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Abstract

Background—The majority of research on obesity has focused primarily on clinical features
(eating behavior, adiposity measures), or peripheral appetite-regulatory peptides (leptin, ghrelin).
However, recent functional neuroimaging studies have demonstrated that some reward circuitry
regions which are associated with appetite-regulatory hormones are also involved in the
development and maintenance of obesity. Prader-Willi syndrome (PWS), characterized by
hyperphagia and hyperghrelinemia reflecting multi-system dysfunction in inhibitory and satiety
mechanisms, serves as an extreme model of genetic obesity. Simple (non-PWS) obesity (OB)
represents an obesity control state.
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Objective—This study investigated subcortical food motivation circuitry and prefrontal
inhibitory circuitry functioning in response to food stimuli before and after eating in individuals
with PWS compared with OB. We hypothesized that groups would differ in limbic regions (i.e.,
hypothalamus, amygdala) and prefrontal regions associated with cognitive control [i.e.,
dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex (OFC)] after eating.

Design and Participants—Fourteen individuals with PWS, 14 BMI- and age-matched
individuals with OB, and 15 age-matched healthy-weight controls (HWC) viewed food and non-
food images while undergoing functional MRI before (pre-meal) and after (post-meal) eating.
Using SPM8, group contrasts were tested for hypothesized regions: hypothalamus, nucleus
accumbens (NAc), amygdala, hippocampus, OFC, medial PFC, and DLPFC.

Results—Compared with OB and HWC, PWS demonstrated higher activity in reward/limbic
regions (NAc, amygdala) and lower activity in hypothalamus and hippocampus, in response to
food (vs. non-food) images pre-meal. Post-meal, PWS exhibited higher subcortical activation
(hypothalamus, amygdala, hippocampus) compared to OB and HWC. OB showed significantly
higher activity versus PWS and HWC in cortical regions (DLPFC, OFC) associated with
inhibitory control.

Conclusion—In PWS compared with obesity per se, results suggest hyperactivations in
subcortical reward circuitry and hypoactivations in cortical inhibitory regions after eating, which
provides evidence of neural substrates associated with variable abnormal food motivation
phenotypes in PWS and simple obesity.

Keywords
obesity; DLPFC; inhibition; motivation; fMRI; Prader-Willi syndrome

INTRODUCTION

In response to rising obesity rates, recent research has consistently identified brain circuitry
involved in basic hunger and satiation and reward processing in obesity. Functional MRI
(FMRI) studies comparing obese and healthy-weight individuals generally indicate
hyperactivation in the amygdalal, hippocampus!-2, medial prefrontal cortex (mPFC)1:3,
anterior cingulate cortex!3, and insulal2 in response to food stimuli prior to eating, and in
the hypothalamus?* and mPFC3 after eating. Hyperactivation in the striatum to food pictures
in individuals with obesity has been documented®-2:5, although decreased striatal activity in
response to actual® and imagined” ingestion of rewarding (gustatory) food stimuli has been
shown to be predictive of subsequent weight gain in women. Increasingly, fMRI studies
focused on eating behaviors, weight gain, and obesity have highlighted dysfunction in
regions involved in cognitive self-control and reward value coding, such as the dorsolateral
prefrontal cortex (DLPFC)8 and posterior orbitofrontal cortex (OFC)%-12, respectively.
Greater DLPFC activation was associated with higher levels of self-control during food-
related decision-making in healthy-weight dieters3 and in response to tasting a sweet
rewarding food in healthy-weight and obese adolescent girls4. However, hyperactivation in
DLPFC in response to food images was also reported in obese compared to healthy-weight
children1015, This suggests that for obese individuals, decision-making in the presence of
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food stimuli, especially after eating, may require significantly greater top-down control from
DLPFC to counteract hyperactivity of subcortical food reward circuitry. Few studies have
examined whether the ability to recruit the DLPFC for inhibitory control of eating behavior
is related to excessive overeating and weight outcomes in individuals with obesity.

Prader-Willi syndrome (PWS), characterized by extreme hyperphagia, obesity, and
intellectual disability!8, is a contiguous gene syndrome affecting one in 20,000 live birthsl’
which results from the lack of expression of several imprinted genes in the 15911-q13
region from the paternal chromosome 15, usually from a de novo deletion of this region or
maternal disomy 15 (both 15s from the mother)8. Individuals with PWS display an
insatiable appetite that, if left unchecked, leads to morbid obesity16. Consequences of
unattended hyperphagia in PWS include maintenance of over 200% ideal body weight (in
1/3 of the PWS population) and occasional stomach rupture?®.

