Attentional Bias to Food Images Associated
With Elevated Weight and Future Weight Gain:
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Behavioral studies reveal that obese vs. lean individuals show attentional bias to food stimuli. Yet research has not
investigated this relation using objective brain imaging or tested whether attentional bias to food stimuli predicts
future weight gain, which are important aims given the prominence of food cues in the environment. We used
functional magnetic resonance imaging (fMRI) to examine attentional bias in 35 adolescent girls ranging from lean

to obese using an attention network task involving food and neutral stimuli. BMI correlated positively with speed of
behavioral response to both appetizing food stimuli and unappetizing food stimuli, but not to neutral stimuli. BMI
correlated positively with activation in brain regions related to attention and food reward, including the anterior insula/
frontal operculum, lateral orbitofrontal cortex (OFC), ventrolateral prefrontal cortex (VIPFC), and superior parietal

lobe, during initial orientation to food cues. BMI also correlated with greater activation in the anterior insula/frontal
operculum during reallocation of attention to appetizing food images and with weaker activation in the medial OFC
and ventral pallidum during reallocation of attention to unappetizing food images. Greater lateral OFC activation during
initial orientation to appetizing food cues predicted future increases in BMI. Results indicate that overweight is related
to greater attentional bias to food cues and that youth who show elevated reward circuitry responsivity during food

cue exposure are at increased risk for weight gain.
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Céﬁ!&r?lgggr? II:f palatable food results in dopamine (DA)

release in the dorsal striatum in lean humans, and the amount
released scales with meal pleasantness ratings (1). The dorsal
striatum also responds during consumption of chocolate, and
this response declines as the chocolate is devalued by eating
beyond satiety (2). These data suggest that DA is involved in
encoding the pleasure associated with food intake. The incen-
tive-sensitization model of obesity posits that repeated pairings
of reward from food intake and cues that predict impending
food intake result in a hyper-responsivity of DA-based reward
circuitry to food cues, contributing to craving and overeat-
ing (3). Animal experiments show that DA response to food
shifts from food intake to cues that signal impending food
intake after conditioning (4). The evidence that DA is involved
in reward learning suggests that abnormalities in responsiv-
ity of DA-based reward circuitry could contribute to elevated
approach tendencies toward food and food cues.

In line with the thesis that obesity is associated with anoma-
lous responsivity of reward circuitry to food, functional mag-
netic resonance imaging (fMRI) studies reveal that obese
vs. lean individuals show elevated activation of regions that

encode the reward value of stimuli (e.g., striatum, orbitofrontal
cortex (OFC), and amygdala) in response to pictures of appe-
tizing food (5-7). Obese relative to lean individuals also show
elevated activation in the caudate, gustatory regions (anterior
insula, frontal operculum), and oral somatosensory regions
(parietal operculum, Rolandic operculum) to anticipated
receipt of palatable food (8).

The incentive-sensitization model of drug addiction (9) posits
that hypersensitivity to motivational stimuli with high incentive
salience produces a bias in attentional processing toward drug-
related cues, triggering the release of DA and driving consump-
tion. In support, exposure to drug cues results in drug cravings
among individuals with substance use disorders, and addicted
individuals show attentional bias to drug cues (10). Further, DA
antagonists reduce attention bias for drug cues in cigarette smok-
ers and detoxified heroin addicts (11). Results align with the sug-
gestion that DA-based reward circuitry facilitates reward learning
by selectively directing attention toward potentially rewarding
stimuli (12). DA antagonists in healthy adults delay reaction
time to target words (13), and reduce preferential responding
to reward-paired cues in a go/no-go task (14). Additionally, DA
agonists improve performance on selective attention tasks (15).
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The above findings are similar to enhanced neural responses
to food cues among obese individuals, leading theorists to
propose that individuals who show elevated attentional bias to
food images and food cues are at increased risk for overeat-
ing and weight gain (16). Behavioral studies reveal that obese
vs. lean individuals show attentional bias for food words (e.g.,
ref. 17). Obese relative to lean children show greater interfer-
ence with food words on a Stroop task (18). Better memory for
food compared to nonfood words has also been demonstrated
in obese relative to lean adolescents, though no interference in
attention processing for food words emerged (19). Obese vs.
lean individuals also orient more quickly toward food pictures
and spend more time looking at food than nonfood pictures,
as assessed via eye-tracking (16). Another study using event-
related potentials as a measure of attention allocation has also
found a trend for obese relative to lean individuals to orient
more quickly to food cues (20).

