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Objective: In patients with autism, be-
havioral deficits as well as neuroimaging
studies of the anterior cingulate cortex
suggest ventral rather than dorsal striatal
and thalamic abnormalities in structure
and function. The authors used imaging
studies to map volumetric and metabolic
differences within the entire dorsoventral
extent of the striatum and thalamus.

Method: Magnetic resonance imaging
(MRI) and positron emission tomography
(PET) were used to measure volumes and
metabolic activity in the thalamus, cau-
date, and putamen in 17 patients with
autism or Asperger’s disorder and 17 age-
and sex-matched comparison subjects.
Subjects performed a serial verbal learn-
ing test during the ['8F]-fluorodeoxyglu-
cose uptake period. The regions of inter-
est were outlined on contiguous axial MRI
slices. After PET/MRI coregistration, re-
gion-of-interest coordinates were applied
to the PET scan for each individual. Be-
tween-group differences in metabolism

were assessed by three-dimensional sta-
tistical probability mapping.

Results: The patients with autism spec-
trum disorders had greater volumes of
the right caudate nucleus than compari-
son subjects as well as a reversal of the ex-
pected left-greater-than-right hemi-
spheric asymmetry. Patients also had
lower relative glucose metabolic rates bi-
laterally in the ventral caudate, putamen,
and thalamus. Patients with autism had
lower metabolic activity in the ventral
thalamus than those with Asperger’s dis-
order, but they did not differ from com-
parison subjects in metabolic activity in
the caudate nucleus.

Conclusions: These results are consis-
tent with a deficit in the anterior cingu-
late-ventral striatum-anterior thalamic
pathway in patients with autism spec-
trum disorders. The results also suggest
an important role for the caudate in help-
ing support working-memory demands.

(Am J Psychiatry 2006; 163:1252-1263)

In postmortem studies of patients with autism, abnor-
malities are found in the limbic cortex, the cerebellum,
and the white matter of the brain, but not in the frontal
cortex, the basal ganglia, or the thalamus (1). Subtle
changes in frontal cortical organization (2, 3) and greater
cerebral gray matter volume (4) have also been observed.
By contrast, clinical observations in patients with autism
reveal stereotypies (5-7), gross motor function abnormali-
ties (8), reward system deficits, and impairment in audi-
tory, tactile, and visual sensory stimuli processing (9, 10),
which are suggestive of functional impairments in the
caudate, the putamen, and the thalamus. Disordered re-
ward systems have been reported to have an influence on
stereotypies (11) and sensory stimulation (12) in autism,
which is also consistent with a possible striatal deficit.
Lastly, the serotonin- and dopamine-rich striatum is af-
fected by atypical antipsychotics and serotonin reuptake
inhibitors (13), which are frequently used in the treatment
of autism.

Among magnetic resonance imaging (MRI) studies
comparing patients with autism and comparison subjects,
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one study reported a larger caudate (14) with no change in
putamen size in the autistic group, whereas other studies
found no difference between patients and comparison
subjects in the size of the striatum (15-19). One computer-
ized tomography study reported smaller caudate volumes
in autistic patients relative to comparison subjects (20),
and a study of a twin pair discordant for autism found a
smaller caudate in the affected twin (21). Studies of the
thalamus in autism were also divided, with one study find-
ing lower volumes in autistic patients (22) and two studies
finding no significant differences between patients and
comparison subjects (18, 20).

Early functional imaging studies (23-25) found wide-
spread cortical and subcortical metabolic abnormalities
in autistic patients, as well as possible abnormalities in the
basal ganglia and thalamus, but these positron emission
tomography (PET) studies did not use MRI coregistration
for precise location of the suspected metabolic variations.
Decreased serotonin synthesis has been reported in the
thalamus and frontal lobe of autistic children (26), and de-

Am | Psychiatry 163:7, July 2006



creased activity has been reported in the same pathway in
autistic adults performing a verbal task (27).

We reported previously (28, 29) that we found no volu-
metric or metabolic differences between patients with au-
tism spectrum disorders and comparison subjects in the
hippocampus and amygdala. However, in the same co-
hort, the autism spectrum patients had smaller right ante-
rior cingulate volumes and lower glucose metabolic rates
bilaterally in the anterior cingulate during performance of
a verbal memory task. The cortico-striato-thalamic loop
has been posited as critical in sensory regulation (30), and
the pattern of abnormalities we observed suggested the
need to examine the next way stations in the circuit. Path-
ways from the anterior cingulate pass via the ventral stria-
tum to the thalamus (31), and the anterior cingulate ap-
pears to be closely connected to the anterior thalamus
(32—-34). In the neural circuits proposed by Alexander et al.
(31, 35, 36)—loops involving frontal lobe, cingulate, stria-
tum, and thalamus—a distinction is made between the
dorsal and ventral striatum. This distinction appears to be
of potential interest in autism.

