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Abstract

Dramatic increases in childhood obesity necessitate a more complete understanding of neural
mechanisms of hunger and satiation in pediatric populations. In this study, normal weight children
and adolescents underwent functional magnetic resonance imaging (fMRI) scanning before and after
eating a meal. Participants showed increased activation to visual food stimuli in the amygdala, medial
frontal/orbitofrontal cortex, and insula in the pre-meal condition; no regions of interest responded in
the post-meal condition. These results closely parallel previous findings in adults. In addition, we
found evidence for habituation to food stimuli in the amygdala within the pre-meal session. These
findings provide evidence that normal patterns of neural activity related to food motivation begin in
childhood. Results have implications for obese children and adults, who may have abnormal hunger
and satiation mechanisms.
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Introduction

Nearly 20% of the US adult population is clinically obese (body mass index [BMI] >30 kg/
m2; Mokdad et al., 2000), a condition associated with increased morbidity, mortality, and health
care costs (Allison et al., 1999; Colditz, 1999). The roots of adult obesity are likely established
in childhood and adolescence, and increases in obesity prevalence have been documented that
are comparable to those found in adults (Strauss and Pollack, 2001). Recent estimates of
childhood overweight (BMI greater than 95 percentile for age and sex) in the United States
range from 12 to 22% of the population (Strauss and Pollack, 2001).

Although several factors contribute to weight gain, consistent eating in excess of daily energy
requirements plays a primary etiological role across the lifespan (Nielsen et al., 2002). Neural
mechanisms are central to the regulation of these motivationally mediated behaviors (Tataranni
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and DelParigi, 2003); thus, the increasing concern surrounding the dramatic rise of obesity
(Mokdad et al., 1999; 2000) has led to research aimed at understanding the neural substrates
of appetitive function in humans (Tataranni and DelParigi, 2003; Wang et al., 2004). The role
of the hypothalamus in food motivation is well established in literature on non-human primates
(Rolls et al., 1976) as well as humans (Rolls, 1981; Stellar, 1954). More recently, however,
limbic—frontal connectivity has become increasingly implicated in normal food motivation
(Zald et al., 1998), as well as abnormal food intake and obesity (Tataranni and DelParigi,
2003). Previous human and animal studies suggest coordinated involvement of these areas in
processing of emotional stimuli and representation of reward (Baxter and Murray, 2002;
Gottfried et al., 2003; Kringelbach and Rolls, 2004; Rolls, 2004; Whalen, 1998). Specifying
these networks has become an aim of brain activation studies using PET and fMRI.

Previous functional neuroimaging studies of food motivation have utilized a broad array of
paradigms, including passive viewing of food images, conditioned responses to olfactory and
gustatory stimuli, and inclusion of pre- and post-meal scans for comparison of motivational
state within subjects. Across these studies, the most consistent findings include activation of
orbitofrontal cortex (OFC), medial frontal cortex (MFC), amygdala, hippocampal formation,
and insula (Gordon et al., 2000; Hinton et al., 2004; Killgore et al., 2003; LaBar et al., 2001;
Morris and Dolan, 2001; O’Doherty et al., 2002; Small et al., 2001; Tataranni et al., 1999). For
example, LaBar et al. (2001) scanned normal weight adults while they passively viewed images
of food both before and after eating. They found differential responses to food stimuli in the
amygdala, hippocampal formation, and fusiform gyrus during hunger, which resolved after
eating.

Thus, there is consistent evidence from studies of food motivation in healthy weight individuals
that limbic—frontal neural networks underlie normal processes of food motivation and
regulation of food intake. It has been hypothesized that these neural systems also play an
important role in controlling hyperphagia in obese individuals (e.g., Tataranni and DelParigi,
2003). Though still in its infancy, neuroimaging research on obese and overweight adults has
shown differential patterns of neural activity in obese compared to lean individuals, including
abnormal functioning in the hypothalamus (Matsuda et al., 1999), insula (DelParigi et al.,
2003; Gautier et al., 2000), hippocampus (DelParigi et al., 2003; Gautier et al., 2000), and OFC
(Gautier et al., 2000). These findings offer evidence for discrepancies in neural circuits
involved in food motivation between obese and lean adults.

