with
autism often exhibit both a hyperactive
style and difficulty concentrating as well
as an ability to focus intently on one
interest; lower-level impairments in at-
tentional mechanisms may account for
some of these findings [Townsend et al.,

1996].

To account for this pattern of
cognitive strengths and weaknesses, as
well as the core symptoms of ASD, four
prominent models have been proposed.
These include (1) the Theory of Mind
model [ToM; Baron-Cohen et al.,
1985], in which one aspect of frontal
lobe processing may be dedicated to
social cognitive abilities, specifically,
for understanding the psychological be-
liefs and feelings of others. Impairments
would be secondary to the malfunc-
tioning of this social-cognitive module;
(2) the Social Orienting model [Daw-
son and Lewy, 1989], in which early-
emerging symptoms of autism reflect
core affective and social impairments,
linked to dysfunction of the limbic sys-
tem; (3) the Central Coherence model
[Frith and Happe, 1994], characterized
by impairments in the integration of
information at different levels of repre-
sentation, facilitating performance of
tasks that require attention to local in-
formation and impairing performance
of tasks that require the recognition of
global meaning; and (4) the Executive
Function model [Rogers and Penning-
ton, 1991], in which behavioral impair-
ments in ASD are secondary to deficits
in frontally-mediated executive cogni-
tive processes, including working
memory.

PREVALENCE, DIAGNOSIS
AND ETIOLOGY OF AUTISM
SPECTRUM DISORDERS

Epidemiology

Recent studies indicate a preva-
lence for autism of 5.2 per 10,000, with
80% of affected individuals exhibiting
MR prevalence rates increase to 16—19
per 10,000 when all disorders on the
spectrum are included [Fombonne,
1999]. The data do not support a secular
increase in the incidence of autism;
rather, recent increases in the number of
individuals diagnosed with ASD are
likely due to better detection and diag-
nosis, particularly of milder forms. It
should be noted that to-date unpublished
research in California may suggest a
higher incidence of ASD in recent years.
There is a high male to female gender
ratio (4:1) in autism [Bryson, 1996].

Co-Morbidity

Individuals with autism are at
slightly higher risk for seizure disorders
[lifetime prevalence of 20-35%; Rapin,
1996], especially those with MR [Rossi
et al.,, 1995]. Individuals with Fragile X
syndrome are at risk for autism [inci-
dence of 3-25%; Bailey et al., 1993].
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Individuals with tuberous sclerosis com-
plex (TSC) are also at risk for autism
(60% of individuals with TSC and MR
also have autism). These individuals typ-
ically also have seizure disorders. In con-
trast, of all individuals with autism, under
3% have TSC [Gillberg et al., 1994]. In
general, ASD is not closely associated
with other neurological, psychological,
or physiological disorders.

Diagnosis and Prognosis

Across the lifespan, autism is one of
the most robust diagnoses in the DSM
diagnostic system, with a sensitivity of
.82 and a specificity of .87 [Volkmar et
al., 1994]. The accurate diagnosis of au-
tism requires a thorough caregiver inter-
view, an interactive assessment of the af-
fected child, and experienced clinical
judgment. Younger children (under 24
months) are the most difficult to diagnose
[Volkmar and Lord, 1998]. Recently, a
number of effective measures have be-
come available. Screening tools include the
Checklist for Autism in Toddlers [Baron-
Cohen et al, 1996] and the Autism
Screening Questionnaire [Berument et
al., 1999]. Parent interview instruments in-
clude the Parent Interview for Autism
[Stone and Hogan, 1993] and the Autism
Diagnostic Interview-Revised [ADI-R;
Lord et al., 1994]. Interactional instruments
include the Childhood Autism Rating
Scale [Schopler et al., 1988] and the Au-
tism Diagnostic Observation Schedule
[ADOS; Lord et al., 1989]. The ADI-R.
and ADOS, which require training for
reliability in administration and scoring,
are the “gold standard” for diagnosis.

Many children with autism are ini-
tially referred for evaluation because of
parents’ concerns about delayed language
milestones  [Dahlgren and Gillberg,
1989], and the attainment of these mile-
stones appears to be strongly related to
long-term prognosis [Mawhood et al.,
2000]. For example, Rutter [1970] found
that using language productively and
flexibly by age five was the best single
predictor of positive outcomes for a large
sample of children with autism. Other
strong predictors include the severity and
the number of symptoms.

