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Abstract: Prader-Willi syndrome (PWS) is a genetically determined neurodevelopmental disorder pre-
senting with behavioral symptoms including hyperphagia, disinhibition, and compulsive behavior. The
behavioral problems in individuals with PWS are strikingly similar to those in patients with frontal
pathologies, particularly those affecting the orbitofrontal cortex (OFC). However, neuroanatomical
abnormalities in the frontal lobe have not been established in PWS. The aim of this study was to look,
using volumetric analysis, for morphological changes in the frontal lobe, especially the OFC, of the
brains of individuals with PWS. Twelve adults with PWS and 13 age- and gender-matched control sub-
jects participated in structural magnetic resonance imaging (MRI) scans. The whole-brain images were
segmented and normalized to a standard stereotactic space. Regional gray matter volumes were com-
pared between the PWS group and the control group using voxel-based morphometry. The PWS sub-
jects showed small gray-matter volume in several regions, including the OFC, caudate nucleus, inferior
temporal gyrus, precentral gyrus, supplementary motor area, postcentral gyrus, and cerebellum. The
small gray-matter volume in the OFC remained significant in a separate analysis that included total
gray matter volume as a covariate. These preliminary findings suggest that the neurobehavioral symp-
toms in individuals with PWS are related to structural brain abnormalities in these areas. Hum Brain
Mapp 32:1059-1066, 2011. © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a neurodevelopmental
disorder characterized by muscular hypotonia, hyperpha-
gia, childhood-onset obesity, hypogonadism, and mild to

moderate growth and mental retardation [Holm et al,
1993]. Its prevalence is estimated at approximately one in
29,000 live births [Whittington et al., 2001]. PWS, which
affects males and females equally, is known to be caused
by a lack of paternal genetic information at 15q11-q13 due
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to a microdeletion on the paternal chromosome (70%),
maternal uniparental disomy (25%), or imprinting defects
[Glenn et al., 1997].

A higher prevalence of behavioral problems, as well as
impaired intellectual development, has been reported in
individuals with PWS in comparison with those with other
genetic syndromes [Dykens and Kasari, 1997]. The most
common behavioral symptoms are food-related problems,
i.e., hyperphagia with progressive obesity, intense preoc-
cupation with food, and incessant food seeking [Holm
et al., 1993; Ogura et al., 2008]. Individuals with PWS also
tend to have outbursts of temper, rigid thinking, repetitive
speech, compulsive behavior, and collecting behavior
[Holm et al., 1993; Ogura et al., 2008]. These behavioral
problems in individuals with PWS are strikingly similar to
those observed in patients with frontal pathologies affect-
ing the orbitofrontal cortex (OFC) [Anderson et al., 2005;
Kim and Lee, 2002; Uher and Treasure, 2005; Woolley
et al., 2007].

Despite the serious neurobehavioral symptoms associ-
ated with PWS, little is known about the neurobiology and
brain development of these subjects. Autopsy studies of
PWS individuals have reported neuropathologic changes,
including cortical atrophy, ventriculomegaly, abnormalities
in cerebellar dentate nucleus, disorganization of the neuro-
nal cell layer, neuronal cellular loss, and neuronal hetero-
topia in cerebral white matter and brain stem [Hayashi
et al., 1992; Stevenson et al.,, 2004]. Magnetic resonance
imaging (MRI) studies have also revealed non-specific
morphological abnormalities similar to those reported in
postmortem studies of PWS [Hashimoto et al., 1998; Leon-
ard et al., 1993; Miller et al., 2007a; Titomanlio et al., 2006;
Yoshii et al., 2002].

