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Objective: Recent years have seen a revo-
lution in views regarding cerebellar func-
tion. New findings suggest that the cere-
bellum plays a role in multiple functional
domains: cognitive, affective, and sensory
as well as motor. These findings imply that
developmental cerebellar pathology could
play a role in certain nonmotor functional
deficits, thereby calling for a broader inves-
tigation of the functional consequences of
cerebellar pathology. Autism provides a
useful model, since over 90% of autistic
cerebella examined at autopsy have shown
well-defined cerebellar anatomic abnor-
malities. The aim of the present study was
to examine how such pathology ultimately
impacts cognitive and motor function
within the cerebellum.

Method: Patterns of functional magnetic
resonance imaging (fMRI) activation within
anatomically defined cerebellar regions of
interest were examined in eight autistic
patients (ages 14-38 years) and eight

matched healthy comparison subjects per-
forming motor and attention tasks. For the
motor task, subjects pressed a button at a
comfortable pace, and activation was
compared with a rest condition. For the
attention task, visual stimuli were pre-
sented one at a time at fixation, and sub-
jects pressed a button to every target. Acti-
vation was compared with passive visual
stimulation.

Results: While performing these tasks,
autistic individuals showed significantly
greater cerebellar motor activation and
significantly less cerebellar attention
activation.

Conclusions: These findings shed new
light on the cerebellar role in attention
deficits in autism and suggest that devel-
opmental cerebellar abnormality has dif-
ferential functional implications for cogni-
tive and motor systems.

(Am J Psychiatry 2003; 160:262-273)

In recent years, the traditional view of cerebellar func-
tion has been seriously challenged. Long considered to be
involved exclusively in motor coordination, new findings
suggest that the cerebellum plays a role in multiple func-
tional domains (e.g., references 1-9). Such findings have
emerged largely from functional neuroimaging studies.
One such study used functional magnetic resonance im-
aging (fMRI) to demonstrate a dissociation between cere-
bellar regions involved in attention and those involved in a
simple motor task (5). Motor activation was localized to
the anterior cerebellar hemisphere, whereas activation
during a nonspatial selective attention task was localized
to the superior posterior cerebellar hemispheres. Several
other recent investigations have supported this finding by
showing similar loci of cerebellar attention activation (e.g.,
references 7, 10-13).

While these findings help to broaden our view of cerebel-
lar function, they also imply that cerebellar pathology can
effect a variety of nonmotor functional deficits (14). This is
a crucial implication in light of mounting evidence for cere-
bellar involvement in various neurologic and psychiatric
conditions, including autism (15-17), attention deficit hy-
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peractivity disorder (18), mood disorders (19), obsessive-
compulsive disorder (20), and schizophrenia (21, 22). Such
evidence calls for a broader investigation of the functional
consequences of cerebellar pathology. Autism provides a
useful model for such an inquiry, for it is a condition in
which cerebellar pathology is particularly well defined.
Ninety-five percent of autistic cerebella examined at au-
topsy have shown cerebellar anatomic abnormalities (16,
23-30), and in all but one case, the abnormality was a re-
duction in the normal number of Purkinje cells; molecular
abnormalities in the autistic cerebellum have also been re-
ported in all cases examined (31-33). The Purkinje cell is
one of the principal cortical neurons in the cerebellum and
the only source of output from the cerebellar cortex (34). A
crucial question, then, is how reduced numbers of this im-
portant element of circuitry ultimately impact cerebellar
function. Studies that have used fMRI to show involvement
of the normal cerebellum in attention would predict that
cerebellar pathology is associated with attentional impair-
ments, and such pathology-deficit associations have in fact
been demonstrated in autism (35, 36). However, what is
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TABLE 1. Demographic and Clinical Characteristics of Eight Autistic Patients and Eight Healthy Comparison Subjects Given

Attention and Motor Tasks to Assess Cerebellar Function

Wechsler Intelligence Measure

Group and Subject Sex Handedness Age (years) Block Design Score? Object Assembly Score? Full-Scale 1Q
Autistic patients

1 M Right 14.43 19 9 87

2 M Right 20.34 9 10 74

3 F Right 20.73 8 10 73

4 M Left 21.56 15 9 79

5 M Right 32.19 12 13 76

6P M Right 33.73 18 10 103

7 M Left 33.94 13 10 102

8¢ M Left 38.16 6 10 86

Mean 26.89 12.50 10.13 85.00

SD 8.59 4.69 1.25 11.95
Comparison subjects

1d M Right 13.97 14 14 106

2 M Right 21.36 12 11 115

3 F Right 20.92 13 6 115

4 M Left 24.53 15 14 128

5 M Right 34.05 11 10 100

6 M Right 30.68 15 16 120

7 M Left 28.90 14 10 120

8¢ M Left 39.74 13 11 106

Mean 26.77 13.38 11.50 113.75

SD 8.22 1.41 3.12 9.21

aScores age-scaled to mean of 10 (SD=3).

b Qutlier for the motor task and the attention task when subjects were matched by attention task version (i.e., whether the rate of stimulus
presentation was “slow” [interstimulus interval=350-850 msec|; “medium” [interstimulus interval=300-550 msec]; or “fast” [interstimulus

interval=200-450 msec]).