Clinicians are often reluctant to di-
agnose early; one report found that chil-
dren in the UK were diagnosed at the age
of 6 years on average [Howlin and
Moore, 1997] and parents were encour-
aged to “wait and see,” despite parents’
identification of concerns by at least age
2. It is critical that professionals recognize
parents’ early concerns and facilitate ac-
curate diagnosis and treatment [Quality
Standards Subcommittee of the Ameri-

can Academy of Neurology and the
Child Neurology Society, 2000], in or-
der to provide accurate answers for par-
ents’ concerns and questions and to facil-
itate early intervention. Intervention
(discussed below) appears to be most ef-
tective when it occurs by age 3 or earlier;
furthermore, interventions for ASD ver-
sus general developmental delay differ
significantly, another reason for accurate
and specific early diagnosis of ASD.

Over the past decade, long-term
outcomes have improved for many chil-
dren, particularly those diagnosed at an
early age and receiving early interven-
tion. This holds true despite the relatively
greater uncertainty of diagnoses at earlier
ages. The earlier services are begun (ide-
ally, prior to 18 months) the better the
outcomes are for language skills, social
abilities, decreased frustration, and inci-
dents of aggression. Findings indicate that
the most important factors are timing
(the earlier, the better) and tailoring a
program specifically to a given child’s
needs, interests, and abilities, rather than
participation in any given program
[Rogers, 2001]. Because of the some-
what lower accuracy of earlier diagnosis,
early mislabeling can give rise to more
optimistic outcomes if nonautistic chil-
dren are included in a research sample.
However, the individual benefits of early
intervention seem to outweigh the risks
of inaccurate diagnosis.

Etiology

There is clear evidence that autism
is a disorder with a significant genetic
component [see Cook, 1998, for a re-
view]. Specifically, autism clusters in
families [Jorde et al., 1990], and family
studies demonstrate an increased risk of
autism 1in first-degree relatives of affected
individuals [e.g., siblingship recurrence is
estimated at 3%; Piven and Palmer,
1999]. Studies have also demonstrated
increased rates of sub-clinical autistic
symptomatology (the Broader Autism
Phenotype), such as an increase of 15—
20% in cognitive impairments in siblings
of probands, and of 20% for the broader
phenotype in siblings. Research also in-
dicates a role for environmental factors;
monozygotic twins do not necessarily
both develop autism despite identical
gene complements. Despite numerous
studies demonstrating effects of both ge-
netic and environmental factors, summa-
rized in Table 1, there is to date no
definitive solution to the puzzle of the
etiology of ASD.
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NEUROBIOLOGY OF AUTISM

The neuroanatomy and neural
functioning of autism has increasingly
been studied in recent years due to the
multiplication of new (and particularly
noninvasive) methodologies. These in-
clude computerized tomography (CT),
magnetic resonance imaging (MRI),
functional MRI, positron emission to-
mography (PET), single photon emission
computed tomography (SPECT), heart
rate, galvanic skin response, evoked re-
sponse potential (ERP) electrophysio-
logical techniques, and research on psy-
chopharmacological interventions. See
Kennedy et al. and Davidson et al. [cur-
rent issue] for overviews of these meth-
ods. Table 2 provides a summary of neu-
robiological findings.

Cerebellar Abnormality

In general, both CT and MRI data
indicate an absence of gross structural
brain lesions in ASD. The most consis-
tent neuropathologic finding (from au-
topsy studies) is a paucity of cerebellar
Purkinje cells [Bailey et al., 1998]. Al-
though sample sizes are small, data indi-
cate that the neurons of the deep cere-
bellar nuclei and the inferior olive are
atypical in autism, likely due to abnor-
malities in cells to which they project or
in their input. These studies also demon-
strate abnormally small, densely packed
neurons in the forebrain (hippocampus,
amygdala, entorhinal cortex), consistent
with arrested development [Bauman and
Kemper, 1994]. There have been numer-
ous subsequent studies of the posterior
fossa area (the cerebellum, pons, and
fourth ventricle). Some reports suggest
decreased cerebellar volume as well as a
smaller ratio of cerebellum to posterior
fossa and cerebellum to total brain
[Gattney et al,, 1987]; smaller area of
pons [Gaffney et al., 1988]; smaller ratio
of cerebellar lobules VI-VII to I-V
[Courchesne et al., 1988]; and a smaller
volume of cerebellar hemispheres [Mu-
rakami et al., 1989]. However, these
findings of decreased cerebellar volume
have not been replicated [Garber and
Ritvo, 1992; Holttum et al., 1992], and
data suggest that cerebellar hypoplasia
may be secondary to IQ differences, not
specific to autism [Piven et al., 1997;
Schaefer et al., 1996]. Thus, while cere-
bellar anomalies appear to play a role in
the disorder, they are likely one facet of a
complex set of neural differences.

