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Objective: Cytoarchitectonic changes in
the anterior cingulate cortex, hippo-
campus, subiculum, entorhinal cortex,
amygdala, mammillary bodies, and sep-
tum were reported in a postmortem
study of autism. Previously, the authors
found smaller cingulate volume and de-
creased metabolism of the cingulate in
seven autistic patients. In this study, they
measured the volume and glucose me-
tabolism of the amygdala, hippocampus,
and cingulate gyrus in an expanded
group of 17 patients with autism spec-
trum disorders (autism [N=10] or As-
perger’s disorder [N=7]) and 17 age- and
sex-matched healthy volunteers.

Method: Subjects performed a serial ver-
bal learning test during 18F-deoxyglucose
uptake. The amygdala, hippocampus,
and cingulate gyrus were outlined on
magnetic resonance imaging scans, vol-
umes of the structures were applied to
matching coregistered positron emission
tomography scans, and three-dimen-

sional significance probability mapping
was performed.

Results: Significant metabolic reductions
in both the anterior and posterior cingu-
late gyri were visualized in the patients
with autism spectrum disorders. Both As-
perger’s and autism patients had relative
glucose hypometabolism in the anterior
and posterior cingulate as confirmed by
analysis of variance; regional differences
were also found with three-dimensional
significance probability mapping. No
group differences were found in either
the metabolism or the volume of the
amygdala or the hippocampus. However,
patients with autism spectrum disorders
showed reduced volume of the right ante-
rior cingulate gyrus, specifically in Brod-
mann’s area 24′.

Conclusions: Compared with age- and
sex-matched healthy volunteers, patients
with autism spectrum disorders showed
significantly decreased metabolism in
both the anterior and posterior cingulate
gyri.

(Am J Psychiatry 2000; 157:1994–2001)

In 1937, Papez hypothesized that the expression and de-
coding of emotion was the function of a circuit that in-
volved the anterior cingulate, hippocampus, fornix, mam-
millary bodies, anterior thalamus, and hypothalamus.
While the anterior thalamus and mammillary bodies are
no longer considered to be involved in emotional pro-
cesses, the amygdaloid complex is now believed to have
an emotional function (1). Whether these brain regions
are a part of a circuit or not, a postmortem examination of
the anterior cingulate cortex, amygdala, hippocampus,
subiculum, entorhinal cortex, mammillary bodies, and
septum showed changes in patients with autism (2). Along
with the limbic system, cerebellar architecture is altered in
individuals with autism. Alterations in the limbic system,
which is implicated in memory, learning, emotion, and
motivation, could explain some of the clinical features of
autistic disorders.

Despite the evidence from postmortem research that
implicates the limbic cortex in autism, neither structural
imaging studies nor functional imaging studies have sys-

tematically evaluated the structures of the limbic circuit in
patients with autism. One recent magnetic resonance im-
aging (MRI) study reported no difference in the hippoc-
ampal volume between autistic individuals and normal
volunteers (3), and another study that examined only the
posterior hippocampus had equivocal findings (4).

Early positron emission tomography (PET) studies have
suggested the anterior cingulate gyrus and the basal gan-
glia as being possible sites for functional alteration in
autism (5–7), but none had used PET/MRI coregistration
for precise anatomical localization of the differences in
metabolic activity patterns that distinguished patients
from healthy comparison subjects. Muller et al. (8) re-
cently reported alteration in the thalamic blood flow of au-
tistic patients relative to that of healthy comparison sub-
jects who were performing an expressive language task. As
assessed by 15O-water PET, autistic patients also differed
from healthy comparison subjects in the blood flow of the
dentato-thalamo-cortical pathway, thus confirming the
postmortem findings (2). A more recent functional MRI
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study reported that relative to healthy comparison sub-
jects, no activation was seen in the amygdala of either
patients with Asperger’s disorder or higher functioning au-
tistic patients when trying to decode the emotional ex-
pression of another person (9). Using coregistered PET/
MRI, we examined seven patients with autism and seven
age- and sex-matched healthy comparison subjects dur-
ing performance of a serial verbal learning task and re-
ported glucose hypometabolism in the right anterior cin-
gulate cortex in the autistic patients (10). The autistic
patients also had diminished volume of the anterior cin-
gulate, specifically for Brodmann’s area 24′ , which has
mainly executive functions and is involved in information
processing (11). In the current study, we extended our
study group to include patients with Asperger’s disorder
and examined both the volume and glucose metabolism
of the anterior and posterior cingulate gyri, the amygdala,
and the hippocampus. We hypothesized that the amyg-
dala and the hippocampus would show glucose metabolic
rate differences in the patients with autism spectrum dis-
orders in accord with the postmortem findings. To the best
of our knowledge, this is the first study in which metabolic
mapping of limbic circuit structures implicated in autism
spectrum disorders has been undertaken.

