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Original Article

Evaluation of Cerebellar Size in
Attention-Deficit Hyperactivity Disorder

Stewart H. Mostofsky, MD; Allan L. Reiss, MD; Paula Lockhart, MD; Martha Bridge Denckla, MD

ABSTRACT

Evidence from animal and human research suggests that the cerebellum may play a role in cognition. This includes domains
of executive function that are normally attributed to the prefrontal cortex and are typically deficient in individuals with
attention-deficit hyperactivity disorder (ADHD). To investigate cerebellar structure in ADHD, magnetic resonance imag-
ing morphometry was used to measure the area of the cerebellar vermis in 12 males with ADHD and 23 male controls
matched for age and Wechsler Full-Scale I1Q. Analyses were conducted to evaluate group differences, as well as differ-
ences between matched pairs of subjects with ADHD and those without ADHD. All measurements were corrected for
overall brain size. Both analyses revealed that the size of the posterior vermis was significantly decreased in males with
ADHD (P < .05 in both analyses), and that within the posterior vermis, the inferior posterior lobe (lobules VIII-X) was
involved in this reduction (P < .05 for group analysis, P < .005 for matched pair analysis), while the superior posterior lobe
(lobules VI/VII) was not involved in the reduction. The finding of abnormal inferior posterior vermal size suggests that
dysfunction within this region of the cerebellum may underlie clinical deficits seen in individuals with ADHD. (J Child

Neurol 1998; 13:434-439).

Attention-deficit hyperactivity disorder (ADHD) is charac-
terized by symptoms of hyperactivity, impulsivity, and a
decreased ability to maintain attention, particularly during
nonpreferred tasks. Currently, the DSM-1V uses the term
attention deficit/hyperactivity disorder, and includes three
subtypes: “predominantly inattentive,” “predominantly
hyperactive/impulsive,” and a combined type.! The disorder
is thought to be fairly common, with a prevalence estimated
to be between 3% and 5% among elementary school chil-
dren.?? Despite this and the fact that the diagnostic classi-
fication for attention-deficit disorder (ADD) /attention-deficit
hyperactivity disorder (ADHD) has existed under a variety
of names for more than 20 years, the precise neurobiologic
basis of the disorder remains unclear.
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Leading hypotheses suggest that ADHD is the result of
dysfunction in frontal-striatal circuits, which are critical
for an organism’s “preparedness to act.”** In this model, the
core symptoms of the disorder are thought to be secondary
to abnormal selection of motor response to stimuli.*® The
result is inattention to stimuli that should lead to action and
defective response inhibition to those that should not, with
the latter resulting in impulsive and hyperactive behavior.*

Investigations using imaging techniques have provided
evidence to support a frontal-striatal model of ADHD. A sin-
gle-photon emission computed tomography (SPECT) study
revealed decreased cerebral blood flow in the striatum
bilaterally, more so on the right than the left.” Imaging stud-
ies using positron emission tomography (PET) revealed
reduced overall cerebral glucose metabolism with right
frontal accentuation in adults with residual ADHD who
were parents of children with ADHD, and in adolescent
girls with ADHD.%°

Frontal-striatal abnormalities have also been reported
in studies using magnetic resonance imaging (MRI)-based
morphometric techniques. Two studies reported smaller
left caudate size in individuals with ADHD,'%!! while another
reported smaller right caudate volume in males with the dis-
order.’? A study focused on children with Tourette syn-
drome found that those with Tourette syndrome and ADHD
had decreased volume of the left globus pallidus compared
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to a group of patients with Tourette syndrome only.® A
follow-up study found decreased volume of the left basal gan-
glia in a group of ADHD subjects compared with controls.
Hynd et al reported that children with ADHD have
frontal symmetry (rather than a more normal right-larger-
than-left asymmetry).!® More recently, Filipek et al found
smaller volume of the right anterior-superior (frontal) region
of the cerebrum in males with ADHD.! The anterior rostrum
and rostral body of the corpus callosum, which serve pre-
frontal regions, have also been shown to be decreased in size
in males with ADHD. 617
Findings on neuroanatomic studies in ADHD, however,
have not been restricted to frontal-striatal regions of the
brain." Interestingly, children with other volumetric abnor-
malities (specifically, decreased volume of parietal-occipi-
tal white matter and small splenium of the corpus callosum)
have been characterized as stimulant non-responders.!!'1$
A recent study found abnormalities of the cerebellar ver-
mis in patients with ADHD.! Compared to controls, decreased
size of the inferior portion of the posterior vermis (lobules
VIII-X) in a group of males with ADHD was reported. The ver-
mis of the cerebellum has a history of being studied in detail
in other developmental disorders. A decrease in size of the
superior posterior vermis (lobules VI/VII) was found in a
group of individuals with autism,? and small posterior vermis
size is a reported feature of males and females with fragile-X
syndrome, including those without autistic features.?'-
Traditionally, the cerebellum has been viewed as a
motor coordination center; however, over the past decade,
this notion has been expanded. Approximately one third of
the efferent connections from the cerebellum are non-
motor, and recent studies have revealed direct projections
from the dentate nucleus to higher-order association areas
of the cerebral cortex.?*? In addition, evidence from animal
and human research suggests that the cerebellum may play
a role in cognitive function. This includes components of
executive function, such as cognitive planning and error
detection, which are normally attributed to the prefrontal
cortex and are typically deficient in individuals with
ADHD. 263! We therefore evaluated the size of the vermis in
12 males with ADHD and 23 male controls to determine
whether portions of the cerebellar vermis are decreased in
size in individuals with ADHD.

