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Abstract

Behavioral studies have suggested that food cues have stronger motivating effects in obese than in
normal-weight individuals, which may be a risk factor underlying obesity. Previous cross-
sectional neuroimaging studies have suggested that this difference is mediated by increased
reactivity to food cues in parts of the reward system in obese individuals. To date, however, only a
few prospective neuroimaging studies have been conducted to examine whether individual
differences in brain activation elicited by food cues can predict differences in weight change. We
used functional magnetic resonance imaging (fMRI) to investigate activation in reward-system as
well as other brain regions in response to viewing high-calorie food vs. control pictures in 25
obese individuals before and after a 12-week psychosocial weight-loss treatment and at 9-mo
follow-up. In those obese individuals who were least successful in losing weight during the
treatment, we found greater pre-treatment activation to high-calorie food vs. control pictures in
brain regions implicated in reward-system processes, such as the nucleus accumbens, anterior
cingulate, and insula. We found similar correlations with weight loss in brain regions implicated
by other studies in vision and attention, such as superior occipital cortex, inferior and superior
parietal lobule, and prefrontal cortex. Furthermore, less successful weight maintenance at 9-mo
follow-up was predicted by greater post-treatment activation in such brain regions as insula,
ventral tegmental area, putamen, and fusiform gyrus. In summary, we found that greater activation
in brain regions mediating motivational and attentional salience of food cues in obese individuals
at the start of a weight-loss program was predictive of less success in the program and that such
activation following the program predicted poorer weight control over a 9-mo follow-up period.
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1. Introduction

Over the last 25 years, the prevalence of obesity has tripled in the United States (World
Health Organization, 2003). The current environment in the United States has been labeled
“obesogenic”, with a key feature being an overabundance of readily available highly
palatable, high-calorie foods (Carnell and Wardle, 2008). Nevertheless, there is enormous
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variation in weight among adults in the population, with only some individuals becoming
obese. One possibility is that certain individuals are particularly susceptible to effects of
environmental stimuli that promote excessive food intake and weight gain (Carnell and
Wardle, 2009). Exaggerated food-cue reactivity may not only be a factor in the development
of obesity but may also contribute to its intractability, causing difficulty in losing weight and
contributing to the prevalence of relapse after weight loss (e.g., Cornier, 2011; Jeffery et al.,
2000; Kramer et al., 1989; Wadden et al., 1989).

Behavioral studies have provided evidence that differences in food cue reactivity contribute
to differences in susceptibility to obesity (Rodin et al., 1989; Schachter and Gross, 1968).
For example, studies of both children and adults have shown that the taste or smell of
palatable snack food triggers overconsumption in obese individuals (Jansen et al., 2003) and
that the magnitude of appetitive effects of the sight and smell of appetizing food is stronger
in overweight compared to normal-weight individuals (Ferriday and Brunstrom, 2010;
Tetley et al., 2006). Furthermore, this effect may be most pronounced for high-calorie foods,
as suggested by reported relationships among BMI, food preferences, and food cravings. For
example, several studies of food biases have indicated that preference for highly palatable,
high-calorie foods is stronger among obese than among normal-weight individuals and can
predict weight gain (Le Noury et al., 2002; Mela, 2001; Rissanen et al., 2002; Salbe et al.,
2004). In addition, degree of craving for high-calorie foods is positively correlated with BMI
(Burton et al., 2007). Taken together, these results suggest that food cues, especially high-
calorie food cues, possess a greater than normal potency in driving food intake in obese
individuals.

Neuroimaging studies investigating responses to visual food cues, such as pictures of food,
have found increased activation in obese individuals within the reward system and
associated brain regions, similar to the proposed circuitry for drugs of abuse (Del Parigi et
al., 2003; Volkow and Wise, 2005; VVolkow et al., 2008). We and others have used fMRI to
compare obese and normal-weight individuals with regard to brain activation in response to
high-calorie food pictures and found greater activation in obese individuals in a wide variety
of structures within the classically defined reward system, such as ventral tegmental area
(VTA), nucleus accumbens (NAc), and orbitofrontal cortex (OFC), as well as additional
regions implicated in reward- and motivation-related processes, such as the insula,
hippocampus, dorsal striatum, and anterior cingulate cortex (ACC) (Bruce et al., 2010;
Martin et al., 2010; Rothemund et al., 2007; Stice et al., 2010a; Stoeckel et al., 2008).

The results cited above suggest that greater reward system reactivity to high-calorie food
cues contributes to the development of obesity (e.g., Stice et al., 2011) and, as a corollary,
may also cause greater difficulty in losing weight and in maintaining weight loss. Although
there have been previous neuroimaging studies examining brain responses to pictures of
food that signal impending food intake, or responses to food intake itself (e.g., Stice et al.,
2008a, 2008b, 2009, 2011), to our knowledge, there have been only two published fMRI
studies investigating whether activation of reward areas by visual food cues not signaling
imminent food intake predicts subsequent body weight trajectory. Stice and colleagues
(2010a) found that activation in reward areas to imagined intake of palatable food correlated
positively with weight gain over the next year in some individuals, although negative
correlations were found in those with genotypes suggestive of impaired dopamine signaling.
The second study employed a go/no-go task that included pictures of appetizing, high-
calorie foods on no-go trials and found a negative correlation between fMRI activation in
the temporal operculum on such trials and subsequent one-year weight gain in adolescent
girls (Batterink et al., 2010).
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There is a growing body of research seeking to determine whether interventions aimed at
weight loss can successfully change obese individuals’ reactivity to food cues. Some studies
have shown that behavioral interventions aimed at reducing fat intake can decrease
individuals’ motivation to consume high fat foods (Grieve and Vander Weg, 2003; Jansen et
al., 2010; Ledikwe et al., 2007; Martin et al., 2011; VVan Horn et al., 2005), raising the
possibility of reduced reactivity to cues associated with such foods. Cross-sectional
neuroimaging studies of successful dieters, or post-obese individuals, in comparison to
normal-weight individuals, have yielded mixed results regarding responses of reward areas
to visual or gustatory food cues (Cornier et al., 2009; Del Parigi et al., 2004). Other studies
have shown that successful dieters, when compared to non-dieters, have greater Positron
Emission Tomography (PET) activation in the dorsolateral PFC and OFC in response to
meal consumption (Del Parigi et al., 2007) and have greater PET or functional Magnetic
Resonance Imaging (fMRI) activation to high-calorie food pictures in prefrontal regions
implicated in inhibitory control (Le et al., 2007; McCaffery et al., 2009), than currently
obese individuals and never-obese healthy controls. Some authors suggest that this pattern of
neural activity indicates enhanced inhibitory processing of food cues in order to promote
successful weight-loss and weight maintenance (Del Parigi et al., 2007; McCaffery et al.,
2009). This idea is strengthened by the results of an fMRI study by Hare and colleagues
(2009), who studied normal-weight dieters classified as “self-controllers”, who considered
both health and taste when choosing foods, vs. “non-self-controllers”, who considered only
taste. When the “self-controllers” had to decide whether to respond “yes” or “no” to tasty
but unhealthful foods (for later possible consumption), they had greater BOLD activation in
the inferior frontal gyrus/Brodmann Area (BA) 9 during successful self-control trials.
However, these cross-sectional studies are unable to examine brain changes as a function of
successful dieters’ weight loss.