Recently, some neuroimaging studies have shown that
subjects with PWS had changes in regional activity in
some brain regions. In a functional MRI (fMRI) study, Sha-
pira et al. [2005] reported that, after glucose administra-
tion, three individuals with PWS showed delayed signal
reduction in the OFC, hypothalamus, and nucleus accum-
bens, along with signal increases in the dorsolateral
prefrontal cortex and insula. Two other fMRI studies com-
paring subjects with PWS and normal controls demon-
strated increased activity in the ventromedial prefrontal
cortex (near the OFC) [Miller et al., 2007b] and OFC [Hol-
sen et al., 2006] in response to food stimuli after eating. A
positron emission tomography (PET) study showed the ab-
sence of normal changes in the OFC in PWS subjects dur-
ing a task requiring the subjects to choose food items after
a meal [Hinton et al., 2006]. Another PET study reported
that cerebral glucose metabolism at rest increased in the
OFC and in some regions in the frontal and temporal lobes
in PWS subjects [Kim et al., 2006]. Although the findings
of these neuroimaging studies suggest that there may be a
specific relationship between neurobehavioral symptoms
and functional abnormality in the OFC in subjects with
PWS, no studies published to date have provided evidence
for neuroanatomical changes in this area in these subjects.

In this study, we compared the brain structures of
adults with genetically determined PWS with those of con-
trol subjects matched for age and gender, using voxel-
based morphometry (VBM), a fully automated, whole-
brain, unbiased, MRI-based technique capable of detecting
regionally specific differences in brain tissue composition
[Ashburner and Friston, 2000]. On the basis of the findings
of the studies cited above, we hypothesized that subjects
with PWS have morphological changes in the frontal lobe,
especially in the OFC.

METHODS
Subjects

The study was approved by the Institutional Review
Board of Tohoku University. Written informed consent
was obtained from all subjects and from all parents of
PWS individuals after the study procedure had been fully
explained. The study was done in line with the Declara-
tion of Helsinki. Fifteen adults with PWS were recruited
through the Japan PWS Society (Takenoko No Kai), which
consists of individuals who have been clinically diagnosed
as having PWS, their families, and supporting members.
All subjects with PWS were diagnosed on the basis of clin-
ical criteria for PWS [Holm et al., 1993]. The criteria are
based on a weighted scoring system consisting of major
criteria, minor criteria, and supportive findings. For
instance, the major criteria include infantile hypotonia,
failure to thrive, hypogonadism, developmental delay,
mental retardation (33% have an IQ of 50-70), childhood-
onset (after the age of 12 months but before the age of six
years) hyperphagia and morbid obesity, characteristic
facial features, and chromosome 15 deletion. We
confirmed the genetic diagnosis of PWS by fluorescence
in-situ hybridization using the SNURF-SNURPN probe
and proximal (D15Z1) and distal (PML) chromosome-15
control probes [Glenn et al., 1997]. Fourteen subjects exhib-
ited deletion on chromosome 15q11-q13. One subject had a
Robertsonian translocation on chromosome 15 and was
excluded from the study due to the possibility of clinical
symptoms that differed from those of subjects with dele-
tion [Holland et al., 2003]. One subject with a deletion on
chromosome 15q11-q13 was also excluded because he was
unable to complete the study procedure due to a panic
attack during MRI scanning. Another subject was excluded
because of excessive motion artifacts on MRI scanning.
Consequently, 12 individuals with PWS due to 15q11-q13
deletion were the subjects of the present study. All sub-
jects received detailed physical examinations and semi-
structured interviews to document their past medical
histories. Two subjects were receiving antipsychotics (halo-
peridol, bromazepam, and ethyl loflazepate), three were
on sex-hormone replacement therapy, and three had a pre-
vious history of growth-hormone treatment. In addition,
13 normally developed volunteers were recruited from the
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community as controls. Two groups were approximately
matched for age and sex.

All of the subjects were right-handed on the Edinburgh
Handedness Inventory [Oldfield, 1971]. The body mass
index (BMI, weight in kilograms divided by height in
meters squared) of each subject was calculated. No subject
had a history of head injury or identifiable neurological
focal signs.