METHODS

Subjects

Subjects with ADHD consisted of 12 males with a mean age of 11.3
years (range 8.2-14.6 years), and a mean Wechsler Full-Scale 1Q of
107 (range 87-131). Individuals with ADHD were recruited as out-
patients, and diagnoses were made by a team of experienced clin-
icians. For 10 of the subjects, the diagnosis was based on DSM-III-R
criteria for ADHD; the other two subjects met DSM-IV criteria for
ADHD (predominantly inattentive type). None of the subjects with
ADHD had been diagnosed with any other chronic neurologic
illness.
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Seven of the patients with ADHD had been previously diag-
nosed with that disorder and had received methylphenidate in the
past. One of these seven individuals had also received dextroam-
phetamine and pemoline; another had received clonidine. One
patient had a history of a single febrile seizure at less than 2 years
of age, for which he received a single dose of phenobarbital.

The control group was selected from our database archive, and
consisted of 23 males with a mean age of 11.3 years (range 6.6-24.6),
and a mean Wechsler Full-Scale 1Q of 112 (range 101-139). IQ test-
ing was available in 12 of the males in the control group. Of the 11
untested males in the control group, eight were normal controls in
an MRI study of Tourette syndrome, one had a clinical scan for
headaches, and two were normal volunteers. All of these subjects had
clinical histories and/or evaluations consistent with at least normal
intelligence. None of the control subjects had a history of ADHD, learn-
ing disability, or other chronic neurologic or psychiatric disorders.

Four of the subjects with ADHD and nine of the control sub-
jects were siblings of patients with neurofibromatosis-1. In all of
these cases, the diagnosis of neurofibromatosis-1 was ruled out after
extensive evaluation, which included an MRI and examinations by
an experienced neurologist, geneticist, and ophthalmologist.

None of the subjects with ADHD or individuals from the con-
trol group had clinical evidence of cerebellar disease.

MRI Measurements

All MRI scans were acquired on a 1.5T GE Signa scanner. The
head was aligned with laser cross-hairs referenced to the nasion
and the midsagittal plane. T -weighted images were obtained with
a T of 600 msec, a T, of 20 msec, and nex = 2. Studies were per-
formed with images that were 3 mm thick except in two subjects,
in one of whom images were 5 mm thick and in the other images
were 6 mm thick. All studies were performed with a gap of 0 mm
to 1.5 mm, a 20 cm to 24 cm field of view, and a 256 X 256 matrix.

Midline neuroanatomic structures were manually delineated
using the Brainimage program.* Operational definitions of regions
of interest were based on guidelines determined by an experi-
enced neuroradiologist and with reference to standard neu-
roanatomic landmarks.™ Area measurements of the cerebellar
vermis, fourth ventricle, and intracranium were made on mid-
sagittal magnetic resonance images, which were identified by
choosing the sagittal image that most clearly showed the cerebral
aqueduct and the lobular anatomy of the vermis. Care was taken
to distinguish the lobules of the vermis from the cerebellar tonsil
and hemispheres (Figure 1).

Quantitative analyses were performed by five raters who
were blinded to the identification and diagnosis of the subject
whose image was being analyzed. Intraclass correlation coeffi-
cient was used to analyze interrater reliability for the neuroanatomic
measurements used in this study. The means for the interrater
combinations were as follows: intracranial = 0.948, anterior ver-
mis = 0.912, lobules VI/VII = 0.873, lobules VIII-X = 0.843, fourth
ventricle = 0.92. Analysis of scans common to all raters revealed
no systematic differences between raters.

Statistical Analysis
Area measurements in the group of 12 patients with ADHD and in
the group of controls were not normally distributed; therefore,
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Figure 1.