In contrast to simple obesity (OB; i.e., non-PWS aobesity), the ratio of adiposity to lean mass
is elevated?0-21 and total and resting energy expenditure decreased?? in PWS. Although
leptin levels are similar in PWS and OB23, fasting ghrelin levels are over four times higher
in PWS24, Individuals with PWS consume more2® and eat for a longer period of time25:26
than those with OB, suggesting possible disruption of basic satiety mechanisms.
Additionally, higher-level cognitive control over eating behaviors (“hyperphagic drive”) is
disrupted in PWS and directly linked to extreme obesity2’, suggesting dysfunction in
multiple processes involved in hunger, eating behavior, and weight gain in PWS.

Research into the neural substrates of hyperphagia has yielded important findings that
parallel the behavioral phenotype in PWS. Although differences between individuals with
PWS vs. healthy-weight controls have been observed during fasting?®2%, the most striking
abnormalities in food reward circuitry appear following food intake. Post-meal
hyperactivation in response to various food stimuli was reported in the hypothalamus3?,
nucleus accumbens (NAc)3°, amygdala2®, hippocampus?®, medial PFC2%-31, OFC29:32, and
insula2?:3%, providing evidence of dysfunction in reward circuitry implicated in satiety.
However, most studies have employed small samples, examined either pre- or post-meal
brain activation only, and made comparisons only to healthy-weight controls, limiting the
interpretation of these PWS findings with regard to understanding the development of OB.

Collectively, previous studies on eating behavior, body composition, appetite-regulatory
peptide levels, and neural substrates of hyperphagia in PWS indicate the potential of this
genetic syndrome to serve as an extreme model of obesity. Despite a recent increase in
functional neuroimaging studies on obesity and prefrontal inhibitory networks involved in
dietary restraint, none compare OB and PWS. Our overarching hypothesis was that the
absence of top-down control (operationalized as hypoactivation of DLPFC and posterior
OFC) with hyperactivation of subcortical reward regions (hypothalamus, NAc, amygdala,
hippocampus) may lead to phenotypic characteristics of hyperphagia and morbid obesity
seen in PWS. The current study was designed to investigate subcortical food motivation
circuitry and putative prefrontal inhibitory circuitry functioning in response to food stimuli
before and after eating in a relatively large sample of individuals with PWS compared with
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OB. We hypothesized that the most substantial differences between groups would be seen
after eating in prefrontal regions associated with cognitive control.

SUBJECTS AND METHODS

Subjects

This study was approved by the Human Subjects Committees at the University of Kansas
(KUMC) and University of Rochester (URMC) Medical Centers. Written informed consent
was obtained from parents and assent was obtained from 14 individuals with Prader-Willi
syndrome (PWS) (12 F/2 M; 2 Type 1 Deletion, 8 Type 2 Deletion, 4 UPD), 14 individuals
with simple obesity (9 F/5 M; OB group), and 15 typically developing, healthy weight
control subjects (9 F/6 M; HWC group). Diagnosis of PWS was confirmed through
chromosomal and DNA molecular analysis as previously described33. Groups were made
comparable on sex (Pearson Chi-Square; n.s.), age [mean age (in years) £+ sd: PWS =24.3 +
11.3; OB = 25.0 + 10.3; HWC = 23.1 + 9.7; all t-tests n.s.] and handedness (all right-
handed). The HWC group had a significantly lower BMI [mean BMI (in kg/m?2) + sd = 21.2
+ 2.8] than both PWS (mean BMI = 32.1 £ 7.8; HWC vs. PWS: t = 4.96/p<0.01) and OB
(mean BMI = 32.4 £+ 3.5; HWC vs. OB: t = 9.57/p<0.01) groups. PWS and OB groups did
not differ in BMI (t = 0.14, n.s.). 1Q was measured in the PWS group only, and the group
mean was representative for individuals with PWS (mean IQ £ sd = 67.4 + 11.7).

Concomitant psychotropic medications in the PWS group included (number of subjects):
buspirone (1), clonazepam (1), divalproex (2), escitalopram (1), fluoxetine (1), fluvoxamine
(1), lorazepam (1), quetiapine (1), risperidone (1), topiramate (1), sertraline (1), and
ziprasidone (1). One PWS participant was being treated for hypothyroidism. Seven PWS
subjects were medication-free. All participants were free from current growth hormone
treatment, history of appetite suppressant use, and history of neurological illness.

Three-Factor Eating Questionnaire (TFEQ)

Eating behavior was measured using a modified version of the TFEQ34. The TFEQ assesses
degree of dietary restriction [“How often are you (is your child) dieting in a conscious effort
to control your (his/her) weight?”], eating disinhibition [“Do you (does your child) eat
sensibly in front of others and splurge alone?”], and hunger level [“How often do you (does
your child) feel hungry?”]. Only the 13 initial items on this questionnaire were used.
Individuals rated their behavior on a 4-point scale (with lower ratings indicating lower
dietary restriction, eating disinhibition, and hunger levels). For individuals with PWS,
parents/guardians completed the TFEQ for their child. OB and HWC groups completed a
self-report version.

