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Large Brains in Autism:
The Challenge of Pervasive Abnormality

MARTHA R. HERBERT
Pediatric Neurology, Center for Morphometric Analysis
Massachusetts General Hospital

The most replicated finding in autism neuroanatomy—a tendency to unusually large brains—has seemed
paradoxical in relation to the specificity of the abnormalities in three behavioral domains that define autism.
We now know a range of things about this phenomenon, including that brains in autism have a growth spurt
shortly after birth and then slow in growth a few short years afterward, that only younger but not older
brains are larger in autism than in controls, that white matter contributes disproportionately to this volume
increase and in a nonuniform pattern suggesting postnatal pathology, that functional connectivity among
regions of autistic brains is diminished, and that neuroinflammation (including microgliosis and astrogliosis)
appears to be present in autistic brain tissue from childhood through adulthood. Alongside these pervasive
brain tissue and functional abnormalities, there have arisen theories of pervasive or widespread neural
information processing or signal coordination abnormalities (such as weak central coherence, impaired
complex processing, and underconnectivity), which are argued to underlie the specific observable behav-
ioral features of autism. This convergence of findings and models suggests that a systems- and chronic
disease-based reformulation of function and pathophysiology in autism needs to be considered, and
it opens the possibility for new treatment targets. NEUROSCIENTIST 11(5):417-440; 2005. DOI:

10.1177/0091270005278866
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Autism is a developmental disorder defined behavioral-
ly by a triad of abnormalities involving language, social
interaction, and a marked lack of flexibility that may
include repetitive or ritualistic behaviors (American
Psychiatric Association, 1994); full criteria must be met
by the age of three. The behavioral features of autism
appear to be continuously distributed, and autism is part
of a spectrum that also includes more mildly affected
individuals (Dawson and others 2002).

Given that the atypical behaviors defining autism
appear specifically characterizable, there has naturally
been the expectation that we will find anatomical corre-
lates for each feature of the behavioral phenotype.
Indeed, there are findings in the limbic system and cere-
bellum (parts of the brain subserving functions that
include some impaired in autism) that have been com-
mon (Cody and others 2002), yet they are troublingly not
consistently encountered. Instead, the most replicated
finding in autism, and one that has been found in multi-
ple reliably characterized cohorts and artifact-free sam-
ples, has been that the brains are on average unusually
large. This finding has had a paradoxical impact. On one
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hand, the consistency of an anatomical measure was an
encouraging sign of convergence upon unraveling the
neurobiology of this disorder. On the other hand, large
brains did not make sense in terms of neural systems
models of autism or brain-behavior correlations. How
would such a generalized phenomenon relate to a disor-
der characterized by three specific classes of atypical
behaviors? This conundrum has been sitting in the cen-
ter of the autism field almost like a zen koan, awaiting a
mental frame shift that would allow its obscure signifi-
cance to become clear.

In the past few years, a series of discoveries about the
autistic brain are appearing to converge toward a model
that integrates biological, processing, and behavioral
levels in autism. These discoveries potentially shed light
on large brains regarding both underlying mechanisms
and functional consequences. Moreover, these findings
point toward a disease model that departs from earlier
formulations of autism in having several new
levels of potential treatment implications. The recent
findings prominently include identification of pervasive
volume scaling alterations, widespread reductions in
connectivity and perfusion, and neuroinflammation and
microgliosis that had previously been unappreciated.
Identification of these features of the autistic brain for
the most part was driven by investigation of tissue and
processing in autism and not by seeking specific corre-
lates for specific behaviors, at the level of either brain or
gene. Nevertheless, these features hold implications for
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underlying gene and gene-environment mechanisms as
well as for understanding the resulting behavioral and
medical abnormalities. Alongside these empirical find-
ings, models have emerged of more generalized deficits
or disturbances in autism, at the level of processing
(weak central coherence [Hill and Frith 2003], impaired
complex processing [Minshew and others 1997], net-
work abnormalities [McClelland 2000; Brock and others
2002; Cohen in press], disordered information process-
ing [Belmonte and others 2004]) and at the neurochem-
ical level (models of increased excitation-inhibition
ratios [Rubenstein and Merzenich 2003]), that have been
argued to underlie the specific behaviors we observe.