Functional differences between the ventral and dorsal
portions of the striatum have been explored both in neu-
roimaging studies of healthy volunteers and in animal
studies. In a functional MRI (fMRI) study of normal adults,
the ventral striatum was associated with the prediction of
future rewards and the dorsal striatum with the mainte-
nance of information (37). In rats, ventral lesions have
been linked to deficits in delayed matching-to-sample per-
formance that do not occur with dorsal or medial lesions
(38). Ventral areas may also be important for information
held in working memory, and dorsal areas appear to be
linked to responding on the basis of external stimuli (39).

Our aim in this study was to further investigate the dor-
sal-ventral anatomic distinction, which has not been a fo-
cus of previous studies of the striatum in autism. Using
data from the same cohort we reported on earlier (29), we
outlined structures on contiguous axial slices of high-res-
olution MR images and reconstructed regions of interest
to yield three-dimensional maps of volumetric and meta-
bolic differences within the entire dorsoventral extent of
these structures. We hypothesized that caudate volumes
would be larger in patients with autism spectrum disor-
ders than in comparison subjects, as we reported previ-
ously (29). Because functional images were acquired dur-
ing the performance of a verbal learning task, we also
expected to observe differences between patients and
comparison subjects in relative glucose metabolic rate in
the anterior cingulate-striatum-thalamus circuit.

Method

Subjects

Seventeen patients (15 men and two women; mean age=27.7,
SD=11.3, range=17-55) with autism spectrum disorders were re-
cruited for the study. Ten had a diagnosis of autism, and seven
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had a diagnosis of Asperger’s disorder. We have already reported
on findings in the cingulate, amygdala, and hippocampus from
this cohort (29). Patients were screened for other neurological
disorders, including seizures and head trauma. Written informed
consent was obtained from each subject in accordance with insti-
tutional review board requirements. All patients were diagnosed
by experienced child psychiatrists using clinical diagnostic inter-
views based on DSM-IV criteria. The Autism Diagnostic Interview
(40) was administered to the parents of 13 of the patients to con-
firm the diagnosis of an autism spectrum disorder; for the other
four patients, parents were either deceased or otherwise unavail-
able for interview. All patients met DSM-IV criteria for autism or
Asperger’s disorder; no patients with Rett’s syndrome or child-
hood disintegrative disorders were included. All patients were
verbally fluent, and the mean full-scale IQ for the group was 97.1
(SD=25.3, range=55-125).

When our autism neuroimaging program began in 1994, a
structured interview to distinguish Asperger’s disorder from au-
tism was not yet available, so all subgroup diagnoses were made
by an experienced clinician (C.C.). One patient was being treated
with nortriptyline at the time of the scan, but the others had not
taken psychoactive medications for at least several months.

Healthy volunteers were recruited from the community in the
vicinity of Mount Sinai Medical School (15 men and two women;
mean age=28.8, SD=9.4, range=20-56; mean 1Q=111.5, SD=14.3,
range=88-136). They were screened for neurological and psychi-
atric illnesses, family history of axis I psychiatric illnesses in first-
degree relatives, and presence of psychoactive substances in the
urine at the time of the imaging scan. Subjects in the comparison
group were age- and sex-matched to the patient group.

Imaging

Axial MR scans were acquired with a 1.5-Tesla GE Signa-5x sys-
tem using spoiled three-dimensional volume gradient-recall ac-
quisition in the steady state (TR=24, TE=5, flip angle=40 degrees,
contiguous 1.2-mm slices). PET scans using ['8F]fluorodeoxyglu-
cose (FDQG) as a ligand were acquired with a GE-2048 head-dedi-
cated scanner in the research group’s laboratory, operated by the
authors (M.S.B. and M.M.H.). All scanning parameters and im-
age-acquisition methods were kept constant during the study pe-
riod. As a control of mental activity during the FDG uptake pe-
riod, subjects performed a variant of the California Verbal
Learning Test (41), modified for use in an imaging experiment (a
16-word list was presented on a screen, with a 2-second inter-
word interval and four semantic categories) (42). The test yielded
scores for mean number of words correct, perseverations, intru-
sions, and semantic categorization. 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.

Tracing of the Caudate, Putamen, and Thalamus

Two trained researchers without knowledge of subjects’ diag-
noses outlined the caudate, putamen, and thalamus on axial MRI
slices (Figure 1) as described in other studies (44, 45). For each
structure, both an absolute volume in mm?3 and a relative value,
the ratio of the structure’s volume to the subject’s body surface
area, were calculated. Volumes were calculated by summing the
areas of the structures’ outlines on consecutive slices. First, the
number of pixels within each outline for each structure was com-
puted through a software program, and that number was multi-
plied by the number of slices containing outlines of that structure
to calculate the total number of contiguous pixels. Each pixel cor-
responds to a 0.89 mm x 0.89 mm square and the thickness of
each MR slice is 1.2 mm, so we multiplied the total number of pix-
els by the constant 0.95 (0.89%x1.2) to calculate the volume of each
structure in mm?3,
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STRIATUM AND THALAMUS IN AUTISM SPECTRUM DISORDERS

FIGURE 1. Outlining the Striatum and Thalamus on 1.2-mm-Thick Contiguous Axial MRI Slices?

