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Research indicates that dysfunctional food reward processing may contribute to pathological eating
behaviour. It is widely recognized that both the amygdala and the orbitofrontal cortex (OFC) are essential
parts of the brain’s reward circuitry. The aims of this fMRI study were (1) to examine the effects of food
deprivation and calorie content on reward processing in the amygdala and the OFC, and (2) to examine
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whether an explicit evaluation of foods is necessary for OFC, but not amygdalar activity. Addressing the first
aim, healthy females were presented with high and low calorie food pictures while being either hungry or
satiated. For the second aim, attention focus was manipulated by directing participants’ attention either
to the food or to a neutral aspect. This study shows that hunger interacts with the energy content of foods,
modulating activity in the posterior cingulate cortex, medial OFC, insula, caudate putamen and fusiform
gyrus. Results show that satiated healthy females show an increased reward processing in response to
low calorie foods. Confirming our hypothesis, food deprivation increased activity following the presenta-
tion of high calorie foods, which may explain why treatments of obesity energy restricting diets often are
unsuccessful. Interestingly, activity in both the amygdala and mOFC was only evident when participants
explicitly evaluated foods. However, attention independent activity was found in the mPFC following the
high calorie foods cues when participants where hungry. Current findings indicate that research on how
attention modulates food reward processing might prove especially insightful in the study of the neural
substrates of healthy and pathological eating behaviour.

© 2008 Elsevier B.V. All rights reserved.

Research indicates that dysfunctional reward processing may be
related to pathological eating behaviour [1-3]. In an environment
where food is scarce, the reward system provides evolutionary
benefits, because this system allows for consumption and storage
of energy in the absence of homeostatic needs [4]. However, in
western societies, food is highly accessible, energy-dense, heavily
advertised and inexpensive. In this environment, the reward sys-
tem poses a major healthrisk, predisposing many people to develop
obesity [5,6]. Therefore, a strategy for understanding inappropriate
or pathological eating behaviour is to identify factors that modulate
food reward processes in the human brain.

It has been widely recognized that both the amygdala and the
orbitofrontal cortex (OFC) play an important role in forming rep-
resentations of environmental cues and their reward value [7-13].
The amygdala and the OFC are densely interconnected [14], and to
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carry out their reward functions they interact with other dopamin-
ergic mesocorticolimbic structures, including the striatum, the
dopaminergic midbrain and the anterior cingulate cortex [15]. It is
hypothesized that the amygdala influences behaviour by providing
a direct memory link between a stimulus and its incentive value.
The amygdala then projects this information to the OFC, where this
information is used to predict reward outcomes [16]. However the
exact contributions of the amygdala and OFC to reward processing
in general are still unknown.

Recent neuroimaging studies show a dysfunction of the meso-
corticolimbic structures of obese people, which are similar to those
observed in patients suffering from drug and alcohol addiction [17].
For example, it has been shown that when obese participants are
exposed to food, this causes large and fast increases in mesolim-
bic dopamine release, similar to drug-cue elicited dopaminergic
responses in drug addicts [18,19]. Furthermore, it has been shown
that both patients suffering from cocaine addiction and obese peo-
ple have areduction in mesolimbic dopamine D2 receptors [20-22].
In turn this reduction in D2 receptors in obese people has been cor-
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related with a decreased metabolism in the orbitofrontal cortex
[21]. The similar dysfunction of the mesocorticolimbic pathways in
both patients suffering from addiction and obese people indicates
similarities in their underlying pathology. Therefore knowledge
about factors that can modulate mesocorticolimbic functioning
might be especially insightful and aid in the development of
effective treatments. However, little is known about factors that
modulate reward processes in the brain, especially the OFC. Due to
the vicinity to air-filled frontal and sphenoidal sinuses, OFC imaging
is prone to artifacts, which complicates this kind of research [23].
Recently, investigators have developed specific methods to opti-
mize imaging of the OFC [24]. Using these optimized methods, the
current study investigates the influence of three modulating factors
of reward processing in the OFC and the amygdala: calorie content,
hunger, and attention.

A first hypothesized determinant of the regulation of reward
processing is the calorie content of food [25]. According to the opti-
mal foraging theory, organisms forage in such a way as to maximize
their energy intake, which would provide evolutionary benefits
[26]. Indeed, several studies indicate that people easily overeat of
high calorie foods [27-29]. However, it is difficult to separate effects
of calorie content and palatability as the two go often hand in hand.
This notion is supported by studies finding little effect of calorie
content on food intake, when controlling for palatability [30-32].
So far there has been only one neuroimaging study on the effect of
calorie content on food reward processing [33]. In that fMRI study,
participants had to memorize pictures of high calorie foods and
low calorie foods inside the scanner for a later recollection task
outside the scanner. The investigators found amygdalar activity fol-
lowing the presentation of the food pictures in contrast to non-food
objects. However, this activity did not differ between high and low
calorie foods. Furthermore, no activity in the OFC was found (but no
optimizing techniques for OFC imaging were used), and differences
in palatability ratings between the high and low calorie foods were
not controlled for, which makes it hard to draw definite conclusions
about the effect of caloric content per se on food reward processing.