With these new findings and models, the phenomenon
of large brains in autism has been joined by a set of other
pervasive abnormalities. On one hand, this means there
are yet more widespread phenomena that somehow par-
adoxically have to make sense in relation to a disorder
that has been defined as a set of specific behaviors. But
on the other hand, these pervasive findings flesh out
details and suggest linkages between functional,
macroanatomical, and pathophysiological levels. They
do not displace prior regional findings, but on the other
hand, they provide a framework within which previous
observations can be viewed in a fresh light, as we will
see below.

To date, investigations of pervasive phenomena in
autism have been weighted toward gathering various
classes of data, particularly in the domain of brain size
measurement (largely MRI volumetrics and head cir-
cumference studies), that increase the level of nuance at
which we are able to describe the regionally differentiat-
ed macroscopic neuroanatomy and the temporal trajec-
tory of autistic brain enlargement, as will be described
below. The more recent developments in the field sug-
gest that further methodologies will need to be used for
characterizing the hitherto less well-studied dimensions
of brain structure and function—such as tissue charac-
terization, neuroimmunological and neurometabolic
measures, and functional connectivity—that have taken
on new relevance more recently.

Brains Are on Average Larger

Although there is a strong trend toward bigger brains in
autism, this phenomenon by no means constitutes a bio-
marker for the disorder. Frank macrocephaly is defined
as a head circumference greater than the 97th percentile,
which by definition means that it is found in 3% of the
population. Given a U.S. population of approximately
300 million, certainly the vast majority of the 9 million
individuals with macrocephaly are not autistic. What is
more interesting is that among autistic individuals, the
percentage with macrocephaly is not 3% but more in the
range of 20% (Steg and Rapoport 1975; Walker 1977;
Bailey and others 1993; Rapin 1996; Lainhart and others
1997; Stevenson and others 1997; Fombonne and others
1999; Aylward and others 2002; Deutsch and Joseph
2003; Dementieva and others 2005), with an overall
upward shift in head circumference distribution even for

those who do not meet criteria for macrocephaly (Gillber
and de Souza 2002; Deutsch and Joseph 2003;
Dementieva and others 2005). Thus, although not a bio-
marker, macrocephaly appears to be a phenomenon, or
an endophenotype, that provocatively suggests the exis-
tence of a relevant underlying pathophysiology. Yet even
here, the pathophysiology leading to macrocephaly in
autistic individuals does not seem in itself sufficient for
autism because macrocephaly is also common in their
first-degree (and unaffected) relatives (Fidler and others
2000). Macrocephaly also does not appear to be specif-
ic to autism, also being found in pervasive developmen-
tal disorder (Woodhouse and others 1996), attention
deficit hyperactivity disorder (Ghaziuddin and others
1999), and developmental language disorder (Herbert,
Ziegler, Makris, and others 2003). Nor is it specific for
any one autism phenotypic subgroup (Miles and others
2000), although individuals with Asperger syndrome
were found to have larger mean head circumferences
than those with autism (Gillberg and de Souza 2002).

Over the past decade and a half, volumetric neu-
roimaging has been contributing considerably more
detail to the characterization of increased brain volume
in autism (Table 1). Large brain volume was early
reported by Filipek and others (1992) in a sample in
which high-functioning autistic school-age children had
larger brain volumes than did lower functioning (non-
verbal 1Q <80) children and controls. Piven and others
(1995) studied 20 male autistic subjects who were found
to have larger brains due to enlarged tissue and lateral
ventricle volume, with a follow-up study showing the
enlargement in males but not in females and in temporal,
parietal, and occipital but not in frontal lobes (Piven and
others 1996). Enlargement of gray and white matter in
the cerebrum and cerebellum was found in 2- to 3-year-
olds by Courchesne and others (2001), whereas cerebral
but not cerebellar enlargement was found in 3- to 4-year-
olds by Sparks and others (2002). Brain volume was
larger than controls for autistic subjects younger than 12
years (Aylward and others 2002). For school-age boys
with high-functioning autism, brain enlargement bor-
dered on significance (Herbert, Ziegler, Deutsch, and
others 2003). In a study comparing high-functioning and
low-functioning autism and Asperger syndrome with
controls in mid-childhood through adolescence, cerebral
gray matter but not white matter enlargement was found
(Lotspeich and others 2004).