Caudate

(O Putamen

(O Thalamus

3 The caudate (red, blue), putamen (green, yellow), and thalamus (orange, pink) are traced on every consecutive slice. The outlining for the
caudate and putamen began on the ventral-most slice (at approximately 31% of the head height from the canthomeatal line [43]), where the
two structures are separated by a body of white matter. By using these strict criteria, we excluded the ventral-most part of both structures
from the volumetric and metabolic analyses; however, our method allowed us to examine the two structures separately. The outlining was
carried out dorsally, to the dorsal-most extent. For the thalamus, tracing began at the most ventral part of the structure (approximately 34%
of the head height) and was carried out dorsally to the axial slice where the structure disappears (approximately 53% of head height). To eval-
uate reliability between the two researchers tracing the structures, we computed the total number of pixels each researcher outlined for each
structure on MR images from five subjects at the 25th, 50th, and 75th percentiles of the height of the structures. The intertracer intraclass

coefficients for the area measurements were 0.92 for the caudate, 0.90 for the putamen, and 0.87 for the thalamus.

Statistical Methods

For volumetric analyses, all the absolute volumes of the regions
of interest were entered to an analysis of variance (ANOVA) to as-
sess group differences between patients with autism spectrum
disorders and comparison subjects. Where there were significant
group differences, analyses of covariance (ANCOVAs) were car-
ried out with total brain volume and body surface area as covari-
ates. Because there is some evidence of larger overall brain size in
autism (46), we added body surface area as the covariate that best
correlates with total brain weight (47) to avoid confounding in the
statistical removal of brain size. Simple group ANOVAs and t tests
were carried out to assess differences between subgroups.

After PET/MRI coregistration, region-of-interest coordinates
were applied to the PET scan for each individual, and metabolic
three-dimensional significance probability maps (SPM) (48) of t
tests comparing the groups for the three structures were recon-
structed (29). Between-group differences in the metabolism of
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the caudate, putamen, and thalamus were assessed by three-di-
mensional SPM mapping with resampling to guard against type I
error. To establish the threshold for significance in a t test analysis
of 17 normal and 17 autistic subjects, we created a pool of 34 nor-
mal subjects by combining an additional 17 normal subjects (12
men, five women; mean age=35.6 years, SD=8.8, range=21-53)
with the 17 subjects in our study comparison group. From this
pool, we randomly drew two samples of 17 subjects each, a proce-
dure adopted to match our earlier reports (28, 29). Whereas the
study comparison subjects went through the same research pro-
tocol as the autistic spectrum disorder patients, the additional
subjects in this comparison subject pool were enrolled in other
protocols. They had the same PET scan uptake task, drug screen-
ing, psychiatric interview, and medical screening as the study
comparison subjects but were not matched by age or sex and did
not have IQ testing.
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TABLE 1. Volume of Whole Brain, Caudate, Putamen, and Thalamus in Patients With Autism Spectrum Disorders and in

Healthy Comparison Subjects

Volume (in mm

3 except where indicated)

Patients With Autism Spectrum Disorders

Healthy Comparison All Patients Patients With Autism Patients With Asperger’s
Subjects (N=17) (N=17) (N=10) Disorder (N=7)

Structure Mean SD Mean SD Mean SD Mean SD
Whole brain (cm3) 1,314 122 1,304 178 1,315 220 1,289 109
Caudate nucleus

Left 4,753 781 4,707 579 4,736 511 4,668 707

Right 4,414 506 4,791 664 49172 700 4,609 865
Putamen

Left 5,449 748 5,698 783 5,926 796 5,373 687

Right 5,282 715 5,655 683 5,671 839 5,634 432
Thalamus

Left 6,655 574 6,726 878 6,877 942 6,510 795

Right 6,688 790 6,859 734 6,987 872 6,676 478

a Significantly different from healthy comparison subjects, p<0.05.

We also carried out ANOVAs on the relative glucose metabolic
rates in the regions of interest. We divided each structure into four
axial dorsoventral quarters; the bottom 25% of the slices were as-
signed to segment 1 and the top 25% to segment 4. Repeated-
measures ANOVA was carried out to assess group differences
(two-by-two-by-four—diagnostic group by hemisphere by re-
gion-of-interest segment). Where there were group differences in
the volume of the regions of interest, ANCOVA was also carried
out to assess metabolic differences; the volume of the structure
was used as a covariate, and post hoc t tests were performed to
identify effects.