¢ Qutlier for the attention task when subjects were matched by performance.

d outlier for the sensory task.
€ Qutlier for the motor task.

not known is whether the autistic cerebellum is in fact
functioning abnormally during attention tasks.

The present investigation examined functional activa-
tion in the cerebella of autistic patients and healthy com-
parison subjects performing the attention and motor
tasks from our initial study of normal cerebellar function
(5). We employed an anatomical region-of-interest ap-
proach to analyzing data, allowing a detailed examination
of functional integrity in regions of the cerebellar cortex
known to be involved in attention operations. The general
prediction was that reductions in viable cerebellar tissue
due to an early reduction of Purkinje cells would result in
significantly reduced cerebellar activation. This repre-
sents a first look at the potential impact of a developmen-
tal anomaly of the human cerebellum on patterns of cere-
bellar cognitive activation.

Method

Subjects

Participants (Table 1) were eight patients with autism (age
range=14-38 years) and eight healthy comparison subjects (age
range=13-39). Patients were diagnosed with autistic disorder as
defined by DSM-IV and also fulfilled criteria from the Autism Di-
agnostic Interview—Revised (37) and the Autism Diagnostic Ob-
servation Schedule (38). None met criteria for Asperger’s disorder.
All diagnoses were made by clinical psychologists within our lab-
oratory and not by referring clinicians. No patient was positive for
fragile X syndrome as determined by DNA or chromosomal anal-
yses; none had a history of seizure; none had additional psychiat-
ric or neurologic diagnoses; and none used psychotropic medica-

Am | Psychiatry 160:2, February 2003

tion. IQ was evaluated with the WISC-R (39) or the WAIS-R (40),
and results indicated that all subjects were nonretarded (i.e., full-
scale IQ >70 [Table 1]).

Healthy comparison subjects recruited from the community had
no history of developmental, psychiatric, or neurologic disorders.
Autistic and healthy subjects were matched for age, sex, and hand-
edness butnotIQ (Table 1). Groups are often matched for IQ to con-
trol for the effects of general cognitive functioning. However, in the
case of autism, IQ is not a valid measure of such functioning be-
cause of the atypical profile of subtest performance (41). Moreover,
for studies in which measures of anatomy or physiology are the de-
pendent variables, ability measures are not appropriate matching
variables for the simple reason that they, in turn, can be influenced
by the dependent variables. Despite the negative implications of
this practice (i.e., erroneously removing true effects and injecting
spurious ones), it is often done. Thus, as an alternative, groups in
the present study were matched for their scores on the Wechsler
Block Design and Object Assembly subtests, measures of abilities
that are typically spared in autistic individuals. Matched pair t tests
(two-tailed) demonstrated that the groups did not differ signifi-
cantly in age (t=0.12, df=7, p=0.91), Block Design score (t=-0.62, df=
7, p=0.56), or Object Assembly score (t=—1.04, df=7, p=0.33).

The complete experimental protocol was approved by the In-
stitutional Review Boards of San Diego Children’s Hospital Re-
search Center, the University of California, San Diego, and San Di-
ego State University. After complete description of the study to
the subjects, written informed consent was obtained. Parents
provided written consent for the two subjects under 18 to partici-
pate in the study, and these subjects provided verbal assent.

Experimental Procedures

Throughout all tasks, subjects held a joystick in their dominant
hand. Pressing a button on the joystick with the thumb activated
a fiber optic response device, and digitally recorded responses
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FIGURE 1. Slice Locations and Regions of Interest Used for the Analysis of Functional Magnetic Resonance Imaging (fMRI)
Data From Eight Autistic Patients and Eight Healthy Comparison Subjects Given Attention and Motor Tasks to Assess Cere-

bellar Function
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2 Slices are shown on a midsagittal MR image of the brainstem and cerebellum from a single subject. Slice 1 was immediately posterior to the
apex of the fourth ventricle, constraining slice 5 to a position at or near the caudal limit of the vermis.

b Regions of interest are shown on a coronal MR image of the cerebellum from a single subject. Vermis and anterior hemisphere regions were
traced only for group comparisons of regional cerebellar anatomy (RVIIA=right superior hemisphere lobule Vlla; iVi=ipsilateral lobule VI;
cVI=contralateral lobule VI; LVIIA=left superior hemisphere lobule Vila).

provided measures of performance accuracy and button-press
frequency. A rear-projection screen was mounted at subjects’ feet
and viewed through a mirror on the radiofrequency coil. Every 40
seconds over the course of 320 seconds, a one-word instruction
appeared on the screen for 2 seconds, cueing subjects to alternate
between the task and its control condition. Three tasks were
employed.