Brain Growth Trajectories Are Atypical

Some of the earliest observations of increased brain size
were in postmortem brain weight measures (Bauman
and Kemper 1985). Although neuropathological investi-
gations are complicated by limited control over subject
ascertainment, comorbidities, conditions of death, and
postmortem interval and may involve confounds such as
edema that may affect brain weight, these measures are
nevertheless of interest. Postmortem studies have not

(Text continues on page 427)
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consistently reported total brain weight, but when
reported, it tended to be markedly above average, partic-
ularly in younger subjects. The early sample of Williams
and others (1980) included 4 brains all with brain
weights within 2 standard deviations of the mean for
age, but 3 of the subjects were older than 12 years at the
time of death. Kemper and Bauman (1998) reported that
of 19 brains for which weight was available, 8 of the 11
brains of subjects who were younger than 12 years were
increased compared to controls, whereas 6 of 8 brains
from individuals older than 18 years weighed less than
expected. Of the 6 brains in the Bailey and others (1998)
sample, 4 (including a 4-year-old and 3 individuals in
their 20s) were frankly above the normal range derived
from Dekaban and Sadowsky (1978), whereas the
remaining 2 (also in their 20s) were near the upper limit
of that range (Bailey and others 1998). Courchesne and
others (1999) observed that a problematic error term in
the Dekaban and Sadowsky (1978) data complicates its
use as a source of norms for these comparisons.

Larger brains in younger but not in older subjects has
also been found in brain imaging. Aylward and others
(2002) measured both head circumference and brain vol-
ume and found that both measures were larger in autistic
children younger than 12, whereas only head circumfer-
ence was larger in older autistic individuals, suggesting
an early rapid brain growth with the volume initially
achieved not being maintained through the life course.
Brain volume was enlarged in 2- to 4-year-olds but not
in teenagers studied by Courchesne and others (2001).
The failure of Lotspeich and others (2004) to replicate
many prior findings of brain enlargement may be due to
the ages of their subject pool straddling a wide range,
from 7.8 to 18.9 years, an interval that overlaps with
both younger subjects in whom brain enlargement has
been discerned and an older group in whom brain
enlargement has not been found. Of note, volumetric
studies to date have been cross-sectional; at the current
time, the longitudinal study of autism, which would gen-
erate more meaningful data, is just getting under way.

It is of particular interest to study brain growth trajec-
tories in autism from birth (Redcay and Courchesne
2005). To date, several retrospective head circumference
studies have been performed. A small minority of chil-
dren in these studies manifested macrocephaly at birth
(Mason-Brothers and others 1990; Lainhart and others
1997; Gillberg and de Souza 2002; Courchesne and oth-
ers 2003), but for the most part, across studies, autistic
children did not exceed the 97th percentile at birth
(Lainhart and others 1997; Stevenson and others 1997;
Hultman and others 2002; Courchesne and others
2003). Lainhart and others (1997) reported that head cir-
cumference increased toward macrocephaly in early to
mid-childhood, whereas Courchesne and others (2003)
found that the bulk of the unusual growth trajectory—an
increase of 2 standard deviations—was accomplished by
14 months of age, with a marked slowing of growth rate
thereafter. Dementieva and others (2005), with a much
larger sample, showed, as did Courchesne and others’

(2003) study, an abnormal brain size increase beginning
in the first 2 months of life but continuing for several
years (Fig. 1), demonstrating that many individuals who
did not become macrocephalic nevertheless manifested
this abnormal early postnatal burst of brain growth
(Dementieva and others 2005). In Courchesne and oth-
ers’ (2003) neuroimaging samples, in which the age
range of subjects cut through much of childhood, the
early rapid brain growth was followed by a much slower
rate of growth relative to controls in subsequent years of
childhood (Carper and others 2002).