The following neuropsychological tests were carried out
by a trained behavioral neurologist. General intelligence
was assessed with the Wechsler Adult Intelligence Scale-
Revised-Short Forms (WAIS-R-S) [Misawa, 1993], the Rav-
en’s Colored Progressive Matrices (RCPM) [Sugishita and
Yamazaki, 1993], and the Mini-Mental State Examination
(MMSE) [Folstein et al., 1975]. Attention and executive
function were assessed by the Forward and Backward
Digit Span subtests of the WAIS-R, the Verbal Fluency
tests (Category and Literal Fluency), and the Frontal
Assessment Battery (FAB) [Dubois et al., 2000]. The neuro-
psychological tests, except the WAIS-R-S and the RCPM,
were also administered to control subjects.

To assess behavioral symptoms in the PWS subjects, we
used a questionnaire proven to be useful for Japanese
PWS individuals, in accordance with the method applied
in a previous study [Ogura et al., 2008]. The questionnaire
consisted of 35 questions on three categories of behavior:
eating behavior (with four domains: appetite, food prefer-
ence, eating habits, and other oral behavior), stereotyped
behavior (with four domains: roaming, speaking, move-
ments, and daily rhythm), and collecting behavior. We
asked the parents of the individuals with PWS if the child
had these symptoms. If the caregiver indicated the pres-
ence of the abnormal behavior, we asked her/him to rate
its frequency and severity on a 1-3 (where 1 is occasion-
ally and 3 is frequently) or 1-5 (where 1 is slight and 5 is
very marked) scale. Then the severity score was derived
as the product of the frequency and the severity.

Image Acquisition

MRI was performed using a 1.5 T Signa General Electric
scanner at the Tohoku University Hospital, Sendai, Japan.
Whole-head three-dimensional spoiled gradient acquisition
in the steady state (SPGR) images (TR = 20 ms, TE = 4.1
ms, NEX = 1, flip angle = 30°, matrix size = 256 x 256,
slice thickness = 1.2 mm, and field of view = 25 cm) were
obtained from all subjects. In addition, a conventional MRI
examination (T2 and FLAIR sequences) was performed for
each subject. The experienced neuroradiologist who eval-
uated the MRI scans of each subject detected no gross ana-
tomical abnormality.

Image Processing and Measurement

Prior to VBM preprocessing, nonbrain tissues surround-
ing the entire brain in each image were manually removed

using the Analyze 8.1 software (Mayo Foundation, Roches-
ter, MN) to maximize sensitivity in data analysis [Acosta-
Cabronero et al., 2008]. The MRI data were analyzed using
VBM implemented in SPM5 (Wellcome Department of
Imaging Neuroscience, London, UK), where the prepro-
cessing steps of segmentation, bias correction, and spatial
normalization are incorporated into a single generative
model. The MRIs were segmented into gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) images
using SPM5 prior probability templates. The intensity non-
uniformity bias correction was applied to aid segmentation
by correcting for scanner-induced smooth intensity differ-
ences that varied in space. The GM images were normal-
ized to the templates in the standard space of the
Montreal Neurological Institute (MNI) using a set of non-
linear functions. A modulation step was also incorporated
into the preprocessing model. Notably, spatial normaliza-
tion expands and contracts some brain regions. The
required modulation was performed by multiplying the
warped tissue probability maps by the Jacobian determi-
nant of the warp on a voxel-by-voxel basis, which repre-
sents the relative volume ratio before and after warping,
thus allowing voxel intensities in the segmented GM map,
together with the size of the voxels, to reflect regional vol-
ume and preserve total GM volume from before the warp.
As a final preprocessing step, all normalized, segmented,
modulated images were smoothed with a 12-mm full-
width half-maximum Gaussian kernel.

Additionally, the global volumes of GM, WM, and CSF
for each scan were calculated from the segmentation maps
of the raw (non-normalized) MRI. The volume of each tis-
sue class was estimated as the total number of voxels mul-
tiplied by the voxel size. Whole-brain tissue volume was
calculated by summing the GM, WM, and CSF volumes
for each subject.

Statistical Analysis

Because of the small sample size in each group, as well
as ceiling effects or low standard deviation in several
measures, non-parametric Mann-Whitney U-tests were
employed to assess between-group differences in age,
BMI, and the results of the neuropsychological tests. Dif-
ferences in global volume of GM, WM, CSF, and whole-
brain tissue were also assessed using Mann-Whitney
U-tests. Statistical significance was set at 0.05 for two-
tailed tests. SPSS11.5] for Windows (SPSS, Inc.) was used
for the computations.