White Matter Tracts
The corpus callosum, the largest
and most prominent axonal pathway in
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Table 1.

Possible Etiologies of Autism Spectrum Disorders

Approach Suggested Mechanism Notes Reference(s)
Genetic mechanisms and inheritance
Imprinting Differential gene expression from chromosomes of Skuse, 2000

Mosaicism

Environmental factors
Genetic liability combined with an
environmental insult
Prenatal stress

Sub-optimal uterine environment

Prolonged perceptual and social
deprivation
Genomic screen studies
Candidate genes/regions

Opverlapping expression of craniofa-
cial, neural genes
Epidemiological, screening studies
Genes suggested by associations
between ASD and genetic disor-
ders
Twin studies

Autoimmune and infectious origins of
autism
Pediatric Autoimmune Neuropsy-
chiatric Disorders Associated
with Streptococcal infections
(PANDAS)
Immune system dysfunction

Measles-mumps-rubella (MMR)
vaccine

Prenatal maternal rubella infection

Autoimmune system dysfunction

different parental origin
Error during embryonic cell division impedes seg-
regation of chromosomes or creates mutation

Prenatal exposure to toxin (e.g., thalidomide)

Possible increase of prenatal stressors for children
later diagnosed with ASD

Lowered maternal dopamine beta-hydroxylase
results in a lower norepinephrine: dopamine
ratio

11 of 165 children adopted from Romanian or-
phanages exhibited symptoms of autism

5-hydroxytryptamine transporter gene; Dopamine
B-hydroxylase gene; GLURG6 gene on 6q21;
15q11-13; 7q22-31 region; FOXP2 gene
HOX A1 area

Down syndrome; Turner’s syndrome; Fragile X
syndrome; Phenylketonuria (PKU); Tuberous
sclerosis; X;8 translocation; 20p deletion on 18

Concordance rate in twins: 70% MZ, 0% DZ;
80% MZ concordance for Broader Phenotype

For PANDAS patients with OCD and tic disor-
ders, sudden onset or acute exacerbation of
symptoms following streptococcus infection.
Similarities noted for cases of ASD

Increased auto-antibodies or other immune system
differences

Hypothetical link between MMR and autism pos-
ited in uncontrolled study

Large sample of children exposed prenatally to
rubella later diagnosed with ASD

Atypical configuration of histocompatibility anti-
gens locus suggests autoimmune deficits

Not replicated by
Piven et al., 1993

6 children remitted
fully

Not replicated in Li
et al., 2002.

‘Weaker when
dysmorphology,
MR excluded

Data suggest 2—-5
genes in action

No direct evidence
regarding etiology

Data not specific to
ASD

Findings not repli-
cated

Discussed in Pearson, 2002

Rodier, 1994;

Stromland et al., 1994

Beversdorf et al., unpublished
data

Robinson et al., 2001

Rutter et al., 1999

Reviewed in Folstein et al.,

2001

Rodier et al., 1997;
Rodier et al., 1996

Review: Cook, 1998

Bailey et al., 1995;
Pickles et al., 1995;
Ritvo et al., 1985

Swedo et al., 1998

Gupta, 2000; Zimmerman,
2000

Fombonne & Chakrabarti,
2001

Chess, 1977; Frey, 1997

Hornig & Lipkin, 2001

the brain, is responsible for inter-hemi-
spheric transfer of information. MRI
studies suggest significantly decreased size
of the body and posterior regions of the
callosum in autism [Piven et al., 1997],
indicating less effective interhemispheric
communication. A “disconnection” of
the two hemispheres could theoretically
account for some symptoms of ASD [El-
lis et al., 1994]. Diftfusion tensor imaging
(DTI) methods such as those described
by Watts et al. [this issue] may provide a
better understanding of how these fiber
tracts and others involving prefrontal cir-
cuitry may be disrupted in ASD.

