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Abstract

Background—Autism is a syndrome of unknown cause, marked by abnormal development of
social behavior. Attempts to link pathological features of the amygdala, which plays a key role in
emotional processing, to autism have shown little consensus.

Objective—To evaluate amygdala volume in individuals with autism spectrum disorders and its
relationship to laboratory measures of social behavior to examine whether variations in amygdala
structure relate to symptom severity.

Design—We conducted 2 cross-sectional studies of amygdala volume, measured blind to
diagnosis on high-resolution, anatomical magnetic resonance images. Participants were 54 males
aged 8 to 25 years, including 23 with autism and 5 with Asperger syndrome or pervasive
developmental disorder not otherwise specified, recruited and evaluated at an academic center for
developmental disabilities and 26 age- and sex-matched community volunteers. The Autism
Diagnostic Interview—Revised was used to confirm diagnoses and to validate relationships with
laboratory measures of social function.

Main Outcome Measures—Amygdala volume, judgment of facial expressions, and eye
tracking.

Results—In study 1, individuals with autism who had small amygdalae were slowest to
distinguish emotional from neutral expressions (P=.02) and showed least fixation of eye regions
(P=.04). These same individuals were most socially impaired in early childhood, as reported on
the Autism Diagnostic Interview—Revised(P<.04).Study 2 showed smaller amygdalae in
individuals with autism than in control subjects (P=.03) and group differences in the relation
between amygdala volume and age. Study 2 also replicated findings of more gaze avoidance and
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childhood impairment in participants with autism with the smallest amygdalae. Across the
combined sample, severity of social deficits interacted with age to predict different patterns of
amygdala development in autism (P=.047).

Conclusions—These findings best support a model of amygdala hyperactivity that could
explain most volumetric findings in autism. Further psychophysiological and histopathological
studies are indicated to confirm these findings.

Aunsvrorvs THe severe €Nd OF a spectrum of developmental disorders defined by impairment in 3
core domains: reciprocal social interaction, communication, and repetitive or restricted
behaviors.12 Although investigations into underlying brain anatomical features are
inconsistent, autism spectrum disorders are believed to have a biological basis and are
highly heritable3 and, therefore, offer a unique opportunity to discover the genetic and
neural underpinnings of reciprocal social behaviors.

A candidate region for focal neuropathological features, reported to have small, densely
packed neurons in individuals with autism, is the medial temporal lobe.* While several other
structures also show histopathological features, Baron-Cohen et al® outlined a theoretical
basis to connect autistic social deficits to specific pathological features of the amygdala.
Imaging studies®8 have reported differences in amygdala activation to faces in individuals
with autism, and amygdala lesions have been shown to impair perception of emotional
expressions and higher-order social behavior (eg, understanding of social norms)®-11; this
fueled speculation that autistic behavior reflects impaired perception of social stimuli
because of loss of function in the amygdala. Amaral et al2 challenged this model, noting
that pure amygdala lesions principally affect fear processes, sparing most social behaviors.
Rather than conceptualizing the deficit as akin to an amygdala lesion, an alternative
framework is to view the deficit as arising from amygdala hyperexcitability. Evidence of
exaggerated sympathetic arousal, particularly to social engagement, was reported in
approximately 70% of a group of children with autism3 and was interpreted as reflecting
amygdala hyperexcitability. Furthermore, amygdala hyperactivation specifically when
viewing the eyes of facial stimuli was reported by the first study, to our knowledge, of
concomitant eye tracking and functional imaging in autism.® Some deficits in autism may,
therefore, be secondary to avoidance of social stimuli because of exaggerated amygdala
responsiveness and social fear.

Despite extensive theory, amygdala pathological characteristics have not been linked to
autistic social impairments. Group analyses have shown increased, 1415 decreased,6:16.17 and
normal amygdala volumes.18 Schumann et al® report an increase in amygdala volume with
age in control subjects but not in individuals with autism, leading to enlarged amygdalae in
children with autism but normal volumes in teenagers with autism. Age effects cannot
reconcile all reported results, however, so we predicted that some differences would relate to
degree of behavioral impairment.

A major obstacle to these investigations is the broad variability in behavioral presentation in
autism, which also evolves with age.2% Rigorous laboratory measures of autistic behavior
using tasks involving judgment of standardized facial expressions and tasks assessing
“holistic” face processing indicate that individuals with autism underuse eye regions,?1-23 a
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finding supported by quantitative eye-tracking studies.8:2425 Herein, we attempt to use the
heterogeneity indexed by these quantitative measures of face processing to investigate the
neuropathological features of autism.

We examined relations between amygdala volumes and quantitative measures of face
processing and gaze fixation; to our knowledge, we report the first relationship between
amygdala structure and current and past measures of social impairment in autism.