The extremely desirable information about aberra-
tions in brain development during the period of most
rapid brain growth (and during the period when the brain
enlarges atypically) that could be derived from prospec-
tive brain imaging data is difficult to acquire. Given the
lack of biomarkers that would identify autistic individu-
als at birth or in early infancy, and given that the diag-
nosis is made on the basis of behaviors such as language
and socialization that are not well-defined for the first
few years, the available alternative is to study infants and
young toddlers at risk for autism due to the diagnosis of
an older sibling in the family. But serious ethical con-
straints apply to the study of undiagnosed individuals
this young, including the inappropriateness of using
sedation agents that complicated the achievement of
stillness requisite for MRI scanning; this leaves the
option of patiently waiting and then maintaining sponta-
neous sleep. The first such study reports that in two year
olds with autism there is generalized enlargement of
gray and white matter cerebral but not cerebellar vol-
umes, that may have its onset post-natally in the latter
part of the first year of life (Hazlett, Poe, Gerig and oth-
ers forthcoming).

White Matter Contributes Disproportionately
to Brain Volume Enlargement

Several studies found that increased brain volume in
young autistic individuals appears to be largely driven by
an increase in white matter, although in a diminishing
fashion as development progresses and overall brain
enlargement relative to controls disappears. In
Courchesne and others’ (2001) study of 2- to 16-year-
olds, white matter enlargement (18% more cerebral and
38% more cerebellar white matter) was found in 2- to 3-
year-old autistic children accompanied by cerebral cor-
tex enlargement, whereas 12-to 16-year-old autistic chil-
dren in this study had less white matter than controls did
(Courchesne and others 2001). In a comprehensive vol-
umetric profile of high-functioning autistic boys inter-
mediate in age between Courchesne and others’ younger
and older subjects, Herbert, Ziegler, Deutsch, and others
(2003) reported that white matter was 15% larger in 6-
to 12-year-old autistic boys than in age-matched con-
trols, making up less than a third of cerebral volume but
accounting for 65% of the volume increase in autism
over controls (Fig. 2); while at the same time, the cere-
bral cortex and hippocampus-amygdala were propor-
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Fig. 1. In a sample of autistic individuals, Dementieva and oth-
ers (2005) showed a continuous increase in head circumference
percentile from birth through 3 years, with a linear regression
between mean head circumference percentile and age, by
month of age from 0 through 36 months. (There was only one
child between 10 and 11 months and one between 13 and 14
months.)

tionately smaller than in controls and the remaining
major brain structures were absolutely larger but not
larger once overall size increase was taken into account
(Herbert and others 2003a; Fig. 3). In older autistic indi-
viduals, voxel-based methods have shown less white
matter concentration (a different measure than volume)
than in age-matched controls (Chung and others 2004;
Waiter and others 2005).

Regionalization of White Matter Volume Increase

Herbert’s group performed a further analysis to charac-
terize regional biases in this white matter volume
increase, using a method of topographical white matter
parcellation based on the neuroanatomy of white matter
tracts (Makris and others 1999; Meyer and others 1999).
The results were that the volume increase is confined to
the radiate zone, that is, the subcortical white matter pri-
marily composed of corona radiata and U-fibers but also
including the origins and terminations of projection and
sensory fibers. In this study, the deeper white matter,
including major sagittal tracts, internal capsule, and cor-
pus callosum, showed no volume increase over controls
(Herbert and others 2004). The frontal lobe white matter
showed the greatest enlargement over controls (27%),
with frontal lobe predominance also previously reported
by Carper and others (2002) and with prefrontal white
matter even more strongly affected (36% larger than
controls; Herbert and others 2004; Fig. 4). Herbert and
others (2004) reported a further regression analysis that
combined temporal and spatial considerations, address-
ing regional white matter volumes in relation to the
timetable of brain myelination in development (Yakovlev
and Lecours 1967; Kinney and others 1988),
and showed that the later a white matter region complet-
ed myelination or the longer it took to myelinate, the gre-
ater was that region’s volume increase over controls
(Herbert and others 2004; Fig. 5). Greater volume
changes in later-myelinating white matter suggest a rela-
tionship with postnatal brain volume enlargement dis-
cussed above.

