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Abstract: Autism spectrum disorders (ASD) are pervasive developmental disorders with characteristic
core symptoms such as impairments in social interaction, deviance in communication, repetitive and ster-
eotyped behavior, and impaired motor skills. Anomalies of brain structure have repeatedly been hypothe-
sized to play a major role in the etiopathogenesis of the disorder. Our objective was to perform unbiased
meta-analysis on brain structure changes as reported in the current ASD literature. We thus conducted
a comprehensive search for morphometric studies by Pubmed query and literature review. We used a
revised version of the activation likelihood estimation (ALE) approach for coordinate-based meta-analysis
of neuroimaging results. Probabilistic cytoarchitectonic maps were applied to compare the localization of
the obtained significant effects to histological areas. Each of the significant ALE clusters was analyzed
separately for age effects on gray and white matter density changes. We found six significant clusters of
convergence indicating disturbances in the brain structure of ASD patients, including the lateral occipital
lobe, the pericentral region, the medial temporal lobe, the basal ganglia, and proximate to the right parietal
operculum. Our study provides the first quantitative summary of brain structure changes reported in liter-
ature on autism spectrum disorders. In contrast to the rather small sample sizes of the original studies,
our meta-analysis encompasses data of 277 ASD patients and 303 healthy controls. This unbiased
summary provided evidence for consistent structural abnormalities in spite of heterogeneous diagnostic
criteria and voxel-based morphometry (VBM) methodology, but also hinted at a dependency of VBM
findings on the age of the patients. Hum Brain Mapp 33:1470–1489, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Autism spectrum disorders (ASD) are pervasive devel-
opmental disorders characterized by a triad of core symp-
toms: (1) severe and sustained impairment in social
interaction, (2) reduced and impaired communication, (3)
restricted and/or stereotyped patterns of behavior and
interest. Moreover, impairments of sensorimotor functions
are regularly present in ASD patients. Disease onset is gen-
erally prior to the age of 3 [Volkmar and Pauls, 2003], but
clinical presentation of the disorder is complex and can
vary considerably. Consequently, the term autism spec-
trum disorder has been coined to acknowledge the pheno-
typic variability. The course of the disorder can be further
complicated by a variety of diverse comorbidities such as
epilepsy [Volkmar and Nelson, 1990], social anxiety disor-
der, insomnia [Richdale and Prior, 1995], and others.

The exact etiopathological mechanisms of ASD are still
ill understood, but compelling evidence supports the idea
of ASD as a highly genetically determined neuropsychiat-
ric disorder [Coon, 2006; Courchesne et al., 2007; Landa,
2008; Landa et al., 2007; Lauritsen et al., 2005]. A variety
of data points to disturbances of brain growth and matura-
tion as an important pathomechanism. Prospective studies
have shown normal brain sizes of ASD patients at birth,
but at 1–2 years of age brains of ASD patients undergo
abnormal overgrowth [Bartholomeusz et al., 2002; Courch-
esne et al., 2003; Dawson et al., 2007; Dementieva et al.,
2005; Dissanayake et al., 2006; Hazlett et al., 2005]. During
later childhood and adolescence, the difference between
brain volumes in ASD patients and healthy controls nar-
rows to a remaining of 1–3% difference in brain volume
[Redcay and Courchesne, 2005].

Structural MR imaging studies suggest that these
altered growth trajectories do not affect the brain ubiqui-
tously. Rather, region of interest (ROI)-based volumetric
studies have reported a preferential overgrowth of the
frontal and the temporal lobes in particular as well as
the amygdala in 2- to 4-year-old ASD patients [Carper
and Courchesne, 2005; Carper et al., 2002; Courchesne
et al., 2001; Sparks et al., 2002]. In contrast, the occipital
lobe is least affected though competing evidence exists
[Bloss and Courchesne, 2007; Carper et al., 2002; Hazlett
et al., 2005; Kates et al., 2004; Palmen et al., 2005]. In con-
trast to these findings in children, most volumetric stud-
ies on adolescent and adult ASD patients report cortical
thinning [Hadjikhani et al., 2006] and normal or even
reduced volume of the frontal lobe [Schmitz et al., 2007]
and the amygdala [Nacewicz et al., 2006; Pierce et al.,
2004; Schumann et al., 2004]. However, volumetric find-
ings in these age groups are inhomogeneous and even
contradictory. While some authors did not find abnor-
mally cortical volume reduction [Hardan et al., 2006],
others even described a persistence of cortical gray mat-
ter enlargement [Lotspeich et al., 2004].

Compared to the depicted volumetric approach, morpho-
metric studies based on voxel-wise whole-brain analyses

do not require an a priori hypothesis and are hence more
sensitive to localized structural changes. Nevertheless,
like volumetric investigations, these types of studies also
carry several limitations, such as typically having small
sample sizes and, especially with regard to the suppos-
edly disturbed brain trajectories in ASD, the non-consid-
eration of age-dependency due to narrow age ranges
investigated in each study. In addition, automatized tis-
sue classification for morphometry increases the risk of
artifacts influencing study results. Hence model-depend-
ent false positives and negatives are commonplace. In
summary, these challenges reduce reliability of the single
study and consequently demand the integration of data
from several studies in order to identify locations, which
consistently display alterations of brain structure. In
addition, the current literature on voxel-based morphom-
etry (VBM) studies shows an inconsistent terminology
relating to diagnoses and a considerable variation in
diagnostic tools used. Thus, a quantitative summary of
these studies might help to elucidate whether there exist,
on the anatomical level, common findings within the
broad construct of autism spectrum disorders. That is,
are there brain regions where structural alterations have
been consistently in spite of the heterogeneous criteria
used to define ASD?

Anatomic likelihood estimation (ALE) [Laird et al., 2005;
Turkeltaub et al., 2002] is a quantitative algorithm for the
detection of significant convergence among reported coor-
dinates for local maxima of change. This approach treats
the reported foci of individual VBM studies not as points
but as spatial probability distributions centered at the
given coordinates. By computing the union of these proba-
bilities, ALE maps can be computed, which are subse-
quently compared to the between-study variability using
non-parametric inference based on a randomization proce-
dure. Hence, ALE analysis does provide a powerful,
observer-independent approach for the meta-analysis of
structural (or functional) whole-brain voxel-based studies.
Consequently, there is no a priori restriction or hypothesis,
but rather convergence of findings is assessed across the
entire brain. Furthermore, it allows subsequent analysis of
the histological location of consistent changes using
cytoarchitectural probability maps as microstructural refer-
ences [Amunts and Zilles, 2001; Eickhoff et al., 2005,
2006a,b,c; Zilles et al., 2002].