Method

Subjects

Seventeen patients (15 men, two women; mean age=27.7 years,
SD=11.3) with autism (N=10) or Asperger’s disorder (N=7) were
recruited for participation in this neuroimaging study from refer-
rals to The Seaver Center for Autism Research at Mount Sinai
School of Medicine. The anterior cingulate findings from seven of
the autistic patients were published in a preliminary report (10).
The patients had been referred to The Seaver Center by their psy-
chiatrist or neurologist with the possible diagnosis of either au-
tism or Asperger’s disorder. After complete description of the
study to the subjects, written informed consent was obtained. Pa-
tients were screened to rule out the presence of other neurologi-
cal disorders, including seizures and head trauma. All patients
were verbally fluent, and their full-scale IQ scores ranged from 55
to 125. Thirteen patients had their diagnosis confirmed with the
Autism Diagnostic Interview, a semistructured interview for par-
ents of the autistic individual (12). The remaining four patients
were given a diagnosis of autism or Asperger’s disorder following
a clinical interview by an experienced child psychiatrist, either
because the parents were deceased or were not available for inter-
viewing. All patients met DSM-IV criteria for autism or Asperger’s
disorder, both of which are pervasive developmental disorders.
However, since no patients with Rett’s or childhood disintegrative
disorders were included, the patient group was classified as those
with “autism spectrum disorders.” One patient was being treated
with nortriptyline at the time of the scan, but the others had not
taken psychoactive medications for several months or more.

Healthy comparison volunteers (15 men and two women;
mean age=28.8 years, SD=9.4, IQ range=88–136) were recruited
from the community around Mount Sinai School of Medicine.
They were screened to rule out both the presence of neurological
or psychiatric illnesses and a history of psychiatric illnesses in
their families. Urinary analyses at the time of the scan revealed
the presence of no psychoactive substances.

Imaging

Axial MRI scans were acquired with a 1.5-T GE Signa 5x system
(Milwaukee) (three-dimensional spoiled gradient recall acquisi-
tion in steady state, TR=24 msec, TE=5 msec, flip angle=40°, con-
tiguous 1.2-mm slices).

As a control of mental activity during the 18F-fluorodeoxyglu-
cose (FDG) uptake period that preceded PET scanning, subjects
performed a variant of the California Verbal Learning Test (13)
that was modified for use in this imaging experiment (a 16-word
list was presented on a screen, with a 2-second interword interval
and four semantic categories) (14). The test yielded scores for
mean number of words correct, perseverations, and intrusions.
Subjects were then moved to the PET scanner (full width at half
maximum=4.2–4.5 mm), and scans with 3–5 million counts/slice
were acquired. Because memory skills are generally intact in pa-
tients with autism, the verbal learning test seemed to be an ap-
propriate task to be performed during the FDG uptake period.

Regions of Interest

Two researchers, without knowledge of subject diagnosis, out-
lined the right and left sides of the anterior cingulate gyrus. The
area of the anterior cingulate gyrus was measured for seven sub-
jects on three different slices (taken at 25%, 50%, and 75% of the
head height); good intertracer reliability was shown (intraclass
correlation coefficient [ICC]=0.87). Outlining began ventrally
with the plane showing the appearance of the cingulate sulcus in
place of the gyrus rectus (at approximately 28% of the head
height, z level=–12 to –16 on the Talairach and Tournoux atlas
[15]). In the occipital region, posterior cingulate gyrus outlining
began with the appearance of the splenium of the corpus callo-
sum. On the axial plane in which the corpus callosum disappears
(at approximately 54% of the head height in the Matsui-Hirano
atlas [16], or z=32), margins of the anterior and posterior cingu-
late gyri were defined, and these coordinates were applied to the
remaining axial slices dorsally. The anterior cingulate gyrus was
operationally defined by outlining that began at the deepest re-
cess of the cingulate sulcus, moved medially, and then moved in
an inferior direction until reaching the callosal recess. The two re-
cesses were connected to each other with a straight line, and this
triangular area also included the cingulum (Figure 1).