PARTICIPANTS

All participants gave voluntary consent or assent in accordance with the University of
Wisconsin Medical School institutional review board. Behavioral and functional imaging
data from this sample were previously described.8 Participants were 28 males with autism
spectrum disorders, aged 8 to 25 years (Table 1), recruited from the Waisman Center,
University Center for Excellence in Developmental Disabilities, and by advertisement in
autism-related newsletters. Controls were 26 age-matched males with no known psychiatric
disorders recruited by word of mouth and advertisement in local newspapers.

Diagnoses were confirmed with the Autism Diagnostic Interview—Revised (ADI-R)Z6 by
trained experimenters (K.M.D. and B.M.N.) who achieved greater than 90% reliability with
raters from 2 other institutions. For study 1, caretakers for 2 individuals were unavailable for
interviews; diagnoses for these individuals were derived without the ADI-R from previous
clinical assessment by specialists in developmental disorders. Another caretaker was unable
to recall behavior from the diagnostic age range of 4 to 5 years, when behavior is thought to
be most abnormal, but adequately described relevant behavior at older ages that well
surpassed thresholds for the diagnosis of autism; these scores were excluded from analysis
for consistency. All participants met the criteria for autism in social reciprocity, verbal and
nonverbal communication, and repetitive behavior. Individuals with comorbid disorders of
known cause (eg, fragile X and fetal alcohol syndrome) were excluded. One individual in
the autism group had a history of epilepsy. All findings were similar with or without this
individual included, and so we retained this individual in our analyses.

Participants for study 2 were recruited by similar means. Only males with clinical diagnoses
of autism, Asperger syndrome (AS), or pervasive developmental disorder not otherwise
specified (PDD-NOS) were enrolled. Autism diagnoses were verified by ADI-R, while
individuals with AS or PDD-NOS (n=5) met diagnostic thresholds in 3 domains (n=3), 2
domains (n=1), or 1 domain (n=1) of the algorithm. Three caretakers were unavailable for
interviews; as previously described, diagnoses were made without the ADI-R by clinical
specialists. The Wide Range Intelligence Test?” was used to evaluate 1Q. One participant did
not demonstrate an understanding of the test instructions; no 1Q was obtained. Individuals
with comorbid disorders of known cause were excluded, except for one individual with
epilepsy; all findings were similar with exclusion of this participant. Control subjects were
age-matched male volunteers with no known psychiatric disorders recruited as described for
study 1.
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BEHAVIORAL TASKS AND EYE TRACKING

Experimental paradigms and eye-tracking procedures for both studies were previously
described.8 Briefly, study 1 involved evaluation of 40 standardized images of posed facial
expressions (8 each of happy, angry, and sad and 16 neutral), and participants distinguished
neutral from emotional expressions by pressing a button. Study 2 involved 20 images of
naturalistic faces from digital photographs, including images of friends and family and of
strangers matched on general appearance. Participants were instructed to differentiate
between familiar and unfamiliar faces. We were unable to teach the task from study 1 to 2
functionally nonverbal participants; however, eye-tracking and magnetic resonance imaging
data were acquired from these individuals. Eye-tracking data were not obtained from 1
control subject in study 1 and 1 control subject and 3 individuals with autism in study 2
because of equipment malfunction or excessive movement or blinks during the task.

IMAGE ACQUISITION

Magnetic resonance images for both studies were acquired with a 3-T scanner equipped with
high-speed gradients and a whole-head transmit-receive quadrature birdcage head coil
(Signa model; GE Medical Systems, Waukesha, Wis). Study 1 anatomical volumes were
high-resolution, 3-dimensional, T1-weighted, spoiled-grass images acquired with the
following parameters: echo time, 8.0 milliseconds; repetition time, 21.0 milliseconds; field
of view, 240x240 mm; flip angle, 30°; number of excitations, 1; matrix, 256x256; 124 axial
sections; and section thickness, 1.1 to 1.2 mm.

Study 2 anatomical images included a high-resolution, 3-dimensional, inversion recovery—
prepared, fast spin-echo image with the following parameters: echo time, 1.8 milliseconds;
repetition time, 8.9 milliseconds; field of view, 240240 mm; flip angle, 10°; number of
excitations, 1; matrix, 256x256; 124 axial sections; and section thickness, 1.1 to 1.2 mm. An
additional T2-weighted image was collected with the following parameters: echo time, 92.0
milliseconds; repetition time, 7500.0 milliseconds; field of view, 240x240 mm; flip angle,
90°; number of excitations, 1; matrix, 256x256; 68 axial sections; section thickness, 1.7
mm; gap between sections, 0.3 mm. The T2-weighted images were included in a
multispectral segmentation/bias correction algorithm (FSL; available at: http://
www.fmrib.ox.ac.uk/fsl/) to smooth inhomogeneities in the inversion recovery—prepared
images.