Ll_‘ul_,'l |-V

Midsagittal magnetic resonance images of a male with ADHD and a normal male control patient. Borders are drawn around the ante-

rior cerebellar vermis (lobules |-V); and lobules VI-VII and lobules VIII-X of the posterior cerebellar vermis. The area of the inferior posterior
cerebellar vermis (lobules VIII-X) appears to be smaller in the male with ADHD.

nonparametric statistics were used. Mann-Whitney tests were used
in the assessment of group differences for specified neuroanatomic
regions. Wilcoxon signed rank statistics were used to analyze dif-
ferences between the matched pairs of subjects with ADHD and
those without ADHD. Z values were corrected for ties in instances
of tied rankings. Critical values of P (two-tailed) were set at 0.05
for both the Mann-Whitney and Wilcoxon signed rank analyses.

RESULTS

Preliminary analyses revealed no significant differences in
age or Wechsler Full-Scale IQ between the group of males
with ADHD and the large comparison group. Intracranial
area was smaller in the group of males with ADHD, but not
at a significant level.

The results of area measurement taken from the mid-
sagittal plane are listed in Table 1. To correct for overall brain
size on an individual basis, ratios of vermal area measurements
to intracranial area were calculated. Mann-Whitney analyses
revealed that the ratio of posterior vermis (lobules VI-X) area
to intracranial area was significantly smaller in the group of
males with ADHD compared with the control group (U = 77,
P < .05). There was no significant difference between the two
groups in the ratio of anterior vermis (lobules I-V) area to
intracranial area. Within the posterior vermis, the ratio of
inferior posterior vermis (lobules VIII-X) area to intracranial
area was significantly smaller in the group of males with
ADHD (U = 80, P < .05); there was no significant difference
between the two groups in the ratio of superior posterior ver-
mis (lobules VI-VII) area to intracranial area.

The results of area measurements in the midsagittal
plane were also analyzed using Wilcoxon signed rank, which
compared area measurements in the group of 12 males with
ADHD with a group of 12 male controls individually matched

for age (and Wechsler Full-Scale IQ if available). Preliminary
analyses revealed no significant differences in age or
Wechsler Full-Scale 1Q between the two groups.

The results of area measurements, which are listed in
Table 2, revealed findings similar to those observed when
Mann-Whitney statistics were used to compare the group of
males with ADHD to the larger control group. Intracranial
area was not significantly different between the two groups.
The ratio of posterior vermis area to intracranial area (Z =
—-2.51, P < .05) was significantly smaller in the group of
males with ADHD, with no significant difference in the
ratio of anterior vermis area to intracranial area between the
two groups. Within the posterior vermis, the ratio of infe-
rior posterior vermis area to intracranial area (Z = —2.824,

Table 1. Midsagittal Area Measurements and Ratios
for Groups of Subjects with ADHD and Controls
ADHD Controls
(n=12) (n=23)
Areas and Ratios Mean SD Mean SD
Brain region {cm?)
Intracranial 158.11  11.27 162.87 8.23
Fourth ventricle 1.00 0.24 1.02 0.26
Vermis (total} 11.21 1.01 12.26 1.21
Anterior vermis (lob I-V) 481 072 5.12 0.64
Posterior vermis (lob VI-X) 6.40 0.53 7.16 0.79
Lobules VI and Vil 299 0.32 3.26 0.33
Lobules VIII-X 341 0.38 3.89 0.61
Ratios
Vermis (total)/intracranial 0.071  0.007 0.075 0.007
Posterior vermis/intracranial* 0.041  0.004 0.044 0.005
Anterior vermis/intracranial 0.030 0.005 0.031 0.004
Lobules VI and Vll/intracranial 0.019 0.002 0.020 0.002
Lobules VHli-X/intracranial* 0.022 0.003 0.024 0.004

ADHD = attention-deficit hyperactivity disorder; *ADHD less than control {P < .05).
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Table 2. Midsagittal Area Measurements and Ratios for
Groups of Subjects with ADHD and Matched Pair Controls
ADHD Controls
(n=12) (n=12)
Areas and Ratios Mean SD Mean SD
Brain region {cm?)
Intracranial 168.11  11.27 162,57 6.73
Fourth ventricle 1.00 0.24 1.00 0.17
Vermis (total) 11.21 1.01 12.72 0.83
Anterior vermis (lob [-V) 481 072 5.36  0.57
Posterior vermis {lob VI-X) 6.40 053 736 0.61
Lobules VI and VII 299 032 335 0.32
Lobules VIII-X 3.41 038 4.01 0.46
Ratios
Vermis (total)/intracranial® 0.071 0.007 0.078 0.004
Posterior vermis/intracranial* 0.041 0.004 0.045 0.003
Anterior vermis/intracranial 0.030 0.005 0.033  0.001
Lobules V| and Vil/intracranial 0.019 0.002 0.021 0.002
Lobules VIII-X/intracranial* 0.022 0.003 0.025 0.003

ADHD = attention-deficit hyperactivity disorder.
*ADHD < controls {P < .05).

