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Structural neuroimaging in autism
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Abstract

Structural neuroimaging studies done by means of magnetic resonance imaging

(MRI) have provided important insights into the neurobiological basis for autism.
The aim of this article is to review the current state of knowledge regarding struc-
tural brain abnormalities in autism. Results of MRI studies dealing with total brain
volume, the volume of the cerebellum, caudate nucleus, thalamus, amygdala, hip-
pocampus and the area of the corpus callosum are summarized. Existing research
suggests that autistic individuals have larger total brain, cerebellar and caudate
nucleus volumes; however, the area of the corpus callosum is reduced. Results
of studies involving the amygdala and hippocampus volume in autistic subjects
remain inconsistent and no changes have been detected in thalamic volume.

Abbreviations & units:

ASDs - autism spectrum disorders

CcC - corpus callosum

ES - effect size

ICD-10 - International Classification of Diseases,
10th Revision

1Q - intelligence quotient

MRI - magnetic resonance imaging

PDDs - pervasive developmental disorders

TBV - total brain volume

INTRODUCTION

Autism is a complex developmental disability char-
acterized by impairments in social interaction,
communication, and behavior. Autism, or Child-
hood autism, as described by the International
Classification of Diseases, 10th Revision (ICD-10;
World Health Organization, 1992), seems to be the
most important member of the group of Pervasive

.........................

Developmental Disorders (PDDs), also called Au-
tism Spectrum Disorders (ASDs).

A large number of studies, many published in
the past decade, link autism with specific neural
and neurochemical abnormalities (Volkmar et al.
2005; Penn, 2006; Oslejskova et al. 2007). Research
results indicate that autism is largely caused by ge-
netic factors that lead to abnormal brain develop-
ment (Nicolson & Szatmari, 2003). Quantitative
analyses have indicated heritability in excess of
90% (Volkmar et al. 2005). Alternative etiological
theories do exist and included, for example, neg-
ative effects of vaccines and/or vaccine preserva-
tives, e.g. thimerosal (Geier & Geier, 2006a), al-
tered metabolic pathways (Shattock et al. 1990,
Sliwinski et al. 2006), immunological dysregula-
tion (Jyonouchi et al. 2005; Molloy et al. 2006),
and hormonal imbalances (Geier & Geier, 2006b;
Geier & Geier, 2007). However, the majority of al-
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ternative etiological explanations have not been accept-
ed by academic psychiatry (Rutter, 2005; Volkmar et al.
2005).

Structural neuroimaging studies, done by means of
magnetic resonance imaging (MRI), have provided im-
portant insights into the neurobiological basis for au-
tism (Nicolson & Szatmari, 2003) and a large number
of structural MRI studies have been published. A recent
systematic review found 46 structural controlled neu-
roimaging studies involving over 800 individuals with
autism and similar numbers of controls (Stanfield et al.
2007). The aim of present review is to describe and dis-
cuss structural abnormalities detected by neuroimaging
studies in autism.

TOTAL BRAIN VOLUME

There have been numerous studies on the topic of total
brain volume (e.g. Filipek et al. 1992; Piven et al. 1995;
Townsend et al. 1999; Haznedar et al. 2000; Aylward et
al. 2002; Sparks et al. 2002; Hardan et al. 2003; Herbert et
al. 2003; Tsatsanis et al. 2003; Kates et al. 2004; McAlo-
nan et al. 2005; Vidal et al. 2006; Girgis et al. 2007) and
there is consistent evidence for increased total brain
volume (TBV) in autism (Brambilla et al. 2003; Palmen
& van Engeland, 2004; Sokol & Edwards-Brown, 2004;
Penn, 2006; Stanfield et al. 2007).

An earlier review, which focused on brain volume, as
well as on area measurements, identified 12 studies: 7 of
these studies reported brain enlargement, while 5 stud-
ies failed to find any change; none of the studies report-
ed a decrease in total brain size (Brambilla et al. 2003).
The most recent meta-analysis identified 16 volumetric
studies, and found significantly increased TBV in autis-
tic subjects compared to controls, with a standardized
effect size (ES) = 0.32 (Stanfield et al. 2007).