By using in-house software that permits simultaneous visualization and region-of-interest
definition in the 3 cardinal planes (Spamalize; available at: http://
brainimaging.waisman.wisc.edu/~oakes/spam/spam_frames.htm), images were first re-
oriented to the “pathological plane”28 for optimal comparison with anatomical atlases.2%-33
Contrast was matched by alignment of white and gray matter peaks on intensity histograms.
All region-of-interest analyses were done blind to participant diagnosis.

AMYGDALA DELINEATION

Tracing started in the most superior plane in which gray matter was present lateral to the
optic tract, posteromedial to the anterior commissure, and anteromedial to the optic
radiations (Figure 1A). Working inferiorly, a tangent to the anteromedial extent of the optic
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tract (Figure 1A) defined the posterolateral border. Special effort was made to include the
semilunar gyrus immediately anterolateral to the cerebral peduncle and posterolateral to the
optic tract (Figure 1B). Initial separation of the medial amygdala from the hippocampus was
by linear extension of the posterior amygdala—cerebrospinal fluid border (Figure 1D), but
more precise separation was reserved for coronal sections. An arc extending anteriorly and
medially from the temporal lobe white matter and following its curvature formed the
anterolateral border (Figure 1B and C). More inferiorly, the anterolateral border was
approximated, but exclusion of other mesial temporal structures was achieved in the coronal
view. Superiorly, the anterior border extended as far as the middle cerebral artery (Figure
1D [left]). More inferiorly, the medial and anterior amygdala was separated from the
entorhinal cortex; rarely, these borders were indistinguishable and a semicircle was
substituted, as previously described.34

Regions were then refined through plane-by-plane comparison with ex vivo atlas sections.32
Tracing started at the most posterior coronal section in which gray matter was present as the
lateral roof of the inferior horn. While white matter formed the superolateral border, a
tangent to the optic tract defined the superomedial extent. Moving anteriorly, the close
approximation of the anterior commissure to the amygdala was exploited to exclude the
caudate: regions of interest never extended between the superomedial extent of the temporal
lobe white matter and the more lateral of (1) the medial edge of the anterior commissure
(Figure 1E) or (2) the lateral extent of the collateral sulcus (Figure 1F). This step may
exclude some superolateral amygdala but enhances precision. The inferior boundary was
extended medially to within 1 to 2 mm of the tentorial notch and beyond to form the
inferomedial border (Figure 1E).

Working medially, separation from the hippocampus, optic radiations, caudate/putamen, and
entorhinal cortex was confirmed in the sagittal view (Figure 1G and H). Regions were
refined until surfaces were smooth to ensure agreement in all planes. Working anterior to
posterior, the superior border was then trimmed in the coronal plane, as previously
described3® (Figure 1E and F).

BRAIN VOLUME MEASUREMENT AND AMYGDALA VOLUME RELIABILITY

Whole brain regions of interest were defined using an automated, threshold-based,
connected pixel search and then hand edited to ensure removal of skull, eye regions,
brainstem, and cerebellum.

Images from 5 randomly selected study 1 participants (10 amygdalae) were retraced for an
intrarater intraclass correlation of 0.95. Two raters (B.M.N. and K.M.D.) used the same
technique to retrace images from 5 different randomly selected participants for an interrater
intraclass correlation of 0.97. Because image acquisition differed in study 2, reliability was
reevaluated: 2 raters (B.M.N. and M.T.L.) traced images from 5 randomly selected
individuals to yield an intraclass correlation of 0.95; analysis of spatial reliability
(intersection/union) averaged 0.84. These values for volumetric and spatial reliability meet
or exceed the range of recently published reliability estimates.17:19
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STATISTICAL ANALYSES

All statistical analyses were performed with statistical software (Statistica; StatSoft, Tulsa,
Okla). The normality of comparison measures and covariates was confirmed by the
Kolmogorov-Smirnov test. To control for multiple comparisons, variables of interest for
each data set were combined in a mixed-model analysis of covariance. All correlations were
carried out after correction for age, brain volume, and 1Q (study 2 only) by multiple linear
regression of whole sample amygdala volume data.

RESULTS
STUDY 1

Group Analyses of Amygdala Volume—We first assessed amygdala volumes in 12
individuals with autism and 12 controls aged 10 to 24 years (described in Table 1).
Measures of 1Q were obtained from few controls and were, therefore, excluded from
analysis.

The mean+SD volumes for the full sample (N=24) of left and right sides of the amygdalae
were 1874+187 mm3 and 1874+166 mm3, respectively. Group means were evaluated by
mixed analysis of covariance, covarying age and brain volume; to formally evaluate
laterality, hemisphere was included as a within-subject factor. Mean£SD volumes of
1853+130 mm3 for the control group and 18954212 mms3 for the autism group did not differ
(F1,20=0.1, P=.74). There were no effects of hemisphere, age, or brain volume. Subsequent
results are reported as age- and brain volume—corrected mean amygdala volumes.