A second factor that is hypothesized to influence reward pro-
cessing is hunger. It is argued that people are motivated to eat due
to the incentive salience of food, which elicits craving or ‘wanting’
[3,34-36]. However, these food reward processes are often com-
plicated by the fact that the incentive salience of food depends,
to some extent, on a co-occurring homeostatic state [5]. It is an
old saying that hunger is the best spice, referring to the allesthesia
phenomenon; that foods seem more attractive and palatable when
hungry [37]. Yet it is still far from clear whether, how, and where
in the human brain internal homeostatic processes and reward
processes interact. Neuroimaging studies have indicated that the
subjective evaluation of reward is highly correlated with activity in
the OFC in monkeys [38] and humans [10]. Because hunger changes
the subjective evaluation of foods, it has been hypothesized that the
OFC plays an important role in the integration of hunger and incen-
tive salience. In particular, it has been shown that OFC neurons in
a monkey stop responding when fed to satiety [39]. Recent neu-
roimaging research [9,10,40] has shown that feeding participants
to satiety has a negative effect on the reported subjective pleas-
antness of the specific taste, a phenomenon referred to as sensory
specific satiety (SSS). This decrease in pleasantness of food corre-
lated highly with a reduction in activity of the OFC. However, it is
currently unknown whether hunger, being the opposite of satiety,
increases food reward activity in the OFC.

Furthermore, it can be hypothesized that hunger in interaction
with calorie content affect food reward processes. For example,
hunger might actually increase the rewarding value of high calorie
foods more than that of low calorie foods. This idea is supported
by a study of Gilhooly et al. [41], who investigated the relationship

between craved foods and a 6-month dietary energy restriction. It
was found that during the energy restriction participants craved
energy-dense high-fat foods more than twice as much as before.
It is important to further explore the relationship because energy
restriction is one of the most applied strategies in the treatment
of obesity [42]. The increase in reward value of energy-dense
food might explain why obese people often ultimately fail in their
attempts to lose weight after some initial success [43].

The third factor that is hypothesized to influence reward pro-
cessing is attention. Although it has been proposed that both the
amygdala and the OFC play an important role in reward evaluation,
their exact contributions to reward processing in general remain
unclear. Imaging studies of the amygdala commonly associate acti-
vation of this area with the perception of visual emotional stimuli,
such as facial expressions [44,45] or unpleasant pictures [46]. A
topic of current debate is the extent to which amygdalar responses
are automatic [47]. Several studies report a stronger response of
the amygdala during automatic emotional processing compared to
explicit emotional evaluation [48]. It would be of interest to test
whether food reward processing in the amygdala is also automatic
and independent of attention focus. In contrast, OFC responses are
believed to represent the explicit evaluation of food reward [49],
highly dependent on attention focus. This might explain why pre-
vious neuroimaging studies of food reward using a passive task (i.e.
a task that does not require explicit evaluation) failed to show OFC
activity [33,50,51]. Therefore, the third objective of this study was to
test whether amygdalar activity is related to the automatic process-
ing of food cues, and whether OFC activity is related to the explicit
evaluation of food.

In sum, the aims of this fMRI study were to examine the mod-
ulating effects of calorie content, hunger, and attention focus on
reward processing in the amygdala and OFC of non-dieting female
participants. Participants were presented with pictures of high and
low calorie foods that were matched for palatability, during two
fMRI sessions. Before one of the sessions, participants were offered
a highly satiating lunch (containing 500 kcal), whereas in the other
session participants were food deprived for 18 h. It was hypothe-
sized that high calorie foods would be more rewarding than low
calorie foods, and that food deprivation would increase the reward
value of food cues, especially the high calorie foods. Both effects
were hypothesized to be reflected in an increase in the blood-
oxygen-level dependent (BOLD) response in the amygdala and OFC.
The question whether explicit evaluation of food palatability is nec-
essary for OFC activity but not for amygdalar activity was addressed
by manipulating the attention focus of the participants. It was
hypothesized that directing the participant’s attention to either the
food or a neutral stimulus aspect, would result in a modulation
of reward processing in the OFC but not in the amygdala. That is,
food reward processing in the amygdala was expected to take place
independent of attention focus.

1. Method
1.1. Participants

Female undergraduate students were recruited by flyers posted at Maastricht
University. The students who applied for participation were invited for an inter-
view in which height, weight, age, handedness, medication use, dietary restrictions,
impulsivity, and reward responsiveness traits were assessed.