In the present study, we used a longitudinal design to examine neural activation to food
pictures in obese participants before and after a 12-wk behavioral, psychosocial weight-loss
program. We used fMRI to investigate differences in activation of reward areas, inhibitory
control regions, and whole brain among participants in a weight-loss program who varied in
success at losing weight and maintaining weight loss. We hypothesized that high activity of
reward and associated areas in response to high-calorie food pictures would be predictive of
relative lack of success in weight loss and maintenance of weight loss. In particular, we
expected that (1) greater reward system activation to high-calorie food pictures prior to the
weight-loss program would predict less weight loss during the 12-wk program, (2) greater
post-treatment activation would predict poorer maintenance of weight loss over a 9-mo
follow-up period, and (3) participants showing the greatest decreases in activation from pre-
to post-treatment would show the greatest weight loss during the treatment and would be the
most successful at maintaining their weight loss during the follow-up period. Conversely,
we hypothesized that in the preceding analyses, greater activation or greater increases in
activation in inhibitory control areas would be associated with greater weight loss and more
effective post-treatment weight maintenance.

2. Materials and Methods
2.1 Participants

Participants were 25 obese (n = 21) and overweight (n = 4) adults (19 women, 6 men; mean
age + SD: 48.0 + 10.91) and 13 normal-weight controls (8 women, 5 men; mean age: 45.2 +
10.01) (Table 1). The obese and overweight participants were enrolled in the 12-wk
EatRight Lifestyle Weight Management Program at the University of Alabama at
Birmingham (UAB). Body Mass Index (kg/m?2), a proxy measure of adiposity using height
and weight, was used to classify participants as normal-weight (BMI < 25), overweight
(BMI = 25 and < 30) or obese (BMI = 30). The initial BMI range of the obese participants
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in this study was 28.4 to 44.6 (mean = SD: 32.86 + 3.82). Because only 4 out of the 25
EatRight participants actually had a BMI less than 30, classifying them in the overweight
category, for brevity we will refer to this group as obese. Obese participants were recruited
at one of the first three (of 12) EatRight classes, so that their first fMRI imaging session
could be performed before they had a chance to implement many of the lifestyle changes
that EatRight promoted. They were informed that the purpose of the study was to determine
how the brain reacts to pictures of food in people who are overweight or obese and whether
changes in brain activation patterns occur after participation in a weight-loss program.
Normal-weight control participants were recruited from UAB and the surrounding
community using flyers and advertisements posted in the UAB Reporter newspaper.

Participants were excluded if they were left-handed (Edinburgh Handedness Inventory;
Oldfield, 1971), and/or had an intelligence quotient < 80 on the Shipley Institute of Living
Scale (SILS; Zachary, 1986). Participants were also excluded for having a chronic health or
neurological condition, history of head injury or loss of consciousness for more than 5 min,
history of psychosis, current or past alcohol or drug abuse problem, or being a cigarette
smoker. As safety precautions, participants were also excluded for having ferromagnetic
material in the body, being claustrophobic, or being pregnant. Also, because of our use of
visual stimuli, participants were excluded for having worse than 20/40 vision not correctable
with contact lenses or the non-ferromagnetic corrective glasses used at the magnet (range of
+ 6 diopters). Participants were excluded for having blood pressure > 140/90 not controlled
by medication, meeting the full criteria for any eating disorder (Eating Disorder Diagnostic
Scale, EDDS; Stice et al., 2000, 2004), being concurrently enrolled in another weight-loss
program, and/or any food preferences or allergies, as assessed in screening, inconsistent with
our food pictures. For example, because many of the food pictures depicted meats, milk
products, and chocolate, we excluded vegetarians as well as those who reported lactose
intolerance or an allergic reaction to chocolate. Finally, we excluded immigrants for whom
typical American foods were novel. Obese participants were also excluded for body weight
of > 350 Ibs (159 kg) and/or girth > 64 in (163 cm), as these exceeded the patient table and
magnet bore limits. We included two obese participants who were on medication
(metformin, glipizide, and/or lantus) to manage Type |l diabetes. Because of the high
prevalence of depression among individuals who are obese (Ohayon, 2007), we also
included three obese participants who were being treated with anti-depressants (selective
serotonin reuptake inhibitor), but ensured that they had been on the medication for more
than 6 months and did not change medication between the first and second scanning
sessions.

2.2 UAB'’s EatRight Lifestyle Weight Management Program

The EatRight Lifestyle Weight Management Program is a 12-wk psychosocial weight loss
program offered by the University of Alabama at Birmingham (UAB) Department of
Nutrition Sciences. Classes meet once a week for 90 minutes and involve educational,
motivational, and behavioral components. Topics include goal setting, cognitive
restructuring, record keeping, label reading, portion control, stress management, and
exercise. The overarching theme of the program is to encourage the replacement of high-
energy-dense foods, those high in sugars and fats, by more high-bulk, low-energy-dense
foods (Rolls et al., 2005). Registered nutritional specialists conduct the sessions, and
medical supervision is provided by board-certified physicians. The program also includes a
behavioral intervention component that focuses on cognitive factors that may play a role in
creating barriers to achieving these lifestyle dietary changes. Although the program
promotes a less sedentary lifestyle (e.g., taking the stairs instead of the elevator), it has no
structured exercise component.
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Visual stimuli consisted of 504 high-quality color photographs selected from previous
studies (Stoeckel et al., 2007, 2008) with additional comparable photographs taken with a
digital camera or scanned from popular food magazines. All images were converted to the
same resolution (800 x 600) and luminance matched. The 504 pictures were randomly
divided into two sets of 252 pictures, including 168 food images and 84 control images, for
each of the pre- and post-scanning sessions. The 168 food images were further subdivided
into 84 depicting high-calorie foods and 84 depicting low-calorie foods. The high-calorie
food images consisted of an equal number of sweet foods, such as a slice of chocolate cake
or cheesecake, and savory foods, such as a cheeseburger or french fries. The low-calorie
food images consisted of low-fat foods, such as broiled fish or salad. The control images
consisted of pictures of cars; these images were moderately engaging control stimuli that
matched the low-calorie food images in ratings of pleasantness (Stoeckel et al., 2007). To
minimize habituation, no image was shown more than once.