The amygdala was outlined on coronal MRI sections by two re-
searchers, and good intertracer reliability was shown (ICC=0.82,
area measured on three slices at the 25th, 50th, and 75th percen-
tiles of anteroposterior distance). Outlining of the amygdala be-
gan at its largest extent (approximately the center in the antero-
posterior dimension) where clear boundaries between gray
matter and surrounding white matter are visible. At this mid-sec-
tion the amygdaloid complex is roughly elliptical in shape, and
anatomical margins are defined by the cornu ammonis and the
white matter of gyrus ambiens in the medial aspect, the cornu in-
ferius of the lateral ventricle in the ventral aspect, the temporal
lobe white matter laterally, and the gyrus semilunaris in the dor-
sal aspect. Using an edge contrast-enhancing technique (gradient
filter) (10), we were able to better visualize the dentate gyrus of
the hippocampus and boundaries between the hippocampus and
the amygdala. The posterior portions of the amygdaloid complex
were outlined by using the ventricular recess, hippocampus, and
gyrus semilunaris as reference points (Figure 2).

Outlining the anterior end of the amygdaloid complex posed
more difficulty. In the anterior aspect, the amygdaloid complex
gray matter is more heterogeneous and hard to identify. We car-
ried out the outlining from the midsection forward by using gra-
dient filtering and completely excluded the entorhinal cortex,
which may include the inferior amygdala. The outlining ended at
the first coronal MRI section on which there was visible white
matter between the amygdala, ambiens, and white matter of the
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entorhinal cortex. This procedure may have omitted the very an-
terior end of the amygdaloid complex, but it had the advantage of
excluding other extraneous structures from our analysis.

The hippocampus was outlined by one trained researcher who
was unaware of the subjects’ diagnoses. Outlining of the hippo-
campus was done on consecutive 1.2-mm-thick coronal MRI
slices. Good intertracer reliability was seen for two tracers who
measured the hippocampus in six subjects on three slices at the
25th, 50th, and 75th percentiles of anteroposterior distance (ICC=
0.81). The anterior boundary of the structure at the junction with
the amygdala was defined by the presence of the temporal horn of
the lateral ventricle, lateral and superior to the genu of the hippo-
campus. Posteriorly, the hippocampus was traced throughout its
entire extent, past the level of the pulvinar, until it was no longer
visible. In cross-section, the hippocampus was traced to include
all regions of Ammon’s horn as well as the dentate gyrus (Figure
2). For each structure, both an absolute volume in cubic centime-

ters and a relative value (structure volume/whole brain volume)
were calculated.

Statistical Methods

After PET/MRI coregistration, region of interest coordinates
were applied to the PET scan of each individual, and metabolic
three-dimensional significance probability maps (17) of t tests
comparing the groups for the four structures were reconstructed.
All regions of interest were adjusted to the mean normal number
of slices by interpolation. Each individual’s region of interest was
then warped to an averaged contour of the normal group by ad-
justing the length of the line joining the centroid and the contour
edge at 720 angular positions to the group length average. Be-
tween-group differences in the metabolism of the anterior cingu-
late gyrus, posterior cingulate gyrus, amygdala, and hippo-
campus were assessed by repeated measures analysis of variance
(ANOVA) and follow-up t tests on volume and mean relative met-