We here report results from an ALE-based meta-analysis
of 16 morphometric MRI studies using voxel-wise whole-
brain VBM analysis, which in total enrolled 277 ASD
patients and 303 healthy controls. The purpose of our ALE
meta-analysis was to provide a quantitative summary of
the existing findings on brain structure changes in autism
spectrum disorder and to identify brain regions that are
consistently reported to show changes in ASD patients
compared to controls in VBM in spite of the variability
between studies. After computation of ALE maps, we
used the SPM Anatomy Toolbox v1.5 [Eickhoff et al., 2005,
2006a] to histologically allocate the clusters obtained by
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ALE using cytoarchitectonic maximum probability maps.
We then aimed to depict age-related effects of gray matter
and white matter changes.

METHODS

Literature Search and Selection

We conducted a comprehensive search for morphomet-
ric studies by Pubmed literature search (www.pubme-
d.org, search strings: ‘‘autism þ morphometry,’’ ‘‘autism þ
brain þ mri,’’ ‘‘autism þ brain þ voxel-based,’’ ‘‘asperger
þ morphometry,’’ ‘‘asperger þ brain þ mri,’’ and
‘‘asperger þ brain þ voxel-based,’’ ‘‘autism þ VBM,’’
‘‘asperger þ VBM’’) on structural magnetic resonance
imaging (sMRI) studies. The literature cited in systematic
reviews and the obtained papers was also assessed to
identify additional neuroimaging studies dealing with
brain structure changes in autism spectrum disorders not
retrieved by the database search. Literature from a publi-
cation period from 1999 to 2009 was included.

Only studies that analyzed local changes in gray and/or
white matter volume based on structural MR images were
included in our meta-analysis. Furthermore, whole-brain
results in stereotactic coordinates (Talairach/MNI) (x,y,z)
were required for inclusion.

Our search strings identified a total of 593 articles in
Pubmed. 566 studies had to be excluded due to one of the
following reasons:

� the studies were review articles
� the studies reported only MRI data for animal

models
� the studies reported only functional, not structural

MRI data for humans
� studies reported only PET data
� studies contained solely diffusion imaging data
� studies contained solely data derived from volumetric,

not voxel-wise analysis

Of the remaining 27 articles, 11 studies had to be
excluded, because they did not report stereotactic coordi-
nates, did not compare ASD patients with healthy controls,
but e.g., ASD patients with ADHD patients or a mixed
patient group with healthy controls, or did not report
whole-brain results.

Diagnostic criteria for ASD have been diverse over the
time and communities covered by the included studies,
although standardized tests, especially the Autism Diag-
nostic Observation Schedule-Generic (ADOS-G; [Lord
et al., 2000]) and the Autism Diagnostic Interview-Revised
(ADI-R), have been used in many instances. Since it was
our aim to give a quantitative overview of ASD literature,
we chose to include all studies that were published in
peer-reviewed literature as investigating patients with
autism or autism spectrum disorder, regardless of the
actual mode of diagnosis. That is, while the diagnostic

criteria are heterogeneous across the included studies, all
were accepted by the scientific community as contributing
to the knowledge on the neurobiological substrates of
ASD.

Only comparisons between ASD patients and healthy
controls were analyzed. Studies were excluded if they (1)
did not report stereotactic coordinates of maximal brain
structure changes but volumetric results or (2) did not
report any comparisons between healthy subjects and ASD
patients (but, e.g., only comparisons between ASD patients
and another patient group). Also comparisons between a
mixed group of e.g., ASD and ADHD patients and a
healthy control group were excluded. These criteria
yielded a total of 16 peer-reviewed articles available for
meta-analysis, jointly reporting on 277 ASD patients and
303 healthy controls (see Table I). In total, these studies
reported 283 foci. One hundred and thirty-seven reported
foci indicated increased gray matter (GM) or white matter
(WM) for ASD patients (128 GM, 9 WM), while the
remaining 146 foci indicated the reduced GM or WM in
ASD (70 in GM, 76 in WM) (see Table I).

Anatomic Likelihood Estimation

Meta-Analysis Procedure

The meta-analysis was carried out using a revised ver-
sion [Eickhoff et al., 2009] of the activation likelihood
estimation (ALE) approach for coordinate-based meta-
analysis of neuroimaging results [Laird et al., 2005;
Turkeltaub et al., 2002]. This algorithm aims at identify-
ing areas showing a convergence of findings (activations
or morphometric changes) across different experiments,
which is higher than expected under a spatially random
association between the results obtained in the individ-
ual studies. The key idea behind ALE is to treat the
reported foci not as single points, but rather as centers of
3D Gaussian probability distributions. These reflect the
spatial uncertainty associated with each reported set of
coordinates and were modeled based on empirical esti-
mates of between-subject and between-template variance.
By weighting the former by the number of subjects, this
approach considers that larger sample sizes should pro-
vide more reliable approximations of a ‘‘true’’ effect and
should therefore be modeled by tighter Gaussian distri-
butions yielding more localizing power [Eickhoff et al.,
2009].

Most ALE-based studies on neuropsychiatric disorders
focus exclusively on gray matter changes [Fornito et al.,
2009; Glahn et al., 2008]. Nevertheless, white matter path-
ologies seem to contribute not only to ASD-specific patho-
physiology [Minshew et al., 2007], but, at least in the
younger ages, also to brain volume changes [Carper et al.,
2002]. Gray matter (GM) and white matter (WM) changes
in VBM analyses are intended to reflect volume changes of
these two compartments [Ashburner and Friston, 2005].
However, due to different tissue registration parameters,
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volume reductions of the cerebral cortex can be reflected
as gray matter volume reductions in one study, but as
white matter volume enlargement in another. We therefore
also include foci reporting white matter densities in our
analysis. Furthermore, as already mentioned, brain struc-
ture abnormalities in ASD patients are most likely not
static, but subject to age-dependent changes. These find-
ings have led to the hypothesis of disturbances in brain
growth trajectories as a key pathophysiological feature in
ASD with early brain overgrowth followed by volume
reductions [Courchesne et al., 2007]. Given that an identi-
cal brain region might possibly be enlarged in younger
patients, while being of reduced size in older ones, we
regarded it as most appropriate to integrate both foci
reporting increases and decreases of gray matter (GM) or
white matter (WM) in our analysis. Thus, we intended to
identify brain regions displaying structural disturbances
(either overgrowth, atrophy or both) in ASD patients.