The preprocessed GM data were analyzed in SPM5
within the framework of the general linear model. Re-
gional differences in segmented GM volume between the
PWS and control groups were assessed statistically using
an independent t-test. To avoid possible edge effects
around the border between GM and WM and to include
only relatively homogeneous voxels, all voxels with a GM
value of <0.1 (of a maximum value of 1) were excluded.
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TABLE |I. Demographic data and results of neuropsychological tests

PWS Control

Mean (SD) Mean (SD) P-value
Age (years) 254 (4.1) 23.7 (3.2) 0.205
Sex (female : male) 6:6 7:6
Body mass index 33.9 (8.8) 20.1 (1.7) <0.0001
PWS clinical criteria score 11.3 (0.8) NA (Cut-off score: 7)
Neuropsychological test
RCPM 204 (5.2) NA
MMSE (of 30) *19.2 (5.3) 29.9 (0.3) <0.0001
Digit span: forward 3.8 (0.8) 6.8 (0.9) <0.0001
Digit span: backward 2.5(0.8) 59 (1.2) <0.0001
FAB (of 18) 11.3 (3.8) 17.0 (0.7) <0.0001
Category fluency (animal) 11.6 (3.1) 19.6 (3.7) <0.0001
Literal fluency (‘fu’, ‘a’, 'ni’ 12.9 (5.0) 26.0 (8.3) <0.0001

*One PWS subject was not assessed (n = 11).

PWS, Prader-Willi syndrome; RCPM, Raven’s Colored Progressive Matrices; MMSE, Mini-Mental
State Examination; FAB, Frontal Assessment Battery; NA, not assessed.

The threshold of significance was set at P < 0.001 at the
voxel level (uncorrected), with a significance of P < 0.05 at
the cluster level (corrected). Nonstationary cluster extent
correction, which corrects for nonisotropic smoothness of
VBM data, was also applied [Hayasaka et al., 2004]. The
peak voxels of clusters that exhibited reliable effects are
reported in MNI coordinates. The results for VBM analysis
of WM are not reported in this article.

Unlike in the typical VBM analyses for adult neurodege-
nerative diseases, we did not include total GM volume as a
covariate in order to remove any variance due to differences
in head size from our first analysis. This was done because
the PWS individuals showed smaller congenital brain vol-
ume compared with the normal volunteers, possibly owing
to deletion on chromosome 15q11-q13. Thus, if we include
the total GM volume as a covariate, such an analysis is
likely to underestimate the difference between the two
groups derived from this disease. However, the interpreta-
tion related to the regions identified in this analysis requires
caution; it is unclear whether the regions are “proportion-
ally” smaller in the PWS group relative to the normal con-
trols. Therefore, to explore the regional specificity for the
regions identified in our first analysis, we included total
GM volume as a covariate to account for overall size differ-
ences in a separate analysis. In addition, we covaried age,
sex, BMI, and scores on the MMSE, all of which are possible
confounding factors for GM volume, by entering these vari-
ables into the model in separate analyses.

RESULTS
Subject Characteristics

The demographic data, including the BMI, the PWS clini-
cal criteria score [Holm et al., 1993], and the results of the

neuropsychological tests, are shown in Table I. PWS subjects
ranged in age from 19 to 31 and control subjects ranged
from 19 to 29. The ranges in BMI score were 23.3-48.6 for
the PWS subjects and 17.2-22.9 for the control subjects. On
the WAIS-R-S, nine subjects with PWS performed too
poorly to yield an intelligence quotient (IQ), and the other
three scored 1Qs of 40, 41, and 43. The scores on the RCPM
in the PWS subjects were also very low compared with the
normative reference population [Sugishita and Yamazaki,
1993]. Performance on the neuropsychological tests admin-
istered to both groups was significantly worse in the PWS
group than in the control group. All of the differences that
were significant using Mann-Whitney U-tests were also sig-
nificant when we employed parametric {-tests.