Temporal Lobe Abnormality

The limbic system has been a focus
of investigation in autism, based on
symptom presentation and the finding of
amygdala and other forebrain abnormal-
ities. The amygdala may be critical in
modulating the learning of nuances of
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social interactions [Prather et al., 2001].
Lesions of the amygdala, given early in
development to macaque monkeys, have
been proposed as an animal model of
autism, as they lead to autism-like symp-
tomatology [Bachevalier, 1994]. Based
on the social deficits characteristic of au-
tism, MRI studies of the amygdala and
related structures have demonstrated bi-
laterally enlarged amygdala volumes in
high-functioning individuals with autism
[Howard et al., 2000]. In contrast, other
reports indicate decreased volumes in an-
terior limbic areas (right paracingulate
sulcus, left inferior frontal gyrus) and in-
creases in posterior areas (amygdala, mid-
dle temporal gyrus, inferior temporal gy-
rus), and in regions of the cerebellum
[Abell et al., 1999]. One MRI study of a
pair of MZ twins demonstrated decreased
caudate, amygdala, and hippocampus
volumes, as well as smaller cerebellar
vermis lobules VI and VII, as well as

reduced volumes of the superior tem-
poral gyrus and the frontal lobe relative
to controls [Kates et al., 1998]. Ana-
tomical studies of the limbic system are
generally consistent with incomplete
pruning early in development (arrested
development).

To better understand the atypical
memory abilities in ASD, investigators
have examined the temporal lobes and
ventricular system. One early study
found enlargements of the left temporal
horn of the lateral ventricle [Hauser, De-
Long, and Rosman, 1975], suggesting
decreased volumes of surrounding struc-
tures, particularly the temporal lobes.
More recently, abnormalities of the ven-
tricular system in autism have been re-
ported, although samples were heteroge-
neous and included with
neurological conditions [Damasio et al.,
1980; Gillberg and Svendsen, 1983].

individuals
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Table 2.

Imaging Studies of Autism Spectrum Disorders

Autism Group

Control Group (s)

Methodology

Findings'

Reference(s)

22 male adults

16 non-MR
adults; 22 males

35 subjects (mean:
18 years)

9 individuals

13 non-MR
adults

16 non-MR
adults

13 non-MR boys
(mean: 11
years)

29 children

13 non-MR boys
(mean: 11
years)

15 non-MR indi-
viduals

51 individuals
(ages 3—42)

Twin pair: one
child with au-
tism

16 non-MR boys
(ages 7-11)

15 adults

38 boys (ages
2-11)

14 children
21 non-MR

adults
17 patients

33 children

5 non-MR adults

14 non-MR
adults
8 males

11 non-MR
adults
6 non-MR adults

18 children (ages
4-17)

6 children

23 children
(28-92 months)

20 male controls

41 age-matched controls

36 healthy controls
matched on age, IQ

9 controls

35 control scans

19 male adults

35 archival MRI scans
(unmatched)

15 controls
35 archival MRI scans

(unmatched)

15 age- and 1Q-
matched controls

51 age-, sex-matched
controls
Sibling with sub-clinical

symptoms

15 age-matched controls

15 controls

39 age-matched boys

14 control children
24 adults

17 age-, sex-matched
controls

10 MR age-, IQ-
matched controls

5 age-matched adults

2 groups of 14 normal
controls

8 controls

6 controls

12 age-, IQ-matched
controls

10 age-matched controls

6 age-matched controls

None

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI
volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

volumetric MRI

PET: Verbal learning;

MRI

PET: Resting

PET: sentence pro-
cessing

fMRI: Face identifi-

cation

fMRI: Finger move-

ment task

fMRI: Working
memory

fMRI: Social infer-
ence task

SPECT

SPECT

SPECT, MRI

Greater total brain, total tissue, lateral ventricle vol-
umes

Increased volume of cerebellum, cerebellar hemi-
spheres

Increased volume of parietal, temporal, and occipital
lobes, overall brain size; decreased callosal volume

Minicolumnar abnormalities in frontal, temporal
lobes

Enlarged fourth ventricle
Increased cerebral and third ventricle volumes

Reduced brainstem, particularly the pons.