Consequently, the probabilities of all foci reported in
a given study (independently of analyzed tissue and con-
trast) were combined for each voxel, resulting in a mod-
eled anatomical effects (MA) map (paralleling the modeled
activation maps in functional imaging meta-analyses).
Taking the union across these MA-maps yielded voxel-
wise ALE scores describing the convergence of results at
each particular location. To distinguish ‘‘true’’ convergence
between studies from random convergence, i.e., noise,
these ALE scores were subsequently compared to an em-
pirical null-distribution derived from a permutation proce-
dure. This null-distribution should reflect a random spatial
association between experiments, but regard the within-
experiment as a fixed property. Hereby, a random-effects
inference is invoked, focusing on inference on the above-
chance convergence between different experiments, not
the clustering of foci within a particular experiment.
Computationally, deriving this null-hypothesis involved
sampling a voxel at random from each of the MA-maps
and taking the union of these values in the same manner
as done for the (spatially contingent) voxels in the true
analysis. The ‘‘true’’ ALE scores were then tested against
these ALE scores obtained under the null-distribution.
Precisely, the P-value of each ‘‘true’’ ALE was computed
as the proportion of equal or higher random values. The
resulting non-parametric P-values were then transformed
into Z-scores and thresholded at a cluster level corrected
threshold of P < 0.05 [Ashburner and Friston, 2005].

Additionally, we performed analyses for gray and white
matter increases and decreases separately, following the
above mentioned protocol. For these separate analyses, we
used a cluster forming threshold of P < 0.01 (uncorrected).

Anatomical Allocation by Probabilistic Maps

We used the SPM Anatomy Toolbox v1.5 [Eickhoff
et al., 2005, 2006a,b,c], to compare the localization of the
obtained significant effects to histological areas as

described in probabilistic cytoarchitectonic maps and sum-
marized it in a maximum probability map. A maximum
probability map (MPM) is a summary map of different
histological maps. It is based on the idea of attributing
each voxel of the reference space to the most likely
cytoarchitectonic area or the most likely myeloarchitectoni-
cally defined fiber-tract (see Table II) at this position.
MPMs thus allow the definition of non-overlapping repre-
sentations of all areas from a set of inevitably overlapping
probabilistic maps [Eickhoff et al., 2005; Naito et al., 1999;
Tzourio-Mazoyer et al., 2002].

For all clusters in gray matter regions that have not yet
been histologically examined, we used the Harvard Corti-
cal and Subcortical structural atlas [Kennedy et al., 1998;
Makris et al., 1999] as part of FSLview v3.0. Clusters in
white matter regions not yet covered by probabilistic fiber
tract mapping were anatomically labeled using the JHU
White-Matter Tractography atlas [Wakana et al., 2004] also
as part of FSLview v3.0.

The Influence of Age on Gray Matter/White

Matter Changes

We aimed to depict age effects on gray and white matter
changes. Since age ranges or standard deviations were not
consistently reported across studies only mean age-values
were used for correlations. Age-related differences

TABLE II. Overview over the cytoarchitectonic

probabilistic maps and the probabilistic fibre maps used

by the Anatomy Toolbox v1.5

Anatomical region Reference

Cortical regions

Broca’s region (BA 44, BA 45) Amunts et al.1999130

Inferior parietal areas
(PFop, PFt, PFcm)

Caspers et al. 2006, 2008131,132

Intraparietal areas (hIP1, hIP2) Choi et al. 2006133

Premotor cortex (BA 6) Geyer 2004134

Somatosensory area BA 2 Grefkes et al. 2001135

Visual areas V1, V2 Amunts et al. 2000136

Visual area V5 Malikovic et al. 2007137

Visual area V3v Rottschy et al. 2007138

Superior parietal areas 7A,
7PC, intraparietal area hIP3

Scheperjans et al. 2008a,b139,140

Fibre tracts

Corticospinal tract Bürgel et al., 1999, 2006141,142

Optic radiation
Acoustic radiation
Fornix
Cingulum
Corpus callosum
Superior longitudinal fascicle
Superior and inferior

occipitofrontal fascicle
Uncinate fascicle
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between ASD patients and controls that were congruent
between gray and white matter (indicative of absolute
overgrowth or atrophy of this region) and those changes
that showed inverted relations between age-related
changes of gray and white matter (indicative of changes in
the relation between gray and white matter), respectively,
were assessed in two separate analyses. First, we investi-
gated whether gray matter and white matter changes in
ASD patients both unidirectionally contributed to the clus-
ters of convergence (e.g., whether gray matter reduction
was accompanied by white matter reduction) by correlat-
ing the contribution of each study modeled anatomical
effect map to the respective cluster. Here the contribution
was defined as the integral of the Gaussian distribution
representing the respective focus across all voxels making
up the assessed cluster.

Changes in gray matter, however, do not necessarily
have to go along with equivalent changes in white matter.
Disturbed trajectories, for example, can lead to cortical
atrophies accompanied by white matter overgrowth and
vice versa. Therefore, to check for inverted correlations
between GM and WM density values, an analogous model
was calculated using inverted values for white matter den-
sity changes.

