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Abstract Prader-Willi syndrome (PWS) is a neurode-
velopmental disorder characterized by hyperphagia and
food preoccupations. Although dysfunction of the hypo-
thalamus likely has a critical role in hyperphagia, it is only
one of several regions involved in the regulation of eating.
The purpose of this research was to examine food-related
neural circuitry using functional magnetic resonance
imaging in individuals with PWS and matched controls.
Individuals with PWS showed increased activation in
neural circuitry known to mediate hunger and motivation
(hypothalamus, OFC) in response to high- versus low-
calorie foods and in comparison to controls. This suggests
neural circuitry for PWS is abnormally activated during
hunger, particularly for high-calorie foods, and may
mediate abnormally strong hunger states, therefore playing
a significant role in PWS-induced hyperphagia.
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Prader-Willi syndrome (PWS) is a neurodevelopmental
disorder associated with missing material from the paternal
chromosome 15 (q11-q13), derived either by deletion on
the paternal copy or by receipt of two copies of the
maternal chromosome (Ledbetter et al. 1980; Nicholls et
al. 1989). Food preoccupations and hyperphagia are hall-
mark characteristics of PWS, with an average age of onset
of these symptoms at about two years (Dimitropoulos et al.
2001). Associated symptoms often include persistent hun-
ger, food obsessions and compulsions, and food foraging.
These symptoms, as well as the presence of hypotonia,
result in an increased likelihood of obesity. The cause of
the hyperphagia associated with PWS is unknown but
thought to be associated, at least partly, with an abnor-
mality in hypothalamic circuitry (Holland 1998; Holland
et al. 2003; Thompson et al. 1999). The ventromedial
hypothalamus (“satiety” center) and the lateral hypothal-
amus (“hunger” center) are known to be critically involved
in the regulation of energy intake and feeding in the gen-
eral population (Grossman 1975; Oomura 1973). In
addition to hyperphagia, dysfunction of the hypothalamus
is postulated to underlie several other essential functions
that are often also abnormal in PWS, including tempera-
ture, metabolism, sleep-wake cycles, and reproductive
function (Holm et al. 1993). Neuroendocrine studies indi-
cate abnormal functioning of the oxytocin-producing
neurons of the hypothalamus (Martin et al. 1998; Swaab
et al. 1995) and abnormally elevated plasma ghrelin levels
among people with PWS (Haqq et al. 2003; Del Parigi
et al. 2002).
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Although the hypothalamus is likely to have a critical
role in hyperphagia, it is only one of several brain centers
involved in the regulation of eating behavior. Experimental
evidence from neurotracing studies and the animal litera-
ture indicates that the hypothalamus receives food-related
neural inputs from the amygdala, hippocampal complex,
insula, and several polymodal prefrontal association areas
(DeFalco et al. 2001; Doyle et al. 1993). Several imaging
studies have mapped out neural systems involved in hunger
and satiation. For example, Tataranni et al. (1999) found
significant activation during an induced hunger state in the
hypothalamus, parahippocampal gyrus, thalamus, insular
cortex, anterior cingulate, and orbitofrontal cortex (OFC).
After satiation with a liquid meal, increased activation was
found in several frontal regions including the ventromedial
and dorsolateral prefrontal cortex (PFC). LaBar et al.
(2001) found that pictures of food presented during func-
tional magnetic resonance imaging (fMRI) elicited greater
activation in the amygdala, parahippocampal gyrus, and
right fusiform gyrus (FG) when participants were hungry as
compared to when they were satiated. Work has not yet
characterized the distributed network for food-related
processing, with unique roles ascribed to different nodes.

Hunger and satiety neural mechanisms have been
examined in a preliminary fashion in PWS by three recent
studies. In a study of three adults with PWS, Shapira et al.
(2005) suggested that there is significant delay in activation
of brain regions associated with satiety (e.g. the hypo-
thalamus). Hinton et al. (2006b) studied 13 individuals
with PWS following a 1,200 kcal meal and argued for a
deficit in the satiety system as fundamental to the hyper-
phagia in PWS. However, their results included activation
areas mediating hunger, including the hypothalamus,
amygdala, basal ganglia, thalamus, and anterior cingulate.
Although the authors predicted the same pattern of acti-
vation in neural areas associated with hunger as nonobese
individuals, since direct comparisons to controls were not
made, we cannot be certain that activation of these regions
were not abnormally increased among participants with
PWS during hunger. In a direct comparison of PWS to
healthy-weight controls, Holsen et al. (2006) found dif-
ferent patterns of neural activity in both pre-meal and post-
meal states indicating possible abnormality at both the
hunger and satiation phase of eating, including the amyg-
dala, OFC, medial PFC, and insula. Together, these
investigations provide evidence of satiety-related neural
response abnormality in PWS, but abnormalities of the
hunger system are, at this point, still quite unclear, espe-
cially as this might intersect with the preference for high-
calorie foods that is common in PWS.