fMRI acquisition

Scanning was performed on a 3 Tesla Siemens Allegra or Trio scanner (Siemens, Erlangen,
Germany). Participants’ heads were immobilized with cushions. Most subjects (n = 38) were
scanned at KUMC on an Allegra scanner using a quadrature headcoil with the five
remaining subjects (all PWS) scanned on a Trio scanner using an 8-channel headcoil at
URMC. One anatomical and two functional sequences were run in each scanning session
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(i.e., pre-meal and post-meal). T1-weighted anatomical images were acquired using 3D MP-
RAGE sequences: KUMC - coronal, repetition time/echo time (TR/TE) = 23/4 ms, flip angle
= 8°, field of view (FOV) = 256 mm, matrix = 256x192, slice thickness = 1 mm; URMC -
sagittal, TR/TE = 20/4 ms, flip angle = 15°, FOV = 256 mm, matrix = 256 x 256, slice
thickness = 1 mm. Similar parameters were used at each site for fMRI studies. Single shot
gradient echo planar imaging (EPI) fMRI scans were acquired at each site: 43 contiguous
coronal slices, TR/TE = 3000/40 ms, flip angle = 90°, FOV = 192 mm, matrix = 64 x 64,
slice thickness = 3 mm, in-plane resolution = 3 x 3 mm, 130 data points; at URMC, TE = 36
ms was used. A shorter TE (36 vs. 40 ms) in fMRI scans provides ~7% higher signal-to-
noise ratio (SNR) based on the typical T2* in cortical gray matter3®, but ~10% lower task-
induced BOLD signal change. Since the fMRI contrast-to-noise ratio (CNR) is proportional
to the product of SNR and BOLD signal changes, we estimated ~3% CNR at TE = 36 ms.
Therefore, it was expected that the overall effect of the TE difference was not significant
and within the range of the experimental variations. Moreover, given the rarity of PWS and
the need for larger samples, the compromise of slightly different acquisitions was justified.

Experimental paradigm

Participants viewed pictures of food, animals, and Gaussian-blurred low-level baseline
control images during two scanning sessions; one after fasting for four hours (pre-meal;
either prior to breakfast at 8:00 am or prior to lunch at 12:00 pm) and one within 15 minutes
after eating a small uniform meal (post-meal: either following breakfast at 8:30 am or
following lunch at 12:30 pm, respectively). The meal was standardized for total number of
calories (kcal = 500), and macro-/micronutrient content. The order of sessions was
counterbalanced across subjects.

Activation paradigm

Visual stimuli of two categories (food and blurred baseline control images) were obtained
from LaBar and colleagues®0. Though previous studies have used tools as non-food
comparison stimuli36, due to the mental and chronological age of some of the participants in
this study, images of animals were used to keep participants attentive to the task and to
control for general familiarity. All images for the animal (non-food) category were obtained
from professional photographic sources and matched to food and blurred control images on
brightness, resolution, and size. Each image was presented one time only to each subject
during scanning.

Visual stimuli were projected through 3D limited-view goggles (Resonance Technology,
Inc., Northridge, California) controlled by stimuli-generating software (NeuroSTIM,
Neuroscan, El Paso, TX). Each of the two 6.5 minute functional scans involved three
repetitions of each 30-second block for stimulus condition type (i.e., food, non-food),
alternated with 30-second blocks of blurred images (stimulus presentation time = 2.5
seconds, interstimulus interval (IS1) = 0.5 seconds, 13 blocks/run, 10 images/block). The
order of category presentation was counterbalanced across subjects.

Participants were instructed to remember images for a memory test following the scanning
session. To confirm they were attending to the stimuli, participants completed a recognition
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memory test outside the scanner, immediately following each scanning session. From food
and non-food stimuli, 50% of the images were chosen for recall and interspersed with novel
distracter images from the same category. Participants were instructed to press one key if
they had seen the image in the scanner (old) and another if they had not seen the image
(new). Recognition memory task data for 1 PWS subject were excluded due to technical
errors.

fMRI data analysis

fMRI data were preprocessed using Statistical Parametric Mapping (SPM8; Wellcome
Department of Cognitive Neurology, 2008) and custom routines in MATLAB (Mathworks,
Inc., 2000). Processing commenced with realignment and correction for bulk-head motion.
Images for each subject were spatially normalized using nonlinear volume-based spatial
normalization techniques and registered to the Montreal Neurological Institute (MNI)
standard brain template. Images were then spatially-smoothed with a Gaussian filter (6mm
at FWHM). Finally, well-established artifact detection tools (http://web.mit.edu.ezp-
prodl1.hul.harvard.edu/swg/software.htm) were used to identify and exclude outliers in the
global mean image time series and movement parameters. Outliers were defined as: >3.8mm
translational movement, >.05 radians rotational movement, or 1.40 standard deviations away
from the global mean. Of the original participants/group (n=15/group), two subjects (1 PWS,
1 OB) were excluded due to excessive movement. In addition, evidence of diminished
attention due to excessive sleepiness resulted in discarding that run (PWS: 5 out of 56 runs;
OB: 2 of 56; HWC: 2 of 58), derived from consensus between authors (L.H. and C.S.) on a
combination of self-report of sleeping, review of memory data indicating performance was
less than chance, and visual inspection of occipital lobe activation revealing null results to
blurred baseline images (indicating that the eyes were likely closed).

