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ABSTRACT
Social and emotional processing uses neural systems involving structures ranging from the brain stem to the associational cortex.
Neuroimaging research has attempted to identify abnormalities in components of these systems that would underlie the behavioral
abnormalities seen in disorders of social and emotional processing, notably autism spectrum disorders, the focus of this review. However,
the findings have been variable. The most replicated anatomic finding (a tendency toward large brains) is not modular, and metabolic
imaging and functional imaging (although showing substantial atypicality in activation) are not consistent regarding specific anatomic
sites. Moreover, autism spectrum disorder demonstrates substantial heterogeneity on multiple levels. Here evidence is marshaled from
a review of neuroimaging data to support the claim that abnormalities in social and emotional processing on the autism spectrum are a
consequence of systems disruptions in which the behaviors are a final common pathway and the focal findings can be variable, downstream of other pathogenetic mechanisms, and downstream of more pervasive abnormalities. (J Child Neurol 2004;19:772–784).

Human beings and many other mammals are social beings; thus,
social and emotional mental processes are key to human and,
indeed, much mammalian functioning. Some trajectories of evolution have resulted in the emergence of flexibility and nuance in
social and emotional capabilities. The neurobiologic substrates of
emotional processing are complex and multiple. They involve networks of neural systems ranging from evolutionarily ancient parts
of the brain to more complex associational processing that is
emergent in larger-brained mammals, particularly higher primates.
Because of the interrelationships among these systems, which are
rooted in the evolutionarily emergent complexities of brain connectivity,1,2 it is important to be mindful of the full palette of human
social and emotional capabilities in studying these functions and
their disorders, as well as of their interplay with other cognitive
capacities.
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Social and emotional functions are impaired in a distinctive
fashion in disorders on the autism spectrum. Autism is defined
purely behaviorally, and a set of three neurobehavioral abnormalities has been found to cluster together, including language
impairment, impairment in social reciprocity, and behaviors that
are repetitive, ritualistic, or stereotyped.3 Each of these three features can be described on its own, and they are not all found in equal
strength and quality in every individual with autism. Yet although
they might seem like modular and dissociable impairments, the clustering of these behavioral features suggests a possible linkage at
the level of underlying mechanisms. Indeed, a number of models
of underlying cognitive or processing abnormalities have been
suggested to underlie these behavioral manifestations, including
weak central coherence,4 impairment of complex processing,5 and
impaired mentalizing or theory of mind.6
Various brain, biochemical, immunologic, and genetic abnormalities have been found in individuals on the autism spectrum.
Autism can be associated with a range of known disease entities,
and it can also be idiopathic.7 However, at present, it has no reliable biomarkers, making it a syndrome rather than a disease.
Moreover, the underlying biology appears to be quite heterogeneous.
If there is one constant in studies of biomarkers (eg, neuroanatomy,
biochemistry, immunology) for the autism spectrum, it is the presence of variability in measurements. Yet in the setting of such
marked variability, individuals whose biologic markers are inconsistent from one to the next have met the full behavioral criteria
for autistic disorder, although there is clearly also variability in the
way in which subjects can meet these criteria. It has been a
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common belief in the field that the variability of measures is a consequence of differences in methodology, whether of subject selection or investigative tools. This notion derives from the assumption
that the common behavioral features in these syndromes should
rest on a common underlying biology and that were methods and
subjects more consistent, it would be easier to identify specific
underlying commonalities. However, there is another possibility,
which is that some of the variability might be an irreducible intrinsic reflection of the multiple pathways from biology to behavioral
phenotype,8 with the autistic syndrome being not a specific biologic
entity but a “final common pathway.”
There is another type of variability in these disorders, namely,
a difference in behaviors over time in individual subjects. These
differences can occur on a day-to-day basis, with “good” and “bad”
days or behaviors interspersed among each other. It can also occur
over longer intervals, in those cases in which the results of therapeutic interventions lead to more enduring improvements in the
level of functioning of affected individuals. These types of variability
suggest that there are at least some aspects of the underlying
abnormalities that are not strictly “hardwired” but rather are subject to change in various ways. A further type of variability can well
be changing the rates of the disorder. A growing number of studies suggest an increase in incidence.9,10 Although this remains the
subject of controversy, if it is even partly true, then the environmental component of the gene-environment interactions underlying the disorder might be changing.11,12
The study of brain abnormalities in the autism spectrum has
largely aimed to identify brain-behavior correlations. This requires
identifying regions of the brain that normally subserve the behaviors that are disordered; however, for the core behavioral features
of the spectrum other than language, the relevant normal regional
specializations are poorly understood. Even for language, the changes
in regional specialization over developmental time, which are highly
relevant for developmental disorders, are not clearly known; and
regions involved in language domains especially impaired in autism,
such as pragmatics, are poorly characterized. Brain-behavior correlation also involves characterizing the neuroanatomic and neurofunctional abnormalities underlying the neurobehavioral
impairments. However, this correlational project is challenged by the
diversity and inconsistency of the findings among studies and among
individuals, some of which are documented below.
In this article, I argue that the data support a shift of interpretive
emphasis. Rather than trying to eliminate the variability, I pose the
question of just how it can be that such a presumably heterogeneous
set of underlying biologic abnormalities can eventuate in the same
syndrome of behavioral abnormalities. How can we characterize
the cognitive neuroscience of the phenomenon of a final common
pathway? I hypothesize that autism is a disorder of systems alteration or disruption and that systems can be impacted in multiple
ways and yet yield a similar syndrome of behaviors. From this vantage point, the variability in biomarkers can be transformed from
noise into signal,13 yielding insight into the multiple systems vulnerabilities that can lead to this type of disordered social-emotional