Amygdala Volume Predicts Task Performance in the Autism Group—During the
experimental session, participants distinguished emotional expressions from neutral
expressions (Figure 2A and B). As previously described,8 control subjects performed the
task with minimal errors, while participants in the autism group were less accurate. Controls,
but not individuals with autism, showed faster judgment of emotional expressions than
neutral ones; there were no effects of emotionality on accuracy for either group.

Amygdala volume did not correlate with task accuracy in either group. In controls,
amygdala volume did not correlate with judgment times for neutral (Table 2) or emotional
stimuli (without outlier: r=0.46, P=.16) (Figure 2C). In individuals with autism, amygdala
volume was uncorrelated with judgment time for neutral stimuli (Table 2), but small
amygdalae significantly predicted slow judgment time for emotional expressions (r=—0.73,
P=.02) (Figure 2D).

Small Amygdala Volume Predicts Decreased Eye Fixation—Previous results
suggest that poor judgment of facial expressions might reflect decreased eye fixation810;
we, therefore, evaluated eye tracking for controls (Figure 2A) and individuals with autism
(Figure 2B).8 The mean time fixating faces did not correlate with amygdala volume for
either group (Table 2), although the autism group showed a trend linking small amygdalae to
decreased face fixation (P=.06). Eye fixation time was, therefore, evaluated as raw values
and as a fraction of total face fixation (eye fixation fraction) to specifically evaluate fixation
of eye regions relative to other face regions. In controls, amygdala volume was uncorrelated
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with both eye fixation measures (Table 2 and Figure 2E). The autism group, however,
showed a positive correlation between mean amygdala volume and eye fixation fraction
(Figure 2F): individuals with small amygdalae showed the least fixation of eyes relative to
other facial regions.

Small Amygdala Volume Predicts More Childhood Social Impairment—While
rigorously controlled and quantitated, this task tests a single area of social behavior. To
assess the generalizability of these findings, we examined the relationship between
amygdala volume and diagnostic algorithm scores from the ADI-R. Based on face-
processing results, we hypothesized that individuals with small amygdalae would show the
most pervasive social impairments.

The data reveal that individuals with smaller amygdalae exhibited a more significant level of
impairment in social reciprocity derived from the ADI-R (Figure 3A and Table 2). To avoid
content overlap, social reciprocity scores were recalculated without the item assessing eye
contact: identical correlations emerged. In addition, a similar correlation between right-sided
amygdala volume and impairment in nonverbal communication reached significance (Figure
3B). Because the diagnostic algorithm verbal communication subscale includes nonverbal
items, we performed a comparison with only verbal items. Amygdala volume was unrelated
to childhood impairments in verbal communication and presence of repetitive behaviors
(Table 2).

Processing of Naturalistic Facial Stimuli—Study 2 aimed to replicate these results
using naturalistic stimuli in a better-characterized sample of 16 males with autism (n=11) or
AS or PDD-NOS (n=5) and 14 control males (Table 1). Participants viewed images of their
family and friends and of other participants’ family and friends. As previously reported,
individuals with autism judged familiarity of faces less accurately than controls, but did not
differ in judgment time.8

Small Amygdalae in the Autism Group—The mean+SD amygdala volumes for study
2 (N=30) were 1844+164 mm3 and 1840+171 mms3 for left and right sides of the amygdalae,
respectively, and were statistically similar to study 1. Group differences in amygdala volume
were assessed as before, but with full-scale 1Q as an additional covariate. There were no
significant differences in amygdala volume, brain volume, age, or 1Q between individuals
with diagnoses of autism and those with AS or PDD-NOS (P>.20 for all), so individuals
were combined into a single autism group. Both left- and right-sided amygdalae were
significantly larger in controls (meanSD in the left hemisphere, 1921173 mm?3; and mean
+SD in the right hemisphere, 1921+186 mm?3) than in the autism group (mean+SD in the left
hemisphere, 1778 + 125 mm3; and mean = SD in the right hemisphere, 1770+123 mm3) for
raw values and after correction for age, brain volume, and 1Q (F1 23=5.4, P=.03). Brain
volume significantly contributed to amygdala volume (F1 23=8.9, P=.01), but there were no
effects of hemisphere. There were no significant contributions of 1Q to amygdala volume for
either group (control group: r=-0.44, P=.11; and autism group: r=—0.37, P=.19).
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Age-Dependent Differences in Amygdala Volume—In light of previous findings,°
we split the sample into those younger than 12.5 years (n=16) and those older than 12.5
years (n=14). This factor was entered into a mixed analysis of covariance along with
diagnostic group, hemisphere, brain volume, and 1Q. A trend toward differential age-volume
relationships emerged formeanamygdala volume (F1 2,=4.0, P=.06); hemisphere contributed
significantly to this effect (hemisphere x group x age group interaction: Fq 2,=8.6, P=.01)
(Figure 4A and B).