Attention task. Circles, squares, or triangles in red, green, or
blue were presented randomly one at a time at fixation for 100
msec. The attention task tested the ability to selectively attend
and respond to targets (squares or red shapes, target probability=
33%). Subjects were later matched separately according to accu-
racy (“performance match”) and task version (“task match”).
Three versions of the task were administered, which varied in
terms of the rate of stimulus presentation: “slow”=interstimulus
intervals ranged from 350 to 850 msec; “medium”=interstimulus
intervals=300-550 msec; “fast”’=interstimulus intervals=200-450
msec. The fast version was identical to that used in our previous
investigation of attention activation in the normal cerebellum (5).
To control for the effects of visual sensory stimulation, this task
was alternated with a passive visual stimulation condition, during
which subjects observed the same stimuli but did not selectively
attend or respond. The word “SQUARE” or “RED” at the onset of
the task cued subjects as to how to attend and respond, and
“STOP” cued them to observe the stimuli passively.

Motor task. To examine activation due to the motor response
alone, each subject was administered a simple motor task that in-
volved pressing the button repeatedly at a comfortable pace.
“GO” cued subjects to begin pressing the button; “STOP” cued
them to rest. All subjects were fully cooperative when performing
this task, and no extraneous movements were observed.

Sensory task. Subjects were also administered a sensory task in
order to examine possible cerebellar activation induced by visual
stimulation in the absence of attentional demands. Here, subjects
alternated between blocks of visual fixation on a white asterisk
and blocks of passive viewing of the attention task stimuli.
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MR imaging

Images were acquired on a GE Signa 1.5-T system with a local
head gradient coil and an asymmetrical circular endcapped ra-
diofrequency coil (Medical Advances, Milwaukee) designed to
provide extended coverage of the posterior-inferior portions of
the brain. In order to obtain functional data from comparable
coronal slice locations in all subjects, we first acquired localizer
images in the axial and sagittal planes; axial images confirmed
limited head rotation, while sagittal images were used to desig-
nate coronal slice locations (Figure 1).

After shimming to reduce inhomogeneities in the magnetic
field, echo-planar images were acquired with a single-shot gradi-
ent-recalled echo-planar pulse sequence (interleaved slice acqui-
sition; repetition time [TR]=2500 msec; echo time [TE]=40 msec;
flip angle=90°; matrix=64x64; field of view=24 cm; slice thick-
ness=5 mm; slice gap=1 mm). While subjects alternated between
the experimental and control conditions, a time series of 130
echo-planar images was acquired at five coronal slice locations
through the cerebellum. Subsequent to functional imaging, 20
echo-planar phase map images per slice were also acquired. Fi-
nally, high-resolution images (three-dimensional magnetization
prepared rapid gradient echo [MPRAGE] pulse sequence: TR=30
msec; TE=5 msec; flip angle=45°; matrix=256x192x128; field of
view=24 cm; slice thickness=1.5-1.7 mm) were acquired during
the same scan session for each subject.

Data Analysis

Measurement of cerebellar volume. To investigate possible
group differences in cerebellar anatomy, we estimated the full
cortical volume of the cerebellum for each subject. Cerebellar
gray matter (excluding all white matter and CSF) was traced man-
ually on every other MPRAGE image passing through the cerebel-
lum. The total number of voxels within all tracings was then mul-
tiplied by twice the voxel volume to arrive at an estimate of total
cerebellar gray matter volume.

Identification of anatomical regions of interest. Before func-
tional analysis, regions of interest were manually traced on the
MPRAGE image corresponding to each echo-planar slice location.
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FIGURE 2. Sites of Cerebellar Activation During Performance of Attention, Motor, and Sensory Tasks in Seven Autistic

Patients and Seven Healthy Comparison Subjects?
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2 For one autistic subject, a full cerebellar volume was not available. Thus, this subject’s brain could not be normalized, and he and his
matched comparison subject were thus excluded from the functional maps. To create maps, each brain was spatially normalized according
to the system of Talairach and Tournoux (50). All active voxels were then superimposed, thus displaying common sites of activation within
the two groups. The color scale represents the number of subjects overlapping at any single voxel. Activation is overlaid on an averaged coro-
nal anatomical image (Talairach y coordinate=-55). Ipsilateral (to the moving hand) cerebellum is to the reader’s left.

b Three versions of the attention task were given that varied by rate of stimulus presentation (“slow”: interstimulus interval=350-850 msec;
“medium”: interstimulus interval=300-550 msec; “fast”: interstimulus interval=200-450 msec).