functioning. We also need to characterize the limits to the variability
of systems impact; that is, under what circumstances can systems
disruption lead to a lesser or different syndrome than autism?
Formulating the research challenge in these terms can allow a
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more parsimonious integration not only of variability in biologic
findings but also of variability in the gene-environment interactions
involved in underlying mechanisms.
ANATOMY OF SOCIAL
AND EMOTIONAL PROCESSING
In broad terms, social and emotional behaviors are evolved modes
of regulation of individual and group dynamics. At the neuroanatomic level, they involve systems ranging from core somatic
regulatory circuitry to circuits modulating action and interaction
with objects and beings in the world. They coordinate physiologic
adaptations with responses to safety and danger. In more social
organisms with more complex intelligences, the environment
becomes more functionally differentiated for species with an
expanded repertoire of perception and response capabilities.14 In
highly social species, the social environment becomes ever more
central to survival, and the evaluation of the intentions, emotions,
and thoughts of conspecifics comes to occupy a major place in mental life and in survival. In such organisms, both the social environment and the ability to perceive it strongly affect developmental
outcomes. The evolving adaptive and associative intelligence that
enables this increasing social complexity cannot be entirely separated from that enabling increasing complexity in mental operations used for material adaptive strategies.
Visceral regulation is an important component of emotional
processing and is affected by social experience. Dysfunction in
visceral regulation systems can be a component of both dysphoric states and emotional disorders, as well as a consequence
of social misfortune. A three-stage model of phylogenetic stages
of autonomic nervous system development has been proposed.15–17
The most primitive stage generates an unmyelinated vegetative
vagal system that fosters digestion and that responds to threat by
cardiac output reduction and immobilization. A later emerging
spinal sympathetic nervous system inhibits the earlier vagal system’s influence on the gut and increases the metabolic rate to
mobilize for “fight or flight.” A third stage, unique to mammals
with a myelinated vagal system, is related to regulating cardiac
output in relation to engagement and disengagement with the environment. This third system is derived from the branchial or primitive gill arches and thus relates to cranial nerves V, VII, IX, X, and
XI. Owing to the functions of these cranial nerves, it is thus
related to regulation of components of social engagement that
include hearing via middle ear muscles, facial expression via
facial musculature, the coordination of breathing with vocalizing
via the laryngeal and pharyngeal muscles, and orientation via headturning muscles. Via rapid vagal regulation of the heart and
bronchi, it also modulates rapid social engagement and disengagement. This level of nervous regulation is also associated
with fostering early mother-child interactions. Vagal regulation
modulates the release of oxytocin and vasopressin, two neuropeptides involved in social bonding and isolation and with
responses to safety and fear. Abnormalities in this level of neural
systems related to social and emotional behavior have been associated with the autism spectrum, and it is argued that they contribute to the autism. These include brainstem abnormalities,18–20
abnormalities of oxytocin,21 and autonomic dysregulation.22,23
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Moving up the hierarchy, the organism needs to evaluate the
emotional content and significance of environmental factors,
including social encounters. Many investigations ranging from animal and human lesion studies to functional neuroimaging have implicated the amygdala in this level of social and emotional processing,
including demonstrating its role in recognizing facial emotion24–28
and its assessment of eye gaze direction as a component of assessment of motivation.29,30 Although the amygdala appears to be
involved in evaluating perceptual input for emotional salience, a
growing number of studies suggest that the role of the amygdala
is more focused on evaluation of fearful stimuli and is more specifically related to states of anxiety.31,32 Thus, whereas some argue for
an amygdala theory of autism,33,34 others suggest that the role of
the amygdala is more modest and not an explanation for the full
spectrum of behavioral abnormalities.35,36
Participation in social interactions also requires recognition
of the specific identity of other individuals.37 Face recognition is
an essential part of this, and the fusiform face area of the ventral
cerebral cortex plays a role in this function. Faces appear to be a
special class of objects in that they are processed configurally or
holistically, as a gestalt, rather than part by part.38 However, what
makes them special is the subject of debate. One model ascribes
a domain-specific intrinsic proclivity for face recognition.39 Counterposed to this is the idea that face recognition is a highly developed form of expert-level configural processing, not intrinsically
different from expertise regarding other objects,40 because configural processing by experts in other domains—for example, by
highly experienced bird-watchers—also activates the fusiform
face area in functional neuroimaging studies.41–43 Sheep, on the other
hand, use configural processing to recognize other sheep but not
familiar human beings.44 A third model offers a synthesis of aspects
of these two models in a developmental framework, proposing that
face recognition in the fusiform face area is the result of a developmental process of interactive specialization over time that starts
with a preferential orientation to faces in newborns45 and leads—
in interaction with experience and the progressive specialization
of brain regions—to the emergence of configural processing of
faces.46 It appears that individuals on the autism spectrum cannot
process faces in the same way as typically developed controls,47–50
although the deficit might not be specific to faces.51
Reciprocal social interaction requires an ability to make accurate inferences about the thoughts and mental states of other people. This capacity has been called “theory of mind” or
“mentalizing.”52,53 Imaging studies have identified a network of
regions associated with this function, including the anterior paracingulate cortex, the superior temporal sulci, and the temporal poles.54–58
Gallagher and Frith take the modular position, however, that of these
three areas, only the paracingulate cortex is uniquely associated with
mentalizing, whereas the other two areas activate in association with
other functions as well.59 The anterior cingulate is also involved in
multiple functions, including emotion processing.60
Processing of emotional and social experience is further modulated in a number of other ways. The cerebellum appears to be
involved in affective modulation. It receives information from the
associational cortices via the corticopontocerebellar pathway and
participates in neural circuits involving the frontal and paralimbic
cortices and subcortical structures.61 Patients with cerebellar