Relationship With Eye Fixation and Childhood Behavior—We again compared
amygdala volumes, additionally covarying 1Q, with eye-tracking measures. Amygdala
volume was unrelated to eye and face fixation in the control group (Table 3). In the autism
group, the mean amygdala volume predicted raw eye fixation time (r=0.59, P=.03) (Figure
4C), a finding driven by right-sided amygdala volume (Table 3). As with posed faces,
individuals with autism who had small amygdalae exhibited the least eye fixation.

Amygdala volumes were again related to ADI-R algorithm measures. Left- and right-sided
amygdala volumes correlate with childhood impairment in social reciprocity (Figure 3C)
and nonverbal communication (Figure 3D). As in study 1, amygdala volume was unrelated
to verbal communication and repetitive behavior (Table 3). This replicates the study 1
finding that individuals with small amygdalae exhibited the most nonverbal social
impairment in childhood.

COMBINED SAMPLE: AMYGDALA VOLUME REFLECTS SEVERITY AND DURATION OF
IMPAIRMENT

Based on previous findings of amygdala hyperactivity to eye fixation,® we evaluated the
hypothesis that amygdala size reflects a combination of duration and severity of
hypersensitivity to social engagement. We combined both studies for adequate statistical
power (N=49) and chose eye fixation fraction as an objective indicator of nonverbal social
behavior.

Across the combined control group (n=24), amygdala volume was uncorrelated with eye
fixation fraction (r=—0.08) (Figure 5A). In the combined autism group (n=25), amygdala
volume significantly correlated with eye fixation fraction, denoting that individuals with
autism who have smaller amygdalae spend less time fixating eye regions (r=0.52) (Figure
5A). This relationship holds when all individuals with available 1Q data are combined
(n=21) and 1Q is covaried (r=0.48) (Figure 5B).

A mixed analysis of covariance was constructed as previously described, with an additional
group x eye fixation x age interaction to formally test our hypothesis. There were significant
effects of group (F1 44=4.2, P=.046), age (F1 44=9.3, P=.004), and brain volume (F1 44=7.5,
P=.009); a nonsignificant trend emerged for eye fixation fraction (F1 44= 3.6, P=.06). The
group x age x eye fixation interaction was significant (F1 44=4.2, P=.047), and is
represented by contour plots of amygdala volume (Figure 5C and D). The control plot
shows, with few deviations, a steady increase in amygdala volume and eye fixation fraction
with age (Figure 5C). The autism group shows an earlier more pronounced increase in
amygdala volume in individuals with normal eye fixation, but little difference in amygdala
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volume across this age range in those with low levels of eye fixation (Figure 5D). A plot of
mean amygdala volumes after a median split by age and eye fixation fraction (Figure 5E)
further illustrates this finding: individuals with autism who exhibit low levels of eye fixation
show little increase in amygdala volume with age, while individuals with autism who show
high levels of eye fixation are indistinguishable from controls and display an age-related
increase in amygdala volume.

COMMENT

These results3® provide the first evidence for a link between objective measures of social
impairment and amygdala structure in autism. Amygdala volume not only predicts current
deficits in processing facial emotions but also reflects early childhood impairment in
nonverbal social behaviors estimated from retrospective diagnostic measures. This relatively
time-independent degree of impairment interacts with age to predict abnormally small
amygdala volumes by late adolescence in the most affected individuals. These results are
consistent with a model of hyperactivity-induced changes that could reconcile most extant
studies of amygdala volume in autism.

The neural and endocrine adaptation to chronic stress, termed allostasis, has been described
with respect to medial temporal lobe structures.36 McEwen drew on animal models of
“chronic immobilization stress,” which potentiates fear conditioning and can increase
dendritic arborization of amygdalar primary neurons.3” He likened this to humans after a
single episode of major depression, another condition associated with amygdala
hyperactivity, who showed enlarged amygdalae compared with controls and individuals with
recurrent depression.38 He further suggested that increased load might give way to eventual
shrinkage, citing reports of reduced amygdala volume in long-term recurrent depression3?
and further supported by findings of highest activation in depressed individuals with the
smallest amygdalae.0 This initial hypertrophy and subsequent atrophy due to amygdala
hyperactivity might be occurring at an early age in autism.