RESULTS

Regions With Significant Differences in Gray and

White Matter Density Between ASD Patients

and Control Subjects

We found six clusters showing significant convergence
of VBM findings (see Table III, Fig. 1). The largest cluster
was located in the right lateral occipital lobe (46, �62, �2;
k ¼ 238). Allocation by cytoarchitectural maximum proba-
bility maps as implied in the Anatomy Toolbox v1.5
[Eickhoff et al., 2005, 2006a,b] showed its position mainly
in the right area V5. This cluster extended to the right infe-
rior temporal lobe as well as into the occipital white mat-
ter. The second largest cluster was observed in the

superior part of the left central sulcus (�32, �36, 60; k ¼
78), mainly situated in areas BA 4b and BA 3b. A smaller
part of the cluster was located in BA 2. Two clusters were
located in the basal ganglia: one in the right caudate (8,
18, �2; k ¼ 40) and another in the left putamen (�24, 6, 0;
k ¼ 28). Also, the right medial temporal lobe (40, �22, �8;
k ¼ 30) showed changes: the inferior fronto-occipital fasci-
cle and the inferior longitudinal fascicle were at the center
of this cluster. Parts of this cluster were also located in the
CA1 area of the hippocampus. Finally, converging evi-
dence for volumetric changes in the region of the right
superior insula and the adjacent parietal operculum (32,
�8. 20; k ¼ 26) were detected.

In an analysis separately on gray matter increases and
decreases, we found GM decreases in the left putamen,
bilaterally in the cerebllar vermis, the left hippocampus/
amygdala, the left operculum, the left superior medial
gyrus, the right middle temporal gyrus, the left precentral
gyrus and the right putamen. GM increases were detecta-
ble in both the right and the left temporooccipital region
(allocation by cytoarchitectonic probabilistic mapping: V5),
the right precuneus, the right cerebellum, a cluster in the
right lingual gyrus and the right inferior occipital gyrus
and a cluster in the left cerebellum. WM decreases were
found in a cluster adjacent to the medial anterior cingu-
lated gyrus. We did not find any clusters of convergence
for WM increases (see Supporting Information Table I).

Evidence for Age Effects on Gray and White

Matter Changes

We then aimed to depict for each of the significant clus-
ters age-related effects on gray matter and white matter
changes (see Fig. 2a–c). Most studies contributing to the
cluster in the V5 area reported increased GM in ASD
patients, however, effects decreased with age and there
was a reduction of GM in the oldest group. The only
study reporting WM changes in this area described a WM
decrease in pre-adolescent ASD patients.

TABLE III. Localization of the significant clusters of convergence

Coordinates k Anatomic localization

Analysis by cytoarchiterctural
MPMs/Harvard cortical

and subcortical structural atlas/JHU
White-Matter Tractography atlas

46, �62, �2 238 Right occipital lobe V5
�32, �36, 60 78 Left pericentral region 4p, 3b, 2
8, 18, �2 40 Right caudate Right caudate
32, �8, 20 26 Proximate to the right parietal operculum White matter proximate to the right

parietal operculum
40, �22, �8 30 Right medial temporal lobe Inferior fronto-occipital fascicle/

inferior longitudinal fascicule /hippocampus
�26, 6, 0 28 Left putamen Left putamen
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Figure 1.

Significant clusters of convergence obtained by ALE-based analy-

sis indicating locations in the lateral occipital lobe, the pericen-

tral region, the medial temporal lobe, the basal ganglia and

proximate to the right parietal operculum. Both foci indicating

gray and white matter changes were included in this model.

Since disturbances in brain growth trajectories were discussed

as a key pathophysiological feature in ASD, we integrated both

foci reporting increases and decreases of gray matter (GM) or

white matter (WM) in our analysis. Thus, the depicted clusters

indicate brain regions consistently altered in ASD patients.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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In contrast, our results for GM in the pericentral region
depicted an age-dependent increment. Young ASD patients
were reported to have decreased GM compared to healthy
controls, but after the onset of puberty, ASD patients showed
higher GM than the control group. Moreover, one study
reported decreased WM in post-pubertal ASD patients.

The changes in the right caudate showed a similar
pattern. Pre-pubertal GM was reported to be decreased in
ASD patients. However, after puberty ASD patients
showed higher GM than normal controls, while WM den-
sity was reduced. In contrast, an age-dependency was not
detectable for changes in the left putamen. GM was

Figure 2.

Gray matter (GM) and white matter (WM) changes, as reported

in individual studies and their relationship to age in the

significant clusters identified by ALE-based analysis. Each of the

significant ALE clusters was analyzed separately for age effects

on gray and white matter changes. Mean age-values were used

for correlations. The contribution was defined as the integral of

the Gaussian distribution representing the respective focus

across all voxels making up the assessed cluster. GM changes:

green dots, WM changes: red dots. a Age-dependent changes of

GM (green) and WM (red) densities in the right occipital lobe

and the left pericentral region. b Age-dependent changes of GM

(green) and WM (red) densities in the right caudate nucleus and

the left putamen. c Age-dependent changes of GM (green) and

WM (red) densities in the right medial temporal lobe and the

right parietal operculum. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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reduced both pre- and post-puberty with increased WM.
Hence, there was no common pattern for the findings in
the basal ganglia.

Our approach found evidence for age-related changes in
the region adjacent to the superior insula and the parietal
operculum in VBM findings. Pre-adolescent GM was
increased in ASD patients, but was decreased in adult
autistics compared to healthy controls. WM, however,
showed a mirror-like pattern with pre-adolescent
decreases and increases in adults. Also in the medial tem-
poral lobe, GM seemed to be subject to age-related
changes with young infants displaying decreased GM,

while puberty seemed to go along with increases in GM.
Post-pubertal WM was decreased, though.

DISCUSSION

The etiopathogenesis of autism spectrum disorders still
remains to be clarified, but imaging and histopathological
studies indicate that brain structure anomalies play an
important role [Brambilla et al., 2003; Courchesne et al.,
2007; Hrdlicka, 2008; Minshew et al., 2007]. We here
presented a meta-analysis of 16 whole-brain VBM studies

Figure 2.

r Brain Structure Anomalies in ASD r

r 1479 r



using anatomic likelihood estimation. We chose voxel-
wise whole-brain analyses, since these studies do not
require an a priori hypothesis and are more sensitive to
localized brain structure changes. This is the first quanti-
tative meta-analysis on whole-brain brain structure
anomalies in ASD patients as reported in voxel-based
morphometry studies.

The studies included in our meta-analysis jointly report
on brain structure differences between 277 ASD patients
and 307 healthy controls. Mean age of the study samples
ranged from 8.88 years [Ke et al., 2008] to 38 years
[Schmitz et al., 2006] for ASD patients and from 9.73 years

[Ke et al., 2008] to 39 years [Schmitz et al., 2006] for
healthy controls. Sample sizes of the included studies
were comparatively small for structural imaging studies
(11 ASD patients as the smallest sample size [Kwon et al.,
2004], 33 ASD patients as the largest patient cohort
[McAlonan et al., 2008]). Given this, our meta-analysis
aims to critically summarize the findings of these studies
in a quantitative fashion and to test whether additional
insight into age-related brain structure changes might be
derived.