2.4 Procedure

After participants were recruited, initially screened for eligibility, and had given informed
consent, they were scheduled for a laboratory session at which they completed measures to
assess additional study requirements, such as computed BMI, maximum body girth,
intellectual functioning (Shipley Institute of Living Scale, Zachary, 1986), and blood
pressure. Participants were scheduled for two separate fMRI imaging sessions, one within
the first 3 wk of starting the EatRight program and another within 1 wk after the program
ended. Control participants were also imaged twice, 12 wk apart, but did not participate in
the EatRight program.

Imaging sessions took place between 16:00 and 19:00. Following our standard protocol
(Stoeckel et al., 2008), participants were instructed to eat a normal breakfast and then refrain
from eating for 8 h before being imaged. Although 8 h is longer than the typical breakfast-
to-lunch or lunch-to-breakfast eating gap, it is comparable to the gap between dinner or post-
dinner snack and breakfast. Participants were also instructed to abstain from alcohol for 24 h
prior to the imaging session, to avoid exercise on the day of the study, and to avoid caffeine
for 3 h prior to imaging. Participants were called during the evening before each scan to
remind them of the instructions. Before the scans, each participant completed a visual analog
scale (VAS) measuring hunger (as in Stoeckel et al., 2008) and detailed the time and content
of their last meal. Weight and blood pressure were measured, and each female participant
was administered a urine-based pregnancy test to confirm that she was not pregnant.

Participants then entered the magnet for the functional MRI scans. Memory foam inserts
were placed inside the head coil to limit participant head movement. Visual stimuli were
presented in a block design format, with a total of six 3:15 min runs for both the pre- and
post-treatment scanning sessions. Each run consisted of two pseudorandomly presented
epochs each of car and low-calorie food images, and one epoch each of high-calorie sweet
food and high-calorie savory food images (see Figure 1 in Stoeckel et al., 2008). Each
individual epoch lasted for 21 s and included 7 individual images presented for 2.5 s
followed by a 0.5 s gap. Each epoch was separated by 9 s of blank screen with a fixation
cross. Each run began with 15 s of blank screen and ended with 9 s of blank screen. Each
run consisted of 65 volumes for a total of 84 time points over the 6 runs for each main
picture category. The stimuli were presented by a Dell Latitude D630 laptop computer using
VPM software (Cook et al., 1987). The laptop was connected to a Sony LCD projector
(VPLPX35) with a Navitar long-throw lens. The visual stimuli were presented on a
projection screen behind the participant’s head at the rear of the scanner and viewed via a
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45° single-surface rear-projecting mirror attached to the head coil. The images subtended
visual angles of 10° x 13°.

Following the scans, participants completed a memory task in which they were asked to sort
60 laminated color pictures of foods and cars into two piles, those seen in the magnet and
those not seen. Half of the images were a subset of those presented in the magnet, and the
other half were novel. The purpose of this task was to assess whether participants had
attended to the images while in the magnet. Also, participants rated a subset of the food
images for appetitive motivation and emotional valence (Stoeckel et al., 2008), results of
which are not included here. All but one obese participant returned for a brief lab visit 9 mo
later, that is, 1 yr after the start of the EatRight class, for a final body weight measurement.
Participants were financially compensated for their participation at the initial laboratory
session, the pre- and post-treatment scanning sessions, and the 1-yr follow-up visit. All
procedures were reviewed and approved by UAB's Institutional Review Board for Human
Use.

2.5 MRI Data Acquisition

Structural and functional MRI data were collected using a Philips Achieva 3 Tesla ultra-
short (1.57 m) bore magnet, housed in UAB's Cardiovascular MRI facility. During the time
of the study, the Cardiovascular MRI facility upgraded the scanner from a 6-channel to an 8-
channel head coil, so that half of our participants were imaged using the 6-channel and half
with the 8-channel head coil; subsequent data analyses indicated no effect of statistically
controlling this variable. For each participant, the same head coil was used for both scanning
sessions. For structural imaging, high resolution T1-weighted scans were acquired using a
160-slice 3D T1 Turbo-field Echo (TFE) volume sequence with T1 = 400ms, TR = 9.9 ms,
TE = 4.6 ms, flip angle = 8°, FOV =24 cm, 256 x 256 matrix size, and 1 mm slice
thickness. These were used to exclude any participants with gross brain abnormality.
Functional MR images were acquired using single-shot gradient echo T2*-weighted echo-
planar imaging (EPI) with blood oxygenation level dependent (BOLD) contrast. We used
TR =35, TE = 30 ms, an 85° flip angle, a scan resolution of 80 x 79, reconstructed to 128 x
128, with a 230 x 149 x 230 mm FOV. Each volume comprised 30, 4 mm axial slices with a
1 mm interslice gap and a voxel size of 3.75 x 3.75 x 5 mm. The first 2 scans were
discarded to allow for the BOLD signal to stabilize. The start of each run of visual stimuli
was manually synchronized with the MRI data acquisition.

2.6 fMRI Data Analysis

Data were preprocessed and analyzed using SPM8 (Wellcome Department of Cognitive
Neurology, University College London, London, UK) run within Matlab (7.9; Mathworks,
Inc.). Functional images were slice time-corrected to the onset of the 15t slice (middle
slice) and spatially realigned using INRIAlign, a motion correction algorithm unbiased by
local signal changes (Freire et al., 2002). During realignment, a mean functional image was
computed for each run and then matched to the EPI template provided within SPM8. Data
were then spatially normalized to standard Montreal Neurological Institute (MNI) brain
space and spatially smoothed using a three-dimensional Gaussian kernel of 6 mm full-width
at half-maximum (FWHM), resulting in a resampled in-plane resolution of 2 x 2 x 2 mm
voxels. The functional data were then passed through a 1/128 Hz high-pass filter in order to
remove low-frequency artifacts, as well as temporally filtered using an autoregressive
(AR(1)) model. No participant’s data set failed to meet the movement inclusionary criteria,
which were that within-run movement before correction did not exceed 2 mm in
translational movement and 2° in rotational movement.
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Single-subject contrast maps were generated within the context of the General Linear Model
(GLM) on a voxel by voxel basis as implemented in SPM8. Separate regressors were created
for high-calorie food, low-calorie food, and car images by convolving the time course of
activation, using a boxcar function, with the canonical hemodynamic response function
(HRF). Fixed-effects analyses were performed for each individual participant for both
imaging sessions, examining the variance in regional BOLD response to high-calorie foods
vs. cars and high-calorie foods vs. low-calorie foods. These analyses allowed us to identify
regions that were more activated when the participant was viewing high-calorie food images
than the low-calorie food or control (car) images. There were no significant differences
overall between activation in response to high-calorie foods and low-calorie foods, and
activation to low-calorie foods did not differ between groups, so the high-calorie food versus
car contrasts were emphasized in regression analyses related to weight change.