In an fMRI study using pictures of food, Killgore et al.
(2003) examined differences in high- and low-calorie foods
during hunger in healthy-weight participants. High-calorie

foods activated some regions more than low-calorie foods,
including the hypothalamus, thalamus, and the medial and
dorsolateral PFC, the latter of which are thought to be
involved in inhibition of emotion and regulation of appe-
titive drives. Despite early perceptions that individuals with
PWS eat indiscriminately, collective research with this
population has shown that when quantity is equated, indi-
viduals with PWS show clear preference for foods based on
their taste and macronutrient content, typically favoring
tasty high-fat or carbohydrate foods to foods with lower
caloric values (Taylor and Caldwell 1985; Fieldstone et al.
1997; Glover et al. 1996; Joseph et al. 2002). Recently,
Hinton et al. (2006a) examined the role of food preference
and incentive motivation on food-related neural substrates.
Findings indicated that although participants with PWS
expressed preferences for certain types of food, highly
valued foods were not associated with greater activation in
neural reward circuitry than less desired foods. However,
the authors noted the consistency of participant response on
food preferences was correlated with IQ with those with
higher IQ making more consistent responses. Thus, this
may have influenced analysis of brain activation patterns
since conditions (low incentive value versus high incentive
value) were tailored to each individual’s self-reported food
preferences.

The purpose of the present investigation was to examine
neural mechanisms of hunger using pictures of food stimuli
with different reward value in comparison to nonfood
stimuli. We hypothesized increased activation to food
stimuli in PWS compared to matched controls in several
regions, including the hypothalamus, lateral OFC, thala-
mus, amygdala, right lateral FG, and the mid-insular
region. Furthermore, based on past research indicating a
preference for high calorie foods among the PWS popu-
lation, we hypothesized increased activation to high- versus
low-calorie foods in these regions. We used fMRI to
examine neural circuitry in participants with PWS and
comparison participants matched on IQ and body mass
index (BMI) while they made perceptual judgments on
pairs of objects and high- or low-calorie foods during a
hunger state. This is the first neuroimaging study of PWS to
include a BMI and cognitively matched comparison sam-
ple; such matching is an important control for these
potential confounds, as cognitive delay or obesity could
cause unique activation patterns independent of PWS.
BMI-matching, which has been used repeatedly in PWS-
related research, is important for controlling for effects due
to general obesity. As a first step to understanding PWS-
related hyperphagia, the current study focused on hunger
circuitry. Although recent studies have shown preliminary
evidence of a satiation deficit, the hunger circuitry has not
been systematically examined and cannot be excluded from
contributing to the hyperphagia. We hypothesize that
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abnormally strong hunger states by themselves can con-
tribute to hyperphagia, and as a first step we test for
differences in hunger state neural activation between those
with PWS and matched controls.

Materials and Methods
Participants

Nine individuals with PWS (three male, two left-handed;
age: 8-38 years old) underwent fMRI scanning.' These
individuals were recruited from national and local PWS
parent conferences and newsletters, from queries to our
research web page, and through our genetic disabilities
specialty clinic at the Child Study Center. Parents provided
genetic records confirming PWS diagnosis by chromo-
somal and DNA molecular analysis for participation. Seven
participants had chromosome 15 deletions, one had uni-
parental disomy, and one had a translocation. Given the
predominance of deletion cases, subtype analyses were not
performed. Comparison participants included 10 individu-
als with developmental delay and similar BMI (MR/DD;
four male, three left-handed; age: 18-29 years old)
recruited from local vocational programs and from queries
to our research web page. This MR/DD sample consisted of
eight individuals with nonspecific cognitive delay and two
with a known genetic disorder (Williams syndrome and
48XXYY karyotype) with no history of eating disorder.
Because this is among the first fMRI investigations of
individuals with PWS, we selected individuals for the
comparison group based on similar level of BMI as well as
cognitive delay to control for the potential influence of
cognitive impairment on the ability to complete an fMRI
scan and task accuracy.’

Demographic characteristics did not differ significantly
between groups (see Table 1).

Three of the PWS participants and eight comparison
participants were taking psychiatric medication at the time

' This research was approved by the Human Investigations Commit-
tee of the Yale University School of Medicine. In order to prepare our
participants for the MRI procedure, we conducted a mock scanning
session using a replica of the actual MRI scanner, equipped with
audio equipment to simulate the MRI noise level.

2 Prior to scanning this sample, a pilot study of six healthy-weight
adults was conducted to solidify the study design and replicate
previous findings with healthy-weight participants. No attempt was
made to match the pilot sample to the PWS sample. Pilot data
indicated food-related activation in areas consistent with previous
research in normal-weight individuals, including the insula, thalamus,
FG, and OFC (Dimitropoulos and Schultz 2004).