Significant clusters of convergence were found in the
right occipital lobe (anatomical allocation by probabilistic

Figure 2.
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maps: V5), the left pericentral region (4p, 3b, 2), the right
caudate, proximate to the right superior insula and the pa-
rietal operculum, the left putamen and in the right medial
temporal gyrus (inferior fronto-occipital fascicle/inferior
longitudinal fascicle/hippocampus).

Lateral Occipital Lobe/V5

V5 is a motion sensitive area of the visual cortex located
on the lateral hemispherical convexity near the junction of
the lateral occipital sulcus and the ascending part of the infe-
rior temporal sulcus [Watson et al., 1993; Wilms et al., 2005].
The human visual system is broadly organized into two seg-
regated pathways [Mishkin et al., 1982]. The ventral—or par-
vocellular—stream includes areas of the temporal cortex and
is involved in object vision and color perception. The
dorsal—or magnocellular—stream, in contrast, includes
areas of the posterior parietal cortex and is involved in spa-
tial viewing and motion perception but also action observa-
tion [(Merigan and Maunsell, 1993; Merigan et al., 1991;
Mishkin et al., 1982)]. V5 is part of the latter pathway [Goe-
bel et al., 1998; Wang et al., 1999]. Some neurons in V5 reacts
to stimuli moving over comparatively large sections of the
visual field [Dakin and Frith, 2005], while another is reacting
to the contrast between the direction of a moving object and
its background [Tootell et al., 1995].

Several studies have indicated that visual perception in
ASD patients differs from that of healthy controls. ASD
patients display superior performance on tasks necessitat-
ing the detection of a static visual target embedded in a
larger field [Caron et al., 2004; Pellicano et al., 2005;
Plaisted et al., 1990], and they are more detail-oriented
[Jolliffe et al., 1997; Lahaie et al., 2006; Mottron et al., 1999;
Shah and Frith, 1983, 1993]. In contrast, patients are consis-
tently less sensitive to a variety of complex motion stimuli,
such as biological motion stimuli or random dot kinemato-
grams [Bertone et al., 2003; Blake et al., 2003; Gepner et al.,
1995; Milne et al., 2002; Spencer et al., 2000]. Also, their
motion coherence threshold is increased [Milne et al.,
2002; Spencer et al., 2000]. These dichotomous findings on
visual processing led to the hypothesis of impaired func-
tioning either of motion processing per se [Gepner et al.,
1995] or of the dorsal stream [Blake et al., 2003; Milne
et al., 2002; Spencer et al., 2000]. Because of the involve-
ment of the V5 region in motion processing, our results of
brain structure alterations in this area in ASD patients
might partly explain these pathophysiological findings.

Remarkably, in our analysis on GM and WM changes
separately, GM increases were found bilaterally in that
brain area. These findings are further hints for a role of V5
in ASD-related pathophysiology.

Pericentral Region/4p, 3b, 2

The second largest cluster found by our meta-analysis
was located pericentrally in both areas 3b and 4. Area 3b

is part of the postcentral somatosensory cortex and
receives its afferents as a primary somatosensory region
mainly from the ventral posterior nucleus (face representa-
tion) and from the ventral posteromedial nucleus (repre-
sentation of body stem and limb) of the thalamus [Young
et al., 2003]. This is consistent with activation-likelihood
analyses of functional imaging in ASD populations that
have shown atypical activations in somatosensory areas
including the postcentral gyrus [DiMartino et al., 2009].
Area 4p is a subdivision of the human motor cortex that
differs both cytoarchitectonically, neurochemically and
functionally from its anterior counterpart, area 4a [Geyer
et al., 1996]. All of these areas are crucial for sensorimotor
functions [Naito et al., 2000]. Sensorimotor deficits in ASD
patients have been well described [Bernabei et al., 2003;
Mandelbaum et al., 2006; Takarae et al., 2008; Tuchman
et al., 1991]. Changes in the primary somatosensory and
motor cortices therefore might well be regarded as a neu-
ral correlate of these disturbances.

Support for this hypothesis of alterations in the primary
somatosensory cortex comes from neurophysiological data.
A recent study using magnetoencephalography to deter-
mine the precise location of cortical somatic maps found
abnormalities in the organization of sensory representa-
tions in the brains of ASD patients [Coskun et al., 2009].
These electrophysiological findings might reflect not only
functional, but also structural changes in the postcentral
gyrus. Furthermore, a study on cortical thickness in ASD
patients found alterations in the face area of the postcen-
tral gyrus [Hadjikhani et al., 2006]. Though it has to be
noted that only a small part of the sensorimotor areas in
the brain was shown to be affected in this study, it
involved the hand representation in healthy subjects. Fur-
ther studies on somatic maps might help to identify
whether ASD is the cause of pronounced changes in this
region. We would, however, speculate, that the observed
findings relate to the reduced motor repertoire and the
impaired sensorimotor functions (‘‘clumsiness’’) of ASD
patients.

Basal Ganglia

Alterations were found in the basal ganglia, namely the
left putamen and the right caudate. Alterations of the ba-
sal ganglia, especially the caudate nuclei, have been
repeatedly described in ASD patients and were often
found to correlate with impaired motor performance or re-
petitive and stereotyped behavior [Hardan et al., 2003;
Langen et al., 2007; Sears et al., 1999; Stanfield et al., 2008].

Retrograde transneural transport of the herpes simplex
virus has helped to elucidate the connectivity between the
caudate nuclei and other brain regions. The caudate
receives its input primarily from frontal, inferior parietal,
pre-occipital and medial temporal areas, mainly the amyg-
dala, the hippocampus and the parahippocampal gyrus
[Alexander et al., 1986]. With reference to their
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neurophysiological relevance, the connectivity of the cau-
date has been segregated into circuits. The caudate is asso-
ciated with associative, lateral orbitofrontal and
orbitofrontal circuits [Alexander et al., 1986; Tisch et al.,
2004], thus linking the caudate to sensorimotor skill learn-
ing, but also to executive processes [Alexander et al., 1986;
Posner and DiGirolamo, 2000]. Functional connectivity
between the caudate and the cerebral cortex has been
shown to be impaired in ASD patients [Horwitz et al.,
1988; Turner et al., 2006]. The hypothesis of a contribution
of basal ganglia anomalies to behavioral stereotypes is fur-
ther supported by findings of basal ganglia anomalies,
mainly of the caudate, in obsessive-compulsive disorder
[Atmaca et al., 2007; Whiteside et al., 2004].