Although neural mechanisms of hunger and satiation have been examined in neuroimaging
studies of both normal and obese adults, to our knowledge, no studies have been published in
children and adolescents. This is of note since neuroimaging findings in children and
adolescents are not always consistent with those in adults (Davidson et al., 2003). In particular,
the amygdala and OFC show continued development into adulthood (Durston et al., 2001,
Happaney et al., 2004) and may respond differently to appetitive stimuli based on age. Thus,
investigation of the neural mechanisms underlying hunger and satiation in children is necessary
for a complete understanding of normal and abnormal human appetitive function across the
lifespan. The current study explores changes in neural response to food stimuli before and after
eating in healthy weight children and adolescents, with the goal of identifying the normal neural
circuitry of these processes for future research on overweight children and adolescents. Based
on findings in previous studies on adults, we hypothesized greater activation in response to
food stimuli in the OFC, MFC, insula, amygdala, and hippocampal formation during a pre-
meal state compared to a post-meal state.
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Materials and methods

Subjects

Written informed consent was obtained for the 5 female and 4 male children and adolescents
who participated in this study. Participants ranged in age from 10 to 17 [mean (zSD) = 13.4
(£2.8)]. Participants were within the healthy weight-for-height ratio (BMI) for age and sex as
determined by growth curve charts from the Center’s for Disease Control [mean (xSD) = 18.5
(x2.4)]. All individuals were free from psychiatric diagnoses and neurological ilinesses (based
on parental interview) and had normal vision. Eight individuals were right-handed. This study
was approved by the Human Subjects Committee (IRB) at the University of Kansas Medical
Center.

fMRI acquisition

Scanning was performed on a 3T head-only Siemens Allegra scanner (Siemens, Erlangen,
Germany) fitted with a quadrature head coil. Participants’ heads were immobilized with head
cushions. T1-weighted anatomic images were acquired with a 3D SPGR sequence (TR/TE =
23/4 ms, flip angle = 8°, FOV =256 mm, matrix = 256 x 192, slice thickness = 1 mm). Single
shot gradient echo fMRI scans were acquired in 43 contiguous coronal slices (repetition time/
echo time [TR/TE] = 3000/40 ms, flip angle = 90°, field of view [FOV] = 192 mm, matrix =
64 x 64, slice thickness =3 mm (0.5 mm skip), in-plane resolution = 3 x 3 mm, 130 data points).
One anatomical and two functional sequences were run in each scanning session (i.e., pre-meal
and post-meal).

Experimental paradigm

The experimental paradigm was based closely on LaBar et al. (2001). Participants viewed
pictures of food, animals, and Gaussian-blurred low-level baseline control images during two
scanning sessions: one after fasting for 4 h (pre-meal) and one immediately after eating a small
uniform meal (post-meal) that was standardized for total number of calories [Kcal = 500], as
well as macro- and micronutrient content. Previous studies examining the effect of satiation
on brain activity have included a longer fasting period, typically 8 h, and utilized meals
designed to fully sate participants (LaBar et al., 2001; Morris and Dolan, 2001). The current
study implemented a 4 h fast and a meal standardized to provide approximately 500 Kcal. Our
goal was to design a paradigm that accurately reflected the normal hunger and eating cycles.
The order of sessions (pre-meal, post-meal) was counterbalanced across subjects so that
approximately half the group (n = 5) started with the pre-meal session and half (n = 4) started
with the post-meal session.

Activation paradigm

Stimuli of two categories (food and blurred baseline control images) were obtained from LaBar
et al. (2001). Due to the age of the participants in this study, the comparison stimuli group of
animals (rather than tools, as used by LaBar et al.) was chosen to keep participants attentive
to the task and to control for general familiarity. All images for the animal category were
obtained from professional stock CD-ROMs and matched to food and blurred control images
on brightness, resolution, and size. In addition, by applying a Gaussian kernel to a subset of
the animal images (so that the objects were not identifiable), approximately 150 new blurred
baseline control images were obtained. To the greatest degree possible, animals that were
reminiscent of food (i.e., fish) were removed from the stimuli pool to prevent the possible
confusion between animal/food categorizations. Blurred objects were included as a low-level
baseline comparison. All images were presented one time only to each subject.
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Each functional scan involved three repetitions of each block of each stimulus condition type
(i.e., food, animal), alternated between blocks of blurred images. Visual stimuli were projected
through 3D limited view goggles (Resonance Technology, Inc., Northridge, California)
connected to the stimuli-generating computer program (NeuroSTIM, Neuroscan, El Paso, TX).
Stimulus presentation time was 2.5 s, with an interstimulus interval (1SI) of 0.5 s. Within each
of the two functional scans, there was a total of 13 blocks of stimuli presentation; within each
block, 10 images were presented. The order of category presentation was counterbalanced
across subjects.