Decreased brainstem volume
Bilaterally enlarged amygdala

Decreased volume of paracingulate sulcus, inferior
frontal gyrus; increases in amygdala, middle tem-
poral gyrus, inferior temporal gyrus, cerebellum

Reduced area of corpus callosum regions where
parietal areas project

Reduced volume of caudate, amygdala, hippocam-
pus; cerebellum; superior temporal gyrus; frontal
lobes

Asymmetry reversal in frontal language-related cor-
tex; posterior temporal fusiform gyrus more left-
sided

Reduced volume of the left planum temporale, a
language related brain structure

Hyperplasia of frontal, temporal, parietal areas in
younger children; volume increases over age re-
duced.

Decreased exploration and rates of stereotyped be-
haviors correlated with cerebellar hypoplasia

Reduced gray matter in fronto-striatal and cerebellar
regions; related to impaired sensorimotor gating

Glucose hypometabolism in anterior and posterior
cingulate; reduced volume of anterior cingulate
gyrus

Hypoperfusion in both temporal lobes centered in
associative auditory and adjacent multimodal cor-
tex

Reversed hemispheric dominance for verbal percep-
tion; reduced cerebellar activation for nonverbal
perception

Greater inferior temporal gyri and decreased fusi-
form gyrus activation during face processing

Atypical individual variability of functional maps,
less distinct regional activation/deactivation pat-
terns

Decreased activation in dorsolateral prefrontal cortex
and posterior cingulate cortex

ASD group activated fronto-temporal regions but
not amygdala during inference task

Decreased cerebral blood flow in the left hemi-
sphere, particularly in sensorimotor and language-
related cortex

Temporal and parietal lobes had abnormal regional
cerebral blood flow

20 of 23 children had areas of decreased perfusion
in cerebellum, thalami and parietal cortex

Piven et al., 1996
Hardan et al., 2001b
Piven et al., 1996, 1997
Casanova et al., 2002
Gaftney et al., 1987
Hardan et al., 2001a
Gaftney et al., 1988

Hashimoto et al., 1992
Howard et al., 2000

Abell et al., 1999

Egaas et al., 1995

Kates et al., 1998

Herbert et al., 2002

Rojas et al., 2002

Carper et al., 2002

Pierce et al., 2001
McAlonan et al., 2002

Haznedar et al., 2000

Zilbovicius et al., 2000

Mueller et al., 1999

Schulz et al., 2000

Mueller et al., 2001

Luna et al., 2002

Baron-Cohen et al.,
1999

Chiron et al., 1995

Mountz et al., 1995

Ryu et al., 1999

"Unless otherwise noted, findings are reported as differences between autism group as compared with control group(s).

Frontal Lobes

The frontal lobes are the seat of

executive functions, which may be im-
paired in ASD, as discussed above. MRI

data indicates increased volumes of pari-
etal, temporal, and occipital lobes and
overall brain volume enlargements, but
no increases for the frontal lobes, com-
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pared to normal controls [Piven et al.,
1996]. Thus, relative to the rest of the
brain, the frontal lobes may be the most
abnormal in volume.
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Measures of Brain Volume

Overall brain volume provides a
general measure of neural development.
Although frank macrocephaly, or brain
enlargement, is found in only a small
proportion, enlarged head circumference
measures have been demonstrated in a
significant subset of individuals with
ASD [Piven et al., 1995], as have in-
creased cerebral (white matter) volumes
[Filipek et al., 1992]. Enlargements may
be the consequence of atypical head
growth in early and middle childhood
[Lainhart et al., 1997]. Excessive white
matter connections suggest a failure of
cortical pruning early in development,
which could lead to “sticky brain net-
works” that fail to learn readily [Cohen,
1994].

Functional Neuroanatomy in
Autism

The literature on functional brain
activity in individuals with ASD is even
less consistent than the structural brain
literature, with few replicated findings.
Electrophysiological studies have dem-
onstrated abnormalities of evoked re-
sponse potentials (ERPs), specifically, the
auditory P300 and P700 and auditory
and visual negative components, suggest-
ing deficits in sensory information pro-
cessing or in the maintenance and shift-
ing of selective attention [Courchesne,
1987] and possibly accounting for the
delays in responding often observed in
this population. PET studies have indi-
cated abnormal structure and metabolism
of the anterior cingulate gyrus [Haznedar
et al., 1997]. This finding is consistent
with the functional difficulties observed
in autism with processing affect, regu-
lated in part by the anterior cingulate.