Results

MRI Volume Analysis

The patients with autism spectrum disorders had larger
right caudate volumes than the comparison group and ex-
hibited a reversal of the expected hemispheric asymmetry
(group by hemisphere, F=6.65, df=1, 32, p=0.0147). This
finding was unchanged when brain volume was partialed
out, and its statistical significance increased when body
surface area was entered as a covariate (F=9.00, df=1, 31,
p=0.0053). When an ANOVA on caudate volume was car-
ried out with three groups—patients with autism, patients
with Asperger’s disorder, and comparison subjects), the
hemisphere-by-group interaction was significant (F=3.86,
df=2, 31, p=0.0319). The greatest difference was observed
in volume of the right caudate between the autistic sub-
group and the comparison subjects (4,917 mm? and 4,414
mm?, respectively; t=2.16, df=25, p=0.04). There were no
significant group differences or group-by-hemisphere in-
teractions for volume of the thalamus or putamen (Table
1). Combining all three structures in a three-way ANOVA
yielded a nearly significant hemisphere-by-group interac-
tion (F=4.11, df=1, 32, p=0.051).

Functional Activity: Three-Dimensional
Statistical Parametric Mapping

The patients with autism spectrum disorders had signif-
icantly lower relative metabolic rates in the ventral cau-
date nucleus bilaterally than comparison subjects but
higher relative glucose metabolic rates in the left dorsal
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caudate (Figure 2). A similar dorsoventral pattern is seen
in the putamen and thalamus (Figure 3).

In subgroup analyses, the autistic patients did not differ
significantly from comparison subjects in relative meta-
bolic rates of the caudate. The Asperger’s subgroup, how-
ever, had significantly lower relative metabolic rates in the
right ventral caudate (volume=492 pixels, t-max=6.7, t=
2.074, df=22, p<0.05) and higher rates in the left dorsal
caudate (volume=428 pixels, t-max=6.0, t=2.074, df=22,
p<0.05) than comparison subjects (Figure 4). Both autism
spectrum subgroups showed lower relative metabolic
rates bilaterally in the putamen. In the thalamus, autistic
patients had lower relative metabolic rates than compari-
son subjects (volume=653 pixels, t-max=5.8, t=2.06, df=25,
p<0.05), and Asperger’s patients had lower rates than com-
parison subjects in the anterior aspect (volume=980 pix-
els, t-max=7.2, t=2.074, df=22, p<0.05) and higher rates in
the region of the pulvinar (extending partly into the me-
dial dorsal) nucleus of the thalamus (volume=1,011 pixels,
t-max=7.3, t=2.074, df=22, p<0.05) (Figure 5).

Functional Activity: Region-of-Interest-Based
ANOVA

The patients with autism spectrum disorders had signif-
icantly lower relative metabolic rates in the ventral cau-
date bilaterally than comparison subjects (group-by-seg-
ment interaction, F=5.63, Huynh-Feldt adjusted df=1.63,
52.27, p=0.0095), a finding that was unchanged when cau-
date volumes were partialed in ANCOVA. The relative met-
abolic rates were lower bilaterally in the ventral-most cau-
date (segment 1) in the autism spectrum disorders group
(right: 1.09 versus 1.00 [t=2.12, df=32, p=0.042], left: 1.15
versus 1.04 [t=3.83, df=32, p=0.0006]) (Table 2). ANOVA on
the relative metabolic rates of the segments of the puta-
men confirmed the SPM results showing bilateral reduc-
tion of relative glucose metabolic rates in the autism spec-
trum disorders group (segment-by-group interaction, F=
9.97, Huynh-Feldt adjusted df=2.17, 69.57, p=0.0001), but
the difference between groups in relative metabolic rates
of the thalamus was not quite significant (F=2.62, Huynh-
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FIGURE 2. Three-Dimensional Significance Probability Mapping With Relative Glucose Metabolic Rate of the Caudate Nu-
cleus in Patients With Autism Spectrum Disorders and Comparison Subjects?®

Autism patients < comparison subjects

Autism patients > comparison subjects

Right caudate Left caudate

Volume=563 pixels
t-max=5.4
p=0.015

Volume=447 pixels
t-max=5.8
p=0.02

Volume=415 pixels Ventral

t-max=6.0

1& p=0.03

3 The threshold for colored pixels is a p value of 0.05 (two-tailed, uncorrected). All regions of interest were adjusted to the mean normal num-
ber of slices by interpolation. For each individual, the region of interest was then warped to an averaged contour of the normal group (29).
For each random sample, 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 (number of
contiguous pixels multiplied by the average t value height above t=2.04, p<0.05) was determined (i.e., 100 pixels with a mean t value of 2.68
yield a volume of 64). An empirical table was generated of cluster volume by generating 5,000 random samples of 34 normal subjects and
obtaining the single largest cluster for each random draw. Volumes for 95% were obtained, permitting a test of whether any given pixel cluster
volume might have occurred by chance if subject groups differed no more than random sets of healthy volunteers. Patients with autism spec-
trum disorders (N=17) had lower relative glucose metabolic rates than age- and sex-matched comparison subjects in the ventral caudate
bilaterally (right caudate: volume=447 pixels, t-max=5.8, t=2.04, df=32, p<0.05; left caudate: volume=415 pixels, t-max=6.0, t=2.04, df=32,
p<0.05). However, the autism spectrum disorders group had higher relative metabolic rates in the left dorsal caudate (volume=563 pixels, t-
max=5.4, t=2.04, df=32, p<0.05).