These regions of interest, all located in the cerebellar cortex (i.e.,
tracing excluded white matter and CSF), were hemisphere lobule
VI ipsilateral to the moving hand, contralateral lobule VI, and
right and left superior hemisphere lobule VIIa (superior semilu-
nar lobule) (Figure 1). These regions of interest were chosen be-
cause they are consistently active in normal subjects during at-
tention tasks (5, 7, 10-13). Region of interest identification was
guided by MRI atlases of the human cerebellum (42-44).

Identification of functional activity. To correct for image dis-
tortion due to magnetic field inhomogeneities, an unwarping al-
gorithm (45) employing the echo-planar phase map images was
applied to each dataset. Next, to correct for subject motion, a
three-dimensional volume registration algorithm (46) was ap-
plied. Two indices of functional activity, the correlation coeffi-
cient and percent signal change, were then calculated by using
AFNI (47). Before these calculations, the first two repetitions of
each slice, which were acquired before magnetization reached
equilibrium, were eliminated, and the global drift of the time
course MR signal was orthogonally projected out of the data. The
data were then correlated (48) with a set of nine hemodynamic
model response functions, each one a boxcar wave with sloped
sides approximating the delay between task onset and maximum
signal change. These different functions allowed for subtle sub-
ject- and voxel-wise variations in the hemodynamic delay and for
differences in the time of acquisition of each slice. Functions var-
ied according to the delay in the onset of the hemodynamic re-
sponse (0, 2.5, or 5 seconds) and the delay between this onset and
maximum signal change (5, 7.5, or 10 seconds). The output of this
analysis was the result of a voxel-by-voxel best fit with these mod-
els. Significantly activated voxels were those that exceeded a
threshold r value equivalent to one-tailed p<0.05 with Bonferroni
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correction for multiple comparisons, the number of comparisons
being equivalent to the total number of voxels within all regions
of interest across all five slices (i.e., approximately 500 voxels).
The resulting threshold was an r value of 0.33 (p<0.00001). In ad-
dition to this analysis, the percent change in MR signal between
control and experimental blocks was calculated at all voxels. This
measure was not dependent on any statistical thresholding pro-
cedure. However, only those voxels with a nonnegative percent
signal change were included in this analysis.

Region of interest analysis. First, the anatomical area of each
region of interest was measured in each of the five slices in which
itappeared. Then, the activation area (i.e., the total area of all sig-
nificantly active voxels) within each region of interest was calcu-
lated. These values were collapsed across slices to create an ana-
tomical “volume” and an activation “volume,” and the ratio
between these volumes was calculated to determine the percent
volume active, a measure of “activation extent.” The mean per-
cent signal change within each region of interest, a measure of
“activation magnitude,” was also calculated. Because this study
included both right- and left-handed subjects, the lobule VI re-
gions of interest were analyzed according to whether they were
ipsilateral or contralateral to the moving hand.

Results

Cerebellar Volume
and Region of Interest Anatomy

Mean cerebellar gray matter volume was 106.1 cm? (SD=
22.4) for the autistic subjects and 109.9 cm?3 (SD=12.9) for
the healthy comparison subjects. Thus, whole cerebellar
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FIGURE 3. Correlation of the Area of Right Superior Hemi-
sphere Lobule Vila With Activation? and With Accuracy®
During Performance of an Attention Task in Eight Autistic
Patients and Eight Healthy Comparison Subjects
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2 Percentage of the right superior hemisphere lobule Vlla active dur-
ing the attention task (subjects matched by performance) plotted
against summed anatomical areas in that same region of interest
for healthy subjects (r=0.72; t=2.54, df=6, p<0.05), autistic subjects
(r=0.03; t=0.07, df=6, p>0.10), and autistic subjects minus one out-
lier (r=0.88; t=4.54, df=5, p<0.05).

b performance during the “fast” version of the attention task (inter-
stimulus interval=200-450 msec) plotted against summed anatomical
areas in right superior hemisphere lobule Vlla for autistic (r=0.72; t=
2.54, df=6, p<0.05) and healthy (r=0.03; t=0.07, df=6, p>0.10) sub-
jects. Motor activation effects were subtracted before plotting data.

volume was slightly (approximately 4%) smaller overall in
the autistic subjects. This difference was not statistically
significant (z=-0.42, p=0.34, one-tailed Wilcoxon rank
sum test), but it was similar in direction and magnitude to
the statistically significant difference in cerebellar volume
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recently found in much larger samples of autistic and nor-
mal subjects (49). For seven out of nine regions of interest,
anatomic volumes were also smaller in the autistic group.
The degree of this difference ranged from 2% for left supe-
rior hemisphere lobule VIIa to 19% for the anterior hemi-
sphere ipsilateral to the moving hand. This latter differ-
ence approached statistical significance (z=—1.54, p=0.06,
one-tailed Wilcoxon rank sum test). In all other regions of
interest, group differences were nonsignificant.