If individuals who more rapidly attend to food cues and allo-
cate more attention to these cues are more likely to overeat,
then such attentional bias would be difficult to manage in an
environment replete with attractive food cues. Although extant
data provide behavioral evidence that obese vs. lean individu-
als tend to show greater attentional bias to food stimuli, few
studies have tested for attentional bias for food using food
images, and none has used objective brain imaging to investi-
gate attentional bias or tested whether attentional bias to food
images increases risk for future weight gain.

Obesity in children and adolescents has increased dramati-
cally (21). Accordingly, the present study uses fMRI to exam-
ine attentional bias in adolescents ranging from lean to obese
using a food-specific paradigm. We adapted the fMRI ver-
sion of the attention network test (ANT) (22), which exam-
ines three attention systems: alerting, orienting, and executive
control. Alerting refers to achieving and maintaining an alert
state. Orienting involves allocation of attention to a location in
space when a spatially informative cue is given (23). Executive
control refers to the ability to direct attention toward task-
relevant stimuli and inhibit the processing of distractor items
(23). Our adapted version of the ANT task (food ANT) uses
images of food instead of symbols and was designed to focus
on the orienting and executive control aspects of attention (see
Methods and Procedures). We hypothesize that obese relative
to lean participants will: (i) respond more quickly to pictures
of food that appear where cues originally appear, signaling
great initial orienting of attention to food stimuli, (ii) respond
more quickly to pictures of food that appear opposite from the
side originally cued, which suggests more rapid reallocation
of attention to food stimuli, (iii) show greater activation dur-
ing food images in regions responsible for orienting attention
(e.g., fusiform, postcentral gyri) (22) and in regions respon-
sible for executive control during attention reallocation (e.g,
superior and middle frontal gyri and anterior cingulate gyrus
(22). We also expect that each of these effects will be stronger
for appetizing vs. unappetizing foods, based on evidence that
obese vs. lean individuals report a greater liking of high-fat
and high-sugar foods (24). It is important to note that there is

contradictory evidence on whether obese and lean individuals
differ in terms of “liking” (pleasure/palatability) and more con-
sistent evidence that they differ in terms of “wanting” (appetite/
incentive motivation). However, Snyder and Bartoshuk (25)
report in their review of this literature that there is consist-
ent evidence that obese vs. lean individuals differ in terms of
liking, when the experiment is performed properly. However,
we also included images of water as control stimuli because of
evidence that obese vs. lean individuals show a bias for both
appetizing and unappetizing foods (26,27).

Finally, because we use a food-specific ANT task, we expect
elevated activation in regions that encode the reward value of
stimuli in response to food images vs. control images for obese
vs. lean individuals (e.g, striatum, amygdala, insula, opercu-
lar regions, anterior cingulate cortex, and OFC). Obese vs.
lean individuals have consistently shown greater activation in
response to appetizing food images vs. control images in these
regions (5-7).

METHODS AND PROCEDURES

Participants

Participants were 39 adolescent girls (mean age = 15.6; s.d. = 0.96;
mean BMI = 24.2; s.d. = 4.5, BMI range = 17.3-38.8 (it is important
to note that BMI values are age dependent and that a value of 17.3 is
not in the anorexic range for an adolescent); 2.3% African Americans,
84.1% European Americans, 4.5% Native Americans, and 9.1% mixed
racial heritage). Participants were recruited from a larger study of
female high schools students with body image concerns. Individuals in
this larger study who gave consent to be contacted about other studies
were asked to participate in a study on the neural response to presen-
tation of food. A pre-scan eligibility assessment verified inclusion and
exclusion criteria. Those who reported binge eating or compensatory
behaviors in the past 3 months, any use of psychoactive drugs, head
injury with a loss of consciousness, color blindness, or current Axis I
psychiatric disorder (including attention deficit hyperactivity disorder
and anorexia or bulimia nervosa) were excluded. fMRI data from 5
of the 39 subjects were not analyzed due to technical difficulties (e.g.,
excess movement during scanning). Excessive movement was deter-
mined using realignment parameters and was defined as movement
>1mm in any direction during any run. Ninety percent of subjects
were right-handed. The local institutional review board approved this
project. Participants and parents provided written consent.