To ensure that participants were attending to the stimuli being presented, they were instructed
to remember images for a memory test following the scanning session. From each of the food
and animal groups, approximately 50% of the images used in the scanning session (30 images)
were chosen for recall (old) and interspersed with 15 novel distracter images from the same
category (new). Participants completed a recognition memory task outside the scanner,
immediately following each scanning session. Participants were instructed to press one key if
they had seen the image in the scanner (old) and another button if they had not seen the image
(new).

Behavioral data analysis

Due to our small sample size (n = 9), we used A’ statistics, a non-parametric equivalent of d’
(Pollack and Norman, 1964). Mean A’ values were computed for food and non-food items in
the pre- and post-meal condition. Wilcoxon sign rank tests (a non-parametric statistic) were
used to compare observed performance to chance (i.e., 50% correct). In addition, in order to
assess the effect of motivational state on memory for food images, A’ statistics on food and
non-food items were compared across conditions on median proportion of correctly recognized
items, using Wilcoxon signed rank tests (food: pre- vs. post-meal; non-food: pre- vs. post-
meal).

fMRI data analysis

fMRI data were analyzed using the BrainVVoyager 2000 (version 4.9.6) statistical package
(Brain Innovation, Maastricht, Nether-lands). Preprocessing steps included trilinear 3D motion
correction, sinc-interpolated slice scan time correction, 3D spatial smoothing with 4-mm
Gaussian filter, and high pass filter temporal smoothing. Functional images were realigned to
the anatomic images obtained within each session and normalized to the BrainVVoyager
template image, which conforms to the space defined by the Talairach and Tournoux’s
stereotaxic atlas (Talairach and Tournoux, 1988). Motion in any run of more than 4 mm along
any axis (x, y, or z) resulted in the discard of that run. Only one run was discarded due to
excessive motion. Although some have questioned the use of transformation to stereotaxic
space for children’s brains in group studies of structure and function (Gaillard et al., 2001),
recent findings indicate that differences between age groups are beneath the resolution provided
by current imaging technology (Burgund et al., 2002). Furthermore, functional analysis maps
projected onto averaged anatomical images appear not to produce false variance between age
groups (Burgund et al., 2002).

Activation maps were analyzed using statistical parametric methods (Friston et al., 1995) as
implemented within the BrainVoyager 2000 software. Statistical contrasts were conducted
using multiple regression analysis with the general linear model (GLM), allowing for multiple
predictors to be built into the model. Regressors representing the experimental conditions of
interest were modeled with a hemodynamic response filter and entered into the multiple
regression analysis using a fixed-effects model. Contrasts between conditions of interest were
assessed with t statistics. Statistical parametric maps were overlaid on three-dimensional
renderings of an averaged-group structural scans.
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Analysis began with a contrast of blurred control (baseline) vs. food (F) + non-food (NF)
conditions within each session to assess whether the low-level baseline produced significant
activation. No significant regions of change were noted. Secondly, whole-brain analyses of
contrasts between stimuli conditions (i.e., F vs. NF) were conducted within each state (pre-
meal and post-meal). Based on previous research in adults, a priori regions of interest (ROISs)
included OFC, MFC, insula, amygdala, and hippocampal formation (hippocampus and
parahippocampal gyrus). We defined “‘orbitofrontal cortex’” based on Talairach coordinates
mapped onto the Mai et al. (2003) atlas and corresponding to one of the orbital gyri. Medial
frontal cortex was defined as frontal activations superior to these gyri and in the midline (£8
mm). Specifically, we predicted greater activation to food pictures, compared to non-food
pictures and blurred baseline image, in these regions in the pre-meal condition. In order to
identify potential regions nonspecifically implicated in food image processing, we also
examined the simple effect of stimulus type (F vs. NF) collapsed across motivational states. A
priori ROIs were not specified for this set of exploratory analyses.