Selected participants were 12 right-handed, healthy students with a normal
body weight (body mass index (BMI) between 18.5 and 25, M =21.5,SD = 1.9) and not
currently dieting as assessed by self-report. Participants were unrestrained eaters,
scoring <15 on the Restraint Scale (M=8.9, SD=2.9) [52]. On average, participants
were 19.3 +£0.9 (M £ SD) years old. Because food intake varies across the menstrual
cycle in females [53], participants were selected based on the use of Combined Oral
Contraceptives (COCs). COCs inhibit the production of fertility hormones and conse-
quently prevent increases in food intake in the premenstrual phase [54]. Exclusion
criteria were screened using a questionnaire and included items about personal or
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first-degree family history of eating disorders, depression or other psychiatric condi-
tions and other illnesses that required a strict eating pattern (e.g., diabetes). Because
certain personality traits are thought to reflect the sensitivity of the reward system
[1], participants were screened on reward responsiveness and impulsivity. All par-
ticipants scored within the normative ranges of impulsivity (participants’ score:
M=63.3,SD=1.4; normative score: M=64.2, SD=10.7) as measured with the Barratt
Impulsiveness Scale [55]. In addition participants scored within the normative range
of reward responsiveness (participants’ score: M=17.6, SD=2.1; normative score:
M=17.5, SD=1.4) as measured with a subscale from the BIS/BAS scale [56]. Written
informed consent and ethical approval were obtained of each participant before the
experiment. Participants completing the study received €40 compensation.

1.2. Stimuli

In a pilot study, 90 food and 40 non-food pictures were selected as candidate
stimuli from an Internet database (www.istockphoto.com). Subsequently, these food
pictures were rated by 15 healthy, non-dieting, female volunteers on 7-point Likert
scales. The food pictures were rated on caloric content (1: very low-caloric - 7: very
high-caloric) and palatability (1: very bad tasting - 7: very good tasting). The object
pictures were evaluated on their emotional valence (1: very negative associations —
7: very positive associations). Based on these ratings, 15 food pictures rated as high
in calorie content (M=6.6, SD=0.3; e.g., chocolate, pizza, hamburger) and 15 food
pictures rated low in caloric content [M=1.5, SD=0.4; e.g., cracker, melon, carrot;
paired t-test calorie ratings: t(14)=56.60, P<0.001], but judged as equally palat-
able [t(14)=0.58, P=0.58; high calorie food pictures: M=5.3, SD=0.6; low calorie
food pictures: M=5.1, SD=0.6;] were selected for the actual study. From the object
Pictures 15 neutral items (M=4.0, SD=0.3; e.g. light bulb, staples, golf ball) were
selected [ratings did not significantly deviate from the neutral score 4; t(14)=0.54,
P=0.60].

The use of pictures instead of real food is supported by prior research. First,
Tiggemann and Kemps [57] showed that the visual modality was judged as most
important in the mental imagery of food craving (visual modality 39.7%, gustatory
30.6% and olfaction 15.8%). Second, using fMRI, Simmons et al. [58] showed that food
pictures activate gustatory areas for taste and reward. Finally, Kringelbach and Rolls
[59] argue that the cells in OFC respond strongest to visual modality of food stimuli.

The pictures were projected as pop-out figures on a black canvas to minimize
noise input [60]. Noise input is defined as all information not directly related to the
relevant stimulus. Another advantage is that the combination of a pop-out figure
on a black background in a dark environment (scanner bore) results in a presen-
tation of the stimulus without environmental cues about the actual size of the
presented stimulus. By using a black background, the ‘naturalness’ of the stimuli
is not disturbed by a perceived difference in stimulus size compared to the real
object size.

1.3. Design and experimental task

This study used a 3 (picture types: high-caloric foods, low-caloric foods, neutral
objects) x 2 (deprivation status: satiated, 18 h food deprived) x 2 (attention focus:
object/food attended, bars attended) within-subjects design.

Following Pessoa et al. [47], in the experimental task participants were shown
pictures of foods and neutral objects in the center of the screen with bars aside
(Fig. 1). At the beginning of each block a word was shown that indicated the task
of the participants. In the foods attended blocks, participants were shown the word
“taste”, prompting participants to judge the palatability of the presented foods (+:
index finger, —: middle finger). The neutral objects attended blocks were preceded
by the word “red” and participants were asked to indicate whether the presented
objects were red (+: index finger, —: middle finger). In the bars attended blocks, the
word “bars” was shown and participants had to indicate whether the bars were
of similar orientations (+: index finger, —: middle finger). In the foods attended
conditions participants were asked to respond to the question ‘how do you like the
taste of the food’. They were told that it was extremely important to vividly imagine
the taste of the foods during the taste blocks, as if they were actually consuming the
food. Participants were not informed about the difference in caloric content of the
food pictures. Finally, participants were instructed that it was important to respond
as accurately as possible.

1.4. Stimulation protocol

During the scanning session, the food, neutral object and bar-orientation condi-
tions of the experimental task were presented in a blocked fashion. Each block (18 s)
consisted of an initial word instruction (taste, red or bars; 3000 ms) and 5 stimulus
trials (3000 ms each) with 5 low-caloric foods, 5 high-caloric foods, or 5 neutral
objects. Each trial started with a 200 ms display of a food or object and two periph-
eral bars to the right and left at 6° eccentricity. After this stimulus display, a white
fixation cross was shown for 2800 ms (see Fig. 1) during which the participant could
give her response. Each 18 s block was followed by a fixation block of 9 s. Participants
were explicitly instructed that fixation should be maintained throughout the exper-
iment. The brief 200 ms display and the positioning of the stimuli within the centre
of the visual field eliminated the occurrence of deliberate eye saccades [47].