Measures

Body mass. The BMI (kg/m?) was used to reflect adiposity. After
removal of shoes and coats, height was measured to the nearest millim-
eter using a stadiometer and weight was assessed to the nearest 0.1kg
using a digital scale. Two measures of height and weight were obtained
and averaged at baseline and at 1-, 6- and 12-month follow-up. BMI
correlates with direct measures of total body fat such as dual energy
X-ray absorptiometry (r = 0.80 t0.90) and with health measures includ-
ing blood pressure, adverse lipoprotein profiles, atherosclerotic lesions,
serum insulin levels, and diabetes mellitus in adolescent samples (28).

Food ANT. The fMRI ANT examines the effects of cues and targets
within a single reaction time task to examine individual differences in
attention (22). The ANT has been widely used in studies of normal per-
formance and various forms of psychopathology in adults (e.g., ref. 29).
The ANT discriminates between youth with vs. without attention defi-
cit hyperactivity disorder (30). A version of the ANT was adapted for
the present study to test whether BMI and change in BMI over a 1-year
follow-up are correlated with activations in brain regions during initial
orientation to food stimuli and reallocation of attention to food images.



Procedure

Participants were asked to consume a typical breakfast or lunch, but to
refrain from eating or drinking (except water) for 4-6 hours immedi-
ately preceding their scan for standardization. We selected this depriva-
tion period to capture the hunger state that most individuals experience
as they approach their next meal, which is a time when individual dif-
ferences in food reward would logically impact caloric intake. Most par-
ticipants completed the paradigm between 16:00 and 18:00 (~5 hours
after eating a typical lunch), but a subset completed scans between 11:00
and 13:00 (~ 5 hours after eating a typical breakfast).

Prior to scanning, participants rated how appetizing in general they
found foods shown in 103 pictures using a visual analog scale (range:
“least appetizing” = —395 to “most appetizing” = 395). Pictures included
processed foods (e.g., cheeseburger), fruits (e.g., grapes), and vegetables
(e.g., cauliflower). During the fMRI paradigm, each participant was
exposed to the 20 pictures of food she rated as most appetizing and the
20 pictures she rated as least appetizing. Participants rated appetizing
food images (mean = 313.5, s.d. = 62.8) significantly as more appetizing
than unappetizing food images (mean = -330.5, s.d. = 107.5; #[33] = 21.8,
P <0.001). We included pictures of a glass of water and a cue signaling
the appearance of this image, as it seemed possible that overweight indi-
viduals would show hyper-responsivity of the attentional network toward
both appetizing and unappetizing food images (26,27).

The details of the paradigm are illustrated in Figure 1. Participants
saw a single arrow at fixation that was either green (signaling the
appearance of an appetizing food image) or red (signaling the appear-
ance of a unappetizing food image) pointing to the left or right. On 30%
of the trials a double arrow indicated that the two sides were equally
likely. On single arrow trials the target image appeared 80% on the
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side of the arrow (valid) and 20% on the opposite side (invalid). For
double arrow trials, the target image appeared 50% on each side. The
participants’ task was to identify the location of the targets by pressing
one of two buttons as rapidly as possible, using their left index finger
for leftward targets and right index finger for rightward targets. The
target was presented until a response was made, with a maximum dura-
tion of 3,000 ms. The experiment consisted of 1 run with a total of 156
events: (i) appetizing food images appearing on the side of the single
green arrow (48 events), (ii) appetizing food images appearing on the
opposite side of the single green arrow (12 events), (iii) appetizing food
images after double green arrows (12 events), (iv) unappetizing food
images appearing on the side of the single red arrow (48 events), (v)
unappetizing food images appearing on the opposite side of the single
red arrow (12 events), (vi) unappetizing food images after double red
arrows (12 events), and (vii) images of glasses of water after a double
black arrow (12 events).