Feldt adjusted df=1.69, 54.21, p=0.09). A three-group
ANOVA with comparison subjects, subjects with autism,
and subjects with Asperger’s disorder confirmed group
differences (caudate segment by group, F=3.78, df=3.46,
53.59, p=0.012). In two-group simple ANOVAs on struc-
tures, the autistic subgroup showed larger metabolic dif-
ferences on the left ventral caudate (group-by-hemi-
sphere-by-segment interaction, F=3.90, p=0.032), and the
Asperger’s subgroup showed bilateral metabolic alter-
ations mainly in the ventral caudate (group-by-segment
interaction, F=5.67, p=0.009). Confirming the SPM find-
ings, both autism spectrum disorder subgroups showed
lower relative metabolic rates than comparison subjects in
the putamen bilaterally (group-by-segment interaction,
autism vs. comparison subjects, F=4.73, p=0.009; As-
perger’s patients vs. comparison subjects, F=11.44,
p<0.001). Comparisons of patients with autism and As-
perger’s disorder by ANOVA or exploratory segment t tests
(Table 2) did not reveal statistically significant differences.
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For the thalamus, the ANOVA produced only effects
that were not quite significant, but it did so for the same
findings that were significantly confirmed with the three-
dimensional mapping. The two-group ANOVA showed a
region-of-interest segment by group interaction (F=2.62,
df=1.69, 54.21, p=0.09) that missed significance, although
the significant multivariate analysis (F=5.38, df=3, 30, p=
0.0044) supported the ventral thalamic decrease. With
the same ANOVA design, there were no metabolic differ-
ences between the autism subgroup and the comparison
group in the thalamus, and a finding of lower relative
metabolic rates bilaterally in the ventral thalamus in the
Asperger’s patients than in the comparison subjects was
nearly significant (group-by-segment interaction, F=
3.12, p=0.07). Comparisons of the autism and Asperger’s
groups with ANOVA were not significant, although ex-
ploratory t tests found that in segment 2 (ventral) meta-
bolic activity was lower in the autism subgroup than in
the Asperger’s subgroup.
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FIGURE 3. Three-Dimensional Significance Probability Mapping With Relative Glucose Metabolic Rate of the Putamen and
Thalamus in Patients With Autism Spectrum Disorders and Comparison Subjects?®

Autism patients < comparison subjects

Right putamen

'I \— Volume 1116 pixels
t-max=6.1

Volume=1131 pixels
t-max=6.7
p=0.0055

Autism patients > comparison subjects

Left putamen

Ventral

Volume=1067 pixels
t-max=6.6

p=0.0025 Left thalamus

A
Y
\

Ventral

Volume=994 pixels
t-max=6.3
p=0.0098

a Autism spectrum disorder patients have lower relative metabolic activity in the putamen bilaterally than age- and sex-matched comparison
subjects (right putamen: volume=1,116 pixels, t-max=6.1, t=2.04, df=32, p<0.01; left putamen: volume=1,067 pixels, t-max=6.6, t=2.04, df=
32, p<0.01). Similarly, the autism spectrum disorder patients have lower metabolic activity than control subjects in the anterior thalamus bi-
laterally (right thalamus: volume=1,131 pixels, t-max=6.7, t=2.04, df=32, p<0.01; left thalamus: volume=994 pixels, t-max=6.3, t=2.04, df=
32, p<0.01). As for the caudate, the more dorsal regions tended to show more activity in autism patients than in comparison subjects, but

these clusters (blue) did not reach rigorous resampling criteria for significance.

Structure Volume and Correlations of Relative
Metabolic Rates With Age and Task Performance

Comparison subjects recalled more words correctly
than patients with autism spectrum disorders (mean=
13.9, SD=1.3, compared with mean=11.0, SD=3.9; t=2.78,
df=18.2, p=0.012) and were more likely to use a strategy of
semantic categorization (mean=8.8, SD=2.6, compared
with mean=5.3, SD=3.7; t=3.16, df=31, p=0.0035). While
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the comparison subjects showed an age-related increase
in relative glucose metabolic rates in the left caudate (r=
0.56, p<0.05) and thalamus (r=0.56, p<0.05), no significant
correlation between age and relative metabolic rates was
observed in autism spectrum disorder patients. Neither
group showed significant correlations between age and
structure volumes. The comparison subjects had higher
relative metabolic rates in the right thalamus and right
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FIGURE 4. Subgroup Comparisons of Relative Glucose Metabolic Rate of the Caudate Nucleus in Patients With Autism Spec-
trum Disorders and Comparison Subjects?