A meta-analysis of volumetric studies describes an
enlargement of the right caudate [Stanfield et al., 2008] in
ASD patients, which closely matches our findings. Hence,
this convergence between volumetric and VBM data adds
further support to the important role that the caudate
nucleus may play in the pathophysiology of autism. Nota-
bly, in contrast to the positive correlation of GM over-
growth with age in the right caudate, we did not find any
age-related effects of left putamen. These findings suggest
complex disturbances of basal ganglia trajectories.

Besides its potential involvement in behavioral stereo-
types, the basal ganglia have been implicated in the inter-
pretation of emotional body language. The putamen and
the striatum have been shown to interact with the superior
colliculus, the pulvinar, and the basolateral amygdala as a
fast primary network in response to emotional body lan-
guage [de Gelder, 2006]. Moreover, the putamen has been
shown to have lower glucose metabolism in ASD patients
than in neurotypical controls [Haznedar et al., 2006]. Total
putamen volume was also found to correlate positively
with repetitive behavior [Hollander et al., 2005]. Thus,
pathologies of the basal ganglia circuitry seem to be
involved in both pathologies of the motor and of the
emotion processing systems.

Medial Temporal Lobe

Volumetric studies frequently have found anomalies of
the medial temporal lobe of ASD patients [Carper et al.,
2002; Penn, 2006]. Functional neuroimaging has high-
lighted the role of impaired medial temporal lobe func-
tioning in face recognition [Pierce et al., 2004, 2001] and
processing of emotional facial expressions [Baron-Cohen
et al., 1999; Dalton et al., 2005]. These deficits might be key
players in ASD pathophysiology. Altered activations of the
amygdala were among the most consistent findings
[Baron-Cohen et al., 1999; Dalton et al., 2005, DiMartino
et al., 2009; Pierce et al., 2001]. However, structural altera-
tions of the amygdala were less frequent than functional
imaging results led us to expect. A meta-analysis on volu-
metric studies showed an age-volume interaction for the
amygdala, but no consistent changes of the amygdalae

over all ages. Although we found a cluster of convergence
in the right medial temporal lobe, this cluster did not
include the amygdala.

The hippocampus [Schumann et al., 2004] has been
shown to be volumetrically altered in ASD patients, but
findings were inconsistent with a variety of studies report-
ing no alterations of the hippocampus [Palmen et al., 2006;
Zeegers et al., 2008]. The second gray matter structure
within the cluster was the ID1 area of the insula. Cortical
folding analysis revealed abnormalities of the folding
patterns of the anterior insula [Nordahl et al., 2007]. Our
findings here underscore the need for further studies on
this region.

Changes at the Insula/Parietal Operculum

ASD-related pathologies in the region of parietal opercu-
lum were less frequently reported. Nordahl et al., how-
ever, reported sulcal depth differences between ASD
patients and neurotypical controls in the left frontal and
bilaterally in the parietal operculum [Nordahl et al., 2007].
Another study on gyrification also found depth differences
in the parietal operculum [Levitt et al., 2003]. Given the
location of the cluster maximum and the fact that half of
the foci contributing to this cluster were referred to WM,
we interpret these findings as most likely caused by white
matter anomalies. The region closest to these changes is
the OP3 region. Functional imaging has shown that this
region is somatosensory in nature and most likely contains
a somatotopic map [Eickhoff et al., 2006b,c]. The opercu-
lum (and OP3 as a subdivision) is implicated in a variety
of complex functions related to multimodal sensory and
motor integration [Caselli, 1993]. Thus, the changes
observed might be an indicator of different anatomic
connectivity of the parietal operculum in ASD patients
that may underlie impairments in multisensory
integration.

Findings of Volumetric Studies and the Results

of This Meta-Analysis

A consistent hypothesis on neuroanatomic changes in
ASD does not yet exist. Most volumetric MRI studies have
described increases in the frontal, temporal and parietal
lobes of ASD patients [Amaral et al., 2008; Carper et al.,
2002; Courchesne et al., 2007; Hazlett et al., 2006; Herbert
et al., 2004; Palmen et al., 2005]. Rater-dependent MRI
studies enrolling toddlers and infants and aiming to quan-
tify gray matter abnormalities have repeatedly described
an anterior–posterior gradient of anomalies with the fron-
tal and the temporal lobe as most affected [Bloss and
Courchesne, 2007; Carper et al., 2002; Hazlett et al., 2005;
Kates et al., 2004; Palmen et al., 2005]. Our results could
not confirm this hypothesis of an anterior–posterior gradi-
ent in brain structure anomalies in ASD at least in the
patient populations on which VBM findings have been
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reported up to now. Contrarily, the two largest clusters of
convergence were located in the lateral occipital and in the
postcentral parietal cortex, while only three smaller clus-
ters were situated in the frontal or temporal lobe. Though,
three of these rater-dependent studies [Bloss and Courch-
esne, 2007; Carper and Courchesne, 2005; Kates et al.,
2004] had much younger ASD samples than the studies
included in this meta-analysis.

Two differences in the study settings might provide
possible explanations for this discrepancy: methodical dif-
ferences between whole-brain voxel-based morphometry
and volumetric studies. VBM is based upon the voxel-wise
analysis of local GM or WM specific volumes [Ashburner
and Friston, 2000], while volumetric studies usually com-
pare the overall volumes of either automatically or hand-
drawn pre-defined brain regions. Thus, the former type of
studies is more sensitive to regionally limited changes of
brain structure [Ashburner and Friston, 2000] that might
be too confined to cause a significant effect on the total
volume of a comparatively large region, such as a brain
lobe or total gray matter. Volumetry, in contrast, is more
sensitive to small, but consistent changes over all voxels of
a given VOI. Analogous methodical differences come into
play when comparing the results of rater-dependent stud-
ies with those of VBM studies.