FIGURE 1. Structural and Functional Images of the Anterior and Posterior Cingulate Gyri in Patients With Autism Spectrum
Disorders and Healthy Comparison Subjectsa

a The axial MRI section (slice taken at approximately 53% of the head height) shows outlining of the anterior cingulate gyrus (a=right, b=left)
and posterior cingulate gyrus (c=right, d=left). Three-dimensional posterolateral views of the right and left anterior cingulate gyri (A and B,
respectively) and the right and left posterior cingulate gyri (C and D, respectively) are also shown. Red patches depict areas of significantly
higher glucose metabolism in the healthy comparison subjects than in the patients with autism spectrum disorders, as assessed by three-di-
mensional significance probability mapping, with resampling to control against type I errors (for all analyses: t=2.03, df=33, p<0.01); blue
patches depict areas of lower glucose metabolism in comparison subjects. The gray matter regions of the cingulate appear somewhat more
likely to show significant differences than the cingulum bundle.
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abolic rate. This design allowed testing of the hypothesis of a def-
icit in the entire limbic circuit (main effect of group) with a single
F test or a deficit in only a portion (group-by-region interaction).
We present post hoc t test contrasts for comparison with pub-
lished regional postmortem data. We also performed three-
dimensional significance probability mapping with resampling
to control against type I errors. The resampling strategy adapted
from cluster-counting approaches (18, 19) used actual PET scan
data (instead of Monte Carlo simulations) from normal individu-
als performing the same verbal learning task. To establish the
threshold for significance in a t test analysis of 17 healthy com-
parison subjects and 17 patients with autism spectrum disorders,
two groups (N=17 in each) were drawn randomly from our pool of
34 normal subjects, a procedure adopted to match our earlier re-
port (10). Note that standard deviations in normal subjects are
larger than or similar to those in patients, making this approach
relatively conservative for type I errors. For each randomly cho-
sen group, pixel-by-pixel t tests were performed. The image was
thresholded at the p<0.05 level (t=2.04, df=32, p<0.05). In each
cluster of pixels above the threshold, the number of contiguous
pixels was counted, and the volume of the largest cluster (the
number of contiguous pixels multiplied by the average difference

between the t value for each pixel and 2.04, which was the t value
at which p<0.05) was determined (e.g., 100 pixels with a mean t
value of 2.68 yield a volume of 64). An empirical table of cluster
volumes was created by generating 5,000 such random samples
from the 17 patients with autism spectrum disorders and the 17
healthy comparison subjects and obtaining the single largest
cluster for each random draw. Volumes for 95%, 97.5%, and 99%
levels were obtained, which permitted a test of whether any given
pixel cluster volume might have occurred by chance if the subject
groups differed no more than randomly chosen sets of healthy
comparison subjects.

Results

MRI Volume Analysis

Although previously reported by other researchers (20,
21), group differences in whole brain volume were not
found in the current study. Neither the absolute nor the
relative volumes of the amygdala and hippocampus dif-
fered between patients with autism spectrum disorders

FIGURE 2. Structural and Functional Images of the Amygdala and the Hippocampus in Patients With Autism Spectrum Dis-
orders and Healthy Comparison Subjectsa

a The coronal MRI section shows the outlining of the amygdala and the hippocampus at the level of the temporal recess of the lateral ventricle.
The uncus (y) at the medial aspect and the temporal recess (x) at the lateral aspect of the temporal lobe are used as reference points in out-
lining the left amygdala (b) and the left hippocampus (d). Three-dimensional lateral oblique views of the right and left amygdala (A and B,
respectively) and the right and left hippocampus (C and D, respectively) are also shown. Red patches depict areas of relatively higher glucose
metabolism in the healthy comparison subjects than in the patients with autism spectrum disorders, as assessed by three-dimensional signif-
icance probability mapping, with resampling to control against type I errors; blue patches depict areas of lower glucose metabolism in com-
parison subjects. Neither the amygdala nor the hippocampus revealed glucose metabolic rate differences that were statistically significant.
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and the healthy comparison subjects. Greater left amyg-
dalar volume was seen in the patients with Asperger’s dis-
order than in the autism patients (Table 1).