Patients > comparison subjects Patients < comparison subjects

Left Caudate

Comparison versus autism Comparison versus Asperger's

¥ Volume=317 pixels

n.s.

Dorsal

Volume=568 pixels
t-max=6.0
p=0.033

Volume=234 pixels
ns.

Volume=428 pixels
ns.

Volume=227 pixels
n.s.

Volume=316 pixels
ns.

Volume=492 pixels
t-max=6.7
p=0.0035

3 The Asperger’s subgroup had lower metabolic activity in the right ventral caudate than age- and sex-matched comparison subjects (volume=
492 pixels, t-max=6.7, t=2.074, df=32, p<0.05), and greater activity in the left dorsal caudate (volume=428 pixels, t-max=6.0, t=2.074, df=
32, p<0.05). Both the autism subgroup and the Asperger’s subgroup had lower metabolic activity bilaterally in putamen.

putamen, and these were associated with the number of  tive metabolic rates of the right thalamus (r=0.61, p<0.01)

correct words recalled (r=0.61, p<0.01 for both structures), and right putamen (r=0.63, p<0.01) in comparison sub-
whereas no significant correlations between activity and  jects, but not in the patient group. Neither group showed
performance were seen in the patient group. Use of se- any significant correlations between volumetric structure
mantic categorization in word recall correlated with rela- and task performance.

1258 ajp.psychiatryonline.org Am | Psychiatry 163:7, July 2006



HAZNEDAR, BUCHSBAUM, HAZLETT, ET AL.

FIGURE 5. Subgroup Comparisons of Relative Glucose Metabolic Rate of the Right Thalamus in Patients With Autism Spec-

trum Disorders and Comparison Subjects?®

Patients > comparison subjects

Comparison versus Asperger's

*t ¢ 9 F 8

Volume=1011 pixels
t-max=7.3
p=0.0015

Volume=980 pixels
t-max=7.2
p=0.0016

Right thalamus

Patients < comparison subjects

Comparison versus autism

NN

Volume=653 pixels
t-max=5.8
S — e | X | & X

a Autistic patients had lower relative metabolic rates than age- and sex-matched comparison subjects (volume=653, t-max=5.8, t=2.06, df=25,
p<0.05), and Asperger’s patients had lower relative metabolic rates in the anterior aspect of the thalamus (volume=980, t-max=7.2, t=2.074,
df=22, p<0.05) and higher relative rates in the medial dorsal aspect (volume=1,011, t-max=7.3, t=2.074, df=22, p<0.05).

Discussion

Findings of larger brain volumes in autistic patients
compared with healthy subjects have been reported in
some (e.g., reference 49) but not all (e.g., reference 50)
studies investigating this issue. Recent studies have found
that total brain volume is higher in autistic patients when
they are young children but that among adults, brain vol-
umes are indistinguishable between patients and compar-
ison subjects (51-54). In our cohort of adult patients, no
group differences were observed in total brain volume
(29), which allowed us to examine the volumes of struc-
tures both in absolute terms (measured in mm3) and rela-
tive to total brain volume to remove individual differences
in body size.

The absolute volume of the right caudate was signifi-
cantly greater in the autistic subgroup than in the compar-
ison subjects, but the greater volume was not significant
for the entire autism spectrum disorders group. The effect
size for the right caudate for all 17 patients was 0.64, simi-
lar to the 0.61 effect size we calculated from data pre-
sented in an earlier report showing significantly larger
caudate volumes among patients (14). However, with our
group size of 17, we had a power of only 42% to detect this
size effect, whereas the other study, with N=35, had a
power of 74%.

Using data from a study in which nonsignificant cau-
date enlargement was reported (16), we again calculated a
caudate effect size of 0.61, but the power in that study was
only 41%. In a third study (17), in which nonsignificant en-
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largement was reported in the right caudate in patients
with Asperger’s disorder, the effect size was only 0.14
(comparable to our effect size of 0.28 for this subgroup),
although correction for intracranial volume reduced the
effect size to 0.0 in their data. A fourth study (18) had a very
small negative effect size for the right caudate (-0.02). In
our data, the finding of right caudate enlargement in the
autism spectrum disorders group was not affected by par-
tialing brain volume, and it gained significance when body
surface area was used as a covariate. As others have re-
ported in MRI studies (14, 18), we found no group differ-
ences in volumes of the putamen or thalamus.