lesions can exhibit what has been called the “cerebellar cognitiveaffective syndrome.”62 Cerebellar abnormalities were among the first
brain abnormalities to be documented in autism.63,64 The left and
right cerebral hemispheres also appear to make different contributions to social and emotional processing, with the right hemisphere seeming to be more configural.65,66
Processing of social and emotional stimuli also involves evaluation in the context not only of fresh perceptual information but
also of a vast array of past experience. This involves the associational cortex and subcortical relays, such as thalamic nuclei. Certain portions of associational cortex are more highly interconnected
with the limbic system. For example, the orbitofrontal and medial
prefrontal areas are robustly connected to the amygdala.67 From
an evolutionary point of view, limbic cortical areas have more
ancient roots and a less differentiated cortical layering structure,
but they preserve a much denser set of interconnections. On the
other hand, more recently evolved portions of the cortex, particularly the primary sensory and motor cortex, have a more finely
differentiated laminate structure1; they are dedicated to the more
direct sensory and motor interface with the environment, which
they process in a detailed but fractionated and abstracted fashion,
and their connections with the rest of the brain are not diverse but
rather basically restricted to adjacent regions. The limbic area
connections with multiple limbic, polymodal, and premotor cortex regions, as well as with subcortical structure,2,68 allow these
areas to address representations of experience that are less differentiated than those processed by the primary sensory and motor
cortex. But these representations contain both multisensory and
visceral components and input from many areas at once, allowing
a more integrative and regulatory processing to occur.
Social and emotional processing thus does not occur only in
isolated nodes but rather requires the interactions of multiple distributed components in relevant neural systems.69,70 The components
of these neural systems are highly interconnected with one another
and with other parts of the brain.71 Disturbances of this processing
can be the result of impairments at specific locations in these networks, but they can also be a consequence of altered connectivity
between or relationships among the parts. Modeling autism as a systems disturbance requires attending to all such possibilities.
ANATOMIC NEUROIMAGING AND THE
ANATOMY OF DISORDERED SOCIAL
AND EMOTIONAL BEHAVIOR
Neuroimaging can be used to measure volumes of brain structures. These volumes are affected by cell size and type, cell density, cell organization, extracellular materials, and vasculature.72
Volume has been thought to be proportional to processing capacity. Early anatomic neuroimaging of autism was markedly influenced
by neuropathologic findings of abnormalities in the limbic system
and the cerebellum. Owing to both these findings and to early limitations of imaging analysis, a region of interest approach has predominated, with studies documented in Table 1. However, as
imaging analysis becomes more sophisticated, it is becoming easier to analyze more regions at once and address the relationships
among them. Although abnormalities in multiple components of
brain circuitry relevant to social and emotional behavior have
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Table 1. Regional Volume Differences From Controls
Smaller
Midline cerebellum lobules V–VII
Courchesne et al, 198874
Gaffney et al, 198780
Murakami et al, 198981
Saitoh et al, 199582

No Different

Larger

Rumsey et al, 198884
Nowell et al, 199085
Elia et al, 200086
Garber et al, 199287
Holtum et al, 199288
Kleiman et al, 199289
Filipek et al, 199291
Piven et al, 199792
Piven et al, 199290

Courchesne et al, 199483

Piven et al, 199792
Sparks et al, 200293
Hardan et al, 200194
Abell et al, 199995
Courchesne et al, 200197
Herbert et al, 200396

Cerebellar volume

Hippocampus and/or amygdala
Aylward et al, 199998
Herbert et al, 200396

Haznedar et al, 1997100
Haznedar et al, 200099
Saitoh et al, 199582
Piven et al, 1998189
Aylward et al, 199998

White matter

Howard et al, 200034
Sparks et al, 200293
Abell et al, 199995

Courchesne et al, 200197
Carper et al, 2002121
Herbert et al, 2003,96 2004116

Corpus callosum
Egaas et al, 1995128
Piven et al, 1997129
Manes et al, 1999130
Hardan et al, 2000131
Herbert et al, 200396

been documented, the findings are by no means consistent across
studies, and many individual findings are not entirely unique to
autism. This inconsistency and variability could be due to genuine
differences among subjects (which occur even in normal populations,73 with certain areas of the brain such as tertiary sulci being
particularly variable anatomically) or to methodologic problems
related to subject selection, imaging acquisition, or imaging analysis. However, there can also be a disconnect between microanatomic
abnormalities and macroanatomically detectable volume change.
For example, in neuropathologic studies, the limbic system was
found to have an increased number of small cells that were densely
packed,64 but the volumetric implications of such a combination
of findings are not obvious because the cell size, number, and
organization do not all trend in the same direction.
Region of Interest Studies
Cerebellum
Cerebellar area has been measured more often than volume. Determination of area is easier because it minimally requires only the
definition of regional boundaries in one sagittal plane. An early
report of hypoplasia of cerebellar vermal lobules VI to VII74 was followed by a substantial number of articles reporting measurements
of the midline sagittal area of the cerebellar vermal lobules. These
have been reviewed and discussed in detail elsewhere.75–79 Whereas
some of the articles replicated the findings of hypoplasia, others
did not. Smaller cerebellar vermal lobules VI to VII were found in