Behavioral Data

For the attention task, performance accuracy (i.e., per-
cent correct target detections) did not differ between
groups (autism mean=90.81, SD=6.88; healthy mean=
91.98, SD=7.82) (z=-0.68, p=0.50, two-tailed Wilcoxon
rank sum test). When subjects were matched by attention
task version, autistic subjects were significantly less accu-
rate than comparison subjects (mean=81.31 [SD=12.16]
versus mean=91.98 [SD=7.82], respectively) (z=-2.03,
p<0.05, two-tailed Wilcoxon rank sum test). As described
earlier, the mean number of button presses across the four
motor task blocks was recorded as an index of button
press frequency, which did not differ significantly between
groups (autism patients: mean=75.3, SD=18.8; healthy
subjects: mean=58.9, SD=23.5) (z=-1.68, p=0.09, two-
tailed Wilcoxon rank sum test). No subject pressed the
button during the rest condition, and no other extraneous
movements were observed.

Cerebellar Activation

Figure 2 provides a summary of the activation results
from the three tasks at a single slice location. As in our
previous investigation (5), healthy comparison subjects
showed bilateral superior posterior cerebellar hemi-
sphere activation during the attention task. A strong pos-
itive correlation between the size of cerebellar hemi-
sphere lobule VIIa and activation extent in that same
region was also observed in healthy and autistic subjects
(Figure 3). Moreover, even further support for the role of
this region in attention came from the strong positive cor-
relation seen in autistic subjects between the anatomic
size of this region and accuracy during the “fast” version
of the attention task.

To address the question of normal differences in cere-
bellar cognitive and sensory activation, measures of atten-
tion and visual sensory activation were compared in the
healthy subjects. Activation extent was significantly
greater during the attention task in ipsilateral lobule VI (z=
-2.1, p<0.05), contralateral lobule VI (z=-1.82, p<0.05),
right superior hemisphere lobule VIIa (z=-1.69, p<0.05),
and left superior hemisphere lobule VIIa (z=-1.82, p<0.05)
(one-tailed Wilcoxon rank sum tests), while activation
magnitude was significantly greater in ipsilateral lobule VI
(z=—-2.1, p<0.05) and left superior hemisphere lobule VIIa
(z=-1.68, p<0.05) (one-tailed Wilcoxon rank sum tests).
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FIGURE 4. Extent and Magnitude of Activation in Cerebellar Regions of Interest in Eight Autistic and Eight Healthy Compar-
ison Subjects During Performance of an Attention Task
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2 Three versions of the attention task were given that varied by rate of stimulus presentation (“slow”: interstimulus interval=350-850 msec;
“medium”: interstimulus interval=300-550 msec; “fast”: interstimulus interval=200-450 msec).

bRVIIA:right superior hemisphere lobule Vlla; iVl=ipsilateral lobule VI; cVI=contralateral lobule VI; LVIIA=left superior hemisphere lobule
Vlla.

TABLE 2. Comparison of Autistic Patients and Healthy Subjects in Terms of Activation Extent and Magnitude in Cerebellar
Regions of Interest During Performance of Attention, Motor, and Sensory Tasks?

Right Superior Left Superior
Hemisphere Lobule Vlla Ipsilateral Lobule VI Contralateral Lobule VI Hemisphere Lobule Vila
Extent Magnitude Extent Magnitude Extent Magnitude Extent Magnitude
Task z p z p z p z p z p z p z p z p
Attention
Subjects matched
by performance -0.56 0.00 -1.12 -1.26  0.10 -0.84 -1.54 0.06 -1.26 0.10 -0.84
Subjects matched
by task versionP -0.56 -0.56 -1.26  0.10 -1.68 <0.05 -1.40 0.08 -0.91 -1.40 0.08 -0.70
Motor -2.24 <0.05 -2.10 <0.05 -1.54 -1.54 -1.96 0.05 -0.98 -0.14 -0.56
Sensory -1.18 -0.14 -0.85 0.00 -0.94 -0.42 -1.40 0.08 -0.42
Attention (after
removal of motor
activation effects)
Subjects matched
by performance -1.68 <0.05 -0.98 -2.10 <0.05 -1.86 <0.05 -1.54 0.06 -1.82 <0.05 -1.12 -0.84
Subjects matched
by task version® -2.24 <0.05 -1.40 0.08 -2.10 <0.05 -1.82 <0.05 -2.24 <0.05 -1.54 0.06 -1.40 0.08 -0.56

a Extent refers to the percentage of the region activated, and magnitude is the percent signal change. Comparisons are Wilcoxon rank sum
tests. In light of the directional hypothesis, comparisons were designed to be one-tailed. Motor effects were in the opposite direction of that
predicted but are described here as statistically significant if they met two-tailed criteria. Where no p value is given, p>0.10.