Second level (group) analyses were performed using a random-effects model of the beta
images from the single-subject contrast maps. The contrast maps were smoothed prior to
analysis with a three-dimensional Gaussian kernel of 6 mm FWHM, achieving a smoothing
of 7.25 mm FWHM at the second level. In addition, we generated union masks (using the
ImCalc function within SPM8) of the single-subject contrast maps for the pre-treatment
scanning session (Session 1) vs. post-treatment scanning session (Session 2) data for each
participant. These higher level subtractions allowed us to identify regions in which high-
calorie food images became more or less effective in eliciting activation after treatment. For
these analyses, two control participants, both men, had to be excluded because they did not
return for the second scanning session. Additional between-group comparisons were run to
determine whether the contrast estimates for both the sessions separately and Session 1 vs.
Session 2 were significantly different between the obese participants and controls.

The analyses of primary interest were multiple regressions relating activation for the high-
calorie foods vs. cars contrast to percent weight change using data from the obese group
only. In all analyses, initial BMI was included as a covariate. Specifically, the analyses
were: (1) activation at Session 1 vs. 12-wk weight change, (2) Session 1 minus Session 2
activation vs. 12-wk weight change, (3) Session 2 activation vs. weight change from the end
of the program until the final weight measurement, subsequently referred to as 9-mo weight
change, and (4) Session 1 minus Session 2 activation vs. 9-mo weight change. In the two
analyses of 9-mo weight change, weight change during the program (12-wk change) was
added as an additional covariate. Finally, because of previous prospective studies of
participants with a wide range of BMI’s (Batterink et al., 2010, Stice et al., 2010a), we
analyzed Session 1 activation in the control group vs. 12-wk weight change and Session 2
activation vs. 9-mo change (see Supplementary Material).

Statistical parametric maps were derived from the resulting t values associated with each
voxel. Statistical maps were superimposed on normalized T1-weighted images from SPMS8.
For cluster-level inference, extent threshold was set such that FDR < 0.05 for number of
contiguous voxels with p < 0.01. Voxel-level inference used a threshold corrected at FWE <
0.05.

We performed both regions of interest (ROI) and whole-brain analyses. ROI analyses were
used to improve statistical power and address our a priori hypotheses. In those regions
subsequently referred to as reward ROI’s, we hypothesized that activation would be
positively correlated with weight change. That is, those individuals who were least
successful at losing weight would have greater activation in regions implicated in reward
processes. These ROI’s included areas within the classically defined reward system as well
as functionally related areas found to be activated in similarly designed fMRI studies (e.g.,
Rothemund et al., 2007; Stoeckel et al., 2008). All reward ROI’s were bilateral and included
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anterior cingulate cortex (ACC), amygdala, caudate/putamen, hippocampus, insula, medial
prefrontal cortex (MPFC), nucleus accumbens (NAc), and ventral tegmental area/substantia
nigra (VTA/SN). We predicted that activation in inhibitory control ROI’s would be
negatively correlated with weight change. That is, those individuals who were most
successful at losing weight would have greater activation in regions implicated in inhibitory
control processes. These ROI’s included superior frontal gyrus (SFG), middle frontal gyrus
(MFG), and inferior frontal gyrus (IFG), as other neuroimaging studies have found frontal
regions to be activated in post-obese, successful weight-loss maintainers (DelParigi et al.,
2007; Le et al., 2007; McCaffery et al., 2009) or in dieters exercising self-control about food
choices (Hare et al., 2009). Motor cortex (Brodmann areas 4 and 6) was excluded from these
ROI’s. Both sets of ROIs were defined structurally using templates from the WFU Pickatlas
toolbox within SPM8 using the AAL or Talairach Daemon atlases (Lancaster et al., 2000;
Maidjian et al., 2004). The exceptions included the nucleus accumbens, for which we used a
predefined sphere (see Stoeckel et al., 2008), and the VTA/SN, for which a composite ROI
was created using a predefined sphere for the VTA (see Stoeckel et al., 2008) and the SN as
defined in the WFU Pickatlas.

3.1 Demographics, Weight Change and Behavioral Assessments

Our participants’ characteristics reflected those generally represented within the EatRight
Program (Table 1), that is, mostly female (76% in our sample), Caucasian (64%), and
middle-aged (mean £ SD = 48.0 + 10.9 yr) (cf. Greene et al., 2006; Cox et al., 2007). No
statistically significant differences between the control and obese groups were observed for
age ((36) = —0.79, p = 0.433), years of education (t(36) = 0.34, p = 0.737), race (y2 (1) =
0.10, p = 0.747), or gender (x2(1) = 0.31, p = 0.579).

As expected, the obese participants, who attended the EatRight program classes, lost
significantly more weight relative to their initial weights than the controls (control mean:
—0.80%, obese mean: —3.46%, t(34) = 3.11, p = 0.004). Within the obese group, the
differences in body weight between Session 1 and Session 2 were highly significant (t(24) =
6.76, p < 0.0001); 8% remained stable, 88% lost weight, and 4% gained weight (Figure 1),
and were consistent in magnitude with the pre- to post-treatment weight changes that have
been previously reported for this program (Svetkey et al., 2008; Ard et al., 2010). Within the
control group, on the other hand, there was no significant change in body weight from
Session 1 to Session 2 (paired t-test, t(10) = 1.12, p = 0.29); 9% remained approximately
weight stable (£1%), 64% lost weight, and 27% gained weight. In addition, in the obese
group, the percent change in body weight at the end of the 12-wk program was not
significantly different between Caucasians and African Americans (CA mean: —4.05, AA
mean: —2.40, t(23) = 1.70, p = 0.11), or between men and women (mean for men: —2.90,
mean for women: —3.64, t(23) = 0.64, p = 0.53), nor was it related to age (r = —0.22, p =
0.29). In the obese group (n = 24), mean (= SD) weight change in the 9 mo from Session 2
to the 1-yr weighing was +.75 + 5.02% (range = —10.20 to +14.76%), with 17% remaining
approximately stable (+1%), 38% losing additional weight after treatment ended, and 46%
gaining weight (Figure 1). In the control group (n = 11), over the same period, mean (£ SD)
weight change was +1.60 + 3.19%, with 27% remaining stable, 18% losing weight, and 55%
gaining weight (not shown).

The pre-scan mean hunger rating was 96.5 on the 0-150 VAS rating scale, and was thus
generally consistent with the moderate hunger that would be experienced after an 8-h fast.
There were no significant between-group differences on the hunger ratings. The average
percentage of pictures correctly identified as having been seen during each fMRI scan was
greater than what would be expected by chance, with chance being 50% (Session 1 mean:
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61.7%, t(35) = 10.07, p < 0.0001, Session 2 mean: 59.0%, t(35) = 8.08, p < 0.0001),
suggesting that the participants were paying attention to the pictures while in the scanner.
For both the controls and obese participants, there were no differences in memory
performance scores from Session 1 to Session 2 (t(35) = 0.89, p = 0.38). Also, there were no
between-group differences in memory scores at either session (p’s > .45).