TADHD < controls (P < .01).

*ADHD < controls (P < .005).

P < .005) was significantly smaller in the group of males with
ADHD, while the ratio of superior posterior vermis area to
intracranial area was not. Total vermis area to intracranial
area ratio was also significantly smaller in the group of
males with ADHD (Z = -2.589, P < .01), which was not
observed in the previous analyses.

DISCUSSION

In this study, midsagittal vermal measurements in a group
of males with ADHD were compared with those of a con-
trol group matched for sex, age, and IQ. Statistical analyses
were conducted comparing the group of 12 males with
ADHD to a group of 23 controls, and in pairs to 12 matched
controls. Common to both analyses was the finding that pos-
terior vermis size was significantly decreased in males with
ADHD. Within the posterior vermis, after correcting for
overall brain size, the area of the inferior posterior vermis
(lobules VIII-X) was significantly decreased in males with
ADHD, while the area of the superior posterior vermis (lob-
ules VI/VII) was not.

Conclusions from this study are limited by small sam-
ple size as well as the inclusion of only male subjects. In addi-
tion, the presence of comorbid diagnoses was not closely
examined, raising the possibility that the observed reduc-
tion in inferior posterior vermis size may be associated
with neuropsychiatric abnormalities other than ADHD. Fur-
thermore, because patients with ADHD were limited in
number and age range, age-by-structure correlations could
not be performed. Therefore, it is unclear whether the infe-
rior posterior vermis is hypoplastic, or if it is small as a result
of abnormal prenatal development, or because of atrophy
later in childhood.

The mean vermal measurements for the male control
group in this study were greater than those previously
reported for a normal development male control group in
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a study of individuals with fragile-X syndrome.? The dif-
ferences are most likely due to the fact that the normal
development group from the aforementioned study included
individuals with neurologic and neuropsychiatric diag-
noses including seizures, chronic headache, depression,
bipolar disorder, oppositional defiant disorder, learning
disabilities, and ADHD. Therefore, the means from the cur-
rent study are probably a better reflection of normative
data.

The primary finding in this study—that the size of the
inferior posterior vermis of the cerebellum is reduced in
males with ADHD—is not unprecedented. The only previ-
ous study to use MRI morphometry to examine the vermis
in patients with ADHD also found a decrease in size of the
inferior posterior vermis with sparing of the superior por-
tion.'? The agreement between the two studies certainly
suggests that a specific anomaly of the inferior posterior
vermis is associated with ADHD.

Most researchers suggest that ADHD is the result of dys-
function within frontal-striatal intentional networks, man-
ifesting as deficits in executive function, including decreased
ability to inhibit off-task behavior, difficulty sustaining
attention and difficulties with planning, organizing, and
sequencing movement and behavior.#%* Several investi-
gations of subjects with ADHD have found neuropsycho-
logical deficits in executive functioning that are similar to
those seen in patients with a history of prefrontal
lesions.*%¥-37 Structural and functional imaging studies
have revealed abnormalities in frontal and prefrontal regions
in individuals with ADHD, as well as abnormalities in
closely related structures such as the caudate and anterior
portions of the corpus callosum 31114-18,3%

The presence of cerebellar abnormalities in patients with
ADHD is not inconsistent with a frontal-striatal hypothesis.
Recent findings of projections from the dentate nucleus to
the dorsolateral prefrontal cortex (Brodmann’s areas 46
and 9) suggest that the cerebellum may be part of a larger
distributed network in the intentional system. In support of
this hypothesis, several studies have reported executive
function abnormalities in patients with cerebellar lesions,
including deficits in error detection, sequencing, and plan-
ning.??! Furthermore, in a recent study, PET was used to
evaluate the effects of methylphenidate, a medication widely
used to treat executive function deficits associated with
ADHD, on brain metabolism in 15 healthy subjects. The
administration of methylphenidate induced a significant
increase in metabolism only in the cerebellum; it induced
a significant reduction in metabolism in the basal ganglia.®