b Three versions of the attention task were given that varied by rate of stimulus presentation (“slow”: interstimulus interval=350-850 msec;
“medium”: interstimulus interval=300-550 msec; “fast”: interstimulus interval=200-450 msec).

Unlike their healthy counterparts, autistic patients
showed minimal activation during the attention task (Fig-
ure 2), and this was reflected in the quantitative region of
interest effects. Figure 4 shows that whether subjects were
matched for performance or task version, activation in al-
most all regions of interest was greater in the healthy com-
parison subjects. Table 2 provides a summary of the group
comparisons at all regions of interest for all tasks. For the
performance match, the group differences in activation
extent were not statistically significant, although this
difference approached significance in the left superior
hemisphere lobule VIIa. In terms of activation magnitude,
the group difference approached significance in ipsilateral
lobule VI and contralateral lobule VI. For the task match,
activation extent was again not significantly reduced, al-
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though the difference approached significance in ipsilat-
eral lobule VI, contralateral lobule VI, and the left superior
hemisphere lobule VIIa. For activation magnitude, the
group difference was statistically significant in lobule VI
ipsilateral to the moving hand.

Group effects for the motor task were in the opposite di-
rection from what was predicted and what was seen dur-
ing the attention task. That is, autistic subjects showed a
pattern of activation that was more diffuse than that seen
in the healthy subjects (Figure 2 and Figure 5). This group
difference in activation extent met criteria for statistical
significance in the right superior hemisphere lobule VIIa
and approached significance in contralateral lobule VI.
Motor activation magnitude in the cerebella of the autistic
patients was also significantly greater than that seen in
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FIGURE 5. Extent and Magnitude of Activation in Cerebellar Regions of Interest in Eight Autistic Patients and Eight Healthy
Comparison Subjects During Performance of Motor and Sensory Tasks
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2 RVIIA=right superior hemisphere lobule Vlla; iVI=ipsilateral lobule VI; cVI=contralateral lobule VI; LVIIA=left superior hemisphere lobule
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FIGURE 6. Extent and Magnitude of Activation in Cerebellar Regions of Interest in Eight Autistic and Eight Healthy Compar-
ison Subjects During Performance of an Attention Task After Removal of Motor Activation Effects
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2 Three versions of the attention task were given that varied by rate of stimulus presentation (“slow”:
: interstimulus interval=300-550 msec; “fast”: interstimulus interval=200-450 msec).
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healthy subjects in the right superior hemisphere lobule
VIla (Table 2). During the sensory task, trace amounts of
cerebellar activation extent and magnitude were seen in
both groups (Figure 2 and Figure 5).

Overall, the functional maps (Figure 2) suggested that
cerebellar attention activation was markedly reduced in
autistic patients, while region of interest analyses depicted
less dramatic differences that did not always meet criteria
for statistical significance. This may have been due in part
to limitations in statistical power and the presence of outli-
ers. To explore this possibility, data were also analyzed with
more powerful parametric tests (t tests) following the re-
moval of outliers. Outliers (Table 1) were identified by us-
ing the extreme Studentized deviate method (51), which
adjusts the critical z score for defining outliers according to
sample size; for the present data, this was a z of 2.13. When
analyzed in this manner, performance-matched activation
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extent and magnitude during the attention task were sig-
nificantly reduced in autistic subjects in contralateral lob-
ule VI, with the differences approaching significance in ip-
silateral lobule VI and left superior hemisphere lobule VIIa.
When matched by task version, activation was significantly
reduced in left superior hemisphere lobule VIIa, with con-
tralateral lobule VI and right superior hemisphere lobule
VIIa approaching significance.