Before scanning, participants were familiarized with the fMRI para-
digm through practice on a separate computer. Stimuli were presented
visually using the Presentation software package (version 9; Neurobehav-
ioral Systems, Davis, CA) and were displayed using a video projector that
illuminated a rear projection screen at the end of the head-bore. Images
and arrows were of similar luminosity and resolution. Participants viewed
stimuli through an adjustable mirror attached to the head coil.

Behavioral analyses

For each participant, median reaction times to the images after valid,
invalid, or double arrows were calculated. Spearman’s p was used to cal-
culate the correlations of reaction time to both BMI and change in BMI
over a 1-year period. BMI slope over 1 year (N = 35, range: —0.97-1.42)
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Figure 1 Time course of events during the food attention network test (ANT) to (a) time course of events to measure initial orientation to food
images with appetizing food images appearing after a single green arrow contrasted to appetizing food images appearing after a double green
arrow; and (b) time course of events to measure reallocation of attention to food images with unappetizing food images appearing on the opposite
side of the single red arrow contrasted to unappetizing food images appearing on the concurrent side of the single red arrow.



was calculated based on BMI measurements taken at baseline, 1-, 6-,
and 12-month follow-up visits, to model change in BMI.

Acquisition of anatomical and functional MRI data

Scanning was performed by a Siemens Allegra 3 Tesla head-only MRI
scanner. A standard birdcage coil was used to acquire data from the
entire brain. Functional scans used a T2 x weighted gradient single-
shot echo planar imaging sequence (echo time (TE) = 30 ms, repetition
time (TR) = 2,000ms, flip angle = 80°) with an in-plane resolution of
3.0 x 3.0mm? (64 x 64 matrix; 192 x 192 mm? field of view). To cover
the whole brain, 32 4-mm slices (interleaved acquisition, no skip) were
acquired along the AC-PC transverse, oblique plane as determined
by the midsagittal section. Structural scans were collected using an
inversion recovery T1 weighted sequence (MP-RAGE) in the same
orientation as the functional sequences to provide detailed anatomic
images aligned to the functional scans. High-resolution structural
MRI sequences (FOV = 256 x 256mm? 256 x 256 matrix, thick-
ness = 1.0 mm, slice number ~160) were acquired.

Image pre-processing

Data were pre-processed and analyzed using SPM5 software (Wellcome
Department of Imaging Neuroscience, London, UK) in MATLAB
(Mathworks, Sherborn, MA (31). Images were time-acquisition cor-
rected to the slice obtained at 50% of the TR. Functional images were
realigned to the mean. Images were normalized to the standard MNI
template brain implemented in SPM5 (ICBM152, based on an average
of 152 normal MRI scans), resulting in a voxel size of 3mm? for func-
tional images and 1 mm? for structural images. Functional images were
smoothed with a 6mm FWHM isotropic Gaussian kernel. We included
temporal derivatives of the hemodynamic function to obtain a better
model of the data. A 128-second high-pass filter (per SPM5 conven-
tion) removed low-frequency noise and slow drifts in the signal.

fMRI analyses

fMRI data were analyzed as an event-related design using the general
linear model approach in a two-level procedure. On the first level in
the single subject SPM models, responses to stimuli were modeled as
events and convolved with the canonical hemodynamic response func-
tion to account for the lag between event onset and expected increase
of the blood oxygenation level-dependent (BOLD) signal. To account
for variance caused by head movement, realignment parameters were
included as additional regressors in the model. At the second level, a
random effects analysis was used to test the relation between baseline
BMI and regional neural response during the events of interest by using
the BMI score as a covariate.

To test our hypotheses that BMI is correlated with increased activation
in response to food stimuli in regions associated with initial orienting
attention, reallocation of attention, and food reward, small volume correc-
tion (SVC) analysis was performed in the fusiform gyrus, precentral gyrus,
superior parietal lobe, thalamus, superior, inferior, and middle frontal
gyri, anterior cingulate gyrus, striatum, hippocampus, insula, OFC, and
pallidum. We performed SVC with activation peaks found in previous
fMRI studies of attention and response to food images (22,1,5-8) as cen-
troids to define 10-mm diameter spheres. T-map threshold was set at P
uncorrected = 0.005 and a 3-voxel cluster size. Predicted activations were
considered significant at P < 0.05 after correcting for multiple comparisons
(pFDR) across the voxels within the a priori defined small volumes. FDR
corrects for multiple comparisons, decreasing the likelihood of Type I
errors. We derived the effect sizes (r) from the Z-values (Z/\N).