Besides these methodical considerations, the differences
in age groups must be considered. As already discussed,
brain structure anomalies in ASD might be age-dependent
due to different brain growth trajectories. Both volumetric
studies [Bloss and Courchesne, 2007; Carper and Courch-
esne, 2005; Hazlett et al., 2005; Kates et al., 2004] and the
VBM results included in this meta-analysis cover diverse
age groups from childhood to adulthood (see Table I). As
shown by our correlation analysis, almost all regions that
show significant convergence of VBM findings also show
age effects with the result that there may be reduced vol-
umes in younger and overgrowth in older patients. That is,
for the same region the differences between ASD patients
and controls may point in either direction depending on
the investigated age group. Consequently, age-related
effects on brain anomalies and the age of the included
patients might represent an important factor for the inter-
study variance and hence the heterogeneous literature.

Hints at Complex Disturbances of

Brain Growth in ASD

We also aimed to investigate whether there were age-de-
pendent changes of brain growth patterns in ASD patients.
Because of the fact that only three to six data points con-
tributed to each cluster, correlation analyses did not seem
appropriate. Visually, at least four out of the six significant
clusters (located in the right V5 area, the left pericentral
region, the right caudate and the right parietal operculum)
appeared to display age-dependent changes of GM and
WM. Remarkably, puberty and early adolescence appeared

to emerge as a potential turning point of age related differ-
ences, with previous regional brain overgrowth turning
into atrophy and vice versa [Paus et al., 2008].

Puberty and adolescence are known to be phases during
which a variety of brain structure changes take place [Len-
root and Giedd, 2006; Paus et al., 2008]. Volumes of corti-
cal gray matter in healthy subjects, for instance, increase
during childhood, reaching peak levels at approximately
the onset of puberty and then gradually decline in the
frontal and in the parietal lobes [Giedd et al., 1999]. White
matter, in contrast, shows a rather clear linear increase
throughout childhood and adolescence, with the maxi-
mum volumes often reached as late as the third decade of
life [Pfefferbaum et al., 1994]. Changes in synaptic pruning
and myelination are frequent explanations for these find-
ings of brain structure changes in adolescence [Hutten-
locher, 1984; Huttenlocher and de Courten, 1987], but
changes in neural connectivity have been discussed as
well [Paus et al., 2008].

In this context, our findings suggesting puberty as a
watershed for regional overgrowth and atrophy patterns
further hint at disturbed brain maturation processes in
ASD patients. These disturbances seem to emerge in early
childhood and to persist over the whole life of patients.
Notably, in the affected brain regions, these changes do
not appear unidirectional in the sense of a unanimous
atrophy or overgrowth, but rather suggest a desynchroni-
zation of growth between the altered structures and the
rest of the brain.

A variety of longitudinal and cross-sectional volumetric
studies have gathered convincing evidence for abnormal
trajectories in ASD patients with early brain overgrowth at
1–2 years of age and a narrowing of the brain volume dif-
ferences between patients and healthy controls during
later childhood and adolescence [Bartholomeusz et al.,
2002; Courchesne et al., 2003; Dawson et al., 2007; Demen-
tieva et al., 2005; Dissanayake et al., 2006; Hazlett et al.,
2005; Redcay and Courchesne, 2005]. A recent longitudinal
volumetric study by Schumann and colleagues enrolling a
total of 41 toddlers and 44 typically developing controls
found a significant abnormal growth rate for frontal, tem-
poral, parietal and cingulate gray matter between 1.5 and
5 years of age [Schumann et al., 2010]. In addition, find-
ings of a recent VBM study of more than 50 ASD patients
also hint at the congruent presence of regions with left-
and right shifted, respectively, growth curves [Greimel
et al., under review]. The marked changes in brain struc-
ture during puberty and adolescence, requiring detailed
adjustment of brain maturation between the different
telencephalic regions are obviously not retraced in several
regions of the autistic brain.

Hence, the illustrative findings of our study are consistent
with the quantitative findings of previous longitudinal and
cross-sectional studies. We regard our findings as an addi-
tional hint at complex disturbances of brain growth trajecto-
ries of ASD patients as suggested by a variety of volumetric
studies. These disturbances, resulting in structural and
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functional disconnectivity of several pivotal brain regions,
might partly explain ASD-related pathophysiology.

The rather small number of data points contributing to
each cluster has to be regarded as a major limitation of
these findings. Thus, hints at disturbed trajectories found
by our study have to be regarded only as preliminary.

Methodological Issues

There are several limitations to this study. Though char-
acterized by a triad of core symptoms, autism spectrum
disorders can vary significantly in their clinical presenta-
tion [Volkmar and Pauls, 2003]. This could mean that dif-
ferent neurobiological pathomechanisms might underlie
the diagnosis of ASD in different patients. Studies enrolled
in our meta-analysis diagnosed ASD on the criteria of
ICD-10 [Craig et al., 2007; McAlonan et al., 2002, 2005;
Schmitz et al., 2006] or DSM-IV [Abell et al., 1999; Bod-
daert et al., 2004; Ke et al., 2008; Kwon et al., 2004; Rojas
et al., 2006; Waiter et al., 2005]. Two studies enrolled
patients that fulfilled both ICD-10 and DSM-IV criteria
[Bonilha et al., 2008; Brieber et al., 2007]. Two studies
[Salmond et al., 2005, 2007] used the Australian Scale for
Asperger’s syndrome for their diagnosis, while two others
used the ADI-R [McAlonan et al., 2008; Waiter et al.,
2004]. Although all of the diagnostic scales used include a
rating of the three autistic core symptoms, diagnostic crite-
ria do vary among scales. Thus, the patient samples
included have to be regarded as clinically heterogeneous
apart from the major symptoms and might have heteroge-
neous changes in neuroanatomy. The same holds true for
the fact that some studies also included patients with intel-
ligence impairments, while others did not. Since only a
comparatively small number of published studies matched
inclusion criteria (in particular, whole-brain VBM compari-
son between patients and controls), we were not able to
perform separate analyses on diagnostic subgroups or sub-
groups defined by the diagnostic tools used. Thus, more
detailed analyses on structural findings pertaining to diag-
nostic subgroups of autism spectrum disorders will be an
important topic for future research, once more whole-brain
based VBM studies on this population are available.