3.2 Session 1 fMRI Results

In the obese group, reward ROl analysis revealed greater activation to high-calorie food
images compared to control (car) images in the insula, amygdala, and ACC (Table 2).
Whole-brain analysis, in the obese group, of activation in response to high-calorie food
images vs. control images revealed many regions activated, including reward associated
regions, such as the insula, ACC, and amygdala (also significant by ROI analysis), as well as
regions such as the inferior parietal lobule (IPL), middle occipital cortex, postcentral gyrus,
inferior temporal gyrus (ITG), and IFG (Table 2). Within the control group, reward ROI
analysis revealed no regions more strongly activated by high-calorie food images than by
control images. Whole brain analysis revealed that high-calorie food images elicited greater
activation than control images in a cluster that included the tail of the caudate nucleus and in
a number of cortical regions, such as the inferior occipital cortex, IFG, and superior parietal
lobule (SPL) (Table 2). Thus, the control group showed fewer areas of activation in reward-
associated regions than the obese group. Nevertheless, the qualitative differences between
the obese and control groups observed in their within-group analyses were not apparent in
the between-group comparison. Group analyses revealed no significant group differences for
the high-calorie foods vs. control contrast.

3.3 Changes in fMRI Activation from Session 1to Session 2

For the obese group, the reward ROI analysis revealed less activation to high-calorie food
pictures in the MPFC at Session 2 than at Session 1 (Table 3). Whole-brain analysis
revealed additional clusters in IPL, precuneus (PrC), posterior cingulate cortex, premotor
cortex (Brodmann Area 6), and angular gyrus (Table 3). For the obese participants, there
were no regions with greater activation to high-calorie food pictures in Session 2 compared
to Session 1. Within the control group, there were no significant differences in activation
between Session 1 and Session 2 for the high-calorie foods vs. control contrast. A between-
group comparison using the IFG ROl mask revealed a significant Group x Session
interaction for the left IFG (FDR = 0.019; not shown). However, analysis of contrast
estimates from the peak voxel revealed that activation in the obese group was not
significantly different for Session 1 vs. Session 2 and that the interaction was carried by a
significant decrease in activity in Session 2 in the controls.

3.4 Relationship Between fMRI Activation at Session 1 and 12-wk Weight Change in Obese

Participants

Multiple regression analysis was performed to determine whether weight loss during the
EatRight Program was related to activation to high-calorie foods vs. control images at the
initial scan. Reward ROI analysis showed a significant positive correlation within the obese
group between weight change and activation of the NAc at the peak voxel level (Table 4;
Figure 2A). Whole-brain analysis revealed positive correlations in clusters which entirely or
partly involved three reward areas (ACC, frontal operculum, and insula; Figure 2B), three
visual processing areas in the occipital lobe (calcarine cortex, Figure 2C; superior occipital
cortex, lingual gyrus), areas mediating attentional processes (Brodmann Area 8 within the
MFG, Figure 2B; superior parietal lobule, SPL, Figure 2C; and inferior parietal lobule, IPL)
(Lane et al., 1999; Pessoa et al., 2002), as well as middle temporal gyrus (MTG) and
cerebellum (Table 4). As indicated in the Figure 2 scatterplots, these and, in fact, all
significant correlations, reflect continuous functions relating activation and weight loss. In
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all analyses in which outliers were identified (using SYSTAT 11), the correlations were not
substantially affected by their removal and remained significant. Parenthetically, when
similar analyses were performed using the low-calorie food versus control contrast, the only
significant result was a positive correlation with activation in the substantia nigra (from ROI
analysis for VTA/SN; MNI coordinates of 16, —22, —6). The pattern of correlations
indicates that less success in losing weight was associated with greater activation in brain
areas listed in Table 4 in response to high-calorie food images. No significant negative
correlations were revealed in whole-brain or reward ROI analyses, nor in inhibitory control
ROI’s.

3.5 Relationship Between the Difference in fMRI Activation at Sessions 1 and 2 and 12-wk
Weight Change

Multiple regression with Session 1 minus Session 2 activation as a regressor revealed no
significant correlations with weight change in ROI or whole-brain analyses.

3.6 Relationship Between fMRI Activation at Session 2 and Weight Maintenance in Obese

Participants

Multiple regression analysis sought to determine whether maintenance of treatment-reduced
weight loss over the 9 mo post-treatment period was related to activation at Session 2.
Preliminary analyses revealed two outliers with regard to 9-mo weight change (Figure 1),
which were > 1 ¢ beyond their nearest neighbors in the distribution of weight change scores.
These scores were excluded from this analysis because they would have exerted inordinate
leverage in regression calculations.

As shown in Table 5, reward ROI analysis revealed positive correlations between 9-mo
weight change and activation within VTA/SN (Figure 3A) and putamen (Figure 3B). Whole-
brain analysis revealed significant positive correlations with activation in numerous clusters.
These clusters included three within reward areas (putamen, insula, and hippocampus), three
within visual processing areas (superior occipital gyrus, cuneus, and fusiform gyrus; Figure
3C) and one in an area implicated in attention, the IPL. No significant negative correlations
were found. To ensure that our findings did not depend on decisions about outliers, we also
performed robust regression analyses (least median of squares procedure in SYSTAT 11) on
data from all 24 obese participants (i.e., with the two weight-change outliers included) and
using contrast estimates from peak voxels listed in Table 5. In all cases, this procedure found
strong, positive relationships between activation and 9-mo weight change. Finally, there
were no significant results in SPM when regression analyses related the low-calorie food
versus control contrast to 9-mo weight change.

3.7 Relationship Between the Difference in fMRI Activation at Sessions 1 and 2 and Weight
Maintenance in Obese Participants

Multiple regression analysis revealed a significant negative correlation between 9-mo
weight change and the Session 1 minus Session 2 difference in activation in the insula
reward ROI (Table 6). Whole-brain analysis revealed negative correlations in the IFG and a
large cluster with its peak voxel in the thalamus/midbrain (Table 6). Thus, participants
whose activation in these areas at Session 2 was relatively low compared to Session 1 tended
to be most successful at weight maintenance in the 9 mo after treatment. There were no
significant positive correlations.

4. Discussion

In our obese participants, we found similar results for prediction of post-treatment weight
loss from pre-treatment brain activation to high-calorie food pictures and for prediction of 9-
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mo follow-up weight maintenance from post-treatment brain activation. In both cases, there
were multiple clusters within reward areas, as well as areas in which activity has been
shown to be modulated in relation to attentional salience of visual stimuli. In all clusters,
greater activation predicted a poorer outcome: less weight loss or, for some individuals,
weight gain. In addition, more successful weight management was associated with greater
decreases in activation from pre- to post-treatment in the insula and putamen, as well as
midbrain/thalamus and IFG. Comparable regression analyses performed using the contrast
of low-calorie foods vs. control images revealed only one significant cluster for activation at
Session 1 and 12-wk weight change, and no correlations between activation at Session 2 and
9-mo weight maintenance, suggesting that our results were specific to high-calorie foods.
No significant correlations were found relating pre- to post-treatment changes in activation
to weight loss during treatment. To our knowledge, this is the first prospective neuroimaging
study that has found that cue-elicited brain activation can predict how successful obese
individuals will be in losing weight and in subsequent weight maintenance. The observed
pattern of activations is consistent with the conclusion that greater activation in brain regions
mediating motivational and attentional salience of food cues is detrimental to weight control
among obese individuals.