The anterior cingulate gyrus consists of three function-
ally distinct regions. Brodmann’s area 25 has emotional
processing functions and participates with Brodmann’s
area 24 in the modulation of motor responses to emo-
tional cues. Brodmann’s area 24′ is involved in information
processing and execution of higher cognitive functions
(11). We divided the anterior cingulate into three seg-
ments (Brodmann’s areas 25, 24, and 24′) and divided the
posterior cingulate into two segments (Brodmann’s areas
23 and 29) on the basis of proportions derived from the Ta-
lairach-Tournoux atlas (15). An analysis of covariance that
involved all the limbic circuit structures with brain volume
as a covariate was nonsignificant. Both absolute and rela-
tive volumes of the right anterior cingulate gyrus were
smaller, as assessed by t tests, in the patients with autism
spectrum disorders than in the healthy comparison sub-
jects (Table 1). Furthermore, in the right anterior cingu-
late, Brodmann’s area 24′  was significantly smaller in the
patients with autism spectrum disorders than in the
healthy comparison subjects. There were no group differ-
ences in left anterior cingulate gyrus volume nor were
there posterior cingulate gyrus volume differences be-
tween the two autism spectrum disorder groups (Table 1).

PET Glucose Metabolism Analysis

We did not find significant group differences in the glu-
cose metabolic rate of the amygdala or the hippocampus
as assessed by significance probability mapping (Figure 2)

or by t tests on these regions of interest (Table 2). Further-
more, dividing the autism spectrum disorders group into
the autistic and Asperger’s subgroups also failed to reveal
significant between-group differences in these regions. By
contrast, significance probability mapping (Figure 1)
showed that glucose metabolism in the right (cluster vol-
ume=3,144; maximum t in cluster=5.03) and the left (vol-
ume=1,556; maximum t=5.68) anterior cingulate gyrus
was significantly lower in the patients with autism spec-
trum disorders than in the healthy comparison subjects
(t=2.03, df=33, p<0.01). The Asperger’s patients exhibited
bilateral glucose hypometabolism in the anterior cingu-
late cortex (left volume=2,288; maximum t=6.46 [t=2.07,
df=23, p<0.01]; right volume=2,063; maximum t=7.18 [t=
2.07, df=23, p<0.02]) relative to the healthy comparison
subjects, whereas autistic patients differed only in the
right anterior cingulate gyrus (volume=2,864; maximum
t=6.17 [t=2.06, df=26, p<0.01]). The patients with autism
spectrum disorders also showed lower glucose metabo-
lism in the right and left posterior cingulate gyrus (left:
volume=535; maximum t=5.71 [t=2.03, df=33, p<0.02];
right: volume=978; maximum t=5.42 [t=2.03, df=33,
p<0.01]). Within the two diagnostic subgroups, hypome-
tabolism was limited to the right posterior cingulate gyrus
in autistic patients (volume=461; maximum t=4.86 [t=2.06,
df=25, p<0.05]), whereas hypometabolism was again bilat-
eral in the Asperger’s patients (left: volume=1,395; maxi-
mum t=7.82 [t=2.07, df=22, p<0.01]; right: volume=1,922;
maximum t=7.56 [t=2.07, df=22, p<0.01]).

In addition to significance probability mapping, we also
assessed potential group differences by performing an

TABLE 1. Limbic Circuit Volumetric Measurements in Healthy Comparison Subjects and Patients With Autism Spectrum Dis-
orders

Structure

Volume (in cubic millimeters except where indicated)

Healthy Comparison 
Subjects (N=17)

Patients With Autism Spectrum Disorders

All Patients (N=17) Autistic Patients (N=10) Asperger’s Patients (N=7)

Mean SD Mean SD Mean SD Mean SD

Whole brain volume (cm3) 1,314 122 1,304 178 1,315 220 1,289 109
Amygdala

Left 1,222 221 1,206 216 1,116 219 1,334a 140
Right 1,215 258 1,217 267 1,125 201 1,348 308

Hippocampus
Left 4,281 664 4,344 686 4,341 843 4,349 437
Right 4,635 552 4,577 752 4,645 723 4,480 839

Left anterior cingulate 9,607 2,362 8,847 2,059 9,104 2,612 8,479 900
Brodmann’s area 25 2,310 636 2,443 789 2,574 970 2,255 421
Brodmann’s area 24 3,475 848 3,107 875 3,210 1,014 2,960 676
Brodmann’s area 24′ 3,822 1,375 3,300 1,017 3,325 1,263 3,264 603

Left posterior cingulate 6,110 2,061 5,669 1,255 5,351 1,444 6,123 813
Brodmann’s area 23 5,294 1,580 5,033 1,063 4,671 1,129 5,551 753
Brodmann’s area 29 817 582 641 324 690 409 571 139