An allostatic load model suggests that the degree of hyperactivity will influence the time
course of amygdala development. In those most severely affected, amygdala hypertrophy
might be initiated within the first years of life, during symptom onset. Those with the least
hypersensitivity might show a slower delayed overgrowth. By adulthood, however, chronic
hyperactivity might lead to excitotoxic changes and amygdalar anergy or atrophy in most
individuals with autism.

In a large sample of 3- to 4-year-old subjects, boys who developed autism showed larger
amygdala volumes than typically developing individuals and the less affected individuals
with PDD-NOS?®; only individuals with more severe social impairments manifest
overgrowth at this age. This overgrowth remains evident in a sample of 7.5- to 12.5-year-old
boys with autism.1® Although we did not find overgrowth in boys aged 8 to 12.5 years, this
might simply reflect a difference in overall impairment between the 2 samples. This is
particularly important because all but 2 participants in our sample are older than 10 years
and, thus, are closer to the age range at which possible stasis or shrinkage in more affected
individuals allows typical amygdala growth to even out group differences. A differential
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age—amygdala volume relationship resulted in normal amygdala volumes in a sample of
males aged 12.5 to 18 years.1® Our findings of an age x severity interaction leave open the
possibility of normal amygdala growth or overgrowth during this age range in less affected
individuals, while those with more impairment show abnormally small amygdalae into
adulthood. Without proper characterization of social impairment, this could lead to
decreased, normal, or possibly enlarged amygdala volumes in different samples of
adolescents with autism spectrum disorders.

We found individuals with autism spectrum disorders older than 12.5 years (mean, 19 years)
to have abnormally small amygdalae, particularly in older adolescents and adults. This
replicates findings from studies of 14 adolescents and adults who were a mean age of 20.5
years,16 7 adults who were a mean age of 29.5 years,8 and 15 adults who were a mean age of
30 years.1” There is, thus, an emergent consensus that amygdala volume is decreased at
older ages in individuals with autism.

A possible challenge to our model is a report!4 of enlarged amygdalae in 10 adolescents and
adults with “high-functioning autism,” aged 16 to 40 years. The diagnoses were not
confirmed by ADI-R, however, leaving open the possibility that some individuals had only
mildly impaired nonverbal social behavior; mildly increased demand might have been
sufficiently met by amygdala overgrowth to preclude excitotoxic atrophy. Another
discrepant finding comes from a study® of 10 adults with autism and 7 adults with AS
(mean age, 28 years), with neither group significantly differing from controls but individuals
with autism being distinguished from those with AS by smaller left-sided amygdalae. This
might reflect differences in social function between groups, however, because a negative
correlation (across the combined sample) between left-sided amygdala volume and
impairment in nonverbal communication on the ADI-R is reported. Taken together, these
results suggest that individuals with autism spectrum disorders with the mildest deficits
might have an amygdala overgrowth that is sufficient to achieve a new equilibrium without
damage from allostatic overload.

An important implication of this model is that non-autistic family members, known to show
mild social and communicative deficits,*1-43 should show proportionate amygdala
differences. To our knowledge, only one studyl’ has measured amygdala volume in parents
of individuals with autism, and found no significant differences from controls. Because
social behavior was not characterized, this null result might simply reflect a weaker
expression of autistic traits in parents without multiple affected children and in females.*4
Studies with large samples of first-degree relatives, well matched on demographic
characteristics to comparison groups, are necessary to test this corollary.

While consistent with mean amygdala volumes from multiple samples, this model will not
likely apply to all individuals with autism spectrum disorders. The study2 that reported
elevated electrodermal activity in most children with autism (70%) also described a subset
of individuals with near-absent responses (11%). Similarly, a conjoint functional magnetic
resonance imaging and eye-tracking study8 detected heightened amygdala responses to faces
in only 78% of individuals with autism. There are likely a few individuals with autism who
are simply oblivious to social information, akin to some amygdala lesion results.
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Most important, amygdala volume does not determine all autistic behavior. In this study,
amygdala volume did not correlate with verbal or repetitive behaviors and predicted, at
most, 53% of the variance in nonverbal social impairment. Abnormalities of hippocampus,
cerebellum, superior temporal cortex, and prefrontal cortex and the white matter connecting
these regions are all likely involved in autism.45:46

Great caution must be used when inferring developmental patterns from cross-sectional
studies: only longitudinal studies could validate a model of amygdala development in
autism. An allostatic load model does, however, have implications for cross-sectional
studies that distinguish it from a model of amygdala hypofunction. Young children with
immature hypoactive amygdalae, particularly those who engage social stimuli least, would
likely show little overgrowth; under a model of hyperactivity, young children with the most
severe behavioral impairments would show the greatest overgrowth.