@ Springer

Table 1 Participant characteristics

PWS group (n = 9) Comparison group (n = 10)

Age 21.6 (11.5) 22.9 (2.7)
FSIQ 63.3 (10.3) 69.3 (11.5)
VIQ 67.7 (15.4) 71.2 (10.0)
PIQ 65.1 (8.7) 71.4 (15.1)
BMI 34.1 (11.6) 282 (5.5)

Values are presented as mean (SD). FSIQ indicates full-scale 1Q;
VIQ, verbal 1Q; PIQ, performance IQ. Scores were obtained from one
of the following three Wechsler Intelligence Scales (WISC-III, 1991;
WAIS-III, 1997; or WASI, 1999). BMI indicates body mass index,
based on height and weight obtained during testing. There were no
significant group differences on any of these variables

of the study.® Seven individuals with PWS were taking
injections of growth hormone. Effect of medication status
on our regions of interest (ROI) was evaluated by per-
forming direct comparisons between those on medication
and participants without medication. No differences were
observed in our ROIs with respect to psychiatric medica-
tion or growth hormone status. Although mean age did not
differ between groups, because the PWS group included
children in the sample, a separate group contrast dividing
the PWS group into two groups by median age (16.03 yrs)
was conducted. None of the ROI activations were signifi-
cantly different (at p < .05) for older versus younger
participants in the PWS group. We also performed cursory
analyses on BMI and no differences were found; however,
it is important to note these analyses were underpowered
given the sample size. All participants fasted for a mini-
mum of 3 h before the scanning session. Mean fasting time
differed between groups (PWS M = 3.4 h, SD = .96; MR/
DDM = 5.6,SD = 2.1; ¢(17) = —2.96, p < .01). Because
of the difference in fasting time, food intake prior to the
scanning session was recorded for caloric intake estima-
tion. Mean calories consumed did not differ between
groups (PWS M = 424.3 kcal, SD = 234 kcal; MR/DD
M = 399 kcal, SD = 276.7 kcal; t(17) = .206, p = .83).

Experimental Tasks

Changes in blood oxygen level-dependent (BOLD) contrast
were measured in a block design while participants per-
formed a perceptual discrimination task, indicating by a
button press whether side-by-side full-color photographs of

3 In PWS: (1) paroxetine, (2) paroxetine, risperidone, (3) fluoxetine.
In MR/DD: (1) escitalopram, topiramate, (2) methylphenidate
hydrochloride, (3) risperidone, (4) atomoxetine, zonisamide, sertra-
line, (5) methylphenidate hydrochloride , (6) divalproex sodium,
olanzapine, (7) divalproex sodium, risperidone, (8) bupropion.
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Fig. 1 Examples of stimulus pairs for the (a) high-calorie, (b) low-calorie, and (¢) nonfood conditions. For each stimulus type, the pair on the

left is the “same” while the one on the right is “different”

high-calorie food, low-calorie food, or nonfoods (furniture)
were of the “same” or “different” object type (Fig. 1).
Low-calorie photographs included images depicting
fresh vegetables and fruits. High-calorie photographs
included images such as cookies, French fries, chocolate
cake, and pizza. Average calorie estimate per food condi-
tion was approximately 50 and 200 cal (per serving size)
for the low-calorie and high-calorie conditions respec-
tively. The same/different task parameters were selected
not only to ensure participants were attending to the stimuli
but also to drive the perceptual systems engaged during
food and nonfood discrimination during a hunger state.
Each image consisted of only one type of food or object
(e.g. no mixed vegetables) and were presented only once
during the scan. Each of the two runs was composed of
eight blocks (21 s each, with a 14 s rest between blocks)
with six image pairs per block. Each run compared blocks
of furniture, high-calorie, and low-calorie foods in a
counterbalanced order. Stimulus duration was set at
2,250 ms and the interstimulus interval (IST) at 1,250 ms.*

4 Our first three PWS participants received these stimuli presented
over three runs instead of two (Stimulus duration = 3,000 ms,
ISI = 1,500 ms) but short response times and high accuracy on the
task led us to shorten the protocol to two runs. A direct comparison
between data from those who received three runs versus two runs did
not reveal any differences in activation level in our primary ROIs
(p > .20).

Food Preference Assessment

To evaluate individual preferences of high- and low-calorie
foods, participants completed a food preference test fol-
lowing the completion of the imaging protocol. This test
required participants to rate photographic flash cards of 74
foods on a 7-point Likert scale from ‘dislike extremely’ to
‘like extremely.” Mean preference ratings were calculated
for high- and low-calorie foods separately for each par-
ticipant. These ratings were used to confirm that
participants did not prefer low-calorie to high-calorie
foods; they were not used to tailor the experimental tasks as
in previous experiments. If mean preference ratings were
significantly higher for low-calorie foods in comparison to
high-calorie foods for a given participant, that participant’s
data would not be entered into the group analyses.