Furthermore, an interaction analysis (motivational state x condition) was performed to examine
the response to food (vs. baseline) between the pre-meal and post-meal conditions. In addition,
in order to determine the difference between hunger-modulation response to food stimuli versus
non-food stimuli, a 2 (food vs. non-food) x 2 (pre- vs. post-meal) interaction analysis was also
performed. A priori ROIs for both interaction analyses included the same regions as noted for
the F vs. NF contrasts. For all analyses, voxels in regions of interest predicted in each contrast
were considered significant if the activation survived a statistical threshold of P < 0.05
(corrected for multiple comparisons for whole brain) and had a minimum cluster size of 3
contiguous voxels. Other areas were considered significant if they exceeded a threshold of P
< 0.01 (corrected for whole brain) and had a minimum cluster size of 6 contiguous voxels.

Finally, follow-up analyses of some a priori ROIs found to be activated in the primary analyses
were conducted. For ROI analyses, mean percent signal change values (food compared to
blurred baseline, averaged across each block) in the maximum pixel within each region for
each individual were exported to SPSS 11.0.2 for Macintosh (Statistical Package for the Social
Sciences, Chicago, IL) for comparison between sessions using an analysis of variance
(ANOVA). For anatomical verification of a priori region activation, Talairach coordinates for
each maximum pixel were determined and confirmed by examination of an additional
anatomical brain atlas (Mai et al., 2003).

Behavioral data

Memory performance scores for both the pre-meal and post-meal sessions were higher than
chance (pre-meal: Z =—-2.67, P < 0.01; post-meal: Z = -2.67, P < 0.01, Wilcoxon signed rank
test). Memory for food items was higher in the pre-meal condition [mean percentage correct
(xSD) = 77.78% (x7.36); A’ = 0.85)] than in the post-meal condition [mean percentage (£SD)
=65.92% (+10.55); A’=0.83; Z=-2.07, P < 0.05, Wilcoxon signed rank test)], while memory
for non-food items did not differ across feeding states [pre-meal: mean percentage correct
(xSD) = 81.73% (+10.04); A’ = 0.88; post-meal: mean percentage correct (xSD) = 79.51%,
(£9.86); A’ =0.87; Z = —-0.25, n.s., Wilcoxon signed rank test]. fMRI data

Simple effect of stimulus type

Assessing effect of stimulus type across motivational states, food elicited greater activation
compared to non-food in the insula (x, y, z = =35, 3, —7), inferior frontal cortex (—23, 24, —4;
BA 11/47), ventrolateral prefrontal cortex (—38, 33, 20; BA 9/10), parahippocampal gyrus (28,
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—27,-19; BA 36), and bilateral fusiform gyrus (28, —48, —10; BA 37; —29, —51, —10; BA 37).
Non-food images, alternatively, generated greater activation bilaterally in the cerebellum.

Food vs. non-food contrasts

Pre-meal—The (Food—Non-food) direct contrast yielded greater activations to food before
eating in a priori regions including the bilateral medial OFC, left lateral OFC, and bilateral
MFC (see Table 1 for t values and Talairach coordinates). Post hoc regions are also listed in
Table 1.

Post-meal—After eating, food stimuli elicited greater responses relative to non-food in
several post hoc regions (see Table 1).

Stimulus x motivational state interaction contrast

The interaction contrasting pre- and post-meal sessions revealed neural responses to food that
differed significantly depending on motivational state. Specifically, regions were identified in
which the Food vs. Baseline contrast was greater in the pre-meal condition than in the post-
meal condition. A priori regions responding to food images to a greater extent before eating
than after eating included the right amygdala, right medial OFC, bilateral lateral OFC, left
MFC, bilateral basal operculum/insula, right parahippocampal gyrus, right cingulate gyrus,
and left fusiform gyrus (see Table 1). Fig. 1 depicts areas of activation in the amygdala, MFC,
and MOFC. Post hoc regions are listed in Table 1.

Further analyses were conducted to examine the interaction between stimulus type (Food vs.
Non-food) and motivational state (Pre-meal vs. Post-meal), which yielded activations in the
superior frontal gyrus [x, y, z = —8, 24, 63, a region corresponding to Brodmann’s area (BA)
8] and in the fusiform gyrus (25, —45, —7; BA 37) at the P < 0.01 (corrected) level.

Region of interest analysis

In order to investigate further the nature of the activations seen in clusters within the amygdala
and medial OFC (MOFC), detailed ROI analyses were conducted on these regions, as identified
by the interaction analysis. A 2 (amygdala vs. MOFC) x 2 (pre-meal vs. post-meal) repeated-
measures ANOVA on percent signal change revealed a main effect for motivational state (pre-
vs. post-meal), with both regions exhibiting greater activation pre-meal compared to post-meal
[ F(1,16) = 16.62, P < 0.01] but no main effect for region of interest [ F(1,16) = 0.21, n.s.].