Right anterior cingulate 9,935 2,128 8,527b 1,846 8,796 1,938 8,141 1,778
Brodmann’s area 25 2,403 534 2,190 652 2,296 743 2,039 509
Brodmann’s area 24 3,467 819 2,942 752 3,073 694 2,754 845
Brodmann’s area 24′ 4,065 1,130 3,393b 736 3,426 851 3,347 595

Right posterior cingulate 6,074 2,192 5,495 1,463 5,345 1,546 5,709 1,428
Brodmann’s area 23 5,271 1,725 4,886 1,189 4,661 1,120 5,207 1,297
Brodmann’s area 29 800 605 613 403 692 506 502 154

a Significantly different from the patients with autism according to post hoc t test (p<0.04).
b Significantly different from the healthy comparison subjects according to post hoc t test (p<0.05). 
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ANOVA for the group-by-hemisphere-by-region of interest
(Brodmann’s areas 25, 24, 24′ , 23, and 29 as well as the
hippocampus and amygdala) interaction. Only the group-
by-region of interest interaction was significant (F=4.46,
Huynh-Feldt adjusted df=4.34, 138.92, p<0.002). The same
ANOVA carried out with only the 10 new patients that were
added to our original group of seven autistic patients (10)
similarly yielded a significant group-by-region of interest
interaction (F=5.40, df=4.36, 109.06, p=0.0004). To control
for differences in task performance between the healthy
comparison subjects and the patients with autism spec-
trum disorders, we performed the same analyses for a sub-
group of nine autism spectrum disorder patients (three
with autism and six with Asperger’s disorder) who per-
formed at the level of the 17 comparison subjects (13.7
and 13.9 words correct, respectively). Subjects were
matched by their task performance, and similar results
were obtained (group by region of interest: F=5.03, df=
4.21, 101.02, p=0.0008). Post hoc t tests (N=17) showed bi-
lateral glucose hypometabolism in patients with autism
spectrum disorders relative to the comparison subjects in
Brodmann’s areas 24, 24′, and 23 but not in Brodmann’s ar-
eas 25 or 29 or in the hippocampus or amygdala (Table 2).
In contrast with the results of the three-dimensional sig-
nificance probability maps, the post hoc region-of-inter-
est t tests did not show significant differences between the
Asperger’s and autism patients. 

Task Performance and Metabolic Correlates

One autistic patient was not included in this analysis
because he failed to perform the task (i.e., the subject re-
peated the words out loud but did not recall more than
one word in the list). Healthy comparison subjects cor-

rectly remembered a higher number of words during the
verbal learning trials (mean=13.9, SD=1.3) than did the pa-
tients with autism spectrum disorders (mean=11.0, SD=
3.9) (t=2.78, df=18.2, p<0.02; Levene F for variability=10.8,
df=1, 31, p<0.003). The two groups did not differ in perse-
verative errors or intrusion scores, but the healthy com-
parison subjects were better in semantic categorization of
the word lists (mean=8.8, SD=2.6) than were the patients
with autism spectrum disorders (mean=5.3, SD=3.7) (t=
3.16, df=31, p<0.004; Levene F=3.69, df=1, 31, p<0.07).

On an exploratory basis, we examined correlations be-
tween metabolism in the key cingulate areas and task per-
formance. For the healthy comparison subjects, glucose
metabolic rates in right Brodmann’s area 25 (r=0.60, df=15,
p<0.05), right Brodmann’s area 24 (r=0.51, df=15, p<0.05),
and the entire right anterior cingulate gyrus (r=0.49, df=15,
p<0.05) correlated with the number of words remembered
correctly. For the patients with autism spectrum disorders,
correlations between glucose metabolism and the num-
ber of correct words were not specific to Brodmann’s areas
but were found for the entire right anterior cingulate gyrus
(r=0.54, df=14, p<0.05). No correlation reached the p<0.01
level, survived Bonferroni correction, or showed p<0.05
differences between the patients with autism spectrum
disorders and the healthy comparison subjects.