several studies,74,80–82 although some later studies discerned a subgroup with an area increase.83 However, several other studies
found no difference in cerebellar vermal lobules.84–92
Volume measurements make more technical demands than
area measures; there are fewer reports of cerebellar volume. However, these studies have all described a volume increase. Piven et
al and Sparks et al showed a cerebellar increase proportional to
increased total brain volume,92,93 whereas Hardan et al found cerebellar volumes to be both relatively and absolutely larger.94 A
voxel-based morphometry study also found increased gray-matter
volume bilaterally in the cerebellum.95 Herbert et al found that
total cerebellar volume was greater in subjects with autism than
in controls but not different after adjustment for total brain volume96;
this finding was in the same brains in which earlier analysis had
found no difference in midline vermal lobule VI to VII areas.91
Cerebellar volume increase can be due to an increase in cerebellar white matter because in the only study in which this was measured, cerebellar white matter was as much as 39% larger in autism
than in controls in 2- to 4-year-old children.97 More research is
needed on this phenomenon.
Limbic System
The amygdala was measured to be both absolutely and relatively
smaller in one study, in which the hippocampus was found to be
only relatively but not absolutely smaller.96,98 However, it was measured to be larger in several other studies using a variety of methods,34,93,95 with the last of these studies reporting a subgroup with
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proportional enlargement and another subgroup with greater than
proportional enlargement. No amygdala volume differences were
found by Haznedar et al.99 The cingulate gyrus, which has been measured less often in neuroanatomic studies, was smaller anteriorly
on the right and metabolically less active in two studies by the same
group.100 Small structures are particularly vulnerable to methodologic problems, with both differences among individual raters
doing the analyses in the same laboratory and differences in techniques among laboratories potentially contributing to inconsistent results.99
Large-Scale Measures
Total Brain Volume
Although region of interest findings have had much variability,
the single most replicated finding in autism is a tendency toward
unusually large head and brain size: 90% of 2- to 4-year-old children
have above-average brain volumes, and up to 37% are frankly
macrocephalic.97 Volume, weight, or size increase has been documented, mainly in younger subjects (but not adults), via a number
of classes of data. In this regard, the data from magnetic resonance
imaging (MRI) volumetric studies are consistent with measures
using other methods. Several studies have reported postmortem
measures of brain weight.63,101,102 In measures of head circumference during life, there has been a substantial upward shift in mean
head circumference compared to controls.103–111 This has also been
documented by in vivo MRI volumetric studies.97,104,112,113 This brain
volume increase furthermore appears to occur postnatally, in the
first 2 years after birth.108,114 In older autistic subjects, smaller
brain volume has been found to coexist with larger head circumference, suggesting that the brains in these subjects were larger
when the subjects were younger104 and also suggesting possible volume loss over time.
The increased brain volume in autism is an intriguing finding,
the basis of which is, at this time, not fully understood. It has generally not had clear cognitive correlates, although one study found
a correlation with higher nonverbal IQ.115 Most of these larger
brains appear to be clinically normal and are distinguishable from
controls only on the basis of measurements of changes too subtle
to be detected by the unaided eye. Normal-looking brains that
function poorly do not have a clear precedent in the neurologic literature, and there are thus no obvious models for inferring the
underlying mechanisms or the impact on function. Moreover, volume increase is not a modular finding, so its functional implications
cannot be inferred from classic notions of brain-behavior correlation. However, volume increase might be implicated in widespread neural systems disruption.
White-Matter Volume Increase and Its Regionalization
Increased brain volume in autism appears to be largely driven by
an increase in white matter. In Courchesne et al’s study of 2- to 16year old patients, white-matter enlargement (18% more cerebral and
38% more cerebellar white matter) was found in 2- to 3-year-old children with autism, whereas 12- to 16-year-old adolescents with
autism had less white matter than controls.97 In a comprehensive
volumetric profile of high-functioning boys with autism, Herbert
et al reported that white matter was 15% larger in boys with autism

than in controls and was also the only part of the brain that was
also disproportionately larger in subjects with autism.96 To characterize regional biases in this white-matter volume increase, Herbert et al 116 used a method of topographic white-matter
parcellation117,118 and found that the volume increase is confined
to the radiate zone, that is, the subcortical white matter primarily
composed of corona radiata and U fibers; the deeper white matter, including the major sagittal tracts, internal capsule, and corpus callosum, showed no volume increase over controls.
Myelination proceeds in a gradient from deep to superficial,119,120
and the areas showing volume enlargement are those that myelinate later. Myelination also proceeds from posterior to anterior, and
the frontal lobe white matter showed the greatest enlargement over
controls, a finding also reported by Carper et al,121 with the prefrontal
proportion even more strongly affected.118 The postnatal time
course of white-matter volume enlargement suggested by its radiate distribution appears to be consistent with the retrospectively
documented postnatal increase in head circumference.108,114
Altered Interregional Relationships
Once one entertains a systems disruption model of autism, it
becomes of relevance to study not just individual regions of interest but at least as much the relationships among multiple brain structures and neural systems; studies addressing such relationships are
documented in Table 2. This is because altered proportionality
among components of distributed systems can affect systems
properties.69,122 Although some studies have reported proportional
and absolute volumes to adjust for the influence of increased total
brain volume, few studies include multiple measures obtained
from the same brains, so the relationship among different findings,
including ratios and scaling, is often unknown.
Several researchers have found atypical relationships between
the frontal lobe and the cerebellum. Carper and Courchesne found
an inverse relationship between frontal lobe volume and the area
of cerebellar vermal lobules VI to VII.123 However, although similar reductions in the areas of cerebellar vermal lobules VI to VII
were found by Ciesielski et al,124 they did not appear to be specific
to autism (although that might not gainsay their functional relevance).125 Tsatsanis et al reported a loss of correlation in a group
with autism compared with controls between thalamic and total
brain volume.126 In the first whole-brain morphometric profile of
autism, Herbert et al reported that the brain volume increase is
nonuniform, with the volume differences from controls varying by
region.96 These increases yielded three factors, with white matter
alone being disproportionately larger (ie, regarding both absolute
and scaled volume), the cerebral cortex and hippocampus-amygdala being absolutely no different but relatively smaller, and the
remaining structures being proportionately larger, with greater
absolute volumes but scaled volumes no different from those of
controls. In this study, white matter made up only about 28 to 30%
of cerebral volume but contributed disproportionately to the overall volume increase, accounting for 66% of the volume increase in
autism over controls.
Given that the corpus callosum normally varies to the twothirds power of brain volume,127 one would expect that in light of
brain and white-matter volume increases, the corpus callosum
should be larger as well; however, this structure has consistently
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Table 2. Altered Interregional Volume Relationships
123