Neurochemical Basis of Autism

The literature on development and
functioning of neurotransmitter systems
in autism is generally focused on two of
the transmitters, serotonin and dopa-
mine. Serotonin is important for the role
it plays in regulating the processes of neu-
rogenesis, neuronal differentiation, neu-
ropil formation, axon myelination, and
synaptogenesis. Neurochemically, the
most consistent finding in autism has
been an increase in blood serotonin.
[Anderson et al., 1990], likely causing a
loss of serotonin terminals, which would
lead to altered developmental processes
such as decreased hippocampal volumes
[Aylward et al., 1999]. Brain serotonin
synthesis capacity in childhood seems to
be disrupted in autism [Chugani et al.,
1999]; there are significant differences
between prepubertal and postpubertal
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children, with the latter having lower
serotonin concentrations than the former
[McBride et al.,, 1998], contrary to the
typical pattern.

The dopamine system may play a
role in mediating the repetitive and ste-
reotypic movements of autism. Func-
tional imaging (using PET) suggested re-
duced F-fluorodopa (F-DOPA) activity
in the anterior medial prefrontal cortex,
compared with the occipital cortex, in
autism [Ernst et al., 1997]. Findings,
which indicated decreased dopaminergic
function in prefrontal cortex, could also
be related to executive dysfunction in
ASD. Furthermore, the dopamine system
is critical in the system involving the
frontal lobes and the closely related struc-
tures of the basal ganglia, medial-tempo-
ral lobs, and thalamic nuclei. As dis-
cussed, there is substantial evidence of
impairment in these systems.

“Findings [from both
neuroimaging and
neurochemical studies]
are suggestive of early,
neuromodulatory effects
rather than of gross or
localized
abnormalities. . .”’

Autonomic Nervous System
Functioning

There is relatively little research on
low-level autonomic nervous system
(ANS) functioning in ASD. Studies of
sleep stages, circadian rhythms, and
sleep-waking patterns in children with
autism have failed to demonstrate clear
differences [Yuwiler et al., 1971].
Arousal or “tonic” activation of the ANS
is related to functioning of the brainstem
reticular formation and catecholaminer-
gic mechanisms; although findings are
inconsistent, they do not suggest constant
over- or under-arousal in ASD. How-
ever, arousal levels (heart rate and skin
conductance) may differ in response to
auditory stimuli, such that individuals
with autism exhibit less reactivity to
stimuli with social content [Palkovitz and
Wiesenfeld, 1980]. Children with autism
seem to have greater autonomic respon-
sivity to all environmental stimulation,

and this vulnerability to hyperarousal
may lead to avoidance or self-stimulatory
behaviors [Hirstein et al., 2001]. At least
one study has demonstrated convincing
evidence of significant autonomic dys-
regulation and an inability to mobilize
processing resources appropriately [Zahn
et al., 1987].

TREATMENT OF AUTISM
SPECTRUM DISORDERS

Interventions for individuals with
ASD typically involve some combination
of special education, behavioral interven-
tions, and pharmacological interventions.
Table 3summarizes findings in the inter-
vention and treatment of ASD. In gen-
eral, pharmacological strategies are re-
served for adolescents and adults, or for
specifically  targeted symptoms in
younger children [Campbell et al., 1996].
Interestingly, the behaviors and symp-
toms that are most effectively addressed
with medication are typically not the
core features of autism (social and com-
municative skills), but rather include ag-
gression, self-injurious behaviors, stereo-
typed movements, and attentional
deficits [Volkmar, 2001].

A relevant consideration in assess-
ing a medication’s efficacy is the mecha-
nism underlying positive outcomes. For
example, a medication may reduce inat-
tention, allowing a child to learn more
effectively in the classroom and thus in-
creasing academic performance. In this
case, the secondary change in academic
abilities should be distinguished from di-
rect effects on attentional abilities. In
contrast with pharmacological ap-
proaches, behavioral treatments have
been found to more directly target core
symptoms of ASD. While the efficacy of
interventions is more difficult to quan-
tify, as changes are long-term and require
longitudinal studies, the four primary be-
havioral interventions summarized in Ta-
ble 2 have all exhibited some success to
date. Finally, in addition to the above
approaches, which are either empirically
validated or based on an empirical liter-
ature, there are a number of “alternative
and complementary” therapies that are
less evidence-based. Families are invested
in exploring alternative therapies in part
because the core deficits of ASD have
been largely resistant to pharmacological
treatments.