Several studies have suggested that brain enlarge-
ment was restricted to early childhood (Aylward et al.
2002; Courchesne et al. 2001), while other studies re-
ported brain enlargement which persisted into adult-
hood (Hardan et al., 2001a; Piven et al. 1995; Piven et
al. 1996). Some authors also stressed that level of intelli-
gence (IQ), sex, handedness, height and weight, socio-
economic status and the use of neuroleptic medication
could also be associated with the size of brain structures
(Brambilla et al. 2003; Palmen & van Engeland, 2004).
However, a recent meta-analysis failed to reveal any sig-
nificant influence of age or IQ on TBV (Stanfield et al.
2007).

CEREBELLUM

Generally, the cerebellum is associated with motor inte-
gration and may seem an unlikely candidate to account
for the profound effects of autism (Sokol & Edwards-
Brown, 2004). Studies of cerebellar structure have
been more inconsistent than studies of TBV. The first
cerebellum studies reported a range of results includ-

ing: (i) smaller cerebellar hemispheric areas (Gaftney
et al. 1987a; Murakami et al. 1989), (ii) hypoplasia of
lobules VI and VII (Courchesne et al. 1988; Cieselski
et al. 1997), (iii) hypoplasia of the entire cerebellar ver-
mis (Hashimoto et al. 1995), (iv) hyperplasia of lobules
VI and VII (Courchesne et al. 1994a, 1994b, 1994c),
and (v) no change in vermis lobules VI and VII (Fili-
pek et al. 1992; Piven et al., 1992). However, more re-
cent studies have found increased cerebellar volume in
both autistic children (Sparks et al. 2002; Herbert et al.
2003), and autistic adults (Piven et al. 1997a; Hardan et
al. 2001b).

In his review, Brambilla et al. (2003), reported 3
studies which found an increase in the size of cerebel-
lar hemispheres, 2 studies which found a decrease in
the size of cerebellar hemispheres, and 3 studies that
failed to demonstrate any changes in size. His review
also reported 2 studies which found an increase in the
size of cerebellar lobules VI and VII, 5 studies which
reported a decrease in size, and 11 studies which failed
to demonstrate any changes. A meta-analysis by Stan-
field et al. (2007) found significantly enlarged cerebellar
hemispheres in autistic subjects compared to controls,
with a standardized effect size = 0.72. In contrast, ver-
mis lobules VI and VII (ES = —0.27) as well as vermis
lobules VIII-X (ES = —0.43) were significantly smaller
in autistic subjects compared to controls. Significant re-
lationships were also found between the effect size for
the cerebellar vermis lobules VI and VII and the mean
age and IQ of autistic subjects.

BASAL GANGLIA

The basal ganglia, consisting of the caudate nucleus, pu-
tamen, and globus pallidus, are believed to be involved
with stereotyped and repetitive behaviors seen in au-
tism (Palmen & van Engeland, 2004). Several studies
have found the caudate nucleus volume to be increased
either bilaterally (Sears et al. 1999; Voelbel et al. 2006;
Langen et al.2007) or on the right side only (Hollander
et al. 2005; Haznedar et al. 2006). Some of the studies
performed a correction of results, based on total brain
volume; even after correction, the results remained sig-
nificant (Sears et al. 1999; Hollander et al. 2005; Langen
et al. 2007). One reviewed study failed to demonstrate
any differences in caudate nucleus and putamen be-
tween autistic subjects and controls (Hardan et al. 2003)
and one study found an increase in the volume of the
globus pallidus - putamen, which was proportional to
the increase in brain volume, but found no differences
in the caudate nucleus (Herbert et al. 2003).