Various methodological factors can influence the out-
come of a VBM study, such as acquisitional (e.g., scanner
platform, field strength, imaging sequences, image acquisi-
tion parameters) and analysis details (e.g., segmentation
parameters, smoothing, use of modulated or unmodulated
images, etc.), Studies included in this meta-analysis span
over a period of nearly 10 years. Consequently, imaging
and analysis techniques employed in these studies also
reflect technical developments in these fields. It is one of
the great advantages of ALE-based meta-analyses that
they provide a powerful tool to integrate these results in
order to assess whether published results do converge on
certain brain regions despite these methodical differences,
hinting at consistent neuroanatomical changes in ASD

patients. That is, it is one of the main benefits of quantita-
tive meta-analysis to pool over acquisition and analysis
methods and identify converging evidence for structural
alterations.

In this analysis, we chose to jointly analyze GM and
WM changes. Once a higher number of studies is avail-
able, separate analyses on GM and WM changes seem to
be a promising goal for further analyses. Especially the
right V5 area and the left putamen were consistent foci of
changes in both analyses, while our supplementary analy-
sis showed GM increases also in the left V5 area. How-
ever, we do regard the depicted approach as a viable tool
for data analysis when only few studies can be included.

Probabilistic cytoarchitectonic maps provide a viable
tool for the microanatomical interpretation of both func-
tional and structural MR imaging data [Toga et al., 2006].
Since each voxel of the reference space is attributed to
the most likely cytoarchitectonic area or the most likely
myeloarchitectonically defined fiber-tract at this position,
a probabilistic assignment of a given cluster to those
putative microstructural changes that are most likely
underlying these macroscopic changes is possible.
Because the ALE approach is explicitly aiming to reflect
spatial uncertainties of the original data sets by treating
foci not as single points, but rather as centers of 3D Gaus-
sian probability distributions, a probabilistic allocation to
microstructural areas seems the best fitting approach.
Thus, it has to be emphasized that localization by proba-
bilistic cytoarchitectonic maps does not provide an exact
histological position of a given focus or cluster, but deter-
mines which microstructure is most likely present at a
certain position. Furthermore, all factors causing spatial
uncertainty such as e.g., alignment or smoothing can also
potentially influence allocation by probabilistic cytoarchi-
tectonic maps.

Since the number of studies reporting standard devia-
tions in age-ranges was too small to enable a valid analy-
sis, only the use of mean age-values for correlations was
feasible. This surely is a limiting factor for the interpreta-
tion of age-related changes, especially since patient and
control group were not perfectly matched in all of the
(peer-reviewed) papers. The obtained findings may hence
be regarded as first evidence for differential findings
in VBM studies depending on the age of the assessed
patients rather than a comprehensive elucidation of age-
related changes or disturbed trajectories in ASD.

In three cases, study populations showed a partial over-
lap [McAlonan et al., 2005, 2008; Waiter et al., 2004, 2005],
and in one case for the high functioning cohort [Salmond
et al., 2005, 2007]. Although we regard these overlaps as
an important potential limitation of this study, populations
obviously were considered disparate enough to constitute
for two different peer-reviewed publications in each of the
cases. We therefore regard it as reasonable to include them
into this meta-analysis and treat them as separate publica-
tions in order to quantitatively integrate the current litera-
ture on ASD in an unbiased fashion.
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Evidently, separate analyses of gray and white matter
changes and/or separate analyses of unmodulated (indi-
cating concentration changes) and modulated (indicating
volume changes) would be helpful to further corroborate
the nature of the observed structural abnormalities in ASD
patients. Because of the limited number of available stud-
ies, however, these would be grossly underpowered at the
moment and were therefore not performed.

Another important limitation is the fact that some but
not all studies allow co-medication for their subjects and
indeed enrolled ASD patients with medication [Bonhila
et al., 2008; Brieber et al., 2007; Waiter et al., 2005]. How-
ever, at least for typical antipsychotics have been shown to
alter brain structure significantly, resulting especially in
basal ganglia volume increases [Scherk and Falkai, 2006].
Thus, our findings, especially concerning the basal ganglia,
might in part have been influenced by antipsychotic
medication.

In their meta-analysis of volumetric studies on ASD
patients, Stanfield and colleagues found evidence for age-
related effects on the amygdalae, while both age and IQ
were shown to have an impact on the cerebellar vermal
lobules VI and VII [Stanfield et al., 2008]. Studies included
in this meta-analysis encompassed population with mean
IQ ranging from 55.8 to 113.2, while not every study
reported mean IQ values. Because of the small number
of studies fitting our inclusion criteria, an analysis of IQ-
related changes in brain structure was not possible. Thus,
a further investigation of IQ effects on brain structure
changes in ASD patients seems to be a worthwhile goal
for future studies.

Additionally, we were only able to analyze whether
there was brain overgrowth or brain atrophy in a certain
focus during a given age range. This means that these
results can only give a raw perspective on brain growth
trajectories. We hope that our study might inspire more
longitudinal studies with larger and better clinically better
defined samples in this field of research.

Outlook

Acknowledging the caveats listed above, our study pro-
vides the first quantitative summary of brain structure
changes reported in literature on autism spectrum disor-
ders. In contrast to the rather small sample sizes of the
original studies, our meta-analysis encompasses data of
277 ASD patients and 303 healthy controls. This unbiased
summary not only provided evidence for consistent struc-
tural abnormalities in spite of heterogeneous diagnostic
criteria and VBM methodology, but also hinted at a
dependency of VBM findings on the age of the included
patients as suggested by several longitudinal studies.

A better characterization of subsamples based on their
diagnosis and in particular the applied diagnostic tools
appears as an important direction for further research.
While we here showed convergence of reported VBM find-

ings in multiple regions, the relatively small number of
studies contributing to each cluster precludes definitive
statements of shared and disjointed morphological changes
between diagnostic groups. A larger body of studies with
well-defined patient samples, however, should help to elu-
cidate basic pathophysiological mechanisms of autism
spectrum disorders. Combined with a better characteriza-
tion of the cellular mechanisms underlying these macro-
morphological abnormalities, a more comprehensive
understanding of these disorders with the perspective of
finding causal treatments might emerge in the long run.
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