We also found evidence consistent with the hypothesis that participation in a weight-loss
treatment results in a decrease in activity in regions involved in reward (MPFC; Ochner et
al., 2011) or attentional (IPL; Rosenbaum et al., 2008) processes. Indeed, Rosenbaum et al.
(2008) found a decrease in brain activation following weight loss in the MFG, IPL, and
fusiform gyrus, although they also found increased activation after weight loss in regions
implicated in reward processes. As discussed below, these outcomes raise the possibility that
the changes we observed represent neuroadaptations resulting from participation in a
weight-loss treatment. However, at this point, we are unable to comment on whether these
changes reflect a cause or consequence of weight loss.

4.1 Prediction of Weight Loss and Weight Gain by Brain Activation to High-Calorie Food

Pictures

Several reward ROI’s were among the brain areas that were more activated by high-calorie
food images in those obese individuals who were least successful in losing weight. Indeed,
our results are congruent with those of other neuroimaging experiments providing evidence
for an “orexigenic network” that encompasses such regions as the insula, VTA, NAc, and
ACC, which are more active during hunger and fasting and are thought to motivate one to
consume calorically-dense foods (e.g., Del Parigi et al., 2002; LaBar et al., 2001; Uher et al.,
2006). Animal studies have further defined the roles of reward areas in mediating appetitive
behavior. For example, the NAc and its dopaminergic input from the VTA have also been
implicated in reward-seeking behavior, including enabling motor movement towards, and
attributing value and salience to, a reward (for review, see Nicola, 2007). In regards to
reward-seeking behavior and food, the NAc has been found to promote food-seeking
behaviors and increase appetitive motivation (Taha and Fields, 2005).

Two of the reward ROI’s that emerged repeatedly in our analyses as regions predicting body
weight trajectory were the insula and the striatum, especially the putamen. High levels of
pre-treatment activity in the anterior insula and adjacent frontal operculum predicted poor
weight loss during treatment; high post-treatment activation of the insula predicted less
weight loss over the 9-mo follow-up period; and a relative decrease in activation of the
insula from pre- to post-treatment predicted better weight maintenance. Similar prediction of
weight maintenance was afforded by bilateral activation of the putamen at post-treatment
and the difference in activation from pre- to post-treatment. These regions have been found
to respond to pictures of food or anticipated ingestion of palatable food (e.g., Bruce et al.,
2010; O’Doherty et al., 2002; Pelchat et al., 2004; Rothemund et al., 2007; Stoeckel et al.,
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2008; Uher et al., 2006), and their responses to food cues are augmented by hunger (Siep et
al., 2009). Indeed, the insula includes primary taste cortex, with greater activation in
response to sweet and salty tastes (Spetter et al., 2010) and in response to flavors indicating
nutrients (Rudenga et al., 2010). The striatum and insula have also been implicated in both
food and drug craving (Garavan et al., 2000; Garavan, 2010; Nagyvi et al., 2007; Nagvi and
Bechara, 2010; Pelchat et al., 2004). Moreover, in scans performed prior to smoking
cessation treatment, high activation in regions including the insula and putamen by smoking
cues was predictive of relapse (Janes et al., 2010). In addition, greater activation to alcohol-
related visual cues in the putamen (as well as ACC) was predictive of relapse in abstinent
alcoholics (Grisser et al., 2004). Therefore, it is possible that higher cue reactivity in the
putamen and insula/operculum contributed to food cravings in our participants, which were
counterproductive to success in subsequent weight loss and maintenance.

The studies most similar to ours are those by Stice and colleagues (2008a, 2010a, 2011),
who have used fMRI to investigate future body weight trajectory as a function of brain
activation in response to both food intake and food cues, although not in dieters. They have
reported that activity in the putamen and frontal operculum could predict weight change
over the succeeding year in female high school students with a mean BMI within the
normal-weight range (24.6), although the direction of the relationship was moderated by
genotype (Stice et al., 2010a). In those who lacked the TaqlA Al allele of the dopamine D2
receptor (DRD2) gene, greater weight gain was predicted by greater activation of the
putamen and frontal operculum, which is congruent with our results. A similar predictive
relationship was also revealed for frontal opercular activity in individuals lacking the
DRD4-7R allele. On the other hand, the signs of these relationships were in the opposite
direction for those with the DRD2-Al or DRDA4-7R alleles. Thus, they argue that the
significance of the responsiveness of reward circuitry to food cues is conditional according
to a given individual’s level of dopamine signaling. It is an open question as to whether this
moderating effect of genotype on spontaneous weight change in adolescents would also be
observed in adults and/or those who are explicitly engaged in a weight-loss program. In an
fMRI study that used an attention task with food stimuli, Yokum et al. (2011) found that the
BMI of adolescent girls was positively correlated with activation in regions related to food
reward, such as the anterior insula/frontal operculum and lateral OFC, and in regions related
to attention, such as the superior parietal lobule. Activation in lateral OFC was also
positively correlated with increase in BMI over one year.

Interestingly, the cerebellum also showed greater pre-treatment activation in those
individuals who lost the least amount of weight. Among its other roles, the cerebellum has
been implicated in motivation. For example, studies have found the cerebellum to be
activated during cue-induced cocaine craving (Bonson et al., 2002), alcohol odor cues
(Schneider et al., 2001), as well as in response to food stimuli (Killgore et al., 2003;
Tataranni et al., 1999). Anderson et al. (2006) suggest that the cerebellum may also be
involved in what they term a “hyperattentive state”. The cerebellum receives input from
parietal, frontal, and visual brain regions implicated in attention, and selective attention to
drug cues may underlie drug cravings and subsequent reward-seeking motor behaviors
(Franken, 2003; Anderson et al., 2006). Indeed, the obese individuals in our study who were
least successful at losing weight also showed greater activation in a number of brain regions
implicated in attention.

Positive correlations between activation to high-calorie food vs. control images and
subsequent weight change were found in a number of brain regions implicated in directing
visual attention — IPL, SPL, and Brodmann Area (BA) 8 in the MFG (Behrmann et al., 2004;
Fan et al., 2005; Shulman et al., 2009) — or in visual areas, where activity is enhanced by
attention — fusiform gyrus, lingual gyrus, calcarine cortex, and superior occipital cortex
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(Bradley et al., 2003; Lang et al., 1998). Behavioral studies of attention, using eye-tracking
and visual probe tasks, have found greater attentional bias, or selective attention, for food
images in hungry normal-weight individuals (Piech et al., 2010) and in normal-weight
individuals scoring high on a self-report measure of eating in response to external food cues
(Brignell et al., 2008). Furthermore, hungry overweight or obese individuals have increased
directed attention to food images or faster reaction times to food images and, after viewing
such food images, show increased food intake compared to hungry normal-weight controls
(Nijs et al., 2010; Yokum et al., 2011). Additionally, obese individuals continue to have
sustained increased attention to food images even when sated (Castellanos et al., 2009).