Following preprocessing, statistical analysis was performed at the single-subject level using
SPMS8. SPM8 treats each voxel’s BOLD time series according to a general linear model.
Each epoch of trials was modeled using a boxcar function convolved with a canonical
hemodynamic response function. Specific comparisons of interest (food versus non-food,
separately for pre-meal and post-meal) were tested using linear contrasts, and SPM maps
were created based on these contrasts. These contrast values (estimates of the mean signal
change at each voxel) were used in statistical analyses.

Voxel-wise analysis

Results from the individual subject level were submitted to a second analysis in which
subjects were treated as a random effect. Independent sample t-tests were used to compare
the size of a particular effect between groups (PWS vs. OB; PWS vs. HWC; OB vs. HWC).
Given our hypotheses about specific brain regions, we used an approach in SPM8 which
limits voxel-wise analyses to voxels within our a priori regions of interest (ROIs).
Anatomically-defined ROIs included the hypothalamus, NAc, amygdala, hippocampus,
OFC, and mPFC. Given lack of clear DLPFC cytoarchitectural borders and also the
extensive volume of the DLPFC, the DLPFC ROI was defined in a two-step process by
combining anatomic and functional approaches. First, we created a mask consisting of
Brodmann Areas 10 and 46 (based on the Wake Forest University (WFU) PickAtlas3’
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toolbox) and, using small volume correction, determined the maximum voxel of activation
for the food vs. non-food contrast in the HWC group (separately for pre-meal and post-meal
sessions). A 10 mm sphere was created around each of these maximum voxel coordinates.
This spherical DLPFC ROI was then used for between-group contrasts. Anatomic borders of
all remaining hypothesized regions were defined using an in-house manually segmented
MNI-152 brain (with the exception of the DLPFC, which was defined as described above).
These borders were implemented as overlays on the SPM8 canonical brain using the WFU
PickAtlas toolbox. Small volume correction was used to identify clusters which were
significant at p<0.05 (uncorrected) and met a cluster-size extent threshold (=2 voxels in the
hypothalamus and NAc, given their small volumes; =4 voxels for all other ROIs). From
these identified clusters, results are reported here for clusters significant at p<0.05
(uncorrected) and p<0.2 [corrected for multiple comparisons within the search volume using
family-wise error (FWE) correction] and are considered significant (bolded in the tables) if
they reached a voxel-level significance of p<0.05, FWE-corrected.

Anatomical ROl analysis

RESULTS

After identifying clusters within ROIs which were significant at the voxel-level, FWE-
corrected, using the methods described above, anatomic overlays were used on the statistical
maps of each individual to acquire signal change values across specific ROIs. Values
indicated the degree of change in MR signal detected between the food and non-food and are
expressed in terms of percent signal change (PSC). Average PSC values (beta weights
averaged across all voxels within an anatomical region) were obtained using the REX
toolbox for SPM838. Given the particular emphasis on direct PWS vs. OB comparisons in
this study, PSC values were used to calculate effect sizes (ES) in order to quantify the
differences between PWS and OB groups. The formula for calculating ESs was: ES = [PWS
group mean (food — non-food PSC) — OB group mean (food — non-food PSC)]/standard
deviation of PSC value of the whole sample.

Behavioral Data

Group comparisons on TFEQ scores tested whether groups differed in problematic eating
behavior. Mean TFEQ scores for PWS (2.98 + 0.41) were significantly higher than OB (2.45
+0.29; t = 3.95/p<0.01) and HWC (2.22 + 0.22; t = 6.38/p<0.01). The OB group had
significantly higher mean TFEQ scores than HWC (t = 2.39/p<0.05), suggesting a
significant increase in hunger level, disinhibition, and dietary restraint behaviors in the
comparison between HWC, OB, and PWS groups (though some caution should be applied
since parents/guardians completed the TFEQ for PWS participants).

Performance on the recognition memory test was above chance for all groups (p values
<0.01), confirming that subjects were properly attending to visual stimuli during the
scanning session. OB and HWC performed significantly better than PWS on recall of both
food and non-food stimuli (p values <0.01), likely related to impaired cognitive functioning
in PWS16,
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The main contrasts of interest for this study focused on comparisons of PWS and OB in
activations of hypothesized ROIs in response to food vs. non-food stimuli before and after
eating. During pre-meal, PWS exhibited significantly greater activations to food stimuli than
OB in the NAc and amygdala, uncorrected for multiple comparisons (Table 1). In contrast to
PWS, OB showed greater activations in response to food versus non-food stimuli pre-meal
in the hypothalamus and hippocampus. Effect sizes for group differences ranged from 0.41
(hypothalamus) to 0.66 (NAc; Table 1).