fMRI Data Acquisition

Imaging data was acquired on a Siemens 3.0T Trio scanner
with a quadrature head coil equipped for echo-planar
imaging at the Yale Magnetic Resonance Research Center.
Functional images were acquired using a gradient-echo
single-shot echo-planar sequence over 34 axial sequence
slices aligned parallel to AC-PC plane with an inplane
resolution of 4 x 4 x 4 mm with no gap (TR = 1,950,
TE = 25 ms, flip angle = 60). BOLD activation data was
acquired during two runs (5:01 min each, 157 echo-planar
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images per run). Images were back-projected onto a
translucent screen placed near the end of the MRI scanner
and were viewed through a periscopic prism system on the
head coil. T1-weighted structural images (TR = 300,
TE = 2.47 ms, FOV = 256, matrix = 256 x 256, flip
angle = 60, NEX = 2), 4 mm thick, in the same location
as the echo-planar data for in-plane registration and high
resolution 3D structural images (3D MPRAGE, contigu-
ous, sagittal acquisition, 176 images with 1 mm isotropic
voxels, TR = 2,530, TE = 3.52 ms, TI = 1100, FOV =
256, matrix = 256 x 256, flip angle =7, NEX = 1)
were collected during the same session.

Data Analysis

Image processing, analyses, and tests of statistical signifi-
cance were performed using Brainvoyager 2000
commercial software (Brain Innovation). Motion-corrected
images were spatially smoothed using a Gaussian filter with
a full-width half-maximum value of 7 mm. Data for each
individual was aligned with high-resolution 2D and 3D
anatomical images for display and localization. For group
analysis, individual data sets underwent piecewise linear
transformation into a proportional three-dimensional grid
defined by Talairach and Tournoux (1988) and coregistered
with the high-resolution 3D data set that was resampled to
give 1 mm? voxels. In the averaged group data sets, func-
tional activation was examined using a random effects
general linear model (GLM) analysis contrasting the three
experimental conditions: high-calorie foods, low-calorie
foods, and furniture. Within-group analyses of response to
high-calorie and low-calorie versus nonfood images were
conducted separately prior to direct comparison between-
group interaction analyses of group (PWS versus MR/DD)
by condition contrast (high-calorie versus nonfood; low-
calorie versus nonfood; high-calorie versus low-calorie).
Analyses were divided into two types, each with dif-
ferent alpha thresholds: (1) those for which we had a small
number of a priori ROIs, and (2) “whole brain” exami-
nation for other areas of activation. Based on hypotheses
regarding hyperphagia in PWS and the literature regarding
food-related neural circuitry in healthy-weight adults, our
a priori ROIs included the (1) hypothalamus, (2) lateral
OFC, (3) thalamus, (4) amygdala, (5) mid-insular cortex,
and (6) right lateral FG (the center of which has been
termed the fusiform face area). ROIs were anatomically
defined by consensus among the authors and by consulting
Duvernoy’s (1991) atlas of human brain anatomy. For
these a priori ROIs we used an alpha threshold of p < 0.05,
uncorrected, with a minimum cluster size of six contiguous
voxels. To protect against Type 1 error, a more conserva-
tive alpha level of p < .001, uncorrected, and a cluster size

@ Springer

of six contiguous voxels was set for all other brain regions
during the “whole brain” examination.

Results
Behavioral Performance

There were no significant differences between groups on
task accuracy (see Table 2).

Similarly, within-group comparisons of accuracy during
the three task comparisons (high versus low, high versus
nonfood, low versus nonfood) did not differ significantly
for the PWS group. Within-group accuracy differences for
the MR/DD comparison group were found for high versus
nonfood and for low versus nonfood, with the nonfood
condition having higher accuracy in both comparisons
(tg) = —3.5, p < .01; 15y = —2.89, p < .05 respectively).

Food preference ratings were divided into high- and
low-calorie foods and preference did not differ within or
between groups (Table 2). Although our results do not
indicate significant preference to high-calorie foods com-
pared to low-calorie foods for participants with PWS,
earlier research has shown that individuals with PWS have
a preference for sweet foods relative to other foods (Taylor
and Caldwell 1985). Our participants with PWS rated high-
and low-calorie foods equally high with mean ratings
falling under the ‘like very much’ category. These ratings
were done while fasting which may explain the high
preference for most foods of both calorie types.

fMRI Results
High-calorie Food Versus Nonfood Control

For the PWS group, at the ROI significance level (p < .05),
there was bilateral activation of the hypothalamus, thala-
mus, and mid-insula region, and right activation in the FG

Table 2 Perceptual discrimination task accuracy and food preference
ratings

PWS group  Comparison group  p value
n=9 (n = 10)
Task accuracy (average of 2 runs)
High-calorie .88 (.05) .84 (.21) .69
Low-calorie 74 (.17) .80 (.25) .63
Nonfood (Furniture) .87 (.37) .92 (.16) 57
Food preference (Scale 1-7)*
High-calorie 5.97 (.55) 5.82 (.60) .59
Low-calorie 5.52 (.53) 4.90 (.88) .10

Values are presented as mean (SD)
* Likert scale ranges from 1- ‘dislike extremely’ to 7-’like extremely’
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and amygdala to high-calorie foods in contrast to the
control condition (Table 3). The MR/DD comparison
group showed activity in the FG, and regions of the inferior
frontal, superior frontal and cingulate gyri (Table 3).
Direct comparison of the groups revealed interesting
findings with respect to our hypothalamic ROI. For high-
calorie foods, the PWS group showed significantly stronger
bilateral hypothalamus and right amygdala activation than
the comparison group. The comparison group showed sig-
nificantly more activity for high-calorie foods in the right
putamen at the whole-brain threshold (Table 3; Fig. 2).