Due to the likelihood of habituation within the amygdala over time (Wright et al., 2001), mean
percent signal change values within this region were examined further. Within the amygdala,
significant habituation (as defined by greater activation in run 1 vs. run 2) was exhibited during
the pre-meal state [t(1,15) = 2.65, P < 0.05], but not during the post-meal session [t(1,16) =
0.52, n.s.] (see Fig. 1). Thus, significant activation in the amygdala occurred only in the first
run of the pre-meal condition.

Discussion

Results indicate that patterns of neural activation to food stimuli are modulated by motivational
state in children and adolescents of healthy weight. These findings closely replicate previous
imaging studies in adult populations (e.g., LaBar et al., 2001), showing activation to food
stimuli in limbic and paralimbic regions during pre-meal scans. Results from this study reveal
specific neural patterns of activity during hunger, including increases to food in the OFC,
amygdala, MFC, insula, parahippocampal gyrus, cingulate gyrus, and fusiform gyrus, and
habituation to presentation of food stimuli explicitly in the amygdala. In addition, our stimulus
type contrast suggests greater activation to food compared to non-food images in the OFC and
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MFC before eating, implying these areas contribute specifically to the processing of food
stimuli in a state of high incentive. Finally, our data indicate that these functional connections
are established by late childhood and adolescence.

Current and previous work specifically point to the OFC/MFC and amygdala in processes
underlying food motivation. Both the amygdala and OFC have direct connections with the
medial prefrontal cortex (Ongur etal., 2003; Rolls, 2004). The OFC is believed to play a central
role in assessing the reward value of taste (Rolls, 2004). Due to the particular salience of food
stimuli during a fasting state, it is not surprising that this region is also recruited in response
to visual food stimuli. Increased activity in the OFC and

MFC in response to food stimuli is also consistent with recent findings related to food
motivation in humans (Morris and Dolan, 2001; O’Doherty et al., 2002), which implicate these
neural territories in evaluation of positive reinforcers (such as food). In addition, the MFC
appears to mediate communication between the hypothalamus and the highly reward-based,
affective OFC (Pucak et al., 1996). Ongur and colleagues theorize that some medial aspects of
the MFC modulate visceral responses to affective stimuli in a highly motivational context
(Ongur et al., 2003). Our results indicating increases to food stimuli in the MFC before eating
support this theory.

The amygdala, which serves a complementary role in evaluating emotional valence of salient
stimuli (Davidson, 2004), has been implicated in processing of food stimuli (Rolls, 2004) and
in the search for and selection of potential food sources (Baxter and Murray, 2002). Although
our results suggest that the patterns of response within the amygdala (pre-meal increase, post-
meal normalization) parallel those seen in OFC/MFC, closer analysis indicates that increased
activity is confined to the first run of the pre-meal condition. This finding is consistent with
habituation effects to repeatedly presented stimuli previously reported in the amygdala (Wright
etal., 2001) and likely reflects an initial response, with drop-off in activation after the salience
of the stimuli has been assessed (Whalen, 1998). Thus, following an initial assessment of food
stimuli salience, the amygdala may no longer be crucial to the overall process of monitoring
the body’s motivational status.

Due to the well-established connection between binge-eating and emotional regulation, it is
possible that the MFC/OFC, amygdala, and hippocampus may be involved in the development
of abnormal neural signals leading to overeating during a heightened emotional state (Will et
al., 2004), although it is difficult to rule out the possibility that the amygdala activation may
also play arole in basic learning processes associated with food availability stimuli. In addition
to emotional processing, these networks likely contribute to cognitive aspects of food stimuli
processing. Hunger-modulated activation in the MFC/OFC, amyg-dala, and hippocampus in
our young sample is consistent with research implicating these structures in encoding of food
stimuli during the hungry state among adults (Morris and Dolan, 2001). In the context of food
processing and hunger, interaction between memory and limbic functions of the hippocampus,
in particular, may indicate recruitment of memory processes related to highly arousing stimuli
(Morris and Dolan, 2001; Tataranni et al., 1999; Zald, 2003). Our behavioral results also
tentatively support this evidence of enhanced memory for food during the hunger state, with
increased memory for food stimuli pre-meal compared to post-meal. Cognitive processes such
as memory may ultimately interplay with affective signals—hypersensitive memory for food,
in the context of emotional dysregulation, may lead to stronger associations between food and
pleasure and thereby contribute to overeating.