Comparison of PWS and OB post-meal indicated greater activations in PWS in the
hypothalamus, amygdala, and hippocampus (Table 1; Figure 1). Examination of the average
percent signal change in each group indicates that greater activity in the amygdala in the
PWS group resulted from a marked failure to decrease activity in the PWS group in this
region (see Figure 1). Conversely, OB exhibited greater activations post-meal in DLPFC
[Brodmann Area (BA) 46] and OFC (BA 11; Figure 1). Group differences in DLPFC were
significant when FWE-corrected for multiple comparisons. Effect sizes for group differences
ranged from 0.38 (hypothalamus) to 0.95 (DLPFC). To characterize the nature of DLPFC
hypoactivation in the PWS group, we examined correlations between DLPFC percent signal
change and behavioral characteristics. Although none of these correlations reached
significance, the strongest relationship was found between DLPFC activity and TFEQ scores
(approaching a trend level; r=0.44; p=0.11). DLPFC activity was unrelated to general 1Q
(r=0.38, n.s.) and post-meal memory for food items (r=—0.26, n.s.).

In comparisons of OB with HWC, OB exhibited greater activations in response to food
versus non-food stimuli in the hypothalamus, amygdala, mPFC, and OFC during the pre-
meal condition, and post-meal in the hypothalamus and DLPFC (Table 2). Conversely,
HWC displayed greater activation than OB post-meal in OFC.

Finally, PWS exhibited persistent hyperactivation compared to HWC in the hypothalamus,
amygdala, and hippocampus pre-meal and post-meal, and in mPFC pre-meal (Table 3).
There were no regions in which HWC displayed greater activation than PWS pre-meal or
post-meal. Although not the main emphasis of this study, given established sex differences
in obesity, we repeated the above analyses of group differences separately in females and
males. Results from these analyses, though limited by small sample sizes, were qualitatively
similar to the findings in the mixed-sex analyses.

DISCUSSION

Converging evidence on neural substrates of abnormal food intake and obesity has
implicated somewhat overlapping but distinct neural circuits related to hunger/satiety,
reward, and self-control. Our results extend these findings and suggest unique patterns of
brain activation in these regions in two groups of individuals with different types of obesity:
one group with a genetic syndrome and phenotype that includes extreme overeating (PWS),
the other with (idiopathic) OB. Specifically, we report hyperactivations in response to visual
food stimuli in individuals with PWS compared to BMI-matched OB subjects in subcortical
regions (hypothalamus, hippocampus) depending on appetitive state. Altered function in the
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amygdala in PWS vs. OB was unaffected by state, with hyperactivation both before and
after meal consumption. In particular, post-meal abnormalities in the amygdala resulted
from failure to demonstrate decreased activation, which could be one factor affecting
disruption of satiety mechanisms in PWS. More strikingly, individuals with PWS displayed
significant hypoactivity in prefrontal cortical regions (posterior/lateral OFC, DLPFC) post-
meal. The brain activation patterns distinguishing these groups map well onto the
differences observed between PWS and OB in eating behavior (extreme hyperphagia versus
moderate overeating), energy expenditure (very low versus moderately low), and appetite-
regulatory peptide levels (hyperghrelinemia versus low ghrelin), and thus support the
conceptualization of PWS as a model of extreme obesity.

Pre-meal subcortical hyperactivation in response to visual food stimuli and to glucose
ingestion has been documented previously in OB and PWS28:39 in comparison to healthy-
weight controls, and post-meal in OB# and in PWS30:3940 8 These regions (hypothalamus,
amygdala, hippocampus), which are densely populated with ghrelin receptors*1—46 are
involved in basic hunger and satiety signaling®®, reward and approach behaviors related to
food4’-%0, and emotion-modulated memory processes involved with food®?, respectively.
Our results replicate and extend these findings by demonstrating that subcortical reward
circuitry hyperactivation in response to food stimuli is a hallmark of obesity and disorders of
obesity (i.e., PWS), and is independent of appetitive state.