A lack of volume increase or even a relative reduction
in the midsagittal area of the corpus callosum has been a
consistent finding in autism, although regional bias has
varied regarding which part of this structure is most
affected (Egaas and others 1995; Piven and others 1997;
Manes and others 1999; Hardan and others 2000;
Herbert and others 2004). This means that the corpus
callosum is disproportionately smaller than would be
predicted given volume increases in more peripheral
white matter (Jancke and others 1997), which may con-
tribute to a reduction in interhemispheric connectivity
and thus an increased tendency to lateralize functions
(Lewis and others 2004). Indeed, a widespread increase
in cortical asymmetry, predominantly in a rightward
direction, has been documented (Chiron and others
1995; Herbert and others 2005).

Neurobehavioral Correlates

Insofar as its clinical impact has been assessed in some
studies, large brain size has not appeared to have clinical
correlates (Lainhart and others 1997; Miles and others
2000), whereas in others, it has appeared to be more
common in higher-functioning individuals (Gillberg and
de Souza 2002; Dementieva and others 2005). Brain
enlargement is not always considered in studies of brain-
behavior relationships, although mentioned in introduc-
tions to articles, it is often left aside at the point of
model-building or hypothesis design, not finding its
way, for example, onto lists of potential brain correlates
of behavioral endophenotypes (Dawson and others
2002). There have been two reports of a relationship of
large-scale brain size measures to cognitive and diag-
nostic variables. Deutsch and Joseph (2003) found that
head circumference was not associated with language or
executive functioning and was also not related to either
verbal or nonverbal 1Q taken individually. However, it
did correlate with a discrepancy between nonverbal and
verbal 1Q, where the nonverbal score was higher
(Deutsch and Joseph 2003). Akshoomoff and others
(2004) found that four volumetric variables (cerebellar
white matter volume, area of anterior and of posterior
cerebellar vermis, and cerebral white matter) contributed
to two discriminant functions that separated high-
functioning autism, low-functioning autism, and con-
trols (with a mean age of 6 years) from each other.
Large brains, even if the volume increase has nonuni-
form features, represent a pervasive rather than regional-
ly localized abnormality. As such, they invite association
with more generalized processing abnormalities that
have been modeled as underlying the observed and
defining behaviors, such as weak central coherence
(Shah and Frith 1993), the idea that autism is a disorder
of late or complex information processing (Minshew and
others 1997), underconnectivity (Just and others 2004),
and the framing of autism as a neural information pro-
cessing disorder (Happe and others 2001; Belmonte and
others 2004). However, these constructs have not to date
been evaluated directly in relation to large brain size or
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Fig. 2. In the pie chart on the left, total brain volume is divided by the percentage contribution of each major brain structure to the
overall volume. In the pie chart on the right, the volume differences between autism and controls are broken out by contribution of
each structure. Whereas cerebral cortex comprises 52% of total brain volume in autism, it contributes only 18% to the brain volume
increase over controls. On the other hand, whereas cerebral white matter comprises 30% of total brain volume, it contributes 65% of
the volume increase over controls. The scaling of brain volumes in autism is thus nonuniform in comparison with controls.
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Fig. 3. Radiate but not deep (sagittal or bridging) white matter volume (see Fig. 4) is increased in a group of high-functioning autistic
boys and of boys with developmental language disorder (DLD). Volumes are shown as a percentage of control volume. Solid bars are
statistically significant; speckled bars are not statistically significant. Radiate white matter in all four lobes is significantly larger in
autism than controls, whereas in DLD, three lobes (sparing parietal) are similarly affected. Prefrontal white matter has an even greater
enlargement over controls than frontal lobe white matter in both groups. In the deeper sagittal and bridging, white matter volumes are
with one exception not larger than controls, and basal forebrain is smaller for both groups (Herbert and others 2004).

to major components of this size increase such as white
matter.

whose phenotype includes macrocephaly, but although it
is conceivable that these syndromes may involve mecha-
nisms related to those underlying autism, only a few
(e.g., neurofibromatosis 1 and Sotos syndrome) have
both macrocephaly and autism as part of their phenotyp-
ic profile, whereas for the most part, genetic syndromes
that involve an increased incidence of autism are not
known to feature macrocephaly (McCaffery and
Deutsch, “Macrocephaly and the Control of Brain

Genetics, Environment, and Large Brains

At the current time, we can only speculate about the role
genes may play in autism macrocephaly, as no specific
genetic mechanisms for autism have been identified at
this time. There are a variety of genetic syndromes
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Fig. 4. In the figure on the right, radiate white matter, whose enlargement is graphed in Figure 3, is shaded yellow, while sagittal and
bridging matter are shaded white. In addition, deep gray matter structures, shaded blue, are absolutely the same or slightly larger than
but proportionately no different from controls (cerebellum and brain stem also fall into this category, but they are not visible on this
slice). In the figure on the right, cerebral cortex and hippocampus-amygdala, which are shaded red, are absolutely no different from
but relatively smaller than controls (Herbert and others 2003; Herbert and others 2004).