Only three of the studies mentioned above (Sears et
al. 1999; Hardan et al. 2003; Herbert et al. 2003) were
included in the Stanfield et al. (2007) meta-analysis;
which found significantly increased caudate volume in
autistic subjects compared to controls, with a standard-
ized effect size = 0.41.
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There have been attempts to connect basal ganglia
size with underlying psychopathology. In the Sears et
al. (1999) study, caudate volume was associated with
compulsions and rituals, difficulties with minor change,
and complex motor mannerisms in autism. Similarly, in
a study by Hollander et al. (2005), the right caudate and
total putamen volumes correlated positively with re-
petitive behavior. Voelbel et al. (2006) found that larg-
er caudate volumes were related to impaired problem
solving. On the other hand, Hardan et al. (2003) failed
to demonstrate such a relationship. They suggested that
the motor deficits observed in autism might not be re-
lated to structural abnormalities of the basal ganglia,
but instead, other brain regions, such as the cerebellum
and the frontal lobe, might be involved in the patho-
physiology of motor disturbances in autism.

THALAMUS

The thalamus has been implicated in the attention,
memory, language, and emotional processing deficits
seen in autism (Palmen & van Engeland, 2004). How-
ever, results of neuroimaging studies have been disap-
pointing. Herbert et al. (2003) reported increased tha-
lamic volume before, but not after correction for brain
volume. However, the majority of studies did not ob-
serve any differences between autistic and control
groups relative to unadjusted thalamic volumes (Tsat-
sanis et al. 2003; Hardan et al. 2006; Haznedar et al.
2006).

The meta-analysis by Stanfield et al. (2007) found
only a negligible effect size in autistic subjects com-
pared to controls with regard to thalamus volume (ES
—0.05 for the left thalamus and ES —0.04 for the right
thalamus).

CORPUS CALLOSUM

The corpus callosum (CC) is a brain structure involved
in interhemispheric transfer of information and has be-
come important in the study of cortical connectivity in
the brain. Cortical connectivity and therefore the CC
are thought to be abnormal in autism. The first study
investigating the CC did not find a significant difference
compared to healthy controls (Gaffney et al. 1987b).
Later studies reported a significant reduction in the an-
terior part (involving the genu and rostrum) of the CC
(Hardan et al. 2000), in the body of the CC (Manes et al.
1999), in the body and posterior subregions of the CC
(Piven et al. 1997b), and in the genu and splenium (Just
et al. 2007). Vidal et al (2006) noted that traditional
morphometric methods used in their study detected a
significant reduction in the total callosal area in the an-
terior third of the CC in autistic patients; however, 3D
maps revealed significant reductions in both the genu
and splenium of the CC in autistic patients.

Neuroimaging in autism

The meta-analysis carried out by Stanfield et al.
(2007) found a significantly smaller corpus callosum in
autistic subjects compared to controls (ES = —0.28).

AMYGDALA

The amygdala is a brain structure of key importance
relative to social behavior and cognition, and compel-
ling evidence for amygdala dysfunction in people with
autism has been collected (Baron-Cohen et al. 2000;
Pierce et al. 2001; Pierce et al. 2004). Despite this, re-
sults of studies that have investigated amygdala vol-
ume in autism have been contradictory. Various studies
have reported (i) increased amygdala volume (Abell et
al. 1999; Howard et al. 2000; Sparks et al. 2002), (ii) de-
creased amygdala volume (Aylward et al. 1999; Pierce
et al. 2001; Herbert et al. 2003; Nacewicz et al. 2006),
and (iii) no change in amygdala volume (Haznedar et
al. 2000). Schumann et al. (2004) found that the amyg-
dala was enlarged in children with autism but not ad-
olescents with autism. The meta-analysis by Stanfield
et al. (2007) supported this finding, and demonstrated
that as age increased, amygdala volume in autistic sub-
jects decreased relative to controls. Significant relation-
ships were found between age and effect size for the left
and right amygdala. Additionally, effect size was differ-
ent for the left amygdala (ES = 0.15) and right amygdala
(ES = 0.28).