Group differences in attention activation may have also
appeared less robust than expected because relative de-
creases in attention activation in the autistic subjects were
obscured by simultaneous increases in motor activation.
To address this possibility, each subject’s motor activation
value was subtracted from his or her attention activation
value in each region of interest. Figure 6 and Table 2 show
the results of the attention-minus-motor subtractions in
the four regions of interest. When subjects were matched
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FIGURE 7. Sites of Cerebellar Activation During Performance of an Attention Task After Removal of Motor Activation Effects
in Seven Autistic Patients and Seven Healthy Comparison Subjects?
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2 For one autistic subject, a full cerebellar volume was not available, and this subject and his matched comparison subject were thus excluded
from the functional maps. Colors represent the number of subjects overlapping at any single voxel. Anterior-posterior Talairach y coordinates

are —45, -51, =57, and —-63.

b Three versions of the attention task were given that varied by rate of stimulus presentation (“slow”: interstimulus interval=350-850 msec;
“medium”: interstimulus interval=300-550 msec; “fast”: interstimulus interval=200-450 msec).

by performance, activation extent was significantly lower
in the autistic subjects than in the healthy subjects in ipsi-
lateral lobule VI and right superior hemisphere lobule
VIIa, with the difference in contralateral lobule VI ap-
proaching significance. Activation magnitude was signifi-
cantly lower in ipsilateral lobule VI and contralateral lob-
ule VI. When subjects were matched by task version,
activation extent in the autistic cerebellum was signifi-
cantly reduced in ipsilateral lobule VI, contralateral lob-
ule VI, and right superior hemisphere lobule VIIa, and this
difference approached significance in left superior hemi-
sphere lobule VIIa. Activation magnitude was signifi-
cantly lower in ipsilateral lobule VI, with the difference in
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contralateral lobule VI and right superior hemisphere
lobule VIIa approaching significance. Figure 7 shows the
effects of subtracting motor from attention activation on
the functional maps. For both the performance and task
matches, healthy subjects continued to show activation
in the anterior cerebellum and bilaterally in superior pos-
terior cerebellar hemispheres, whereas autistic subjects
showed virtually no cerebellar activation.

Discussion

Although the cerebellum’s fundamental function re-
mains a mystery, the functional domains that the cerebel-
lum serves are remarkably diverse (for review, see refer-
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ence 52). We previously demonstrated that the cerebellum
is active during attention operations independent of mo-
tor involvement (5). The present results replicate this find-
ing, again demonstrating superior posterior cerebellar
hemisphere involvement in nonspatial visual selective at-
tention. The new finding that the size of cerebellar hemi-
sphere lobule VIIa is strongly correlated with the amount
of attention activation in that same region provides even
further support for cerebellar involvement in attention
operations. In contrast, minimal cerebellar activation was
observed when subjects simply viewed visual stimuli but
did not selectively attend or respond.

Attention-related cerebellar activation was lower in au-
tistic patients than in healthy subjects whether or not
groups were matched for performance, shedding new
light on the cerebellar role in attention deficits in autism.
Attentional impairments are among the most common
forms of cognitive deficit in autism (53). Thus, their basis
is of great importance to clinicians, teachers, and parents
of autistic individuals. Neurobehavioral studies con-
ducted over the course of the past decade have shown that
deficits in specific attention operations are associated
with abnormalities of cerebellar anatomy. For instance,
autistic individuals have difficulty rapidly reallocating at-
tentional resources to new sensory modalities (3, 54) and
to new spatial locations (9, 35, 36, 55, 56). Such findings
are more prominent in autistic patients with greater ab-
normality of the cerebellum (i.e., hypoplasia), and they are
also seen in patients with acquired neocerebellar lesions
(9, 54, 57). In addition, Lee and colleagues (33) have re-
cently described abnormal nicotinic receptor composi-
tion in the cerebella of autistic individuals, which, as
pointed out by those authors, is of great interest given the
role of the nicotinic receptor in attention (58). Moreover,
in the present study, decreased size of the right cerebellar
hemisphere lobule VIIa in autistic subjects was associated
with decreased accuracy in the attention task (Figure 3).
However, the question of whether the autistic cerebellum
is functioning abnormally during attention tasks has re-
mained unanswered, until now.

The present study showed that cerebellar functioning is,
in fact, abnormally reduced during a selective attention
task, even when groups were matched for performance.
Such abnormal activation in the context of normal perfor-
mance might suggest that the autistic brain has developed
compensatory mechanisms for performing the attention
task. However, an alternative interpretation is that a fun-
damental cerebellar function is not required to perform
this task and thus is not “missed” by the dysfunctional au-
tistic cerebellum. We have previously proposed that the
fundamental function of the cerebellum is to learn predic-
tive relationships among sequences of events so that
whenever an analogous sequence begins to unfold in real
time, the cerebellum can generate predictions about up-
coming events and prepare whichever neural systems are
expected to be needed to respond appropriately to such
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information (3, 5, 14, 52, 59). Without this function, other
systems continue to function but will do so suboptimally
in situations where cerebellar prediction and preparation
might otherwise aid performance.