Clinical Correlations

Correlations between limbic circuit components and
major clinical symptom severity assessments from the Au-
tism Diagnostic Interview were calculated on an explor-
atory basis. Thirteen of the patients with autism spectrum
disorders were evaluated with the Autism Diagnostic In-
terview for diagnostic purposes (but one Autism Diagnos-

TABLE 2. Limbic Circuit Glucose Metabolism in Healthy Comparison Subjects and Patients With Autism Spectrum Disorders

Limbic Circuit Structure

Relative Metabolic Rate (region/whole brain)a

Healthy Comparison 
Subjects (N=17)

Patients With Autism Spectrum Disorders

All Patients (N=17) Autistic Patients (N=10) Asperger’s Patients (N=7)

Mean SD Mean SD Mean SD Mean SD
Amygdala

Left 0.75 0.06 0.73 0.05 0.71 0.04 0.75 0.06
Right 0.72 0.07 0.71 0.07 0.71 0.06 0.73 0.07

Hippocampus
Left 0.76 0.09 0.75 0.06 0.73 0.05 0.76 0.06
Right 0.75 0.08 0.72 0.06 0.71 0.06 0.74 0.06

Left anterior cingulate 1.04 0.10 0.94** 0.07 0.96* 0.08 0.92** 0.07
Brodmann’s area 25 0.92 0.10 0.89 0.09 0.92 0.09 0.86 0.09
Brodmann’s area 24 1.06 0.13 0.95** 0.09 0.97 0.09 0.91** 0.07
Brodmann’s area 24′ 1.07 0.09 0.96** 0.10 0.97* 0.09 0.94* 0.12

Left posterior cingulate 1.16 0.07 1.10* 1.11 1.11 0.11 1.07* 0.10
Brodmann’s area 23 1.17 0.08 1.10* 0.11 1.12 0.11 1.06* 0.10
Brodmann’s area 29 1.12 0.10 1.12 0.15 1.09 0.15 1.18 0.14

Right anterior cingulate 1.04 0.09 0.94** 0.07 0.93** 0.07 0.96 0.07
Brodmann’s area 25 0.91 0.11 0.88 0.10 0.86 0.09 0.92 0.10
Brodmann’s area 24 1.06 0.12 0.95** 0.10 0.95* 0.12 0.95* 0.08
Brodmann’s area 24′ 1.09 0.10 0.96*** 0.10 0.95*** 0.09 0.99* 0.10

Right posterior cingulate 1.22 0.11 1.12** 0.07 1.13* 0.08 1.12* 0.07
Brodmann’s area 23 1.23 0.11 1.13** 0.08 1.14* 0.08 1.11* 0.08
Brodmann’s area 29 1.12 0.14 1.11 0.12 1.08 0.08 1.15 0.16

a Significant differences were determined by comparison of patients and healthy volunteers by means of post hoc t tests.
*p<0.05. **p<0.01. ***p<0.001.
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tic Interview was not available for scoring). Autism Diag-
nostic Interview subscores (social interaction, verbal
communication, nonverbal communication, restricted
interest domains, point in childhood at which the patient
was worst) were entered into a correlation analysis with
glucose metabolic rates. Glucose metabolism in left Brod-
mann’s area 24 correlated with social interaction (r=0.83,
df=10, p<0.01), verbal communication (r=0.64, df=10,
p<0.05), and nonverbal communication (r=0.68, df=10,
p<0.05) subscores. Metabolism in left Brodmann’s area 24′
(r=0.65, df=10, p<0.05) and left Brodmann’s area 23 (r=
0.64, df=10, p<0.05) correlated with social interaction sub-
scores. Metabolism in the entire left anterior cingulate gy-
rus correlated with social interaction (r=0.82, df=10,
p<0.01), verbal communication (r=0.68, df=10, p<0.05),
and nonverbal communication domains of the Autism Di-
agnostic Interview (r=0.64, df=10, p<0.05). It is of interest
that the only inverse correlation was between the relative
volume of the left amygdala and the Autism Diagnostic In-
terview nonverbal communication domain (r=–0.62, df=
10, p<0.05).