DISCUSSION

Studies using functional and struc-
tural MRI, genetic, neurochemical, au-
tonomic system, and autolmmune ap-
proaches to ASD indicate several
consistent findings, although findings
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Table 3.

Treatment of Autism Spectrum Disorders

Pharmacological Treatments
Atypical Antipsychotics

Efficacy

Mechanism

Effects & Concerns

Reference(s)

risperidone (Risperdal)

haloperidol (Haldol)

Serotonin system
clomipramine (Anafranil)

fluvoxamine (Luvox)

fluoxetine (Prozac)
d,l-fenfluramine

Noradrenergic system
Beta Blockers

Behavioral Treatments
Treatment and Education of
Autistic & Related

Communication Handi-
capped Children (TE-
ACCH)

Behavior modification:
Early Intervention
Project (EIP)

Greenspan approach

Social skills training

Alternative/ Complementary
Therapies
Secretin

Megavitamins: B6, magne-
sium
Restricted diet

Facilitated communication

Auditory Integration
Training

Moderate

Moderate, with side
effects

Moderate, with side
effects
Moderate

Moderate
Not replicated

Small number of
studies

Growing empirical

support

Widely implemented,
empirical support

No empirical support

Early results promis-
ing

Not replicated

Not replicated
Not replicated
None

Not replicated

Block dopamine and
serotonin receptors

Dopamine blocker

Serotonin reuptake

Serotonin reuptake in-
hibitor (SSRI)

SSR1I

Lowers plasma serotonin

Blocks adrenaline in
beta receptors

Environmental adapta-
tions to deficits (e.g.,
use of

visual cues)

Behavior enhancement
and reduction tech-
niques via applied
behavioral analysis
(ABA)

Floortime; emotional
learning techniques to
promote interaction.

Teach social compe-
tence, often in group
setting.

Gastrointestinal polypep-
tide

Eliminate gluten & lac-
tose from diet

Physical assistance in use
of keyboard

Dampen sound sensitiv-

ity

| tantrums, self-in-
jury, irritability,
aggression

| stereotypies, with-
drawal; 1 dystonia,
dyskinesia

| repetitive thoughts,
aggression; 1 sei-
zures

Long-term effects pos-

sible

| aggression and 1
arousal

Benefits in core symp-
toms

Improvement in core
symptoms. Poor
generalization to
novel settings

Improvement in core
symptoms. Parents
may feel isolated

Improvement in core
symptoms

Unknown

Unknown
Nutrition
Denounced by prof.

organizations
Unknown

Research Units on Pediatric
Psychopharmacology Au-
tism Network, 2002

Campbell et al., 1978, 1988

Gordon et al., 1993

McDougle et al., 1994

Cook et al., 1992
Campbell et al., 1988; Ek-
man et al., 1989; Lev-

enthal et al., 1993

Ratey et al., 1987

Schopler, 1994

McEachin et al., 1993; Gre-
sham & MacMillan,
1997a,b; Schopler et al.,
1993

Greenspan, 1998

Dyer & Peck, 1987; Koegel
et al., 1994; Lord, 1995

Horvath et al., 1998; Dunn-
Geier et al., 2000; Owley
et al., 2001

Martineau et al., 1988;
Rimland, 1988

Knivsberg et al., 1990, 1995

Bomba et al., 1996; Smith
& Belcher, 1993
Gillberg et al., 1997

across various methodologies have not
yet converged to provide a unified hy-
pothesis of the underlying etiology and
mechanisms of the disorder. Frontal, me-
dial prefrontal, temporal, and anterior
cingulate cortical regions have revealed
differences in individuals with autism;
subcortical areas of interest have included
the amygdala, basal ganglia, thalamus,
and cerebellum. Neurochemically, find-
ings are suggestive of early, neuromodu-
latory eftects rather than of gross or lo-
calized abnormalities, similar to the
structural imaging findings.
Pharmacological interventions for
ASD indicate that in general, dopamine

blockers and related compounds are
somewhat effective in the treatment of
stereotypies and overactivity, and con-
versely, agents that stimulate dopamine
activity (e.g., stimulant medications) typ-
ically exacerbate symptoms in autism
[Campbell et al., 1972]. In contrast, se-
rotonin is involved in the mediation of a
wide range of behaviors and psycholog-
ical processes, including mood, anxiety,
repetitive thoughts, sleep, aggression, im-
pulsivity, and social interaction and affil-
iation [Whitaker-Azmitia and Peroutka,
1990], and functioning of the serotonin
system may be impaired in ASD. Sero-
tonin system drugs have been found to be
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more helpful in addressing anxiety-like
symptoms.