The prevalence of each abnormal behavior was high.
The results were consistent with the findings of our previ-
ous nationwide survey [Ogura et al., 2008]. Frequency,
severity, and severity score (i.e., frequency x severity) in
the PWS subjects in this study were lower than values
obtained in the previous survey (Table II) [Ogura et al,,
2008].

Differences in Tissue Volume

The global volumes of GM, WM, and whole brain in the
PWS group were significantly smaller than those in the
control group (P < 0.05), but there were no group differen-
ces in CSF volume (Table III). All of the differences that
were significant using Mann-Whitney U-tests were also
significant when we employed parametric f-tests.

Voxel-Based Analysis of GM Volume

The individuals with PWS showed small GM volume in
regions of the OFC, the caudate nucleus, the inferior
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TABLE Il. Behavioral symptoms in subjects with PWS

Behavioral components

(*maximum score) Mean (SD)
Prevalence ratio ~ Abnormal eating behavior 100%
Stereotypy 83%
Collecting behavior 50%
Frequency Abnormal eating behavior (57) 14 (10)
Stereotypy (42) 8 (7)
Collecting behavior (6) 2 (1)
Severity Abnormal eating behavior (95) 11 (11)
Stereotypy (70) 5(7)
Collecting behavior (10) 1(1)
Severity score Abnormal eating behavior (285) 26 (28)
(frequency x
severity)
Stereotypy (210) 13 (20)
Collecting behavior (30) 1(2)

*Maximum score indicates the highest possible score achievable
on the questionnaire. PWS, Prader-Willi syndrome.

temporal gyrus, and regions related mainly to motor and
sensory functions, including the precentral gyrus, the sup-
plementary motor area, the postcentral gyrus, and the cer-
ebellum (Table 1V, Fig. 1A,B). GM volume was not

TABLE Ill. Global volume differences between PWS
subjects and controls

Mean volume, x10°

mm? (SD)
Tissue PWS Controls P-value
GM 656 (89) 727 (63) 0.040*
WM 395 (55) 466 (59) 0.005*
CSF 274 (61) 291 (64) 0.728
Total (GM + WM + CSF) 1,326 (156) 1,484 (167) 0.046*

*P < 0.05.
PWS, Prader-Willi syndrome; GM, gray matter; WM, white mat-
ter; CSF, cerebrospinal fluid.

significantly larger in the PWS individuals compared with
the normal controls.

To determine whether these findings were regionally spe-
cific, we performed a separate analysis including total GM
volume as a covariate. This analysis showed that only the
results for the right OFC remained significant (Table IV and
Fig. 1C), indicating that GM volume in the right OFC is pro-
portionally smaller in the PWS group compared to the nor-
mal controls, while the GM volume differences in the other
regions identified in our first analysis can be ascribed to the
difference in total GM volume between the two groups.

TABLE IV. Brain regions showing the small volume of gray matter in PWS subjects
compared with controls

Number of Z value Coordinates
voxels in at local
Brain region (Brodmann'’s area) cluster maximum x y z
Right orbitofrontal cortex (47) 1,491 4.83 46 40 -20
*Right orbitofrontal cortex (11/47) 4.28 32 38 —24
*Right orbitofrontal cortex (47) 3.75 52 48 —4
Right precentral gyrus (6) 3,379 442 34 =20 70
*Right supplementary motor area (6) 4.36 2 16 68
*Left postcentral gyrus (3) 441 -12 —38 76
Right inferior temporal gyrus (20) 882 443 70 —40 —18
*Right inferior temporal gyrus (37) 3.85 66 —54 —-16
*Right middle temporal gyrus (21) 3.72 70 —-10 =22
Right postcentral gyrus (1) 662 4.20 12 —44 76
*Right precuneus (5) 391 4 —58 70
*Right paracentral lobule (4) 3.68 10 -32 78
Right cerebellum (hemisphere) 2,997 4.61 18 —88 —26
*Cerebellar vermis 4.14 —4 —42 —10
*Left cerebellum (hemisphere) 3.99 —14 —86 =22
Left caudate nucleus 2,385 4.15 -12 -10 20
*Left thalamus/caudate nucleus 4.02 -10 —18 26
*Right thalamus/caudate nucleus 3.79 12 -22 24
Controlling for total gray matter volume
Right orbitofrontal cortex (47) 600 4.37 44 40 —20
*Right orbitofrontal cortex (11/47) 3.49 28 34 —26
*Right orbitofrontal cortex (47) 3.35 52 48 -2