Discussion

A recent MRI study by Aylward et al. (22) reported di-
minished volumes of the amygdala and hippocampus in a
group of high-functioning autistic patients. Although we
hypothesized both volumetric and metabolic changes in
the amygdala and hippocampus in our group of high-
functioning patients with autism spectrum disorders, we
did not find any significant differences for these structures
compared with findings in healthy volunteers. The ab-
sence of significant group differences in hippocampal vol-
ume is in accord with some earlier studies (3, 4). Our find-
ings may also reflect the characteristics of our patient
population: none had seizure disorder, which is known to
affect hippocampal size (23). Moreover, all patients had
verbal communication skills and were relatively high
functioning; as such, our study group is representative of
25% of the patients with autism. The lack of group differ-
ences in glucose metabolic rates in the amygdala and
hippocampus in our study may also be task-related. Al-
though the hippocampus is involved in memory function,
serial verbal learning is believed to reflect primarily work-
ing memory and may not require hippocampal activity
(13). The use of the verbal memory task as an uptake con-
dition, however, has the advantage of minimizing individ-
ual differences in episodic memory retrieval that may oc-
cur during an unstructured “resting” period (24).

The main findings in this study were the reduced glu-
cose metabolism in the entire cingulate cortex in patients
with autism spectrum disorders and the reduced volume
of the right anterior cingulate gyrus, specifically Brod-
mann’s area 24′. When we attempted to localize metabolic
findings by dividing the cingulate into its functional sub-
regions, we found bilateral glucose hypometabolism in

Brodmann’s areas 24, 24′, and 23 in the patients with au-
tism spectrum disorders. Brodmann’s area 24 is involved
in motor responses to emotional cues and would not be
expected to be involved in verbal memory. On the other
hand, because Brodmann’s area 24′ is implicated in infor-
mation processing and higher cognitive functions, seman-
tic categorization and incongruent word suppression may
have common efferents and may be related to this area’s
function (25, 26). Little is known about Brodmann’s area
23, but it also has memory functions, acts as a relay area
among the associative cortices, and is involved in spatial
orientation (27). The lack of alterations in metabolism for
Brodmann’s area 25 is interesting, since it is known to have
emotional functions, gives emotional color to the higher
executive functions, and is affected in depression (28, 29).
Because of a generally dull affective coloring in autistic pa-
tients, one might have expected functional changes in the
subgenual cingulate cortex in the patients, which did not
prove to be the case in this cohort.

The subgroup of patients with Asperger’s disorder
emerged as physiologically distinct. When the seven sub-
jects with Asperger’s syndrome were removed from the
cohort, the remaining autistic patients continued to be
characterized by hypometabolism voxel clusters in the
right anterior and the right posterior cingulate gyrus
as determined by the three-dimensional resampling
method. Note, however, that ANOVA interactions contain-
ing both group and hemisphere did not reach significance
and that our three-dimensional region-of-interest method
provided no statistical contrast of laterality. Furthermore,
results of post hoc t tests were not consistent with the re-
sampling findings. As determined by the three-dimen-
sional resampling method, Asperger’s patients showed bi-
lateral cingulate hypometabolism relative to healthy
comparison subjects. Another interesting finding was the
amygdala volumetric difference between the Asperger’s
and the autistic patients. The Asperger’s patients had
larger left amygdala volume, and the volume of the amyg-
dala in all patients, but not normal volunteers, was corre-
lated with semantic categorization scores and total num-
ber of words correct. In addition, larger left amygdala
volumes were associated with lower Autism Diagnostic In-
terview nonverbal communication scores. Taken together,
these exploratory correlations suggest that volume reduc-
tion in the left amygdala may be related to poor outcome
in patients with autism. It raises the possibility that larger
amygdala size in Asperger’s patients might compensate
for diminished cingulate function or that the larger amyg-
dala might suppress cingulate function. Thus, the meta-
bolic data for the anterior cingulate are consistent with an
autism spectrum (autism-Asperger-normal), and the vol-
umetric data for the amygdala are consistent with sepa-
rate entities within the category of pervasive developmen-
tal disorders.

Our findings of lower cingulate metabolism in autistic
patients do not appear to be secondary to their poorer ver-
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bal memory performance. An analysis of normal subjects
and a performance-matched autistic subgroup yielded
the same significant decreases in cingulate metabolism.
Compensatory verbal memory processing in posterior
cingulate (Brodmann’s area 29), where modest but nonsig-
nificant elevations were seen in autistic patients, or in
other areas such as the cerebellum or cerebral cortex (2, 8,
30) not assessed in this study, should remain a goal in
future studies.
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