Indeed, directed attention is thought to be influenced by an individual’s emotional and
motivational state (Appelhans, 2009), with greater attentional resources given to
motivationally salient stimuli, including food cues (Mogg et al., 1998). The fronto-parietal
attention network, of which the MFG, SPL, and IPL are components, is suggested to be
involved in top-down attentional control of the visual cortex, with a bias towards more
emotionally-primed, or salient, stimuli (e.g., Pessoa et al., 2002). Neuroimaging studies have
found greater activation of the visual cortex, including the calcarine cortex, in response to
emotional pictures compared to neutral pictures (Lane et al., 1997), and emotional pictures
produce functional activation in the occipital lobe and right IPL and SPL (Lang et al., 1998).
Studies that have assessed motivational processes have found that increased incentive value
of both food images (Mohanty et al., 2008) and monetary reward (Pessoa and Engelmann,
2010; Stice et al., 2011) is associated with increased activation in visual (e.g., calcarine
sulcus, fusiform gyrus, and occipital cortices) and attentional (e.g., parietal cortex) brain
regions. Paralleling our results, studies of drug addictions have found that greater activation
in the IPL to drug cues immediately after initiation of abstinence can predict subsequent
relapse in methamphetamine-dependent individuals (Paulus et al., 2005), cocaine-dependent
individuals (Kosten et al., 2006) and nicotine-dependent individuals (Janes et al., 2010).

We found no support for the hypothesis that greater activation of putative inhibitory-control
regions by high-calorie foods would be associated with better treatment outcome. Activation
in most of our inhibitory control areas was unrelated to weight loss or maintenance, and less
successful 9-mo weight maintenance was in fact predicted by greater post-treatment
activation in left IFG. As a possible explanation for our failure to find activation in most
inhibitory control areas related to weight loss or maintenance, prior studies relating
activation in frontal inhibitory areas to successful weight maintenance (DelParigi et al.,
2007; McCaffery et al., 2009) used participants with a history of substantially greater weight
loss and longer-term maintenance than participants in the current study.

In addition, although the IFG has been implicated in inhibitory control processes (e.g.,
Swick et al., 2008; Hare et al., 2009), it may mediate other cognitive processes as well (e.g.,
Chouinard et al., 2009; Coull et al., 1996). For example, activity in IFG has been reported to
positively correlate with participants’ valuation of food items during a decision task
(Plassman et al., 2007; Hare et al., 2008). Moreover, anterior (although right side) IFG has
been found to exhibit positive functional connectivity with ventromedial prefrontal cortex, a
region also thought to encode choice value (Hare et al., 2009). Thus, our finding that greater
activation of IFG by high-calorie food pictures was associated with poorer weight
maintenance may be a reflection of the effect of placing high value on foods high in caloric
density.

4.2 Treatment-related Changes in Brain Activation to High-Calorie Food Pictures

Our between-session results revealed differences in brain activation to high-calorie food
images from pre- to post-treatment. In the obese group, activation to high-calorie food
pictures decreased in the MPFC, premotor cortex (BA6), IPL, PrC, and posterior cingulate
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cortex (PCC). In contrast to a previous report in those who lost weight (Rosenbaum et al.,
2008), no regions showed significantly increased activity. Our control group showed no
differences in activation between sessions. On the basis of these comparisons, we suggest
that the observed decreases in the obese group did, in fact, result from their weight-loss
treatment. Admittedly, because our research design was not intended to be a controlled
treatment outcome study, this conclusion must remain tentative. Nonetheless, it is interesting
that several of the regions showing between-session decrease in activity have been
implicated in reward (MPFC) and attention (IPL and PrC). Activation of the MPFC by high-
calorie food pictures has been reported in studies of obese individuals (Stoeckel et al., 2008)
and normal-weight controls (Killgore et al., 2003), and this region appears to be involved in
processing the relative value of an anticipated reward or its subjective value (Amodio and
Frith, 2006; Sripada et al., 2010). The MPFC also shows increased functional activation to
images high in emotional arousal and positive valence, suggesting the MPFC’s involvement
in emotional processing of visual stimuli and promotion of appetitive behaviors (Dolcos et
al., 2004). The MFG (BAS8) and IPL are both components of a fronto-parietal attention
network, as mentioned previously (Pessoa et al., 2002). The PrC has also been suggested as
involved in attention, specifically in “unfocused attention” or attention to introspective
information not directly task related, such as hunger sensations (Stawarczyk et al., 2011). Of
especial interest, Ochner et al. (2011) found decreased brain activation to high-calorie food
cues in individuals 1-mo post-bariatric surgery in regions such as the MPFC, IPL, and PrC.
Thus, it would be intriguing if further studies could substantiate that a cognitive/behavioral
weight-loss treatment can, in effect, target regions such as these.

4.3 Comparison of Present Between-group Results with Those of Previous Studies

Comparison of our present results for obese versus normal-weight participants, at Session 1,
to those of previous studies, in particular, Stoeckel et al. (2008), revealed some differences.
For example, we did not find significant differences between low-calorie and high-calorie
food images for either the obese or control group. More importantly, unlike Stoeckel and
colleagues, we did not observe group differences to the high-calorie food vs. control contrast
when the obese and control groups were compared at Session 1. Although our within-group
results suggested that the obese group had greater overall brain activation and we found a
larger number of reward system structures activated in obese participants than in controls,
this difference was not significant in the between-group analysis. Differences in patterns of
activation between the studies could be due to the greater heterogeneity of our current
sample. Stoeckel et al. (2008) had a very homogenous sample of young adult women all in
the follicular phase of their menstrual cycle. Our sample, on the other hand, was much more
heterogeneous, including both men and women and a wide range of ages, particularly older
individuals. Indeed, the addition of men may have diluted our results compared to those of
previous findings (Stoeckel et al., 2008), as other studies assessing activation differences to
high-calorie food images between men and women consistently find women to have greater
activation to high-calorie food images than men in a number of brain regions, including
prefrontal cortex, insula, cingulate cortex, and fusiform gyrus (Cornier et al., 2010; Frank et
al., 2010; Killgore and Yurgelun-Todd, 2010). Also, the mean age of our participants was
considerably greater than in previous studies (e.g., Bruce et al., 2010; Rothemund et al.,
2007; Stice et al., 2011; Stoeckel et al., 2008), and the older age of our current sample may
be an important contributor as to why we did not replicate previous findings. A previous
study comparing individuals of different ages found that older adults showed less activation
in reward areas, as well as other regions, during reward anticipation and at the time of
reward delivery (Dreher et al., 2008). Admittedly, we did not find significant correlations
between age and activation of reward areas. However, another potentially important factor
that is likely to be correlated with age is chronicity of obesity, which was likely to have been
much greater in our participants than in studies with younger samples. Evidence is
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accumulating that overconsumption and weight gain can blunt the activation of reward areas
by food (Colantuoni et al., 2001; Johnson and Kenny, 2010; Stice et al., 2010b; Val-Laillet
et al., 2011; Wilcox et al., 2010). Thus, the lack of group differences in activation in the
current study may have been a consequence of the age and weight histories of our obese
participants.