The finding of larger caudate volumes cannot be ex-
plained by exposure to antipsychotic medication; only
two of the autism spectrum disorder patients had a history
of exposure to antipsychotics, and neither had used anti-
psychotics within the previous year. Previously, our group
reported correlations between higher-order repetitive be-
havior and right caudate enlargement in a group of autism
spectrum patients, most of whom are included in this
study. Caudate enlargement has also been reported in pa-
tients with somatization disorder (56) and in patients with
schizophrenia who have been treated with antipsychotics
(45). In the absence of treatment with antipsychotics and
differences in total brain volume, the enlargement of the
right caudate in the autistic subgroup, coupled with an al-
tered metabolic pattern in the caudate and thalamus, sug-
gests a disturbance in striatothalamic circuitry. This find-
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TABLE 2. Relative Glucose Metabolic Rate in Dorsoventral Levels of Caudate, Putamen, and Thalamus in Patients With Au-

tism Spectrum Disorders and in Healthy Comparison Subjects

Relative Metabolic Rate (region/whole brain)

Patients With Autism Spectrum Disorders

Patients With

Healthy Comparison All Patients Patients With Autism Asperger’s Disorder
Subjects (N=17) (N=17) (N=10) (N=7)
Region of Interest Mean SD Mean SD Mean SD Mean SD
Caudate

(ventral=segment 1,

dorsal=segment 4)

Left 1.02 0.07 1.01 0.05 1.01 0.06 1.01 0.05
Segment 1 1.1520c¢ 0.08 1.04 0.08 1.05 0.08 1.02 0.09
Segment 2 1.07 0.09 1.10 0.06 1.09 0.06 1.11 0.07
Segment 3 1.3620c¢ 0.12 1.18 0.11 1.19 0.11 1.16 0.12
Segment 4 1.29 0.13 1.31 0.12 1.32 0.09 1.30 0.17

Right 1.02 0.09 0.99 0.07 1.00 0.08 0.97 0.06
Segment 1 1.09%¢ 0.13 1.00 0.12 1.05 0.11 0.94 0.10
Segment 2 1.09 0.12 1.09 0.10 1.08 0.09 1.10 0.10
Segment 3 1.20 0.21 1.13 0.16 1.18 0.13 1.06 0.19
Segment 4 1.34 017 1.30 0.14 1.28 0.14 1.34 0.15

Putamen

Left 1.18 0.07 1.16 0.06 1.14 0.04 1.19 0.07
Segment 1 1.282bc 0.10 1.14 0.10 1.15 0.09 1.12 0.11
Segment 2 1.31 0.12 1.27 0.10 1.26 0.09 1.29 0.11
Segment 3 1.382.bc 0.16 1.14 0.16 1.16 0.16 1.11 0.18
Segment 4 1.45 0.13 1.43 0.15 1.41 0.17 1.47 0.12

Right 1.15 0.07 1.13 0.08 113 0.09 113 0.08
Segment 1 1.25%0c¢ 0.09 1.11 0.10 1.13 0.09 1.08 0.11
Segment 2 1.24 0.09 1.24 0.12 1.22 0.12 1.27 0.14
Segment 3 1.32%¢ 0.19 1.15 0.16 1.19 0.13 1.08 0.19
Segment 4 1.42 0.15 1.39 0.20 1.35 0.11 1.44 0.29

Thalamus

Left 1.03 0.09 1.01 0.07 0.99 0.07 1.05 0.05
Segment 1 1.0920 0.08 1.01 0.09 0.99 0.07 1.03 0.13
Segment 2 1.08 0.11 1.07 0.08 1.04 0.08 1.11d 0.04
Segment 3 1.23 0.12 1.15 0.14 1.14 0.11 1.17 0.19
Segment 4 1.39 0.17 1.32 0.14 1.31 0.17 1.34 0.09

Right 1.04 0.08 1.03 0.08 1.01 0.08 1.06 0.07
Segment 1 1.112bc 0.09 1.01 0.08 1.02 0.07 1.01 0.10
Segment 2 1.07 0.09 1.08 0.10 1.04 0.10 1.14 0.08
Segment 3 1.26 0.16 1.20 0.12 1.20 0.11 1.18 0.14
Segment 4 1.36 0.16 1.38 0.12 1.37 0.11 1.39 0.14

a Comparison subjects have higher values than patients with autism spectrum disorders, p<0.05.
b Comparison subjects have higher values than the autism subgroup, p<0.05.

¢ Comparison subjects have higher values than the Asperger’s subgroup, p<0.05.

d patients with Asperger’s disorder have higher values than patients with autism, p<0.05.

ing requires replication, however, because of the small
sample size (N=10).

These striatothalamic alterations, along with the failure
of the ventral striatum to activate while subjects are per-
forming a task involving verbal memory and semantic cat-
egorization, point to a deficit in frontal-cingulate-striatal-
thalamic interconnections (57). A task that involved spe-
cific rule-based semantic categorization in normal sub-
jects (57) activated the caudate ventrally (z=—4), while a
similarity-based categorization (a comparison with previ-
ously encountered examples) evoked caudate activation
at a slightly higher level (z=0). Both of these points are rel-
atively ventral, since our tracing extends 2 cm higher (z=
20-24). These findings suggest the importance of the cau-
date for resource-demanding tasks, helping support work-
ing-memory demands. This interpretation of the role of
the caudate in semantic memory is consistent with the
1260
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heavy memoryload imposed by the verbal memory task in
this study.