The insula contains the primary taste cortex (Zald, 2003) with direct connections with the
amygdala and OFC. Our results suggest greater increases in insular activity in response to food
stimuli before eating, which is consistent with previous findings in adults (Hinton et al.,
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2004; Morris and Dolan, 2001; Small et al., 2001); however, we also found a main effect for
food presentation in another region of the insula, which is consistent with LaBar et al.
(2001), who reported insula activation to food stimuli both before and after eating. Further
studies are needed to elucidate the role of the insula in motivationally modulated response to
food-related stimuli. Increased responses in the ACC have been documented in response to
aversive gustatory stimuli (Zald et al., 1998), anticipatory taste during hunger (Gautier et al.,
1999), and visual images of food during hunger (Tataranni et al., 1999). Our finding of
increased activity in the anterior cingulate cortex in response to food stimuli during hunger is
consistent with these reports and may be related to the monitoring of unpleasant internal
sensations associated with hunger (Craig et al., 1996; Tataranni et al., 1999). Finally, food-
related activation in the fusiform gyrus during hunger replicates previous findings (LaBar et
al., 2001). Given the role of the fusiform in visual processing of both natural and manufactured
objects (Joseph, 2001), this result presents evidence that the fusiform gyrus contributes to the
processing of visual attributes specific to food.

Beyond basic replication of previous findings on food motivation in adults, our results extend
the understanding of developmental aspects of neural mechanisms of appetitive function. This
is the first study to examine food motivation in typically developing children and adolescents
ataneural systems level. While adjustments in the body’s nutritional requirements occur across
the lifespan (Troiano et al., 2000), these changes do not appear to be similarly reflected in
changes in the neural circuitry of food motivation. Recent reports indicate similar establishment
of normal functioning in other reward-related neural networks in children and adolescents
(May et al., 2004). However, differences in neural functioning between childhood and adult
processing have been noted in relation to high-order tasks such as word generation (Brown et
al., 2005). It is possible that presence of normal developmental changes in brain functioning
emerges in studies focused on processes that also show behavioral changes with age, while
more basic processing of food (which could be considered a more innate or primitive function)
is established early on and undergoes little variation in terms of either behavioral or neural
functioning.

Furthermore, our results provide a basis for investigation of children and adolescents with
obesity. Previous findings in adults with obesity indicate greater increases in the PFC and
greater decreases in the OFC, amygdala, hippocampus, insula, and temporal lobe during
satiation compared to lean individuals (DelParigi et al., 2003; Gautier et al., 2000). While these
studies examining food motivation in overweight adults aid in the overall understanding of
neural mechanisms of overeating and obesity, none have been performed in groups of children
and adolescents. Through future studies on the comparison of adults and children with obesity,
we might better understand the development of this condition and the relationship between
early-onset of obesity and neural functioning.

Finally, our understanding of the typical neural response to food motivation may also inform
our view of disorders in which food intake is abnormal. Individuals with eating disorders (i.e.,
anorexia nervosa and bulimia nervosa), who typically develop symptoms during adolescence
(APA, 2000), maintain abnormal thought patterns involving food. Recent work demonstrates
parallel dysfunction in neural mechanisms of food processing and motivation in this
population. In general, neuroimaging studies suggest hyperactivation in regions involved in
modulation of visceral responses to salient stimuli during motivation in chronically food-
deprived individuals. This research provides evidence for reduction in activity during rest in
prefrontal regions and the anterior cingulate cortex in eating disorders (Delvenne et al.,
1999; Naruo et al., 2001; Takano et al., 2001; Wu et al., 1990), with a specific heightened
response to presentation of food in the MPFC during hunger (Uher et al., 2004). Our results in
normal food motivation also demonstrate a role for the MPFC, a region which showed large
increases in response to food before eating in normal weight children and adolescents.
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Comparison of our results with those of Uher et al. may imply a role for the MPFC in the
development of eating disorders. A complete understanding of MPFC dysfunction in eating
disorders and its variance from typical function awaits further investigations comparing
children and adolescents with and without eating disorders.