An implication of the discussion above is that, even though hyperreactivity of reward
circuitry may be important for the development of obesity, it may not be required for
maintenance of obesity over a long period of time. However, combining the outcomes of our
group comparison and our correlational analyses leads to the view that, even in the absence
of greater-than-control reactivity to food cues in the chronically obese, less may be more
with regard to weight loss and subsequent weight maintenance. That is, whatever other
factors contribute to the continuation of chronic obesity, low reward and attention-related
reactivity may be conducive to good treatment outcome.

It is important to note some of the limitations of this study. In general, we had considerable
heterogeneity in our obese and control groups, in that our participants varied in age,
ethnicity, and gender, which may have introduced variance that obscured further differences.
In addition, three of the obese participants were on anti-depressants and two had Type Il
diabetes. However, this heterogeneity could also be considered a strength of the study, as
our sample was more reflective of the general population. It should be noted that we did not
find any significant correlations between age, gender, or ethnicity and weight-loss. In
addition, because of the constraint of scanning our obese participants as soon as possible
after the beginning and end of the 12-wk weight-loss program, we were unable to image
three of our 19 female participants in the same phase of the menstrual cycle at pre- and post-
treatment, and menstrual phase has been shown to affect neural reward-associated activation
(Dreher et al., 2007). We were also unable to assess gender differences in functional
activation because of our small sample of men (obese group: n = 6, control group: n = 5).

Another limitation is that we relied solely on change in BMI as a measure of weight loss.
Although promoting more exercise is part of the EatRight program, its main emphasis is on
changes in diet. While it is conceivable that some weight loss could have been masked by
gains in muscle mass, we do not believe this to be the case. After the second imaging
session, participants were asked about exercise practices during the 12-wk weight loss
program. No participant reported engaging in an exercise regimen, and all participants
reported that they felt their weight loss was due to dietary changes, not exercise. Another
limitation is that we had no measure of compliance to the requested 8-hr pre-scan fasting
other than self-report data. Finally, we studied individuals in a fasted state only, and it would
be interesting in future studies to compare results obtained with individuals in both a fasted
and sated state.

5. Conclusions

In summary, we found that activation suggestive of greater reward- and attention-related
activation to high-calorie food pictures in obese individuals at the start of a weight-loss
program was predictive of less success in the program, and such activation following the
program predicted poorer weight control over a 9-mo follow-up period. These patterns of
activation may mediate or reflect heightened emotional and attentional salience to food
images, leading to an increased sensitivity to food cues and perpetuation of overeating,
making such individuals more resistant to weight loss and more prone to relapse. Our study
also found that obese participants had decreased activation to high-calorie food pictures
from pre- to post-treatment in regions implicated in reward and attentional processes, which
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may reflect the influence of the weight-loss program on brain response. If further studies
substantiate these results, it would suggest that treatment outcomes could be enhanced by
approaches that especially target brain regions involved in reward processing and attentional
control. Overall, our results suggest that a pattern of heightened functional activation in
brain regions implicated in both reward and attention may be a risk factor for increased
susceptibility to obesogenic cues in the environment, and, subsequently, greater difficultly in
both losing weight and maintaining weight-loss following treatment.

Highlights

e Assessed brain activation in obese individuals pre- and post-weight-loss
treatment.

e Activation to high-calorie food stimuli predicted less weight loss post-treatment.
e Activation post-treatment predicted poorer weight control over 9-mo follow-up.

» Decreased activation from pre- to post-treatment may reflect treatment
influence.

¢ Results suggest pattern of activation may be a risk factor for poor weight
control.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Weight trajectory, indexed by percent weight change, of the obese group at Session 1 (S1),
immediately after the EatRight program ended at Session 2 (S2), and 9-mo after the
EatRight Program ended, 1 yr from session 1 (1 Yr) (n = 24).
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FIGURE 2.

Top row, brain areas showing significant positive correlations between percent weight
change during the 12-wk EatRight Program and activation at session 1 to high-calorie food
pictures > control pictures in the obese participants (n = 25) in the (A) nucleus accumbens
(NAC); (B) left anterior cingulate cortex (ACC), right middle frontal gyrus (MFG), right
insula (Ins); and (C) bilateral superior parietal lobule (SPL), right calcarine cortex (Calc). A
identified from the reward ROI analyses, and B and C identified from the whole brain
analyses. Activation is overlaid on the SPM8 single-subject T1 template. The bar indicates t
values. Bottom row, scatterplots of activation (PE, parameter estimate) with regression lines
of one of the regions activated in the brain image above versus 12-wk weight change. For
illustrative purposes, A, r =.61; B, r = .68; C, r = .68.
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FIGURE 3.

Top row, brain areas showing significant positive correlations between percent 9-mo weight
change following the EatRight Program and activation at session 2 to high-calorie food
pictures > control pictures in the obese participants (n = 22) in the (A) ventral tegmental
area/substantia nigra (VTA/SN), (B) putamen, and (C) fusiform gyrus. A and B identified
from the reward ROI analyses, and C identified from the whole brain analyses. Bottom row,
corresponding scatterplots (A, r = .66; B, r =.77; C, r =.82). Conventions as in Figure 2.
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TABLE 1

Demographic and weight characteristics of overweight and obese participants (n = 25)

Women; Men 19 (76%); 6 (24%)
Caucasian; African American 16 (64%); 9 (36%)
Age (years) 48.04 +10.918
Education (years) 16.2+2.20
Initial BMI (kg/m?) 32.86 +3.82
Weight change from S1 to S2 (%) —3.46 £ 2.42
Weight change from S2 to 1 yr (%) 0.75 £5.02

Demographic and weight characteristics of control participants (n = 13)

Women; Men 8 (62%); 5 (38%)
Caucasian; African American 9 (69%); 4 (31%)
Age (years) 45.15 + 10.01
Education (years) 16.46 + 2.37
BMI (kg/m?) 22.64+1.58
Weight change from S1 to S2 (no program) (%)d —0.80 £ 2.23
Weight change from S2to 1 yr (%)d 160+3.19

aMean + Standard Deviation
bSession 1(S1) and Session 2 (S2)
“n=24

dn=11
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