Growth in Autistic Disorders,” unpublished manuscript).
Nevertheless, it is worth exploring whether some of the
more common autism-associated genetic syndromes
could have hitherto unappreciated macrocephalic fea-
tures or even comparable altered proportionality of brain
tissue compartments; the neuroanatomy of many of
these syndromes is not well characterized at the level of
what we now know about autism. At the same time,
given growing numbers of reports documenting increas-
es in the numbers of autistic individuals, with no con-
clusive explanation for these increases (Fombonne 2003;
Blaxill 2004; Newschaffer and others 2005; Palmer and
others 2005), it is prudent to include environmental as
well as genetic factors as potentially implicated in this
endophenotype.

Underlying Tissue Changes

The finding of regional differentiation in white matter
volumetrics has raised the question of what tissue
changes might be driving this phenomenon. Some infer-
ences can be made from volumes yielded by gray versus
white matter tissue classifications. The dissociation of
white matter from gray matter volumetric patterns
(Herbert, Ziegler, Deutsch, and others 2003) and trajec-
tories over time, with white matter enlargement being
initially greater and persisting longer than cerebral or
cerebellar cortical involvement, suggests that the white
matter enlargement is less likely to be a function of an
increase in neuronal number and more likely to be a con-
sequence of changes intrinsic to white matter, such as
increased myelination. Although this is only an infer-
ence, it is further supported by magnetic resonance spec-
troscopy data showing less rather than more n-acetylas-
partate (NAA) in autistic brains (Friedman and others
2003); because NAA is associated with neurons, a

reduction of this metabolite suggests less rather than
more neurons and axons.

Although diffusion tensor data have the potential to
shed some light on white matter in autism, at the current
time, there are limited data in this modality. These stud-
ies measure fractional anisotropy (FA), which relates to
the extent to which diffusion of water is directionally
constrained. Although myelin can constrain water diffu-
sion directionally, FA is not specific for myelin, and cau-
tion must be used in interpreting FA data. In 2- to 4-year-
olds, Piven’s group reported that fractional anisotropy
appears to be similar to what is found in control subjects
several years older (Cascio and others 2005), whereas in
another study involving teenagers, multiple clusters
were noted of reduced fractional anisotropy in white
matter adjacent to ventromedial prefrontal cortices, in
anterior cingulate, in temporoparietal junctions, near the
amygdala, in occipitotemporal tracts, and in the corpus
callosum (Barnea-Goraly and others 2004).

Although studies are currently underway, at the cur-
rent time, there is no neuropathological documentation
of the microscopic changes associated with white matter
enlargement, so although we can make circumstantial
inferences, we cannot yet confidently attribute it to
increases in myelination, axonal density, increased vas-
cularization, or any other particular change.

Minicolumns

Casanova and others (2002) have published several
reports of increased numbers of minicolumns with
greater cell dispersion in autism. These data were
derived from an analysis of digitized images of lamina
Il in several Brodman areas. Minicolumns, defined as
vertical clusters of large neurons delimited by cell-
sparse areas on either side, were detected using a com-
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Fig. 5. A, Myelination has different times of onset duration and completion by brain region. This figure illustrates regions with neu-
ropathological data regarding a myelination timetable whose structures could be discerned using white matter parcellation. Weeks are
indicated postconceptionally. Figures 5B and C illustrate regression analysis to indicate the relationship of timing and duration of
myelination with the extent of volume increase over controls. The longer myelination takes (Fig. 5B, “mean maturity interval”) and the
later the presence of mature myelin is noted (Fig. 5C, “presence of mature myelin”), the greater is the volume increase (shown as mean
Z score) compared with controls. This relationship was found for both autism and developmental language disorder (DLD) subjects
(Herbert and others 2004).
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