Low-calorie Food Versus Nonfood Control

Next, regions responding to low-calorie foods were
examined by contrasting low-calorie food and nonfood
control stimuli (see Table 4).

There were striking differences between groups. The
PWS group showed no cerebral activity to low-calorie
foods in contrast to furniture at the p < .001 threshold. At
the ROI threshold of p < .05, only the right FG was sig-
nificantly active compared to nonfood. In contrast, the
comparison group showed significant activity in the thal-
amus, cingulate, FG, and medial and superior frontal gyri.
Direct group contrast also indicated that the comparison
group showed significantly more activity than the PWS
group at the whole-brain threshold in the thalamus, cin-
gulate gyrus, and putamen.

High-calorie Versus Low-calorie Food

To identify regions specific to caloric value, high-calorie
foods were contrasted to low-calorie foods. Several of our

hypothalamus

Fig. 2 PWS versus MR/DD group comparison: High-calorie food
versus nonfood. Greater PWS activation to high-calorie foods is
shown in shades of red, while greater MR/DD activation to high-
calorie foods is shown in shades of blue (threshold at p < .05,
uncorrected and cluster-filtered at a minimum of 40 contiguous voxels
for ease of visualization). Significantly activated ROIs include: the
hypothalamus (8, —2, —2, peak r = 3.40, p = .003; —9, 2, —2; peak
t =3.60, p = .002) and amygdala (20, —1, —15, peak r = 2.15,

Table 3 Activated brain regions for high-calorie food versus nonfood

Regions of activation Coordinates
X y Z r*
Within group
PWS:
A priori regions of interest (p < .05)
R. Amygdala 21 —4 —14 2.40
L. Hypothalamus -8 —4 -2 3.50
R. Hypothalamus 8 —4 -2 4.05
L. Insula —36 -5 21 8.40
R. Insula 37 =7 20 5.75
L. Thalamus -19 -13 16 3.00
R. Thalamus 9 —13 4 2.20
R. Fusiform gyrus 39 —61 —11 3.85
Whole-brain threshold (p < .001)
L. Inferior frontal gyrus —44 23 6 5.00
MR/DD group:
A priori regions of interest (p < .05)
L. Fusiform gyrus —45 —46 —14 5.15
R. Fusiform gyrus 39 —58 -10 6.80
Whole-brain threshold (p < .001)
L. Inferior frontal gyrus 27 29 -8 6.25
L. Superior frontal gyrus —6 8 52 5.35
R. Cingulate gyrus 3 -2 32 5.00
Between group
PWS > MR/DD group:
R. Amygdala 20 —1 —15 2.15
L. Hypothalamus -9 2 -2 3.60
R. Hypothalamus 8 -2 -2 3.40
MR/DD group > PWS:
R. Putamen 27 5 7 4.00

R = right, L = left; * Talairach coordinates and t score are for peak
activation

p = .04). Right and left are reversed by radiologic convention. Note:
Although group comparisons of contrasts can be difficult to interpret
without seeing the individual group data (see Table 3 for individual
group data), individual maps were inspected to confirm all red areas
indicate PWS greater activation to food versus furniture and all blue
areas indicate MR/DD group greater activation to food versus
furniture. However, for the MR/DD group, only the putamen is
significant at the whole brain examination level (p < .001)
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Table 4 Activated brain regions for low-calorie food versus nonfood

Regions of activation Coordinates
X y b4 r*
Within group
PWS:
A priori Regions of Interest (p < .05)
R. Fusiform gyrus 44 —44 —11 2.30
Whole-brain threshold (p < .001)
None

MR/DD group:
A priori regions of interest (p < .05)

R. Fusiform gyrus 42 -50 —10 7.85
L. Thalamus —6 -19 14 7.45
R. Thalamus 11 —-17 16 4.90
Whole-brain threshold (p < .001)
L. Medial frontal gyrus =5 45 -7 3.70
R. Superior frontal gyrus 3 9 54 7.85
L. Cingulate gyrus —10 18 29 5.30
R. Cingulate gyrus 10 2 35 6.25

Between group
PWS > MR/DD group:

None
MR/DD Group > PWS:
L. Thalamus -6 -21 12 4.40
R. Thalamus 12 —24 12 4.80
R. Cingulate gyrus 12 31 28 5.20
R. Putamen 20 7 9 4.40

R = right, L = left; * Talairach coordinates and t score are for peak
activation

ROIs, including the hypothalamus, amygdala, and OFC,
were found to be more activated to high-calorie than low-
calorie foods in the PWS group (Table 5).