RESULTS

Paradigm validation: activation in regions related

to food reward

To test whether this paradigm activates regions previously
implicated in food reward, we contrasted BOLD response dur-
ing (i) appetizing food images appearing on the congruent side
vs. unappetizing food images appearing on the congruent side,
(ii) appetizing food images appearing on the congruent side vs.
images of glasses of water, and (iii) unappetizing food images
appearing on the congruent side vs. images of glasses of water.
Activations were assessed with one-sample ¢-tests (see Table 1).
We found greater activation in the (i) right opercular regions
in response to appetizing food images vs. unappetizing food
images, (ii) left anterior cingulate cortex and left hippocam-
pus in response to appetizing food images vs. images of glasses
of water, and (iii) left opercular regions and left ACC during
unappetizing food images vs. images of glasses of water. These
regions have all been implicated in encoding the reward value of
food (2,5-8). These data suggest that the attention network task
involving food stimuli is suitable for studying food reward.

Correlation of BMI with reaction times
BMI was negatively related to median reaction times to appe-
tizing food images appearing on the congruent side, appetizing

Table 1 Main effects: regions showing activation during target conditions across subjects, independent of BMI (N = 34)

Region and
regression Reference P value < 0.05
condition coordinates? X y z Cluster V4 FDR corrected  Effect size
Appetizing food images after valid arrows > unappetizing food images after valid arrows
Rolandic operculum 54,-9,30 54 -15 24 33 3.39 0.02 0.57
Frontal operculum 39, -15,18 42 =21 24 20 3.59 0.03 0.61
Appetizing food images after valid arrows > glasses of water
ACC -6, 3,45 -6 12 48 20 3.48 0.01 0.59
Hippocampus 24,-30,-10 =27 -21 -6 8 3.50 0.03 0.59
Unappetizing food images after valid arrows > glasses of water
Rolandic operculum 54, -3, 27 -51 -3 24 3 3.35 0.03 0.57
Frontal operculum -48, -6, 3 -45 -6 12 3 3.28 0.04 0.55
ACC -6,3,45 -9 12 42 7 4.16 2014-PR%vw.obesityjddrfiEi.org
-6 6 54 5 3.65 0.007 0.62

aStice et al. (8), Stoeckel et al. (6), or Rothemund et al. (5).



food images appearing on the opposite side, appetizing food
images after double arrows, unappetizing food appearing on
the congruent side, unappetizing food appearing on the oppo-
site side, and unappetizing food after double arrows (Table 2).
There were no significant correlations between BMI and the
median reaction time to images of a glass of water and between
BMI and error rate. Behavioral responses also did not predict
change in BMI over the 1-year follow-up. That is, reaction time
to food and water images and error rate did not correlate sig-
nificantly with change in BMI over 1-year follow-up.

Relation of BMI to initial orientation to food

To measure initial orientation to appetizing food images, we
contrasted BOLD responses during a single green arrow vs. a
double green arrow. To measure initial orientation to unappe-
tizing food images, we contrasted BOLD responses during a
single red arrow vs. a double red arrow. BMI was positively

Table 2 Correlation between BMI and median reaction times
to valid, invalid, and neutral targets (N = 35)

BMI
Appetizing food after valid arrow -0.45"*
Appetizing food after invalid arrow -0.38*
Appetizing food after double arrow -0.47*
Unappetizing food after valid arrow -0.44*
Unappetizing food after invalid arrow -0.43*
Unappetizing food after double arrow -0.41*
Glass of water -0.05