For each of three runs, block-order was fully randomized and then manually
checked for repetitions. For each separate participant, the order of the trials within
each block was randomized. For the bar-orientation trials, 50% of the bars were
matches and 50% were non-matches. Each high-caloric food, low-caloric food and
neutral object was once displayed with matching bars and once with non-matching
bars. Each block (high-caloric food and taste, low-caloric food and taste, neutral
objects and red, high-caloric food and bars, low-caloric food and bars, neutral object
and bars) was presented six times per run. Each run thus comprised 36 blocks sep-
arated by fixation periods, and lasted 17 min. Each session consisted of three runs
and two anatomical scans. The order of the runs was balanced across participants,
but was kept constant over sessions within one participant. Similarly, the order of
the response hand was balanced across participants and runs, but was kept constant
over sessions within one participant. The order of the two scanning sessions (food
deprived vs. satiated) was also balanced across participants.

1.5. Procedure

Each participant underwent two fMRI sessions (food deprived and satiated),
which were scheduled at least one week apart. In the food deprived condition, partici-
pants were instructed not to consume any food or beverages (except water) 18 h prior
to the imaging session. In the satiated condition, the participant was provided with
a lunch containing 500 kcal, half an hour prior to the imaging session. All imaging
sessions took place around lunch-time (i.e., between 1 and 3 PM). To ensure that the
food deprivation worked, prior to each session hunger was assessed with 100 mm
visual analogue scales (VAS; translated into Dutch by [61]). The VAS questionnaire
also included ratings about more general physical sensations (e.g., headache, nau-
sea, dizziness, anxiety) to see if the food deprivation had any effects on participants’
general wellbeing. Prior to entering the scanner, the participant was trained on a
practice task outside the scanner, which was similar to the experimental task inside
the scanner. After completing the practice task, the participant entered the scanner
and completed the experimental task. Each fMRI session lasted 75 min. At the end
of the two fMRI sessions, the participant completed an exit questionnaire, inquiring
about their general experience with the fMRI experiment.

1.6. fMRI data acquisition

Images were acquired with a 3T Siemens Magnetom Allegra Head-only Scan-
ner at the Maastricht Brain Imaging Centre (MBIC) using a birdcage volume coil.
Gradient-echo planar imaging (EPI) volumes were acquired (50 slices, TR=3000 ms).
Imaging parameters were optimized to minimize susceptibility and distortion arti-
facts in OFC [62]. The relevant factors included oblique axial imaging with a negative
(i.e. backward) tilt angle of 30°, minimizing voxel size (2 mm x 2 mm x 2.5mm) in
the plane of the imaging, a short echo time of 25ms, and a high imaging band-
width (2790Hz over the field of view, echo spacing=0.4ms). The voxel matrix
size was 128 x 104 and the field of view (FoV) was 256 mm x 208 mm. Acquisition
of functional images yielded 340 volumes per run. Two high-resolution whole-
brain anatomical T1-weighted scans were acquired: an MDEFT [63](TR=7.9 ms,
TE =2.4ms, flip angle=15°, 1 mm x 1 mm x 1 mm) an optimized MPRAGE sequence
(TR=2250ms, TE=2.6 ms, flip angle=9°, 1 mm x 1 mm x 1 mm).

1.7. fMRI data preprocessing

All processing and analysis of the fMRI data was performed using Brainvoyager
QX (v 1.9). The first two volumes of the T2* weighted functional images were dis-
carded due to magnetic saturation effects. Preprocessing comprised slice scan timing
correction (using sinc interpolation), motion correction (using a 3D rigid-body trans-
formation of each volume to the first volume of each run and using trilinear/sinc
interpolation) and high-pass filtering to remove low-frequency noise (up to three
cycles in the single run time-course). Individual functional data were smoothed
using a 6 mm full-width-at-half-maximum isotropic Gaussian Kernel.

For each participant, the four anatomical scans obtained throughout the experi-
ment were averaged using a 3D rigid-body alignment to obtain a high-resolution and
high contrast anatomical scan. The skull and cerebellum were removed by an auto-
matic skull stripping procedure. Functional data were averaged for each participant
per condition and aligned with the mean anatomical scan.

The mean anatomical scan and the functional data were then spatially nor-
malized using Talairach transformation procedures [64]. For group analysis, the
normalized individual functional data were averaged, accounting for both scan-to-
scan and participant-to-participant variability.