While postmortem findings of small neurons were originally described as immature
looking,*’ such changes could arise from excitotoxicity, which in severe cases might
produce cell loss and gliosis, as in the hippocampus in models of chronic stress and
epilepsy.3648 In support of this, preliminary data using stereologic techniques indicate a
decreased cell number in the amygdalae of adults with autism.#? In contrast, a hypoactive
amygdala may exhibit atrophic neurons but is unlikely to experience cell loss. Quantitative
postmortem studies of the amygdala in adults with autism, including assessment of cell
number, dendritic arborization, and astrocyte markers, might better elucidate the cellular
changes that underlie differences in amygdala volume.

Our study was limited to males aged 8 years to early adulthood and, therefore, does not
address relationships between amygdala volume and autistic behavior in younger children or
in females. Although more categorical, Autism Diagnostic Observation Schedule® data
might also be used in the future to complement our measurements of face-processing
impairment. These limitations and the current findings underscore the need for longitudinal
studies of large samples characterized on both range and severity of autistic behaviors to
better elucidate the neuropathological features of autism.
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Figurel.
Amygdala (AMY) tracing prescription: unwarped (native space) images oriented to the

pathological plane show amygdala tracing landmarks in axial (A-D), coronal (E and F), and
sagittal (G and H) sections. The inset pictures show areas of focus on full-brain sections
(black box). Red points indicate inclusion in the final region of interest. The parallel lines in
part D denote anterolateral areas removed in the coronal plane (E and F). AC indicates
anterior commissure; CP, cerebral peduncle; CSI, circular sulcus of the insula; HIPP,
hippocampus; IC, internal carotid artery; IH, inferior horn of the lateral ventricle; MCA,
middle cerebral artery; OC optic chiasm; OR, optic radiations; OT, optic tract; TLWM,
temporal lobe white matter; and TN, tentorial notch.
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Figure 2.
A small amygdala volume predicts face-processing abnormalities in individuals with autism.

Example task stimuli show gray scale images from a standardized picture set depicting
emotional and neutral facial expressions. The overlay depicts representative visual scanning
(yellow lines) and fixations (red circles; the diameter reflects duration) from a typically
developing individual (A) and an individual with autism (B). Behavioral performance is
plotted against residual variance in mean amygdala volume after correction for age and brain
volume in a control individual (C) and in an individual with autism (D). In C, judgment
times for emotional stimuli are positively correlated with the mean amygdala volume
(r=0.61, P=.02) in the control group, but this is not significant after removal of an outlier at
300 mm3 and 1375 milliseconds (r=0.46, P=.16). In D, judgment times are slower for
emotional stimuli in the autism group but are strongly correlated with amygdala volume (r=
-0.73, P=.02). This correlation differs significantly from the control correlation (without
outlier: z=2.8, P=.002). Eye fixation time as a fraction of total face fixation time per trial is
unrelated to amygdala volume in controls (r=0.07, P=.80) (E), but positively correlates with
amygdala volume in the autism group (r=0.58, P=.049) (F) such that individuals with the
least eye fixation have small amygdalae. In C-F, the solid line indicates the line of best fit;
the broken lines, the 95% confidence interval.
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Figure 3.
More extensive childhood social deficits are found in individuals with autism who have

small amygdalae, including impairments in social reciprocity (A and C) and nonverbal
communication (B and D). The maximum score in A and C is 30; and in B and D, 14. In A
and B, age- and brain volume—corrected amygdala volume is plotted against algorithm
scores from the Autism Diagnostic Interview—Revised for individuals with autism in study
1; higher scores indicate more abnormal behaviors. Scores on the social reciprocity subscale
are negatively correlated with mean amygdala volume (r=—0.69, P=.04) (A), and
impairment in nonverbal communication is negatively correlated with right-sided amygdala
volume (r=-0.68, P=.04) (B). In C and D, age- and brain volume—corrected amygdala
volume with additional correction for full-scale 1Q is depicted for individuals with autism
spectrum disorders from study 2. Significant correlations with impairment in social
reciprocity (r=—0.63, P=.04) (C) and nonverbal communication (r=-0.69, P=.02) (D) in the
same direction and of similar magnitudes to those of study 1 suggest that these effects are
not mediated by 1Q. The solid line indicates the line of best fit; the broken lines, the 95%
confidence interval.
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Amygdala volume was abnormally low in older but not younger individuals with autism.
Data are given as mean+95% confidence interval; age, brain volume, and 1Q were included
as covariates in the analysis. In C, small amygdala volume correlated with the least eye
fixation. The solid line indicates the line of best fit; the broken lines, the 95% confidence

interval.
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Figureb5.
Decreased amygdala volume in autism is a product of age and degree of nonverbal social