Carper et al, 2000
Tsatsanis et al, 2003126
Herbert et al, 200396

Inverse frontal lobe volume to cerebellar area ratios
Loss of correlation between thalamic and total brain volume
Dissociated nonuniform volume differences in three groups of brain regions compared with controls

been measured to be no different or smaller in subjects with autism
than that of controls, albeit with different callosal subdivision
emphases among studies. Egaas et al and Piven et al found the corpus callosum to be smaller in autism, mostly posteriorly.128,129
Manes et al found volume reduction in mentally retarded subjects
with autism, mostly in the body of the corpus callosum.130 Hardan
et al found volume reduction in the anterior of the corpus.131 Herbert et al found no difference in the midsagittal area of the corpus
callosum, either as a whole or in any subregion, although there was
a trend toward a relative volume decrease in the anterior callosum,
which paradoxically connects the parts of the white matter showing the greatest enlargement in the same brains.118
The coexistence of expanded white-matter volume with
unchanged corpus callosum volume132 involves an altered ratio
between these two linked areas that can change the network properties of brain connectivity and can do so differently for local and
intrahemispheric connections than for interhemispheric connections. In addition, larger brain volume is associated with increased
functional lateralization.127 These two dynamics might help account
for the widespread alterations in cortical asymmetry reported by
Herbert et al in these larger brains, in which there is a substantial
increase in a rightwardly asymmetric cortex and a reversal of the
right to left cortical asymmetry ratio.133 Asymmetry is most strongly
different from controls in higher-order association cortex, whose
development is most experience-dependent.134,135 These asymmetry alterations are thus likely to be downstream consequences of
alterations in volume and connectivity.133
Summary of Volumetric Findings
Volume changes in the autism spectrum appear to be composed
of a combination of local and diffuse alterations, with more variability in the former. More work is needed on morphometric profiles over time because the differential time trends among regions
might give useful information about pathogenesis and functional
implications.
METABOLIC STUDIES
Metabolic and functional studies inquire into more dynamic properties of brains. Many metabolic studies of autism have been oriented toward documenting regional metabolic abnormalities in
resting subjects, but their results have been variable. Temporal lobe
abnormalities have been found by several studies,136–139 with one
such study also identifying abnormal regional cerebral blood flow
in the parietal lobe. Delayed frontal lobe maturation has been discerned,140 and reduced cingulate volume has been associated with
a metabolic decrease in the same area in two studies.99,100 A number of other studies have found abnormalities in multiple
regions.141–143 A few studies have documented altered metabolic relationships among regions. Chiron et al reported reversed left-to-right
regional cerebral blood flow indices,144 whereas Muller et al reported