The area of metabolic hypoactivity that we observed in
the thalamus appears to be in the anterior nucleus, which
is closely connected to the anterior cingulate cortex (32—
34). We reported lower glucose metabolism in the anterior
cingulate for the same cohort (28, 29), and another group
reported that bipolar patients who performed poorly on
the California Verbal Learning Test, which is closely analo-
gous to the task used here, were found to have a lower gray
matter density in the anterior cingulate (58). In the present
study, two findings combine to suggest an impairment in
the function of this circuit in autistic patients. First, in our
comparison group, the ability to semantically categorize
the word list was correlated with the relative metabolic
rates of both the thalamus and the putamen, whereas the
patients with autism spectrum disorders showed no such
correlations, which is consistent with disturbed coupling.
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Interestingly, unilateral lesions of the anterior thalamus in
monkeys impair assessment of semantic knowledge (59).
The left anterior thalamus has also been reported to show
greater activation during encoding of complex semantic
distinctions in human fMRI studies (60). Second, the find-
ing of low metabolic activity in the anterior cingulate, ven-
tral (but not dorsal) striatum, and anterior thalamus but
not the pulvinar, temporal cortex, hippocampus, or
amygdala, and in medial but not dorsolateral cortex (61),
links these structures. Our findings are not inconsistent
with previous reports on the functional alteration of the
dentato-thalamo-cortical pathway in autism (62).

Activation of the pulvinar may be a compensatory
mechanism to moderate deficits in patients with As-
perger’s disorder. While both the patients with autism and
those with Asperger’s disorder had low relative metabolic
rates in the anterior thalamic nucleus, rates in the medial
dorsal nuclei and the pulvinar were even higher in the As-
perger’s subgroup than in the comparison group. As-
perger’s patients did not differ from comparison subjects
in their ability to semantically categorize the word list,
possibly because they are able to use other circuitries suc-
cessfully (e.g., the mediodorsal thalamic nuclei-frontal
cortex or the pulvinar-temporal lobe). This pulvinar-me-
diodorsal activity (the blue areas in Figure 5) may reflect
an important compensatory response involved in amelio-
rating anterior thalamic deficits.

The metabolic activity of the dorsal and ventral caudate
nucleus differed markedly between our autism spectrum
disorder patients and our comparison subjects. The pa-
tient group had lower relative glucose metabolic rates ven-
trally but higher rates dorsally, which is consistent with the
differential roles of the ventral and dorsal striatum, as re-
viewed above. Dorsal activation, by contrast, might have
been expected in a sensory task, such as the continuous
performance task or a reaction-time task. Alternatively, if
reward aspects are the most important, autistic patients
might exhibit both ventral and dorsal deficits when con-
tinuous performance or reaction-time tasks are per-
formed but only ventral deficits in tasks that engage ven-
tral cognitive circuits. Also interesting to note is that the
Asperger’s patients had higher metabolic activity than
comparison subjects in the left dorsal caudate, which is
similar to the metabolic pattern seen in obsessive-com-
pulsive disorder, especially in patients who respond to se-
rotonin reuptake inhibitors (63, 64).

Limitations of this study include its relatively small sam-
ple size, the overrepresentation of verbally competent pa-
tients, the lack of Autism Diagnostic Observation Sched-
ule data on our patient group, and the resolution limits of
['8F]fluorodeoxyglucose. While this study had adequate
power to detect large effects (85% power to detect an effect
size of 1.0), its power to detect subgroup differences was
much lower. The patients who participated in this study
are representative of approximately 25% of the autism
spectrum, and they all have verbal communication skills,
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relatively high cognitive functions, and no severe neuro-
logical impairments. Thus, the findings of this study can-
not be generalized to the entire autism spectrum. Also, our
division of patients into the autism and Asperger’s sub-
groups is limited by the lack of structured criteria for this
distinction in adults, and our groupings may merely re-
flectillness severity. The differences between these groups
in cognitive abilities were statistically significant, but we
did not match patients and comparison subjects on IQ. Al-
though previous studies have not reported lower meta-
bolic activity in the basal ganglia in patients with mental
retardation (65), our findings could have been con-
founded by the group differences in IQ. Cognitive abilities
in autism and Asperger’s disorder also may show complex
patterns of individual deficits, and much larger groups
would be necessary to separate global deficits from spe-
cific cognitive strengths and weaknesses. Lastly, our PET
resolution full width at half maximum of 4.5 mm in-plane
and 6.5 mm axially is not large relative to portions of the
caudate and thalamus. The caudate, 30 mm high and 10
mm at its widest extent ventrally (z=1) (66), is larger than
the amygdala. The anterior thalamic areas probably also
include anterior parts of the medial dorsal and ventrolat-
eral nuclei. Enlargement of the third ventricle, as reported
elsewhere (67), might also contribute to diminished ante-
rior activity through partial volume effects, but given that
the edge shadow of this structure does not appear in Fig-
ure 3 and Figure 5, such an explanation is less likely.
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