In contrast, the comparison group did not show any
activation to high-calorie foods in contrast to low-calorie
foods in our ROIs or at the whole-brain threshold. Sur-
prisingly, the comparison group showed greater activity to
low-calorie foods at the whole-brain threshold in the fol-
lowing areas: bilateral FG, left inferior frontal gyrus,
putamen, medial frontal gyrus, and right insula.

Direct comparison of the two groups on the high- versus
low-calorie food contrast showed that participants with
PWS had more activity to high-calorie food compared to
low-calorie food as compared to the MR/DD controls.
Significant differences were found in several a priori ROISs,
including the hypothalamus, insula, and OFC (Fig. 3).
Although the direct comparison map shows activation
spreading from the hypothalamus into the ventral striatal
areas, peak activation originates in the hypothalamus and
no separate peaks are indicated in either the putamen or
lentiform nuclei (see Fig. 3).
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Table 5 Activated brain regions for high-calorie versus low-calorie
food

Regions of activation Coordinates
X y z t*
Within group
PWS:
A priori Regions of Interest (p < .05)
R. Amygdala 16 =5 —11 3.60
L. Hypothalamus —6 —4 -3 3.70
R. Hypothalamus 6 -3 -3 2.35
L. Insula =30 2 16 4.90
L. Thalamus —16 -19 4 2.60
R. OFC 6 41 —11 2.65
Whole-brain threshold (p < .001)
L. Medial frontal gyrus =7 51 13 5.45
L. Superior temporal gyrus -53 1 —6 5.15
MR/DD group:
None
Between group
PWS > MR/DD group:
L. Hypothalamus —6 —4 -3 5.05
R. Hypothalamus 6 -3 -3 4.35
L. Insula —36 0 19 3.70
R. Insula 38 -1 19 3.85
R. Orbitofrontal cortex 21 38 -8 3.95
L. Cerebellum —18 —49 —40 5.60
L. Superior temporal gyrus —53 4 =5 4.40
MR/DD group > PWS:
None

R = right, L = left; * Talairach coordinates and t score are for peak
activation

Thus, it is not clear whether these reward system areas
are uniquely involved or not. The PWS group also showed
greater activation than MR/DD controls at the whole-brain
threshold in the superior temporal gyrus and cerebellum
(Table 5).

Discussion

Individuals with PWS showed hyperactivation to high-
calorie foods in neural circuitry known to mediate food-
related behavior and showed significantly more activation
of these circuits compared to the MR/DD controls.
Although these findings should be replicated by future
studies with larger sample sizes, the hyperactivation of the
hypothalamus, insula, amygdala, and OFC in PWS to high-
calorie foods suggests that these areas may be involved in
the hyperphagia and eating disorder that is central to PWS.
Furthermore, this suggests that caloric value plays an
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hypothalamus

A

Fig. 3 PWS versus MR/DD group comparison: High-calorie food
versus low-calorie food. Greater PWS activation is shown in shades
of red (there were no areas of activation greater for the MR/DD
group; threshold at p < .001, uncorrected and cluster-filtered at a
minimum of 40 contiguous voxels for ease of visualization).
Significantly activated ROIs include: the hypothalamus (6, —3, —3,

important role in differentiating food-related neural cir-
cuitry in individuals with PWS. The implications of the
activation in these regions and other ROI are described
below.

Hypothalamus, Thalamus, Mid-insular Cortex, and
Amygdala

Although the limitations in spatial resolution with fMRI
make localization of activity to specific hypothalamic
nuclei quite difficult, our data seemed to be most concen-
trated in the lateral hypothalamus, the region that animal
research has consistently shown to play a regulatory role in
feeding behaviors (Anand and Brobeck 1951; Rolls 1999).
Damage to lateral hypothalamic cells in rats has produced a
lasting decrease in food intake indicating the role of the
lateral hypothalamus in regulating both food-seeking and
food-intake behavior (Clark et al. 1991). In nonhuman
primates, a population of neurons has been described in the
lateral hypothalamus which responds not only to the taste
and smell of food but also to the sight of food (Mora et al.
1976; Burton et al. 1976). Moreover, these responses are
modulated by hunger state. Using reward devaluation
paradigms, whereby foods are eaten to the point of satiety
and are no longer found rewarding even when the animal
remains hungry, Rolls et al. (1989) showed reduced

peak t = 5.05, p = .0001; —6, —4, —3; peak t = 4.35, p = .0004),
insula (38, —1, 19, peak t = 3.85, p =.001; —36, 0, 19; peak
t = 3.70, p = .002), and the orbitofrontal cortex (21, 38, —8; peak
t =395 p=.001). Right and left are reversed by radiologic
convention

activity in the lateral hypothalamus to the devalued stim-
ulus but sustained activity to novel foods. Thus, these
neurons fail to respond when a food is no longer rewarding,
implicating the involvement of the lateral hypothalamus in
the reward circuitry of food intake. Given the role of the
hypothalamus in directing food-seeking behaviors (Coons
et al. 1965), our data suggests that overactivity of the
hypothalamus to food cues may have a role in driving
unrestrained eating among those with PWS. Additionally,
abnormalities of this circuit in PWS may underlie the dif-
ficulties of achieving the equivalent of reward devaluation.
This would suggest that the hypothalamic circuitry in PWS
may be related to a heightened response to high-calorie
foods and may perhaps sustain that response past satiety to
drive unrestrained eating in this population.