The most noteworthy finding in this study relates to post-meal differences between PWS and
simple OB in putative cortical inhibitory regions (DLPFC, OFC) with significant effect sizes
in the range of 0.75 to 1.0 full standard deviation from the mean. We note the paradigm used
in the current study did not directly manipulate inhibitory demands or measure inhibition
outside of the scanner. However, the DLPFC is well-established as a critical inhibitory
region, associated with suppression of motor responses®? and higher-level cognitive
processes such as self-control in goal-directed behavior and decision-making®3:24, including
issues involving food intake. Evidence for this role includes greater DLPFC activation in
response to: meal consumption in successful dieters compared with non-dieting obese
individuals®®, food pictures'® or satiety® for obese children1® and adult males®® in
comparison to healthy-weight counterparts, self-control trials for high-self-controllers versus
non-self-controllers!2, inhibitory control in a food go/no-go task in lean compared with
overweight adolescents®’, and tasting palatable food!# for individuals with high dietary
restraint scores. Thus, based on previous findings of activation in this region during tasks
requiring inhibition®8-69, one possible interpretation of the current DLPFC hypoactivation in
PWS is that it reflects deficits in inhibitory control. Hypoactivation in similar frontal regions
in a task-switching paradigm has also been reported in PWS, providing additional evidence
of prefrontal circuitry deficits related to executive functioning®l. This hypothesis should be
more directly tested in future studies. Further, genetic variability related to subtle differences
in behavioral profiles in PWS®2 was significantly associated with differential activation of
DLPFC post-meal3?, suggesting a genetic basis for abnormal activation in this cortical

aHowever, recent work suggests a more complex relationship, citing an association between weight gain and reduced activity in
response to imagined ingestion7 of palatable foods in reward regions such as the striatum, which might be related to allelic variation in
DRD2 and DRD4 dopamine transporter genes.
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region associated with inhibitory control in obesity. Failure of DLPFC recruitment in PWS
may result from abnormalities in GABA, receptors in the frontal cortex®3, likely related to
deletion of GABA receptor subunit genes from the ~6-Mb PWS region of chromosome
1518, Our work to further define the brain phenotype in PWS will help direct molecular
genetics studies to identify additional genes and polymorphisms on chromosome 15
associated with specific brain abnormalities. This may, in turn, contribute to understanding
genes associated with brain circuitry implicated in OB.

Our findings suggest that hyperactivation of the DLPFC post-meal might be associated with
either the greater ability or heightened need to inhibit food-related behaviors and intake,
reflecting the necessity of additional top-down inhibition in the presence of high-reward
food stimuli. In light of these results, we suggest that hyperactivation of DLPFC in OB
versus PWS post-meal might reflect successful recruitment (i.e., ability to activate the
DLPFC in a situation requiring inhibition) of this important inhibitory self-control region in
individuals who overeat moderately, and unsuccessful activation of DLPFC in PWS,
contributing to hyperphagia and excessive overeating.

PWS is associated with intellectual disability, including deficits in abstract reasoning and
executive functioning, domains which are also governed substantially by DLPFC. Thus, to
parse out what might be driving hypoactivation in this region, we explored the relationships
between DLPFC activation and specific executive functioning and general cognitive ability.
PWS hypoactivation in DLPFC was unrelated to memory for food items and moderately
associated with general 1Q, which is not surprising, given that the DLPFC is involved in
multiple executive processes. However, we argue that global intellectual deficits were not
driving the DLPFC effects of inhibition around food, given the strongest correlation
(although not significant) was between DLPFC activation and TFEQ, suggesting the most
substantial link was between deficits in this area and food-related behaviors. Based on these
findings, inability to recruit the DLPFC in response to food cues after eating may represent
what distinguishes PWS from OB.

In addition to hypoactivation of DLPFC in the current study, PWS exhibited lower
activation post-meal compared with OB in left posterior-lateral OFC, a region associated
with evaluation of simple stimuli (such as food images) in the context of punishment leading
to behavior changes®4. OFC hypoactivation in response to food stimuli post-meal has
previously been associated with higher BMI10:11 including in individuals with fewer striatal
dopamine receptors’ b_ Further, dysfunction in the amygdala’s modulation of OFC was
reported in OB, and OFC volume was specifically decreased in PWS compared with
healthy controls6®,

We hypothesize that concurrent dysfunction in OFC and DLPFC in PWS might significantly
impair the ability to effectively inhibit food intake during states of low appetite (post-meal,
when consumption would be primarily for hedonic purposes rather than energy balance

bwe note that opposite trends (OFC hyperactivation; positive correlation between BMI and OFC activation to high-calorie food
pictures) have also been reported in individuals with obesitylvz, although in these studies, subjects were scanned either pre-meal
(while hungry) or “neither hungry nor just satiated”, in contrast to our finding of OFC hypoactivation post-meal, making it somewhat
difficult to draw clear comparisons.
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maintenance). We argue that subcortical hyperactivation combined with cortical
hypoactivation contributes importantly to the phenotype of excessive hunger, uncontrollable
food seeking behavior, and hyperphagia in PWS as distinct from OB, in which more intact
functioning in these regions results in a less extreme behavioral profile.