1.8. Analysis

Random effects (RFX) analysis of variance (ANOVA) was performed to determine
the effect of picture type, food deprivation and attention focus on percentage BOLD
signal change per voxel. All created F-maps were thresholded at a significance level of
P<0.001 and a cluster size of 30 contiguous voxels (not corrected for multiple com-
parisons). Event related averaging (ERA) plots were created, visualizing the mean%
change in BOLD response in the significantly active regions of the resulting F-map.
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Fig. 1. Graphical outline of the stimulation protocol used in this fMRI experiment. Stimuli in this experiment were presented in a blocked design involving three experimental
conditions: foods attended (high or low caloric foods), bars attended and objects attended. During the tasks participants focused on the screen centre indicated by the white
fixation cross. Stimuli were presented in the centre of the participants’ visual field. At the beginning of each block a word was presented indicating the task and focus of
attention of the participants (orange dotted line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

Functional Regions of interest (fROIs) were identified based on the hypothesis of cur-
rent interest. The RFX Analysis showed that none of the voxels showed significant
activity for the three-way interaction (picture type x food deprivation x attention
focus). Therefore, analysis of the fMRI data is mainly based on the F-map of the
two-way interaction: pictures x attention.

To test our hypotheses, a whole-brain statistical F-map was created of the
RFX ANOVA F-test: picture type (low calorie food, high calorie food or neutral
object) x attention focus (object/foods attended or bars attended). The resulting F-
map revealed a network of significantly active brain regions. A brain region was
indicated as fROI if significant BOLD response following the low and/or high calo-
rie foods attended conditions, but not the neutral objects attended conditions.
This allowed us to separate neutral object processing regions from food process-
ing regions. The mean F-value of all voxels within each marked fROI is reported
(Table 1) and anatomical localization was achieved using the Talairach coordinates
corresponding to the center of these fROIs. In a second-level analysis, the average
voxel beta values of all voxels within the identified fROIs (per condition for each
participant individually, resulting in a total of 144 beta’s (12 participants x 12 con-
ditions) per fROI) were extracted and submitted to a repeated measure ANOVA in
SPSS. This allowed us to test the effects of calorie content and food deprivation on
BOLD activity within each fROI, especially the amygdala and OFC.

The third hypothesis concerned the functional distinction between the amyg-
dala and OFC due to differences in attentional focus. To test the first part of this
hypothesis (explicit food evaluation is necessary for significant OFC activity), fROIs
had to be identified that responded significantly to the food conditions depending
on attention focus. To achieve this goal the same RFX ANOVA F-map (pictures x
attention focus) and second-level analysis were performed as for the first hypoth-
esis. Finally, to test the second part of the third hypothesis (automatic incentive

evaluation processing in the amygdala, independent of attention focus), a conjunc-
tion effects analysis was performed searching for brain activation common to all
food conditions (over foods attended and bars attended conditions) versus all neu-
tral object conditions (over neutral objects attended and bars attended conditions)
in both satiated and food deprived conditions. Therefore, the conjunction test per-
formed was food (satiated) versus neutral (satiated) AND food (deprived) versus
neutral (deprived). The voxel beta values of fROIs were extracted from each partici-
pant individually and submitted to a repeated measure ANOVA in SPSS.
Unfortunately the REX ANOVA F-test we used to analyze our fMRI data did
not show any significant activity following the three-way interaction (picture
type x food deprivation x attention focus). Lowering the cluster size threshold or
decreasing the voxel-wise significance criterion did not change this null finding.
However, because effects caused by calorie content or food deprivation may be
very small, our RFX analyses may have been to restrictive (type II error). There-
fore in addition we applied a less strict conjunction effects analyses. A conjunction
effects analysis allows for the search of significant effects following more than one
t-contrast within a single voxel. Following our hypothesis of the effects of food depri-
vation and calorie content on reward processing, we combined two t-contrasts.
First we tested for significant activation common to all food conditions (+) ver-
sus all neutral objects (—) in both food deprived and satiated attended conditions.
Then we combined this t-contrast with a second that tested for significant inter-
actions between food deprivation and energy content [(high calorie foods attended
satiated +low calorie foods hungry) < (high calorie foods attended hungry + low calo-
rie foods satiated)]. The effects revealed by this conjunction analysis were indeed
smaller compared to those of the attention manipulation. Therefore the conjunction
effects t-maps were thresholded at a less strict voxel-wise significance criterion of
P<0.05 and a cluster size threshold of 10 contiguous voxels (no correction for mul-

Table 1

Results whole-brain RFX ANOVA. F-test: Picture (neutral object vs. low and high calorie foods) x attention focus (neutral object/food attended vs. bars attended).