Two areas known to be involved in the sensation of
taste, the thalamus and mid-insular cortex (Reilly 1998;
Pritchard et al. 1999), also showed greater activation to
high-calorie foods than to low-calorie foods for partici-
pants with PWS. Thalamic activation was lateralized to the
left hemisphere with peak activation consistent with a
localization in the ventral posteromedial nucleus, known
also as the gustatory thalamus (Carpenter 1985). The gus-
tatory thalamus plays an important role in taste-guided
behavior with connections to the lateral hypothalamus,
insular cortex, amygdala, and OFC (Reilly 1998; Ongur
and Price 2000). Lesions to the gustatory thalamus have
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long been associated with impairment in taste perception,
although more recent research has questioned the extent of
this impairment and suggests the importance of this region
for more preparatory behaviors such as food foraging
(Reilly 1998). This latter argument would be more con-
sistent with the food-seeking behaviors found in PWS.

Neurons in the mid-insular region, within the primary
taste cortex, are narrowly tuned for taste and are particu-
larly sensitive to sweet stimuli (Yaxley et al. 1988). Our
results indicate the peaks of activated mid-insular regions
are slightly more superior than previous findings, however,
are still likely to include part of the primary taste cortex.
This region is not modulated by hunger state but functions
to evaluate taste of a stimulus (Rolls 1999; Tataranni et al.
1999; Araujo and Rolls 2004). Recent imaging research has
indicated that mere pictures of food shown during fMRI
can stimulate regions of the cortex involved in taste even
when taste was not elicited by a physical gustatory stimulus
(Simmons et al. 2005). Similarly, our research showed
bilateral activation of the mid-insular cortex in response to
viewing high-calorie food contrasted with both nonfood
and low-calorie food among individuals with PWS. The
increased reward value of high-calorie foods for individu-
als with PWS may be related to the activation in this
region.

Individuals with PWS also showed greater activation in
the right amygdala, compared to the matched sample, to
high-calorie foods in contrast to nonfoods. The amygdala’s
role in arousal and the evaluation of emotionally valenced
stimuli is consistent with these findings (Zald 2003; Cahill
et al. 1995; Schneider et al. 1997). The extent to which the
food stimuli are highly arousing and motivating may be
dependent on both hunger and pleasantness of the foods.
For individuals with PWS, the pictures of high-calorie
foods may not only be more desirable, but participants are
also likely to be hungrier than comparison participants due
to the satiety deficit. The participant’s internal state may
dramatically influence the motivational value of the food
pictures and we would expect internal states to differ
between PWS and non-PWS participants with food being
more highly motivational to participants with PWS.

Right Lateral Fusiform Gyrus

For both participant groups, the lateral posterior region of
the FG showed greater activation during calorie subtype
versus nonfood contrasts. This area of the FG has been
shown to respond preferentially to visual objects for which
the viewer has a special interest or motivation, such as
faces or objects for which they are perceptually expert
(Gauthier et al. 2000; Grelotti et al. 2005; Kanwisher et al.
1997). Since individuals must fast prior to our fMRI scan,
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the food pictures serve as visual hunger cues that more
fully engage this visuospatial-attention circuit. The differ-
ence in activation between food and nonfood stimuli may
reflect enhanced perceptual processes within the fusiform,
modulated by “limbic up” motivational inputs (Morris
et al. 1998; Vuilleumier 2000). Given the heightened
interest in food, participants with PWS may be more
motivated to look at food than nonfood, and activity in the
FG may represent this increased attention to food. This
may also be true for our fasting comparison sample. Our
findings are consistent with that of LaBar et al. (2001) who
reported increased right FG activation during fasting
compared to satiated states.

Lateral Orbitofrontal Cortex

In our results, high-calorie foods contrasted to low-calorie
foods activated a small region of the lateral OFC among
individuals with PWS in comparison to the matched sam-
ple (see Fig. 3). Primate research has demonstrated OFC
connections to the hypothalamus and the insula’s primary
taste cortex and has led to the identification of the sec-
ondary taste cortex in the OFC region (Baylis et al. 1995;
Rolls 1999). Unlike the primary taste cortex, the secondary
taste cortex has been shown to be modulated by hunger,
with decreased neuron response after satiation of a partic-
ular taste. These neurons are subject to food-specific satiety
in that satiation to one particular food does not reduce
firing in response to another food type. In addition, the
OFC includes neurons that respond to smell and sight of
food and these too are modulated by satiety. Together,
these OFC neurons code the reward value of food in that
the neuronal responses to sight, smell, and taste of food
decrease as satiety increases (Critchley and Rolls 1996).
Activation of this particular region of the lateral OFC has
been shown in recent imaging research with healthy adults
to be hunger-dependent and positively correlated with an
individual’s subjective ratings of pleasantness of a liquid
food stimulus, further illuminating the importance of
reward value to this area (Kringelbach et al. 2003). Our
findings suggest that the activation of the lateral OFC in
response to high-calorie foods is related to the heightened
reward value of these foods in PWS as compared to mat-
ched controls.