In the current investigation, we replicated previous findings from fMRI studies comparing
PWS versus HWC?28:29:39 and OB versus HWC13:10 with results suggesting hyperactivation
in subcortical and cortical food motivation regions in the OB and PWS groups both pre- and
post-meal. To date, our study includes the largest sample in an fMRI study of BMI-matched
PWS and OB groups; thus inconsistencies between previous studies may be resolved given
increased statistical power of our tests. In addition to these strengths, we note the following
limitations of this study. Rather than match meal sizes to each subject’s corresponding
caloric homeostatic needs, we developed our meal size according to the restricted diets that
are characteristic for PWS, which may have influenced the level to which each individual
felt satiated and affected patterns of activation. However, given that our OB and PWS
groups were matched on BMI, this was unlikely to be a confounder. We did not assess
hunger level before and after the meal, which might have assisted in validating the satiating
effect of the meal across groups. Future studies should incorporate hunger ratings that can be
used with individuals with and without intellectual disabilities. In our sample, the PWS
group likely had a significantly lower mean IQ than the other groups. However, behavioral
results indicated greater-than-chance accuracy on the recognition memory test in all groups,
suggesting that all subjects were able to perform the task. The original design of this study
did not include neurobehavioral testing in OB and HWC, so we were unable to explore
relationships between brain activity and other cognitive/behavioral functioning which may
contribute to understanding differences between PWS and OB. In our PWS sample, data
acquired under slightly different TEs were included reflecting inter-instrumental differences.
The minimal effect (~3%) on the contrast-to-noise ratio was less than the expected
experimental variation. Indeed, sub-analysis of the KUMC data yielded similar findings
(data not shown), indicating that site and TE differences did not affect our results. Finally,
there are significant sex differences in obesity8’, and several of our ROIs are sexually
dimorphic®. Given that the majority of our participants were female, especially in the PWS
group, it was not possible to conduct an analysis of sex differences. However, analysis of
females and males found qualitatively similar results.

In summary, this study demonstrates dysfunction in dual circuits which are involved in the
regulation of food reward and in putative decision-making processes regarding food intake
in individuals with PWS, a putative model of extreme obesity compared with OB. In a post-
meal state, PWS compared to OB demonstrated hyperactivations in the subcortical regions
associated with hunger and food motivation and hypoactivations in cortical regions involved
in self-control during food-related decision-making. These findings provide evidence of
distinct neural patterns that correspond with group differences in eating behavior (degree of
overeating) despite similar BMI levels, and suggest neural pathways that can be targeted in
future studies of the treatment of obesity and related conditions.
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Figure 1.
Comparison of PWS and OB groups for the food > non-food contrast in the Post-M eal

condition. Regions demonstrating greater activation in the OB group compared to the PWS
group (OB > PWS) include the left OFC (A) and left DLPFC (B). Greater activation in the
PWS vs. OB group was seen in the right amygdala (C), right hypothalamus (D), and left
hippocampus (E). Activation overlaid on the SPM8 single-subject T1 template in the coronal
view. Bar graphs depicting average percent signal change in each group for corresponding
ROls are displayed below each ROI image. Error bars reflect the standard error of the mean.

Int J Obes (Lond). Author manuscript; available in PMC 2012 November 01.



Page 17

Holsen et al.

a]dwes ajoym ayy Jo anjen abueyd
JeuBis JuadJad JO UOIIRIASP pJepuels AQ PaPIAIP Je SaoUBJBIP ‘GO "SA SN Ul sabueyd [eubis Juadiad pooy-UoU SNSIBA POOJ UB3MIBQ SBIUBIBHIP :Se Palend[ed SUOIBIASP PIepuels = (SazIs 199)3) ‘mm_*V

(152J33U1 JO BWINJOA U2JES B} UIYNM P310a1I09-I\\4) [9AS] 99UBIIUBIS [9A3]-|aXOA :(UO011231109 BWINJOA |[BWS) DAS 10} pasn (s1eJ 10113 asim-A|iwey) a1es IS

€
10y pazisayiodAy

1ioud e 8y UIyNM s181SN|2 pareAnae Apuesifiubis Jo suoiBal wussaidal palst| S|OY ‘10Y PazisaylodAy e uiym suostiedwod ajdinjnw 1oy palasiIodun Go'o>d [9As] 8ouedIfIubIs 8100s-7 mm_>>._wxo>m

aoeds yoelre|e] Ul pajussaid ale s8jeuIpI00D

T
2L0 1600 0000 gee  TI- €8 lZ- 3] 1 240
S6°0 6£0°0 €00°0 6T 6T  ¥&  Ph- 0S 1 2J4d1d
SMd < 90
89'0 €600 €000 A 3 S A A O 8 1 sndweosoddiH
89°0 6800 5000 65z II- 0 V1 vT d elepbAwy
820 €900 €000 272 T1- 6- S S o snwefeyiodAH
g0<SMd  [esw-1sod
170 ¥ST°0 9000 897 G- 92— 9z- 4 1 sndweooddiH
70 L6T0 9100 sTz  11- e~ 9- 14 1 snweeyiodAH
SMd < 90
St°0 16T°0 ¥10°0 122 G- 6- €2 1T o elepbAwy
99°0 1800 800°0 7' 0o T S 4 o suaquInade snajonN
d0<SMd  [eew-a.d
pPOURRYIp M EMAY
dno B jo pra| 2nend
9Z1s 109)43 -PXOA peyeliooun 9103s-z T A X SPXOA @lydsiweH 159.181U | JO uoibey Senuo)  uonipuo)d

"Sa11063]180 POOJ-UOU pue POO0) UsaMIBQ 1SeIU0d (O "SA SAMJ) SisAjeue dnoaB-usamiaq ayi 1oy souedljiubis Bulyoeas suoiboy

Author Manuscript

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

Int J Obes (Lond). Author manuscript; available in PMC 2012 November 01.