PWS, Prader-Willi syndrome.
*Subpeaks
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Figure 1.

A: Cortical regions show small gray matter volume in the PWS
group compared with the control group. The regions are dis-
played on a surface-rendered standard brain. B: Subcortical
regions show small gray matter volume in the PWS group com-
pared with the control group. The regions are superimposed
onto the standard brain using MRIcroN software [Rorden et al.,

Following the analysis including total GM volume as a
covariate, we also performed a separate analysis including
age and total GM volume as covariates. This analysis
showed that the results for the right OFC remained signifi-
cant (coordinates, 44, 40, —20; Z value = 4.34; cluster size
= 570). We also performed a separate analysis including
sex and total GM volume as covariates. This analysis also
showed that the results for the right OFC remained signifi-
cant (coordinates, 44, 40, —18; Z value = 4.17; cluster size
= 448). These results indicate that age and sex do not con-
found the findings for the right OFC. Next, we performed
a separate analysis including BMI and total GM volume as
covariates. The results for the right OFC did not surpass
the cluster-level threshold (coordinates, 36, 46, —22; Z
value = 4.09; cluster size = 137), but remained significant
at the voxel level (P < 0.001, uncorrected), suggesting that
the main findings of this study cannot simply be explained
in terms of BMI. Finally, we performed a separate analysis
including MMSE scores and total GM volume as covari-
ates to control for general cognitive impairment (n = 11
for the PWS group, because of missing data for one sub-
ject). The results for the right OFC did not survive cluster-
level threshold analysis (coordinates, 46, 36, —16; Z value
= 4.01; cluster size = 162), but remained significant at the
voxel level (P < 0.001, uncorrected), suggesting that the
main findings of this study cannot simply be explained by
the severity of general cognitive deficits.

2007]. C: The orbitofrontal cortex shows regionally specific
small gray matter volume in the PWS group compared with the
control group. This statistical parametric map was obtained by
analysis including the total GM volume as a covariate. PWS,
Prader-Willi syndrome.

Last, to determine whether the identified small volume
of GM in the OFC was correlated with scores of behavioral
symptoms, we extracted the normalized voxel values of
significant clusters in the right OFC and performed a cor-
relation analysis. No correlation was observed between the
scores on behavioral assessment and GM volume in the
PWS subjects.

DISCUSSION

We found that the individuals with PWS had small
global volumes of GM, WM, and whole-brain tissue, con-
sistent with the findings of previous reports on neuropa-
thology or MRI examinations [Hashimoto et al., 1998;
Stevenson et al., 2004]. More importantly, and consistent
with our prediction, using a voxel-based analysis we
found that the PWS subjects had significantly reduced GM
volume in the OFC. This finding regarding the OFC
remained significant in the separate analysis including
total GM volume as a covariate and even in the analysis
including total GM volume and age as covariates or in the
analysis including total GM volume and sex as covariates.

The OFC is thought to have a crucial role in several
functional networks, one of which is related to the integra-
tion of food-related sensory, visceral, and reinforcing infor-
mation [Rolls, 2005]. Patients with damage to the OFC
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showed changes in eating habits and escalating desires for
sweet food coupled with reduced satiety [Uher and Treas-
ure, 2005]. In patients with frontotemporal dementia, hy-
perphagia and sweet tooth were associated with atrophy
of the OFC region [Woolley et al., 2007]. With regard to
food-related behavior in PWS subjects, recent neuroimag-
ing studies have demonstrated that PWS subjects had dys-
function of the satiety system in prefrontal areas,
especially in the OFC [Hinton et al., 2006; Holsen et al.,
2006; Miller et al., 2007b; Shapira et al., 2005]. Thus, the
small GM volume in the OFC found in our PWS subjects
may be associated with both overeating and a propensity
for detrimental food preferences such as overindulgence in
sweet foods.