It is notable that pharmacological
approaches in general are atheoretical
with respect to the underlying causes of
autism; rather, they target global symp-
toms. One important goal for future
studies is to design more specific inter-
ventions. Genetic studies are likely to
provide an important strategy for devel-
oping such targeted pharmacological in-
terventions, although identifying candi-
date genes is a complex matter. When we
can focus on genes that play a role in the
etiology of the ASD, researchers will be
able to characterize the biochemical ef-
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fects of mutations, investigate the molec-
ular effects of mutations on biochemical
neural processes, study the effects of mu-
tations via stem cells, study the effects of
therapeutic agents on animal models, and
develop clinical trials [Cook, 1998]. No
single set of findings is conclusive, but
the genomic screen approach is promis-
ing for the future [Folstein and Rosen-
Scheidley, 2001]. The data on interven-
tions highlights the importance of
including young children in neurobio-
logical studies of autism. Given the
greater neural and behavioral plasticity
characteristic of younger individuals,
there may be a greater opportunity to
find differences that lead to lasting im-
provements. In addition, the study of
younger children avoids the complica-
tions introduced by the adaptations and
coping mechanisms that older individuals
have adopted to cope with the experi-
ence of having a disorder. End state be-
haviors may be secondary adaptations to
earlier primary deficits.

The reviewed reports highlight the
heterogeneity of approaches and hypoth-
eses for understanding the mechanisms
underlying ASD, and to date, there are
only a small number of consistent find-
ings. However, the overall picture is a
hopeful one, with increasingly positive
outcomes possible for many individuals
and with a many promising avenues of
investigation.

Linking Research to Behaviors:
New Directions

There are several developments in
noninvasive neuroimaging and other
neurocognitive approaches that present
an exciting new challenge for the study
of development in ASD. For example,
diftusion tensor imaging (DTT) is a tech-
nique that permits the tracking of white
matter fiber tracts by quantifying the dif-
fusion of water molecules in the brain
[see Watts et al., this issue]. Molecules
diftuse less readily across membranes, and
part of MRI processes facilitates the di-
rectional mapping of white matter tracts
based on this principle. Applying such a
technique in autism would help to expli-
cate any differences in the trajectories and
connections of neural tracts between
brain areas. Another exciting approach is
investigating genetic influences on brain
development by correlating well-known
genetic polymorphisms with brain mor-
phometry and behavior [Casey et al.,
2001 and Fosella et al., this issue].

There are a number of limitations
of both structural and functional neuro-
imaging studies that likely play a role in
the lack of replicated findings to date. For
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morphometric MRI studies, this includes
the reliability and validity of measure-
ments (partially resolved by using mea-
surements that rely on whole volumes
rather than a single representative slice).
Moreover, although group differences in
brain volume have been quantified, indi-
vidual cells and cell layers are not visual-
ized, thus precluding an assessment of the
underlying cause of differences in brain
shape and volume. Few studies have
linked differences in volume of brain re-
gions to clinical symptomatology or se-
verity; this approach would be ideal for
exploring the role of neural disruption in
symptoms of autism. A significant con-
cern in both structural and fMRI studies
has been the appropriate selection of
controls and biases in subject selection.
Specifically, low-SES populations are
frequently not included; and comparison
samples have often included patients
whose scans have been read as normal.
Gender, chronological age, mental age
(IQ), body weight, seizures, and some
medical conditions contribute to ana-
tomical and functional differences, and
behavioral parameters all play a signifi-
cant role in imaging findings. The selec-
tion of controls matched on these param-
eters 1is critica. Compounding the
difficulty is that imaging requires consid-
erable statistical power, and sample sizes
are not necessarily large enough to pro-
vide adequate power. Finally, to date it
has been difficult to develop imaging
paradigms that address core symptoms of
autism and demonstrate autism-specific
differences in functional activity.

In summary, the study of autism
spectrum disorders using noninvasive
structural and functional MR, DTI, ge-
netic approaches, and emerging method-
ologies offers both the challenge and the
promise of understanding the neural un-
derpinnings of ASD and their relation-
ship to the specific strengths and weak-
nesses characteristic of the broader autism

phenotype.
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