Page 18

Holsen et al.

(153433U1 JO BWINJOA U2JES B} UIYNM P310a1I09-I\\4) [9AS] 99UBIIUBIS [9A3]-|aXOA :(UO011231109 BWINJOA |[BWS) DAS 10} pasn (a1eJ 10113 aSIM-A|1Luey) a1el m_>>u_m

10y pazisayodAy
1ioud e 8y UIyNM s181SN|2 pareAnae Apuesifiubis Jo suoiBal wussaidal palst| S|OY ‘10Y PazisaylodAy e uiym suostiedwod ajdinjnw 1oy palasiIodun Go'o>d [9As] 8ouedIfIubIs 8100s-7 mm_>>._wxo>m

aoeds yoelre|e] Ul pajussaid ale s8jeuIpI00D

T

Y9T°0 1000 4% ¢l- T¢ € LT d 240

90 < OMH
§/00 1000 e T¢ L& vr- 0€ 1 J4d1d
0800 ¥00°0 19'¢ 9- 6- S L <] snuefeylodAH

OMH<d0  [esW-1s0d

Quou

90 <OMH
2900 1000 8T'¢ 6 ¥S 4 8T d Jddw
¢60°0 0000 ev'e L1- 9 08— ey 1 240
LETO L00'0 e yi- v- 6¢- 12’ 1 elepbAuy
¥90°0 €000 9/°¢ 9- €= S 6T d
8700 <000 68'¢c €~ 6- €= 6T 1 snuefeylodAH

OMH<d0  [eBW-S.d

4109-3Md

e 2nead
-PXOA  peyeliooun 8Jos-z T2 K X SPXOA olydsiweH 1s9.eul Jo uoifey SeJU0D  UonIpuoD

€

‘9110639180 PO0J-UOU pue Po0) Usamiaq 1senjuod (DAH SA gO) sisAjeue dnoab-usamiaq ayi 1oy souedljiubis Bulyoeas suoiboy

¢ ?olgel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Int J Obes (Lond). Author manuscript; available in PMC 2012 November 01.



Page 19

Holsen et al.

(1358431U1 JO BWINJOA U2JB3S BY) UIYIIM Paldallod-JANH) [9A8] 90URdIHIUBIS [8A3]-]aX0A :(U011981109 SWNJOA J[ewsS) DAS 10} pasn (ared Jo1a asIm-Ajiwey) arel IS

€
10d pazisaylodAy

1oud e 8yl UIyNMm s191sN|d pareAnoe Apueaiiubis o suoiBal wuasaidal palsi| S|OY ‘10Y PazisaylodAy e uiyym suosiiedwiod ajdijnw 1oy paloaiI0dun Go'o>d [9A3] 8ouLdIIUBIS 8109s-7 mm_>>._mx0>m

aoeds yoelre|e] Ul pajussald ale sareuIpI00D

T
auou
SMd < OMH
1€0°0 0000 9§ 91— SGI- /T 57 o sndweooddiH
8800 5000 65 €1- 6~ 1 6T d efepbAwy
6200 7000 e 8- 6- ¢ ST d snuwejeyiodAH
OMH <SMd  [edw-1sod
auou
SMd < OMH
TST°0 2000 687 SI- ¥ 6- €e il Oddw
2800 7000 AR 0 ¥e- vI- L 1 sndweooddiH
Ly0'0 1000 9ore  €T- 6- 02—  ¥E Bl
9200 0000 8ee  Tz- v- 92 A4 d efepbAwy
1100 0000 we e~ 6-  9- 01 1 snuwejeyiodAH
OMH<SMd  [EeW-a1d
m:oo‘m_>>n_n_
pro| Z2nen-d
-PXOA peyeliooun 9103s-z T A X  SPXOA 9lkydsiweH 1s9J01u| Jo uoifey SeJlU0D  UuoiIpuo)d

'$811069120 POO0J-UOU pUER POOJ U3aMIAQ 1SeU0d (DMH

Author Manuscript

€9l|qel

Author Manuscript

"SA SMd) SIsAeue dnoab-usamiag ayl Joj sauedipiubis Buiyoeas suoibay

Author Manuscript

Author Manuscript

Int J Obes (Lond). Author manuscript; available in PMC 2012 November 01.