Conclusions

Prior research using animal models has indicated that the
regions identified in this study as overactive in PWS are
interconnected, each having a specific role in processing
information about feeding and the reward value of food.
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Although the hypothalamus is thought to be centrally
involved in the PWS phenotype, these other regions may
play equally important roles in the pathophysiology of the
observed hyperphagia in PWS. This is one of the first
reported fMRI investigations of the eating disorder in
individuals with PWS using visual presentation of foods
during a hunger state. Although these findings should be
replicated by future studies with larger sample sizes, these
results suggest that the food neural circuitry for PWS dif-
fers from that of non-PWS groups.

Our findings regarding brain regions that activate during
food-related tasks are fairly consistent with what we know
about food neural circuitry from previous neuroimaging
research. There are some differences, however, that may be
accounted for by variations in methodology across studies.
For example, differences in the type of control stimuli used
(e.g., furniture, trees and flowers, tools, etc.) may account
for variations in activations. In addition, the statistical
methodology employed has not been consistent across
studies. We used a random effects design, which takes into
account both within- and between-subjects variance, in
order to be able to generalize to the broader PWS and
normal control populations, while other studies of food
neural circuitry in healthy individuals and PWS used fixed
effect analyses (i.e., Killgore et al. 2003; LaBar et al.
2001; Holsen et al. 2006). In addition, because using ran-
dom effects modeling makes the analyses inherently
robust, we feel the use of uncorrected P-values is accept-
able and is consistent with previous work in this area
(Kilgore et al. 2003; Simmons et al. 2005).

The current study has several limitations. First, the rel-
atively small sample limits the generalization of our
findings. The prevalence of this population (1 in 15,000)
makes recruitment difficult, particularly when recruiting
for a study which requires specialized inclusion criteria for
participation as an fMRI study does. Results from this
study should primarily serve to support future studies with
larger samples. However, our sample size is not smaller
than other recent neuroimaging studies in PWS (Holsen
et al. 2006; Shapira et al. 2005) and we were able to detect
significant effects using random effects modeling. A larger
sample size would have provided greater statistical power,
thereby possibly revealing additional ROI and would also
be beneficial for examining sub-characteristics of the
population (i.e., genetic subtype, medication effects, BMI,
etc.). For example, although medication status did not
result in significant differences between groups for our ROI
analyses, a larger sample is still warranted to adequately
test the effect of both psychiatric medication and growth
hormone on food-related neural circuitry. We note, how-
ever, that our findings with regard to growth hormone are
consistent with structural findings that indicate no differ-
ences in the anterior pituitary gland, the site of growth

hormone synthesis, among individuals with PWS who are
growth hormone deficient (Miller et al. 1996). Addition-
ally, we acknowledge that the age range among the PWS
sample is wide. Due to the small sample size, we were
unable to systematically examine the effect of age on our
ROIs but note that future studies should investigate
potential developmental effects. However, all participant
data was examined by a clinical neuroradiologist and by a
neuoranatomy expert and no gross pathology that would
affect coregistration was detected. In addition, we con-
firmed that data from our youngest participants examined
prior to group averaging did not qualitatively differ from
the rest of the sample, thus we believe including them in
the anatomical averaging and group comparison analysis
did not result in incorrect anatomical landmarking. Previ-
ous neuroimaging studies in PWS have included
participants as young as 9 years of age in group comparison
analyses (Holsen et al. 2006). Another limitation con-
cerned the difference in fasting time between groups. This
difference was due to dietary constraints for some partici-
pants with PWS requiring them to have a very light
afternoon snack prior to the scan. It seems unlikely that less
fasting would lead to greater activation, and if anything, we
would expect more hunger in PWS to lead to more sub-
stantial group differences.

In summary, despite the aforementioned limitations, the
present study identifies several neural systems likely
involved in the neurobiological mechanisms of hyperphagia
in PWS. Based on these preliminary findings, in addition to
recent evidence of a satiety response deficit, the hyper-
phagia in PWS may also involve abnormal motivation to
eat. It will be important for future research to continue to
test the effects of abnormal hunger and satiation on these
brain structures to further develop the model of hyperphagia
in PWS. A better understanding of the neurobiological
mechanisms of this eating disorder should allow for future
development of more effective treatment options for indi-
viduals with PWS and provide insight into the mechanisms
of food-related obesity in the general population.
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