Number Functional region of interest (fROI) L/R Talairach coordinates (x, y, z) BA F-score
1 Fusiform gyrus B —46, —54, —13 37 30.52
2 Basal ganglia

a. Thalamus B -12,-16, 12 - 26.84

b. Ventral striatum B -15,-1,4 - 28.31

3 Amygdala IL, -13,-8,-5 34 34.15
4 Premotor cortex L -3,1,54 6 21.06
5 Inferior frontal gyrus, pars opercularis L —46, 3, 31 44 20.77
6 Anterior cingulate cortex L -1, 10, 36 24 21.13
7 Insula/frontal operculum B -32,15,8 47 32.33
8 Medial orbitofrontal cortex L —24,29, -4 11 31.47
9 Ventrolateral prefrontal cortex L —44, 36, 23 45 22.55
10 Dorsolateral prefrontal cortex 1L —28,42, 36 46/9 27.76

Note: L=left; R=right; B=bilateral; BA=Brodmann area.
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Table 2
Results conjunction effects analyses.
Number Functional region of interest L/R Talairach coordinates BA t-value p-value
1 Posterior cingulate cortex IL, -6, -22,34 23 2.73 0.004
2 Lateral orbitofrontal cortex L —40, 36,0 11 2.51 0.009
3 Insula R 35,3,4 47 2.57 0.003
4 Medial orbitofrontal cortex L —23,34,0 11 2.33 0.015
5 Medial orbitofrontal cortex R 30,28,0 1 244 0.008
6 Putamen L —24,-8,-4 - 245 0.008
7 Fusiform gyrus L —18, 49, -11 37 2.36 0.026

Note: L=left; R=right; BA=Brodmann area.

tiple comparison). From each t-map fROIs were identified. The average t-values of
these fROIs within each map are reported (Table 2) and anatomical localization was
achieved using the Talairach coordinates corresponding to the center of these fROIs.
The average beta weights were again extracted and submitted to a repeated measure
ANOVA in SPSS.

2. Results
2.1. Behavioural results

Confirming that our food deprivation worked, a paired-samples
t-test of the subjective hunger ratings revealed a significant dif-
ference between the hunger and satiety condition [deprived:
M=84.50, SD=7.64; satiated: M=12.83, SD=6.93; t(11)=20.74,
P<0.001]. There were no differences between the two conditions
on subjective ratings of headache, nausea or anxiety [all ps > .05,
largest t(11)=1.56], but participants did score higher on dizziness
after food deprivation than when satiated [deprived: M=15.94,
SD=13.42; satiated: M=3.37,SD=2.42; t(11)=2.73, P<0.05].

As a measure of attendance we additionally calculated the
average correct response rate of the participants during all bars
attended conditions. Results showed that participants responded
correctly on 96.01% of the trials.

2.2. fMRI results

2.2.1. Hypothesis I: Calorie content and reward

The whole-brain analysis of the pictures (low calorie foods,
high calorie foods vs. neutral objects) x attention focus (neutral
object/food attended vs. bars attended), revealed a network of areas
showing significant activity. Functional regions of interest (fROIs)
were identified, in which significant BOLD response following the
low and high calorie foods attended conditions. Together the result-
ing fROIs outlined a food processing network, including the left
amygdala and left medial OFC (mOFC) as shown in Fig. 2.

The second-level analysis of the beta weights revealed that
there was no significant difference in BOLD activity between
the high and low calorie foods in both the food deprived and
satiated attended conditions in the left amygdala, both when
participants where food deprived [high calorie foods: M=0.12,
SD=0.10; low calorie foods: M=0.12,SD=0.09; t(11)=0.08, P=0.94]
or satiated [high calorie foods: M=0.12, SD=0.17; low calo-
rie foods: M=0.16, SD=0.14; t(11)=0.17, P=0.97]. A similar null
effect for the calorie content was found in left OFC for both the
food deprived [high calorie foods: M=0.20, SD=0.12; low calorie
foods: M=0.23, SD=0.12; t(11)=0.34, P=0.74] and satiated con-

<A .

Fig. 2. Inflated brain with superimposed F-map [RFX ANOVA F-test: picture type (foods vs. neutral objects) x attention focus, P<0.001, cluster size threshold > 30 voxels, not
corrected for multiple comparisons], indicated in red all fROIs (1-10) with significant BOLD activity for the pictures x attention focus interaction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. fROI bar-plots represent mean percent signal change +S.E.M. (A) Results of the RFX ANOVA F-test picture type (high-caloric foods, low-caloric foods or neutral
objects) x attention focus (satiated or 18 h food deprived) in the amygdala and mOFC. (B) Results for the conjunction effects analysis searching for brain activation common
to all food conditions independent of attention, in both satiated and food deprived conditions.

dition [high calorie foods: M=0.18, SD=0.19; low calorie foods:
M=0.19, SD=0.21; t(11)=0.15, P=0.89]. These non-significant
effects are clearly visualized in Fig. 3A. Further examination of
difference in BOLD response between the high and low calo-
rie food conditions in the food deprived and satiated condition
did not reveal any significant effect in any of the remaining
fROIs.

2.2.2. Hypotheses II: Food deprivation and reward

The second-level analysis following the RFX ANOVA F-test:
picture type (low calorie food, high calorie food or neutral
object) x attention focus revealed that there was no significant dif-
ference in BOLD activity between the high and low calorie foods in
both the food deprived and satiated attended conditions in the left
amygdala or mOFC [Fig. 3A]. The second-level Repeated Measures
ANOVA analyses of the beta values of the remaining fROIs did not
show a significant effect of food deprivation on the (attended) food
conditions either.