*Correlation is significant at P < 0.05. **Correlation is significant at P < 0.01.
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correlated with activation in the right mid insula, left frontal
operculum, left anterior insula/frontal operculum (Figure 2a),
and left lateral OFC (Table 3) during initial orientation
to appetizing food images. (We re-estimated the relations
between BMI and initial orientation and between BMI and
reallocation of attention while controlling for handedness; the
relations between BMI and BOLD responses to initial orien-
tation and reallocation of attention remained significant.) No
significant deactivations were observed. BMI was positively
correlated with activation in the right ventrolateral prefrontal
cortex (VIPFC) (Figure 2b) and right frontal operculum as well
as in bilateral parietal lobe (Table 3) during initial orientation
to unappetizing food images. No significant deactivations were
observed. Although there was one apparent outlier that may
have driven the baseline BMI-BOLD correlations, the effects
remained significant at P < 0.05 FDR corrected when the out-
lier was excluded.

Relation of BMI to reallocation of attention to food images

To identify brain regions activated in response to realloca-
tion of attention to appetizing food images, we contrasted
BOLD responses during appetizing food images appearing
on the opposite side vs. appetizing food images appearing
on the congruent side. To identify brain regions activated in
response to reallocation of attention to unappetizing food
images, we contrasted BOLD responses during unappetizing
food images appearing on the opposite side vs. unappetizing
food images appearing on the congruent side. BMI was cor-
related with greater activation in the left anterior insula/fron-
tal operculum during reallocation of attention to appetizing
food images (Table 3). There were no positive correlations
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Figure 2 Greater activation in (a) the anterior insula/frontal operculum (MNI coordinates: 36, 21, 6, Z=3.42, pFDR = 0.02) during orientation to
appetizing food and (b) the ventrolateral prefrontal cortex (MNI coordinates: 39, 39, -3, Z= 3.24, pFDR = 0.03) during orientation to unappetizing
food cues as a function of BMI. The effects remain significant at the pFDR = 0.05 level when data from the participant with the greatest BMI weté79
excluded. Decreased activation in (c) orbitofrontal cortex (MNI coordinates: —24, 27, -12, Z= 3.13, pFDR = 0.04) and (d) ventral pallidum (MNI
coordinates: 18, -6, 0, Z= 3.45, pFDR = 0.04) in response to reallocation of attention to unappetizing food images as a function of BMI.



Table 3 Regions showing brain activation in response to orientation to food and reallocation of attention to food correlated with

BMI (N = 34)
Reference Pvalue <0.05 Effect
Region and regression condition ~ coordinates? X y z Cluster V4 FDR corrected  size
Orientation to appetizing food (green single arrow > green double arrow)
Mid insula -38,-14,-8 39 -12 -6 18 3.14 0.03 0.54
Frontal operculum -38,18,0 -42 15 -3 6 3.46 0.02 0.59
Anterior insula/frontal operculum -38,18,0 -36 21 6 4 3.42 0.02 0.59
Lateral OFC 36,27,-15 -39 30 -12 5 3.24 0.05 0.56
Orientation to unappetizing food (red single arrow > red double arrow)
VIPFC 45,45,0 39 39 -3 3 3.24 0.03 0.56
Frontal operculum 54,26, 2 -48 27 6 3 3.61 0.009 0.62
Superior parietal lobe -36, -46, 50 33 -45 51 6 3.75 0.01 0.64
-36, -46, 50 -42 -45 51 3 3.23 0.02 0.55
Reallocation of attention to appetizing food (appetizing food after invalid arrow > appetizing food after valid arrow)
Anterior insula/frontal operculum -38, 18,0 -42 18 6 10 3.06 0.05 0.53
Reallocation of attention to unappetizing food (unappetizing after invalid arrow > unappetizing food after valid arrow)
Medial OFC -20,16,-14 24 -12 9 3.13 0.04 -0.54
Ventral pallidum -24,-8,0 18 0 17 3.45 0.04 -0.59

aStice et al. (8), Stoeckel et al. (6), Rothemund et al. (5), or Fan et al. (29).
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Figure 3 Activation in the OFC (MNI coordinates: -39, 30, —-12,
Z=3.24, pFDR = 0.05) in response to orientation to appetizing food
cues was related to future increases in BMI. The effect remained
significant when the participant with the greatest increase in BMI
was excluded.

between BMI and brain activation during reallocation of
attention to unappetizing food images; however, BMI was
negatively correlated to activation in the left OFC (Figure 2¢)
and right ventral pallidum (Figure 2d; Table 3).