Another important role of the OFC is linked to com-
pulsive behavior, such as stereotypy and collecting
behavior. Kim and Lee [2002] reported that a patient
with an infarction restricted to the OFC showed obses-
sive-compulsive symptoms. Another study showed that
patients with damage to ventromedial frontal regions
including the OFC showed pathological collecting behav-
ior, i.e., excessive collecting and collection of useless
items [Anderson et al, 2005]. Saxena et al. [1998]
reviewed functional neuroimaging studies extensively
and suggested that dysfunction of an orbitofrontal-sub-
cortical network is responsible for compulsive symptoms.
Reduced volume in the OFC region may disrupt normal
function that modulates subcortically driven predisposi-
tions to compulsive behavior.

In addition to the OFC, several other brain areas exhib-
ited reduced GM volume. The small GM volume in the
cerebellum, as well as in the motor and sensory cortices,
may be related to a central hypotonia in PWS [Holm
et al., 1993]. Indeed, all of the PWS subjects in the pres-
ent study had a history of neonatal hypotonia. Although
not regionally specific, the trend toward reduced gray
matter volume in the caudate nucleus observed in PWS
was also found in this study. The caudate nucleus has a
close connection with the OFC, and evidence from
patients with damage to the caudate nucleus indicates
that they show neurobehavioral abnormalities similar to
that resulting from frontal pathology [Royall et al., 2002].
Bokura and Robinson [1997] showed that vascular lesions
damaging the caudate nucleus gave rise to disinhibition
and a variety of affective disorders. Therefore, the small
volume of this nucleus may also play a role in behavioral
symptoms in PWS. Wang et al. [2006] examined obese
individuals with PET to identify the brain circuits re-
sponsible for decreasing food intake by stomach expan-
sion, which was induced by electrical stimulation of the
vagus nerve. During stomach expansion metabolism
increased in the anterior cerebellum and striatum, as well
as in the OFC, suggesting that these regions are associ-
ated with modulating eating behavior.

This study has some important limitations. First, the
number of individuals with PWS was small in this study.
This small sample size might have skewed the results. Sec-

ond, some of the individuals with PWS were on antipsy-
chotics or sex-hormone replacement and others had a
history of growth-hormone treatment; these factors might
alter brain development and thus influence brain-tissue
volume [Konradi and Heckers, 2001]. This lack of homoge-
neity in the PWS population might also have skewed the
results and caused null findings in our analyses of the cor-
relation between behavioral assessment scores and GM
volume in the PWS subjects. Third, scores of behavioral
assessment in the individuals with PWS were lower than
those found in the previous survey, although the preva-
lence ratio was consistent with previous reports [Ogura
et al.,, 2008]. The PWS population included in this study
may not be representative of individuals with this disor-
der. The participants in this study were recruited from all
over our country, and this procedure may bias toward the
selection of a PWS population with relatively minor be-
havioral symptoms. Finally, the PWS population included
in this study may not be representative of individuals
with this disorder in terms of IQ; all of the participants
with PWS had moderate to severe mental retardation. This
mental retardation might have affected the present find-
ings, although additional analysis including the scores of
MMSE as a covariate still showed small GM volume in the
OFC at the voxel level. Furthermore, in terms of chromo-
some deletion and the type of deficits that patients endure,
the PWS population included in the study may not be rep-
resentative of individuals with this disorder; all of the
patients studied exhibited 15q11-q13 chromosomal dele-
tion. The present findings therefore may not be true of the
other subtypes (maternal uniparental disomy and imprint-
ing defects). To address the issues mentioned above and
establish the present findings, further studies with larger
sample size, which will allow us to analyze the neuroana-
tomical changes in PWS in more detail, are needed.
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