2.2.3. Hypotheses III: Attention focus

The whole-brain statistical F-map of the RFX ANOVA F-test
picture type (neutral object vs. foods averaged) x attention focus
(neutral object/food attended vs. bars attended) showed a stronger
BOLD response in the left mOFC in the attended foods aver-
aged conditions (Fig. 3A) as compared to the bars attended or
object attended conditions. This result confirms our hypothesis
that explicit evaluation of foods is necessary for OFC activity.
Furthermore, other regions believed to be critically involved in
food processing were also strongly modulated by attention focus
(e.g. ventral striatum, premotor cortex, anterior cingulate cortex,
insula/frontal operculum, ventrolateral prefrontal cortex and dor-
solateral prefrontal cortex; Fig. 4).

Conjunction effects analysis for brain activation common to all
food conditions (both foods attended and bars attended conditions)
versus the neutral object conditions (both objects attended and bars
attended conditions) revealed no significant effect in the amyg-
dala (Fig. 3A). As a result, the hypothesis that amygdala activity is
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Fig. 4. fROI bar-plots represent mean percent signal change £ S.E.M. of brain regions showing significant deprivation status x food calorie content interaction following the
additional conjunction effects analysis.

independent of focus of attention was left unconfirmed. However, 2.2.4. Additional conjunction effects analysis
a significantly reduced inhibition of left medial prefrontal cortex The whole-brain analysis of the effects of food deprivation
(mPFC) activity was revealed following presentation the high calo- in conjunction with the interaction with calorie revealed a net-

rie food conditions, independent of focus of attention focus (Fig. 3B). work of significantly active areas, including the hypothesized OFC.
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Otheridentified fROIS included the posterior cingulate cortex (PCC),
insula, caudate putamen and fusiform gyrus (Table 2, Fig. 4). Results
showed that overall activity in these fROIs was strongest for the low
calorie food stimuli in the satiated conditions. Hunger increased
the activity for high calorie stimuli these fROIs especially in the
fusiform gyrus, right mOFC, right insula, left caudate putamen and
PCC. This finding suggest that food deprivation indeed interacts
with the caloric content of food stimuli and confirms our hypoth-
esis that high calorie food stimuli become more rewarding when
hungry.

3. Discussion

In this fMRI study, we examined the modulating effects of
calorie content, hunger and attention focus on food reward pro-
cesses in the human brain. The data show that attending to
and evaluating food pictures strongly activates a large network
of left-sided brain regions, including the fusiform gyrus, ventral
striatum, amygdala, bilateral insula/frontal operculum, ACC, pre-
motor area, dIPFC and mOFC. The involvement of these brain
areas in the explicit processing of food cues is in accordance with
previous findings [58]. As anticipated, this ‘food processing net-
work’ was highly lateralized to the left-hemisphere. Numerous
neuroimaging studies, using a visual working memory task and
right-handed participants, show a clear lateralization of brain activ-
ity in the left-hemisphere [65-68]. The highly significant BOLD
activity in the insula/frontal operculum (also referred to as the pri-
mary gustatory cortex) confirmed that the participants successfully
imagined the taste of the foods, as they were explicitly instructed
to do.

Although self-reports showed a successful manipulation of food
deprivation on subjective ratings of hunger, the initially applied RFX
ANOVA test revealed no effect of food deprivation or calorie content
on reward evaluation processing in the amygdala or OFC. This sug-
gested that hunger did not modulate the explicit reward evaluation
of the high and low calorie food cues, which was a quite unexpected
finding. Interestingly, a less strict conjunction analysis did reveal
the hypothesized results, with significant activity in the lateral and
medial OFC, PCC, caudate putamen, fusiform gyrus and the insula.
Activity in these areas was strongest for the low calorie foods when
the healthy females were satiated and stronger for the high calorie
foods when they were hungry. The involvement of these regions
in normal and abnormal reward processing is supported by several
neuroimaging studies [69-74].

The finding of a modulation by hunger and calorie content in
the fusiform gyrus is in accordance with the model proposed by
Murray and Izquierdo [16], who suggest that there are two reward-
processing pathways to the OFC. The first pathway concerns the
reward evaluation interactions between the OFC and amygdala. The
second route involves interactions between the OFC and the infer-
otemporal cortex, which comprises the fusiform gyrus. Murray and
Izquirdo propose that this pathway allows for visual cues to elicit
the predicted values of objects and is important in determining
rules for future actions.

Another structure modulated by the hunger and calorie content
manipulation was the right insula. Insular activity has previously
been shown to be correlated with subjective cue-induced drug
cravings [75]. It has also been shown that right insula activity is
associated with relapse to alcohol use [76]. Furthermore, damage
to the insula has been reported to disrupt addiction to smoking
[77]. 1t is proposed that the insula is especially involved in the con-
scious craving of rewards through its role in the representation of
bodily states. The right insular activity found in this study might
therefore reflect the participants’ conscious craving or ‘wanting’ of
the presented foods.