Relation between brain activation and change in BMI

For thelongitudinal analyses, parameter estimates of significant
peaks were entered in SPSS to calculate the correlation of these
peaks with change in BMI over follow-up, controlling for base-
line BMI. The average increase in BMI over the 1-year follow-
up period was 0.20, with s.d. = 0.56 and range = -0.97-1.42,
suggesting that there was sufficient variation in weight change
over follow-up. Activation in the OFC (MNI coordinates: -39,
30, —-12, Z = 3.24, pFDR = 0.05) during initial orientation to

appetizing food cues correlated with increases in BMI over the
1-year follow-up (r partial = 0.42, P = 0.016; Figure 3).

Although there was one apparent outlier that may have
driven the correlation, the effect remained significant when
the outlier was excluded (r partial = 0.37, P = 0.037). No other
peaks correlated significantly with BMI slope.

DISCUSSION

As hypothesized, participants with higher BMI scores
responded behaviorally more quickly to food images, but not
to neutral images (glasses of water). These results dovetail
with previous evidence that obese vs. lean individuals show
greater attentional bias to food stimuli compared to control
stimuli (16-18). These results also converge with evidence
that addicted vs. nonaddicted individuals show attentional
bias for drug cues vs. control cues (10), suggesting possi-
ble parallels in attentional neural functioning in substance
abuse and obesity. Interestingly, BMI was positively corre-
lated with behavioral response to both appetizing and unap-
petizing food images, implying that food cues in general
trigger greater attention in overweight vs. lean individuals.
Behavioral responses did not predict change in BMI over the
1-year follow-up. It is possible that we observed only one pro-
spective activation effect because we had power to detect only
moderately large effects.

We hypothesized that BMI would correlate with greater acti-
vation in brain regions related to attention and encoding of
reward value of stimuli during the initial orientation to food
stimuli. As predicted, BMI correlated positively with activation
in the mid insula, frontal operculoni,| anteribesivnua4drontal
operculum, and OFC during initial orientation to appetiz-
ing food images. Generally, the insula processes gustatory



information, especially that with emotional valence (32). In
particular, the anterior insula has been implicated in attention
and emotional responding (33) and is thought to identify the
most relevant among internal and external stimuli in order to
guide behavior (32). BMI also correlated positively with acti-
vation in the vIPFC, frontal operculum, and superior parietal
lobe during the initial orientation to unappetizing food images.
The insula, frontal operculum, OFC, and vIPFC have found
to be activated by memory of the rewarding effects of food
(e.g., 34), and taste of palatable food (7,8). The superior pari-
etal lobe has found to be activated during orientation toward
the spatial location of visual signals (22). The vIPFC forms an
important part of the circuitry in which associations between
visual cues and the actions or choices they specify are formed
and is thought to play a role in selecting the correct course of
action out of multiple behavioral choices (35). Results could
suggest that overweight participants more readily orient to the
spatial location of the food stimuli. However, the vIPFC has
also found to be activated during food reward (8). It is there-
fore possible that the positive correlation found between BMI
and VIPFC refers to greater food reward activation. Consistent
with the behavioral data, results suggest that individuals with
higher BMIs show greater attention to food cues in general, not
just highly appetizing food cues.

We hypothesized that individuals with higher vs. lower BMIs
would show greater activation in the attentional network as
well as regions activated by food reward during reallocation of
attention to food images. BMI was positively correlated with
activation in the anterior insula/frontal operculum during
reallocation to appetizing food images. The anterior insula has
found to be engaged by working-memory processes and atten-
tional shifting (36). This result may suggest that overweight
subjects more readily shift their attention to appetizing food
cues. This finding accords with our behavioral results as indi-
viduals with a higher vs. lower BMI identified the location of
the appetizing food images appearing on the opposite side of
the arrows faster. This result dovetails with previous evidence
that obese vs. lean individuals orient more quickly toward food
pictures (16). However, this region is also referred to as the
primary taste cortex, representing the identity and intensity of
a taste (37), and has been found to be activated during food
reward in obese compared to lean individuals (5,8).