Cerebellar dysfunction may contribute to problems
involving timing that are often associated with the syndrome
of ADHD, including impaired time management, inability
to judge durations needed to complete tasks, and inability
to keep in mind future consequences of present actions. A
number of investigators have reported that, compared to con-
trols, children with ADHD perform worse on time estimation
and time production tasks.%44! Ivry et al have found that the
cerebellum may be critical for motor and perceptual timing.
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Compared to individuals with cerebral cortical lesions and
those with Parkinson’s disease, adults with cerebellar lesions
perform worse on tasks involving motor and perceptual tim-
ing.** A PET study of perceptual timing supported these find-
ings, revealing cerebellar activation that included the vermis.*

Although the preponderance of existing evidence is
consistent with frontal-network dysfunction, there are find-
ings suggestive of a parietal contribution to the ADHD phe-
notype as well. A functional imaging study found bilateral
posterior periventricular hypoperfusion in children with
ADHD.” Recently, Filipek et al'! reported that, compared to
controls, males with ADHD had significantly smaller volumes
of bilateral retrocallosal (parietal-occipital) white matter.
Two groups, Serrud-Clikeman et al'® and Hynd et al,* found
that the splenium of the corpus callosum was smaller in chil-
dren and adolescents with ADHD. Interestingly, in both the
Filipek et al and Semrud-Clikeman et al studies, a medica-
tion-response effect was noted, with stimulant non-respon-
ders having the smallest measurements for these posterior
brain regions.

Cerebellar projections to the parietal lobe have also been
recently identified.?” In addition, Courchesne et al have
reported abnormalities in orienting and shifting attention in
patients with cerebellar lesions, reminiscent of deficits
reported in patients with lesions of the parietal lobe.* This
deficit was noted particularly in patients with autism iden-
tified as having abnormalities of the superior portion of the
posterior vermis (lobules VI/VII).2%47

In this study, we found that males with ADHD had
decreased inferior posterior vermis area, with no reduction
in the size of the superior portion. It may be that patients
who have difficulty in orienting and shifting attention have
dysfunction within a network involving the parietal lobe and
the superior posterior vermis, while the preponderance of
patients with ADHD, who typically have more difficulty
with executive aspects of attention (as well as broader
executive functions), have abnormalities in a frontal-sub-
cortical network that includes the inferior posterior vermis.
Further work would need to be done to support this hypoth-
esis, including mapping of specific cerebellar cortical pro-
jections to areas of the cerebral cortex.
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The 21st Annual Carrell-Krusen Symposium

A Call for Abstracts

The 21st Annual Carrell-Krusen Symposium, to be held Feb. 25-26, 1999, at Texas Scottish Rite
Hospital for Children in Dallas, focuses on the treatment of neuromuscular disease and changes
in current clinical practice. Guest lecturer will be Robert G. Miller, M.D., Director of the
™ Neuromuscular Research Center at the California Pacific Medical Center, San Francisco, Califomia.

Abstract Deadline: Nov. 23, 1998

Abstracts for submission should be prepared on a single sheet of plain white paper. Place the complete title, in upper case, on the first line
followed by the name and city location of each author underneath. Limit abstract titles to 65 characters. Skip one line and indent three spaces to
begin abstract text. Abstracts must be double-spaced and one paragraph in length, with a maximum ot 300 words. At the bottom of the page,
give name, academic and position titles, mailing address and phone and fax numbers of the presenting author. Mail original, 10 copies and a
computer disk labeled with the software package and file format to: Susan T. Iannaccone, M.D., Department of Neurology, Texas Scottish Rite
Hospital for Children, 2222 Welborn Street, Datlas, TX 75219, or call 214/559-7830 for information. Accepted abstracts will be published in
the Journal of Child Neurology and must not have been presented or published before the meeting.

A cover letter included with the abstract and signed by all authors must contain the following text: ““The author(s) has(have) read and agree
with the content of this abstract submitted for the 1999 Carrell-Krusen Symposium and warrant(s) the material is (1) original work of the
author(s), (2) does not violate my copyright proprietary or personal rights of others, (3) is factually accurate and contains no matter libelous or
otherwise unlawful, (4) has not been, nor will be, published or presented elsewhere prior to the 1999 Carrell-Krusen Symposium, and
(5) hereby transfers, assigns or otherwise conveys all copyright ownership of this abstract to the Journal of Child Neurology and Decker
Periodicals. In addition, the author(s) agree(s) to acknowledge all commercial support for options, royalties, consulting fees and honoraria for
speaking material support and other financial arrangement(s) with the manufacturer(s) of any commercial product or service relating to the
abstract by any author has been described fully in this cover letter.”

The University of Texas Southwestern Medical Center at Dallas, the accredited sponsor, is jointly sponsoring this program with Texas Scottish
Rite Hospital for Children in association with the Muscular Dystrophy Association.

For more information call: 214/559-7830
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