impairment. In A, age- and brain volume—corrected amygdala volumes were combined
across studies and plotted against eye fixation fraction for each group. The 2 measures are
unrelated in the combined control group (r=—0.08, P=.70) but are significantly correlated in
the combined autism group (r=0.52, P=.01); these correlations are significantly different
(z=2.2, P=.01). In B, the relationship remains significant when IQ is included as a covariate
(r=0.48, P=.03). Eye-fixation fraction was used as an indicator of nonverbal social
functioning to examine its relationship with age-related differences in amygdala volume. In
C, although eye fixation does not predict amygdala volume in control individuals, a spline-
interpolated contour plot of amygdala volume (corrected for brain volume) with respect to
age and eye fixation fraction shows that amygdala volume and eye fixation increase with
age. In D, a similar plot for the autism group shows that individuals with high levels of eye
fixation do show an age-related increase in amygdala volume, but those with low levels of
eye fixation have similar amygdala volumes throughout this age range. For visualization, the
sample was split by median age (vertical white lines in C and D), and the autism group was
further divided by eye fixation (horizontal white line in D). In E, the mean+95% confidence
interval-corrected amygdala volume for the 3 populations is shown for younger and older
participants.
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Table 1

Participant Age, 1Q, and Diagnostic Measures

Variable Control Group  Autism Group
Study 1
No. of subjects 12 12
Age,y
Range 13-23 10-24
Mean + SD 17.0+29 16.8+45
ADI-R score™
QIRS NA 254+3.0
NVC NA 116+21
VvC NA 179+27
RB NA 46+3.0
Study 2
No. of subjects 14 16T
Age,y
Range 8-21 8-25
Mean + SD 13.7+39 14347
Q"
Full scale 122+13 97 + 26+
Verbal 119+ 14 o1 +27%
Performance 122 +13 102 + 12F
ADI-R score™
QIRS NA 20.7+7.48
NVC NA 8.6+35/
VvC NA 145+45
RB NA 6.6 +2.7

Abbreviations: ADI-R, Autism Diagnostic Interview-Revised; NA, data not applicable; NVC, nonverbal communication; QIRS, qualitative
impairment in reciprocal social behavior; RB, repetitive behavior; VVC, verbal communication;

*
Data are given as mean * SD.

TFive of these subjects had Asperger syndrome or pervasive developmental disorder not otherwise specified.

¢Significantly different (P<.01 for all) from the control group.

§There was a trend toward lower scores than in study 1 (P=.06).

//Significantly different (P=.02) from study 1.
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Table 2

Study 1 Amygdala-Behavior Relationships by Hemisphere™

Control GroupJr Autism Groupi
Left Right Left Right
Behavior Hemisphere Hemisphere  Hemisphere Hemisphere
Face processing
Accuracy 0.22 0.14 0.43 (.21) 0.54 (.11)
Judgment times
Neutral 0.26 0.32 -0.04 0.03
Emotional 062(03)8  055(07) -0.73(02)8M —072(02)8/
Eye fixation
Face -0.07 -0.15 0.56 (.06) 0.56 (.06)
Eye -0.05 0.22 0.46 (.14) 0.47 (.12)
Eye/face 0.02 0.15 0.55 (.06) 0.60 (.04)8
ADI-R algorithm
QIRS NA NA -0.66(05)  -0.71(.03)8
NVC (sections B1 + B4) NA NA -0.61 (.08) -0.68 (.04)8
VC (sections B2 + B3)# NA NA -0.45 (.26) ~0.46 (.26)
RB NA NA 0.39 (.29) 0.48 (.19)

Abbreviations: See Table 1.
*
Data are given as r value (P value). If no P value is given, P >.30.

Tn =12 for face-processing data, and n = 11 for eye fixation data.

in =10 for face-processing data, n = 12 for eye fixation data, and n = 9 for ADI-R data.

§P<.05.

//Significantly different from the control group.

ﬂSignificantIy different from the judgment time for neutral facial expressions.

#Excludes items contributing to NVC score.
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Table 3

Study 2 Amygdala-Behavior Relationships by Hemisphere™

Control GroupJr Autism Groupi
Left Right Left Right

Behavior Hemisphere Hemisphere Hemisphere Hemisphere
Eye fixation

Face 0.02 -0.18 0.10 0.24

Eye -0.18 -0.25 0.49 (09)  0.61(03)8/

Eye/face -0.32(.28) -0.14 0.51 (.13)8 0.45 (.09)
ADI-R algorithm

QIRS NA NA -0.69(.02) -0.62(.04)/

NVC (sections B1 + B4) NA NA -071(01)  -0.68 (02)/

VC (sections B2 + B3) NA NA -0.14 -0.08

RB NA NA 0.18 0.04

Abbreviations: See Table 1.

*Data are given as r value (P value). If no P value is given, P>.30.
Tn =13 for eye fixation data.

In =13 for eye fixation data, and n = 11 for ADI-R data.
§Significantly different from the control group.

//P<.05.
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