reversed hemispheric dominance to auditory stimulation.145 A circuit abnormality involving disturbed serotonin synthesis in the
dentatothalamocortical pathway was reported by Muller et al,146
whereas Minshew et al reported a widespread nonlocalized abnormality involving increased membrane degradation products that
correlated with neuropsychologic and language deficits.147 Although
each study has advanced a hypothesis to integrate its own findings,
none has advanced a hypothesis to integrate the disparate findings
among studies.
FUNCTIONAL STUDIES
Among functional neuroimaging studies investigating brain activation associated with social and emotion-processing tasks, one
sees the emergence of some common themes, but by no means are
the findings entirely consistent among studies. Moreover, there are
conceptual and methodologic problems regarding the relationship between the abnormalities identified and their relationship to
either underlying causative mechanisms or a broader range of
abnormalities with which these findings can coexist. Many functional imaging studies are based on the presumption that the functions under study are modular and that either a failure or alteration
of such modules should underlie deficits. However, it is difficult
to design a study that not only identifies abnormalities in circuitry
but also establishes that this abnormality is primary rather than
downstream from circuit problems at other levels. The modular
assumption was particularly clearly articulated by Baron-Cohen et
al,148 whose study sought to use functional neuroimaging to confirm the existence of the network of regions discerned by Brothers et al using other methods,149 which includes the orbitofrontal
cortex, superior temporal gyrus, and amygdala and comprises the
“social brain.” Using a mentalizing task that required judging the
emotions of others from their eyes, this network of brain regions
activated as predicted for controls but not for subjects with autism,
who activated the frontotemporal regions but not the amygdala.
Yet although the study was explicitly based on modular assumptions about the dissociability of social from general intelligence,
the authors acknowledged that their results still left open the possibility that their subjects with autism had a general deficit in emotional processing rather than a specific deficit in the capacity to
infer mental state.
Among the functional neuroimaging studies that have focused
on brain activity associated with emotion and face processing,
there is a set of studies in which the findings have been primarily
related to regions of interest associated with these neurocognitive
processes. These investigations were designed on the basis of evidence from the psychologic studies touched on above that face and
emotion processing are abnormal in autism. In three studies of face
processing in autism, there were deviations from the typical pattern of fusiform face area activation; however, the deviations varied among the studies. In the study by Schultz et al with a task
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related to face and object discrimination, face processing showed
greater activation in autistic subjects than controls of the inferior
temporal gyrus, an area associated in both autistic subjects and controls with the processing of objects.150 In the study by Critchley et
al, the autistic subjects also activated their fusiform gyrus less
than controls, but for the task in this study, involving explicit and
implicit processing of emotion in faces, they also showed greater
activation of the superior temporal and lingual or fusiform gyri than
controls.151 In the study by Pierce et al with a task alternating face
with shape perception, control subjects reliably activated the
fusiform face area for face processing, whereas the subjects with
autism activated areas scattered outside the fusiform face area that
varied individually among the subjects.152 However, Hadjikhani et
al reported that subjects with autism do succeed in activating the
fusiform face area with face processing and proposed that face processing deficits in autism are due to more complex anomalies in
the distributed network of brain areas involved in social perception and cognition.153
The variability here thus appears to have several components. First, the tasks differed among the three studies. But, second, as highlighted by the analysis of individual differences in the
Pierce et al study,152 variations among individuals were documented by Pierce et al and could well have been present in the other
studies, although such analyses were not reported. Finally, there
can be variability regarding attentiveness, although the alteration
of circuitry in the light of distractibility is an interesting problem
in itself.
Not Anatomic but Systems Anomaly Similarities
Although it might appear that the variability in findings stymies the
possibility of identifying the neuroanatomic core of the disordered
social and emotional behaviors, the situation, in fact, invites a
reframing of results from a different vantage point. The findings
do indeed have some common features, but they are at the level
of systems design rather than of specific neuroanatomy. Therefore,
rather than seek to extract a consensus on the specific anatomic
and circuit abnormalities that are associated with specific functional
deficits, I instead classify the findings of the studies according to
the classes of abnormalities that they have discerned. These abnormalities can be grouped into three classes, as tabulated in Table
3: (1) processing that is more local than global, (2) abnormal either
hypo- or hyperconnection among components of neural systems,
and (3) marked variability between individuals with autism in sites
of activation. I argue that although these classes of findings can be
accompanied by substantial inconsistencies at the level of specific
anatomic findings, at the level of systems disruption, they are
arguably of a piece and consistent.
Local Rather Than Global Processing
The impairment of configural, holistic processing represented by
low or a lack of fusiform face area activation in face processing
can be understood as a special case of a more widespread problem that has been characterized in such psychologic terms as
“weak central coherence”4 or “impaired complex information processing.”5 Although the precise character of this bias toward local
processing is not clear at this time, this tendency has been found
in a number of experimental paradigms. Ring et al found evidence

that the supernormal domains of ability in autism might, in fact,
be enabled by just such local processing.154 In an embedded figure
task, the subjects with autism appeared to use a different processing strategy than controls because although both groups activated areas associated with object and spatial visual processing and
object and spatial memory, the subjects with autism failed to activate areas associated with the working memory component of
the processing strategy used by controls. In a task that built on prior
studies by Schulz,150 Pierce,152 and Ring154 and their colleagues,
Hubl et al designed a task to tax both face processing and visual
search to discern differential activation beyond the fusiform face
area.155 Although face detection produced the highest fusiform
activations in both groups, the signals were lower in the subjects
with autism, whereas in the lateral occipital complex, which is more
involved in object processing than the fusiform face area, the signal was higher in the group with autism. In a crossmodal (visual
and auditory) task involving the enhancement of the emotional
salience of facial stimuli by prosodic information, which was
selected to amplify the cortical response to facial emotion, Hall et
al found that subjects with autism showed diminished right fusiform
and inferior frontal activation but greater thalamic, anterior cingulate, and right anterior temporal pole activation, a pattern that
suggested less emphasis in these subjects on assembly and evaluation of an integrated emotional experience and greater nonholistic feature analysis.156 In a bilateral visual spatial attention task,
Belmonte and Yurgelun-Todd found that subjects with autism
showed higher activations in modality-specific regions, whereas control subjects showed more modality-independent activations.157
Altered Connection:
Less or More or Abnormally Distributed
Processing that is local rather than global might, in turn, be either
a special case or a consequence of abnormal connections in the
brain. An early positron emission tomographic (PET) study by
Horwitz et al showed reduced correlations among regions in autistic brains. Ratios of global and regional metabolic rates were calculated from resting PET data of young adult male subjects with
autism and control subjects. Although only 4 of 31 regional cerebral metabolic rates for glucose differed between groups, 70% of
the 861 possible correlations had lower values in the group with
autism; moreover, there were significantly fewer robust correlations
in the group with autism than in the control group.158 However,
because autism does not manifest the atrophy present in Alzheimer’s
disease in which similar reduced correlation is found, the authors
attributed these findings to a deficit in attentional mechanisms; they
did not entertain other specifically neurobiologic mechanisms that
might degrade interregional correlation. A much more recent article has now reported a reduced degree of synchronization of the
time series of functional activation between the various participating
cortical areas and has placed this finding in the framework of
underconnectivity theory.159
In Critchley et al’s comparison of subjects with autism or
Asperger’s syndrome and control subjects on a task comparing
explicit with implicit emotional judgment, subjects with autism
spectrum had less activation of the fusiform gyrus but greater activation of the superior temporal and lingual or fusiform gyri than
controls, as well as a lack of amygdalar activation comparable to
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Table 3. Functional Imaging: Findings Consistent With Altered Network Properties
Disconnection or loss of variation
Horwitz et al, 1988158
Critchley et al, 2000151
Luna et al, 2002161
Castelli et al, 2002162
Just et al, 2004159
Local rather than global processing
Ring et al, 1999154
Hubl et al, 2003155
Hall et al, 2003156
Belmonte and Yurgelen-Todd, 2003157
Variability
Muller et al, 2001163
Muller et al, 2003164
Pierce et al, 2001152
Rumsey et al, 1985165
De Volder et al, 1987166
Heh et al, 1989167