Several studies have attempted to link amygdala vol-
ume or size with autistic psychopathology. Hrdlicka et
al. (2005) performed a cluster analysis based on struc-
tural MRI measurements and found that the least im-
paired autistic individuals were in the cluster with the
largest amygdala size. Munson et al. (2006) reported
that, in children, ages 3 and 4 years, increased right
amygdalar volume was associated with more severe so-
cial and communication impairments. On the other
hand, Nacewicz et al. (2006) found that individuals
with autism who had small amygdalae were the slowest
to distinguish emotional from neutral expressions and
showed the least fixation of eye regions. Juranek et al.
(2006) reported that symptoms of anxiety/depression
in autistic children were significantly correlated with
increased total amygdala volume and right amygdala
volume.

HIPPOCAMPUS

Abnormalities of the hippocampus and related limbic
structures have been considered relevant to the patho-
physiology of autism because of their role in learning,
social functioning, and emotion functions; these same
functions are typically affected in autism (Nicolson et al.
2006). As in the amygdala studies, no consistent find-
ings have been published. Although there have been
studies which reported (i) increased hippocampal vol-
ume (Sparks et al. 2002; Schumann et al. 2004), (ii) de-
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creased hippocampal volume (Aylward et al. 1999; Her-
bert et al. 2003; Saitoh et al. 2001), and (iii) no change
in hippocampal volume (Saitoh et al. 1995; Piven et al.
1998; Haznedar et al. 2000; Howard et al. 2000; Nicol-
son et al. 2006; Dager et al. 2007). The meta-analysis by
Stanfield et al. (2007) revealed no statistically signifi-
cant changes between autistic subjects and controls.

Dager et al. (2007) reported that it wasn’t volumet-
ric measurements but instead hippocampal shape mea-
sures that distinguished children with ASDs from those
with typical development. Hippocampal-shape altera-
tions in children with ASDs correlated with the degree
of mental retardation and performance deficits seen on
tests of medial temporal lobe function.

DISCUSSION

Early structural studies were often plagued by meth-
odological deficits such as: small sample sizes; the use
of patients with associated medical and neurological
conditions; the use of medically ill controls instead of
healthy controls, no matching of confounding factors
(e.g. age, sex, IQ, and medication status), low power of
the magnetic field strength (0.5 Tesla), and thick (more
than 1.5 mm) slices (Mink & McKinstry, 2002; Palmen
& van Engeland, 2004). These issues create difficulties
when evaluating study results.

There have been various attempts to define a reliable
quality rating protocol for neuroimaging studies in gen-
eral. For example, Brambilla et al. (2003) introduced a
checklist of 12 points, divided into three categories. The
criteria are still useful when evaluating the results of a
study:

Category 1: Subjects

1. Patients evaluated prospectively, specific diag-
nostic criteria applied, and demographical data
reported;

2. Healthy comparison subjects evaluated prospec-
tively, psychiatric and medical illnesses excluded,
and demographical data reported;

3. Important confounds (e.g. age, gender, IQ, hand-
edness, socioeconomic status, height or total brain
measures) controlled either by stratification or
statistically;

4. Sample size: at least 20 per group.

Category 2: Methods for image acquisition and

analysis

5. All anatomic measurements made blind to group
assignment and to the subject’s identity;

6. Measures for brain structures reported.

7. MRIslice-thickness of 3 mm or less and more than
one slice identified and traced;

8. Imaging techniques clearly described so as to be
reproducible;

9. Measurements clearly described so as to be
reproducible;

10. Regions-of-interest defined so as to be
reproducible;

Category 3: Results and conclusions

11. Statistical parameters for significant and impor-
tant non-significant differences provided;

12. Conclusions consistent with results with a discus-
sion of study limitations.

The quality of MRI studies has continuously improved
over the last decade. As Palmen & van Engeland (2004)
wrote, “most studies investigated more homogeneous
groups of patients and more extensively matched con-
trol groups and used more sophisticated MRI tech-
niques” at that time.

CONCLUSIONS

There is good agreement among existing studies that
autistic individuals have larger total brain, cerebellar
and caudate nucleus volumes; while the area of corpus
callosum is reduced. Studies of amygdala and hippo-
campus volumes in autistic subjects have produced in-
consistent results; and no studies have reported changes
in thalamic volume associated autism.
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