In the attention task, the sequence of sensory events is
randomly ordered and thus cannot be learned by the cere-
bellum. As such, the normal cerebellum might be active in
attempting to learn and predict the sequence, but its activ-
ity cannot provide much useful preparatory output to
neural systems involved in detecting and responding to
upcoming target stimuli. Thus, although active, the nor-
mal cerebellum is not effectively aiding the rest of the
central nervous system and therefore does not have a no-
ticeable advantage over the autistic cerebellum in this
context. In fact, autistic and neocerebellar lesion patients
are typically not impaired on attention tasks similar to the
one employed here (3). Why, then, were autistic subjects
impaired on certain versions of the attention task in this
study? In the fastest version of the attention task, inter-
stimulus intervals ranged from 200 to 450 msec, but in
previous studies that used a similar task, interstimulus in-
tervals ranged from 450 to 1450 msec. Perhaps at this new
high rate stimuli outpaced the basic sensory tracking abil-
ities of the dysfunctional autistic cerebellum. That is, al-
though the loss of preparatory output may not impede
performance in this context, deficient sensory tracking
(60) might do so when stimuli appear at such a rapid rate.
Of course, it is also possible that supratentorial dysfunc-
tion played a role in this impaired performance, and as
can be seen in the functional maps (Figure 2 and Figure
7), activation in cerebral cortex was also reduced in the
autistic subjects.

The simplest and most straightforward interpretation
regarding changes in cerebellar activation in autism is that
a decreased volume of viable tissue due to a reduction in
Purkinje cells will lead to abnormally reduced functional
activation. While this might seem sufficient to explain the
attention findings, it is clearly not sufficient when one
considers the unexpected activation increases seen during
a simple motor task. Although the autistic individuals
pressed the button at a slightly faster rate than their
healthy counterparts, this did not account for the large
difference in activation, and button press frequency was in
fact not correlated with greater activation in these sub-
jects. One possible alternative explanation for the diver-
gent findings is derived from the “crowding” concept of
neuroplasticity (61). This concept was born out of the fact
that patients with early lesions of the left cerebral hemi-
sphere can show preserved language at the cost of other
functions typically subserved by the right hemisphere.
The notion is that intact tissue in the right hemisphere
“takes over” the language functions but other functions
are “crowded out” in the process.

One view regarding crowding is that more primitive
functions, both phylogenetically and ontogenetically, are
more likely to be spared and thus more likely to crowd out
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later developing ones (62). In the cerebellum, basic motor
functions tend to be subserved by phylogenetically older
regions (e.g., the paleocerebellum), while more advanced
cognitive operations tend to involve newer regions (i.e.,
the neocerebellum) that evolved in parallel with parts of
the cerebral cortex involved in those same functions (63).
These more recently evolved regions of the cerebellum in-
clude superior posterior hemisphere regions that are ac-
tive during attention tasks. We suggest that an early loss of
Purkinje neurons might cause more primitive functions
normally subserved by paleocerebellar regions to be dis-
placed into the neocerebellum at the cost of tissue that
subserves cognitive functions such as attention and lan-
guage. Functional activation during simple motor tasks is
normally most prominent in the paleocerebellum ipsilat-
eral to movement (5, 64, 65). However, in the autistic cere-
bellum, such activation spreads to include contralateral
and posterior regions not normally associated with simple
motor tasks, including neocerebellar areas normally in-
volved in attention. This might reflect such motor func-
tions being taken over by newer regions of the cerebellum
due to loss of Purkinje cells in the older ones. Reduced at-
tention activation in these regions thus may reflect dual
circumstances of Purkinje cell reduction (i.e., impaired
function due to abnormal circuitry and crowding out of
what remains by more primitive functions). In this con-
text, it is interesting to recall that the region of interest
with the greatest reduction in anatomical size was in fact
the anterior hemisphere ipsilateral to the moving hand,
the paleocerebellar region typically involved in simple
motor tasks.

The present study is but a first look at the relationship
between developmental anatomic defect and patterns of
fMRI cognitive activation in the human cerebellum. Much
more needs to be done to better understand this relation-
ship. Cerebellar anatomic abnormality, whether develop-
mental or acquired, often does not occur in isolation.
Therefore, the interaction between multiple loci of abnor-
mality, and how this relates to functional impairment, is an
important area of investigation. In the present study, func-
tional maps indicated that autistic subjects have additional
reductions in activation of cerebral cortex, particularly in
the parietal lobes (manuscript in progress). While we can-
not rule out the possible influence of such changes on cer-
ebellar activation through rich cerebro-ponto-cerebellar
projections (66), one must also consider the potential in-
fluence of cerebellar functional changes on reductions in
cerebral activation via reciprocal cerebello-thalamo-corti-
cal projections. It is to be hoped that these and other ques-
tions will be addressed by future studies of autism and
other disorders, ultimately leading to a broader under-
standing of the functional implications of cerebellar ana-
tomic defect.
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