Reduced correlations among regions
Apparent failure of top-down regulation
Dysfunctional integration of circuitry preferentially disabling higher-order cognitive processes
Failure of mentalizing network to receive information from upstream areas
Underconnectivity and loss of covariation of activating regions
Different processing strategy for embedded figures
Greater activation in upstream visual search, less activation in downstream face-specific regions
Less emphasis on assembly and evaluation of integrated emotional experience;
greater nonholistic feature analysis
Higher activation in modality-specific regions; less activation in downstream
modality-independent regions
Marked interindividual variability of location among atypical loci of activation in autistic group
Marked interindividual variability of location among atypical loci of activation in autistic group
Marked interindividual variability of location among atypical loci of activation in autistic group
Metabolic ratios highly deviant from mean, with high interindividual variability and scattered
throughout the brain
Increased interindividual variability in glucose metabolism
Increased interindividual variability in glucose metabolism

controls for implicit processing.151 But although the findings
appear to fit prominent theories of autism (notably the early
mesolimbic formulation of Damasio and Maurer160), the authors
also noted a broader pattern of activation and raised an intriguing regulatory question regarding whether some of the activations in the autistic group might reflect not primary abnormalities
but rather a failure of the top-down regulation that normally modulates these areas. Such a failure could be a problem of degraded
connection. Luna et al, in a study of special working memory, found
that although regions associated with the performance of visually
guided saccades were unimpaired, there was reduced participation of the dorsolateral prefrontal cortex and the posterior cingulate
in the more complex task of oculomotor delayed response.161
These results were interpreted as consistent with a dysfunctional
integration of circuitry that would preferentially affect higherorder cognitive processes. Finally, in a study by Castelli et al of
the attribution of mental states to animated shapes, the interpretations of the autistic subjects were in almost all cases found to
have some element of inaccuracy or inappropriateness that was
accompanied by a reduction in areas previously associated with
mentalizing but not in the extrastriate component of the network
associated with early visual processing.162 Thus, although the
group with autism could detect greater visual complexity, this information did not reach the multimodal brain systems associated with
mentalizing in any of the tasks that were presented, raising the question of whether the reduced activation of the mentalizing network (or by implication of the fusiform face area in studies that
showed reduction there) was primary or was instead due to these
areas failing to receive information from areas earlier in the
stream. Belmonte and Yurgelun-Todd interpreted their study
results in a framework that responded to this question: they proposed a model of pervasively defective neural and synaptic development yielding hyperaroused primary sensory processing with
impaired selectivity of relevant stimuli that overloads higherorder processes and leads to overall inappropriate distribution of
sensory activation and excessive attention to detail.157

Abnormal Scatter and Variability
In several studies in which activation data were examined on an
individual rather than on a group basis, a pattern of variability
emerged. Muller et al conducted two successive studies regarding
motor movements. In the first, the task was a simple motor movement (visually paced finger movement),163 whereas in the second,
the task involved multimodal processing (visually driven motor
sequence learning).164 In both cases, the Z-scores for the autistic
groups were lower than for controls, but this was accounted for
by marked individual variability in the loci of activation. However, although the Z-scores for individuals with autism were no different than those for controls, the description of the data is mainly
oriented toward localization, leaving it unclear as to whether the
activations of individuals with autism are not only centered in
aberrant locations but are also larger or more diffuse. Pierce, a member of the same research group, noted a similar variability among
individuals with her and her colleagues’ observations that face
activation occurred in individually varying loci outside of the
fusiform gyrus.152 Another type of variability was appreciated in an
early PET study in which Rumsey et al found that multiple subjects
with autism (but only one control) showed metabolic ratios that
were highly deviant from the mean; these outlier ratios were both
variable among patients and scattered throughout the brain.165 In
two other early studies, Devolder et al and Heh et al also noted
increased individual variability in regional glucose metabolism
among subjects with autism.166,167
DISCUSSION
The question was posed in the introduction of how it might be that
heterogeneous biologic injuries to neural circuits might lead to a
common syndrome of behavioral abnormalities. Taking off from
the above categorization of functional neuroimaging abnormalities,
the second and third points—local rather than global processing
and altered connection—point to circuitry disruptions that do not
necessarily have to be tied to specific locations in the circuit. Such
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abnormalities could be initiated by focal dysfunction but also by
abnormalities that begin with a distributed abnormality to which
different regions or neural systems have differential vulnerability.168
Once an abnormality is present at one level, it can set in motion a
sequence of events that amplify the developmental skewing of the
system.132 For example, the behavioral or perceptual abnormality
of poor attention to face or emotion processing early in development can impede the experience of attention to face or emotion
at a critical period; the lack of intensive experience with faces at
this period then joins the self-amplifying feedback loop and alters
the developmental course of experience-expectant circuitry.
Increased brain volume and nonuniformly increased white
matter can be distributed abnormalities at the tissue and volumetric level implicated in the set of dynamic developmental alterations.
Connectivity changes consequent to these volume and tissue abnormalities can alter the function of distributed neural systems with multiple cascading consequences (although functional changes could
also be upstream and could lead to use-dependent changes in connectivity or volume). These consequences unfold in the course of
early development. Although brain volume increases after birth, it
is not known whether the causes of these volume enlargements are
prenatal, postnatal, or both. However, insofar as the tissue changes
eventuating from the as yet unknown causes emerge in the postnatal period, the postnatal timing of their emergence will shape the
impact that they have on circuitry and function.
It appears that the time course of volumetric change interacts
with the developmental gradients of white-matter development,119,120,169,170 so the strongest impact is on the frontal and, in particular, the prefrontal lobes that myelinate last, which are key
players in social and emotional processing. If these volume increases
reduce the efficiency of connectivity, the impact will reverberate
through all of the circuits in which these regions participate.
The case of white-matter enlargement is one of a number of
widespread changes that could have heightened impact on specific
neural systems, another being altered minicolumns.171,172 These
widespread changes raise the question of the extent to which the
specific anatomic locations of abnormal localization might be secondary to disordered systems functioning rather than primary
abnormalities in nodes of the circuit. The possibility that node and
connection abnormalities might both result from the same underlying disturbances also needs to be considered.
A number of network and systems theories of autism have
already been advanced. Lee173 proposed a model of autism as a circuit system that can result from many different etiologies but
focused on the cerebellolimbic circuitry. Cohen proposed a neural
network model in which either too many or too few neuronal connections, as documented in the neuropathologic literature, would
lead to overemphasis on specific details but an inferior capacity
for generalization.174,175 Brock et al proposed that a reduction in the
integration of specialized local neural networks in the brain caused
by a deficit in temporal binding would lead to abnormal processing consistent with “weak central coherence.”176 McClelland proposed that hyperspecificity in autism derives from abnormalities
in neural nets.177 Eigsti and Shapiro advanced a systems neuroscience approach highlighting heterogeneous etiologies, diffuse
anatomic abnormalities, and neuromodulatory discrepancies rather
than gross or localized abnormalities.178