While the implications of the current study extend the understanding of normal appetitive
functioning, some limitations must be acknowledged. First, our small sample size and use of
a fixed-effects analysis preclude generalization to the population level of our age group. We
included individuals within a wide age range (10-17) who may represent different
developmental stages. Although we examined relationships between age and percent signal
change using data in this study, we found no evidence for significant correlations in any of our
ROls. Future studies should be conducted in larger groups so that the effects of age can be
more specifically addressed. Furthermore, this initial study utilized a blocked design, and we
do not know if findings will extend to event-related designs. The blocked stimulus presentation
may have also contributed to our observations of habituation in the amygdala across functional
runs. Finally, given the possibility of susceptibility artifact in and around the MOFC (at a field
strength of 3 T), we cannot conclude that other more ventral regions of MOFC were not also
involved in food motivation.

In summary, normal weight children and adolescents showed increased activation to food
images in the amygdala, medial frontal/orbitofrontal cortex, and insula in the pre-meal
condition, which resolved following ingestion of a small meal. Our results indicate that neural
responses to hunger and satiation in healthy weight children are similar to those previously
documented in healthy weight adults. These findings provide evidence that normal patterns of
neural activity underlying food motivation begin in childhood and closely parallel responses
in adults. While obesity is a multifaceted condition, eating behavior is strongly influenced by
neural processes, the roots of which begin in childhood. Current results, therefore, provide
insights into the potential neural mechanisms contributing to the increasing problem of obesity.
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Fig. 1.

Statistical contrast maps highlighting results from the Stimulus x Motivational State Interaction
contrast, coregistered with average structural MRI data from participants. Maps are presented
in the coronal perspective. Regions of activation represent areas in which the Food vs. Baseline
contrast varies with motivational state (greater pre-meal). Activations are noted in (A)
amygdala, (B) medial orbitofrontal cortex (MOFC), and (C) medial frontal cortex (MFC).
Below, the bar graph represents habituation to food stimuli within the amygdala at its maximum
voxel [located at 14, —2, —18] separately for each run within the pre-meal and post-meal states.
*P < 0.05.
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Table 1

Regions reaching significance for the contrasts between food, non-food, and baseline stimuli categories during
pre-meal and post-meal states ( P < 0.01, corrected for whole brain)

Coordinates

Contrast Region Brodmann’s area X y z t
Food > non-food
Pre-meal Medial OFC 10 4 54 —4 5.66
10 -2 57 —4 6.94
LateralOFC 11 -29 33 -4 8.16
MFC 10 -8 61 20 5.79
Superior parietal cortex 7 22 —66 56 6.49
Cerebellum/fusiform 19/37 22 —54 -13 9.32
19/37 -23 51 -13 8.38
Post-meal Superior temporal gyrus 21/22 58 -12 2 6.17
Fusiform gyrus 37 25 —54 -10 6.30
37 -29 —54 -7 7.66
Stimulus x motivational state interaction
Amygdala — 14 -2 -18 6.62
— 17 -11 -15 5.64
Medial OFC 10 2 49 3 7.58
Lateral OFC 47 -35 33 =7 6.15
11 25 33 —4 5.67
MFC 9 -8 57 26 9.07
Insula — -38 21 -1 7.48
Basal operculum 47 40 21 -10 6.60
47 -38 21 -10 6.61
Parahippocampal gyrus 28 16 -12 -16 5.64
Cingulate gyrus 23 1 -15 32 5.68
Fusiform gyrus 37 —41 —60 -13 9.25
Inferior frontal gyrus 44 49 18 8 6.34
Superior frontal gyrus 6 10 9 65 8.03
8 -20 45 38 7.12
Inferior temporal gyrus 37 52 —60 =7 6.28
Globus pallidus - 10 3 -4 5.67
Postcentral gyrus 4 -14 -33 56 7.15
Precentral gyrus 6 52 0 41 7.16
6 -5 =27 68 6.73
Supramarginal gyrus 40 52 —-36 50 5.55
40 —47 -39 44 5.74
Cerebellum/fusiform 37 19 —45 -16 7.36
36 34 —-36 =25 8.59
Non-food > food
Pre-meal Lateral temporal gyrus 37 40 -60 5 —7.40
Fusiform 37 37 —42 -16 -7.13
Cerebellum/fusiform — —-38 —48 -19 -9.90
Post-meal Superior frontal gyrus 6 1 18 54 -5.76
9 -17 61 29 —6.53
Cerebellum/fusiform 37 34 —42 -22 -8.34
— —-38 —48 -16 -10.68
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