The finding that high calorie foods become extra rewarding
when hungry has an important clinical implication. We previously
indicated that energy restriction is one of the most applied strate-
gies in the treatment of obesity [42]. The finding of an increased
reward value of energy-dense foods when hungry gives a possi-
ble reason why dietary restriction may be difficult. Diets limited in
their energy content but with good satiating properties, for exam-
ple high-protein diets [78], could increase success. Furthermore,
our results indicate that healthy females prefer low calorie foods
when satiated. It can be hypothesized that obese people, in con-
trast to healthy-weight females, have increased reward processing
following the presentation of high calorie foods compared to low
calorie foods when satiated. This could explain part of the mech-
anism underlying their abnormal eating behaviour, but of course
needs to be studied first.

To test the hypothesis whether an explicit evaluation of taste is
necessary for OFC activity, but not amygdalar activity, we manip-
ulated the attention focus of the participants. Results revealed a
highly significant effect of attention focus on the BOLD response in
several regions including the mOFC, but also the amygdala. These
results suggest that explicit subjective evaluation of foods is nec-
essary to elicit both amygdalar and mOFC activity. There was no
functional dissociation between the amygdala and OFC based on
differences in attention focus. The present attention effect on mOFC
processing is in line with previous findings suggesting that mOFC is
involved in the ‘conscious’ experience of reward [9,10,40]. However,
the finding that explicit evaluation is also necessary for amygdalar
processes was unpredicted. Our results suggest that amygdalar
reward processing depends on attention focus and does not occur
automatically. It has been suggested that studies revealing atten-
tion dependent amygdalar processing use very demanding tasks
exhausting all processing capacity [79]. If this is true, none of the
significantly active regions should reveal an attention independent
activation. However, in our study attention independent process-
ing was found in the mPFC following presentation of high calorie
foods when participants were hungry. MPFC activity has frequently
been reported in fMRI studies [33,80]. However, the precise func-
tion of this region remains unclear. Previous research indicates that
mPFC might be involved in self-monitoring [81] and the coordi-
nation of external versus internally generated information [82].
The attention independent activity in mPFC found in this study
might represent the hungry participants’ “awareness” of biologi-
callyrelevant and salient high calorie foods also in the bars attended
conditions. This suggestion is supported by reports in the exit ques-
tionnaires, in which participants stated that they were conscious of
the presences of foods in the bars attended conditions. Therefore,
our results are in line with the hypothesized role of self-monitoring
and information coordination by mPFC.

Of special interest are the strong effects of the attention manip-
ulation compared to the smaller effects of hunger and calorie
content. This finding leads to several interesting hypotheses. For
example, the strong effect of the attention manipulation may have
been the result of our task instructions. In the food attended
blocks, participants were explicitly instructed to vividly imagine
the taste of the presented food pictures to evaluate their palatabil-
ity. Research indicates that explicit memory processes are highly
task-dependent [83] and that changes in task instructions mod-
ulate representations in working memory [84]. In this study, to
correctly perform the taste task (“How do you like the taste of this
food?”), it was not necessary to actively retrieve information about
the physical state of the body. This may have resulted in the weaker
hunger and calorie content modulation effects, as participants
could answer this question without considering their physical state.
Asking participants a motivational question, for example: “How
much would you like to eat this food right now?” might have yielded
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stronger effects. Furthermore, in this study the satiated participants
were explicitly instructed to evaluate the foods, while in ‘real world’
situations people probably do not evaluate foods when satiated,
unless they are explicitly instructed to do so. Presenting hungry
and satiated participants with a passive fMRI paradigm (no explicit
evaluation of food palatability) is necessary to test this post hoc
explanation, as it allows participants to evaluate the foods but does
not make it a task requirement. Furthermore it would be inter-
esting to test whether obese people might frequently imagine or
evaluate the palatability of foods, even when they are satiated.
This would then elicit reward processes that might be experienced
as craving, overruling a natural inhibition mechanism of eating
behaviour.

In conclusion, robust left-hemisphere explicit food processing
activity was found in the present study. Hunger and calorie con-
tent influenced reward processing in the lateral and medial OFC,
cingulate cortex, caudate putamen, insula and fusiform gyrus. Con-
firming our hypothesis, satiated healthy females show a stronger
BOLD response in these reward-processing areas following the pre-
sentation of low calorie foods, whereas hungry healthy females
showed a stronger BOLD response in these areas when presented
with high calorie foods. This increase in activity is likely to rep-
resent an increase in reward value of the high calorie foods and
may explain why treatments of obesity energy restricting diets are
often unsuccessful. Our study highlighted the importance of atten-
tion focus in food reward processing, showing strong BOLD activity
in the amygdala and mOFC when participants attended the foods,
but no activity at all if the task did not require the evaluation of the
foods. Attention independent processing was found in the mPFC
following the presentation of high calorie foods when participants
were hungry, an area proposed to be involved in linking reward to
actions. These results suggest that a further investigation of atten-
tional processes on the modulation of reward processing might
be especially informative in determining the neural substrates of
healthy and pathological eating behaviour.
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