If a pervasive abnormality leads to systems-specific consequences,179-181 its impact is likely to be greatest on functions that
are most highly dependent on that which is abnormal. For example, a widespread white-matter abnormality would probably affect
connectivity and thus would have a greater impact on functions that
are more highly interconnected, as well as on the regions that
subserve these functions. At the same time, it is likely to have
more subtle but nevertheless detectable impacts on functions that
are less dependent on higher-order associational activity. This
hypothesis could be tested.
A variety of biologic processes, singly or in combination,
could perturb early brain development in ways related to findings
noted to lead to the autistic syndrome of disrupted social and
emotional behavior. For example, a hypothesis of an increased excitation to inhibition ratio has been proposed171,182 that could have a
series of impacts, including widespread cortical noise that delays
or blocks the normal differentiation of brain processing systems,
alters memory systems, dysregulates neuromodulatory systems, and
interferes with the emergence of systems integration.182 The finding of altered minicolumn structure172 could contribute to a decrease
in inhibition.171 An increase in the excitation to inhibition ratio could
be the consequence of genetic or environmental influences or
both. Such factors can include infectious, immune, or toxic factors,
which might alter the milieu of brain development in the autism
spectrum and could specifically alter excitation to inhibition
ratios.183,184 White-matter volume increase could be secondary to
increased cortical noise because oligodendrocyte activity is modulated by neuronal activity.185 Oligodendrocytes could also be a primary target of genetic or environmental perturbation186 because they
have some striking vulnerabilities related to their structure, composition, and high energy demand.187
The above includes just a small sampling of many mechanisms
that could affect brain development in a manner detrimental to
social and emotional processing. Which factors will be operative
will be variable between individuals. In addition, these factors
will show great variability regarding timing and intensity, which will
lead to variability of impact. Finally, there is even variability in the
expression of abnormal genes owing to factors including the multiple mutations that can occur within a given gene, modulation by
a varying combination of other genes, and other epigenetic factors.
Thus, it appears that variability in a disorder with heterogeneous
etiology is an irreducible given.
There is a further source of variability that can be treatable.
Genetic or environmental factors that, early in life, can lead to developmental abnormalities of wiring that become “hardwired” can also—
both at the same time and later, after circuitry is more set—affect the
biochemical milieu in which brain functioning occurs. A suboptimal
chemical milieu, for example, neurotransmitter abnormalities, can also
lead to suboptimal connectivity among brain regions, but this milieu
might be amenable to treatment in ways that improve functioning without altering brain wiring. That is, there might be an encephalopathy
as well as a circuitry component to autism. The chemical milieu might
relate to both day-to-day variability in some individuals and to the
changes in individuals over time insofar as therapeutic interventions
lead to improvements. Imaging and electrophysiologic modalities
can thus become tools not only for documenting static brain differences but also for documenting treatment response.
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In closing, although neural systems can be identified in normal individuals that subserve social and emotional functioning, disorders of these capacities can result from diffuse and distributed
abnormalities and focal changes in these systems. Failure to activate a region might be due to histopathologic abnormality in that
region, but it might also be due to systems abnormalities. This
implies a partial dissociation between mechanisms of pathogenesis and histogenetic injury on the one hand and the cognitive neuroscience of social-emotional functioning and its disorders on the
other.188 Investigations of the cognitive neuroscience of developmental social and emotional disorders need to encompass both variability and systems disturbances in their hypotheses about the
nature of the disorders. Investigations of pathogenesis might lead
to understanding of mechanisms and to treatments, as well as to
new means of understanding the variability in these disorders.
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