We found that BMI was negatively correlated with activa-
tion in the OFC and ventral pallidum during attention real-
location to unappetizing food images. Several studies found
activation in the OFC during experiments measuring disen-
gagement from targets (e.g., ref. 1). The OFC also plays a key
role in decision-making involving reward and response cost
(38) and plays a role in assessing the reward value of taste (3).
The ventral pallidum encodes reward “liking” of tastes (3,39)
and has been implicated in food reward in humans (5). The
evidence that overweight individuals showed less activation
in these regions during reallocation of attention to unappetiz-
ing food images might indicate that they experience a greater
‘dislike’ when viewing unappetizing food. Although BMI was
correlated with less activation in brain regions related to food

reward during unappetizing food images, it was correlated with
greater activation in regions related to both attention and food
reward during cues signaling unappetizing food images. Thus,
it is possible that even though individuals with high BMIs
experience a greater “dislike” when viewing unappetizing food
images, food cues in general exert a powerful motivational
effect, resulting in overeating. This finding may be analogous
to the role of incentive salience, which suggests that cues asso-
ciated with a substance (in this case food) may begin trigger-
ing the release of DA and driving consumption because of the
learned associations between cues and their reward (9).

Interestingly, for both initial orientation to food cues and
reallocation of attention to food images, most of the brain
responses were found in neural regions associated with food
reward processing rather than simple attention processing.
This may imply in overweight individuals, attention is over-
ridden by food reward when confronted with food stimuli.
However, it is important to note that by using actual food
pictures instead of a simple symbol (the asterisk symbol (“*”)
is often used in the attentional network task), the food atten-
tional network task is less of a spatial attention task.

Our results also extend knowledge regarding risk for weight
gain. Activation in the lateral OFC during initial orientation to
appetizing food predicted increases in BMI over 1-year follow-
up. This finding converges with evidence that activation in the
lateral OFC in response to imagined intake of appetizing foods
increases risk for future weight gain (7), though that study found
that genotypes associated with DA signaling capacity moderated
those predictive effects. Thus, this finding of lateral OFC activa-
tion predicting weight gain may suggest that those at risk for
unhealthy weight gain are more attuned to the hedonic reward
aspect of appetizing food stimuli and that cues associated with
food may be driving consumption by triggering the release of
DA, providing prospective support for an incentive model of
obesity. The fact that activation showed six relations to BMI
but only one to change in BMI suggests that the latter effects
are smaller. However, this could also be due to different analytic
methods used for cross-sectional vs. prospective analyses.

When interpreting the results, it is important to consider
certain limitations. First, instruction type (button press) and
stimulus (images) were confounded. Activation during the
images may have been caused either by the processing of the
stimuli or by behavioral response. However, subjects were
instructed to press buttons to all stimuli. Therefore, the activa-
tion caused by behavioral response should not affect our find-
ings. Second, given that the effects decreased when removing
the outlier (participant with the greatest BMI) and the fact
that this is one of the first prospective fMRI studies to predict
future increases in BMI, results should be considered provi-
sional until replicated in a larger sample. Third, all food images
were repeated 3 times and the image of the glass of water {74
times. Repetition of the images could have resulted in some
habituation effects, affecting BOLD activation. Fourth, events
during which food images appeared on the opposite side of the
arrow occurred only 12 times, potentially limiting our statisti-
cal power to detect effects. However, the fact that we did find



activation in the hypothesized areas, suggest that we had ade-
quate sensitivity. Fifth, it is possible that the found activations
in regions related to attention and food reward are not food
specific, but rather suggest elevated general reward sensitivity.
There is evidence that receipt of food, alcohol, nicotine, and
money activate similar regions of the brain (e.g., refs. 1,40).
Further, BMI correlates with self-reported general reward sen-
sitivity (41). In addition, normal-weight adolescents at high-
vs. low-risk for obesity showed aberrant activation of reward
circuitry in response to both food reward and monetary
reward (42). Future studies should explore these relations fur-
ther. Finally, our sample is limited to adolescent girls and thus
results may not be generalizable to other demographic groups.
This is important given the evidence of gender and age-related
differences in brain activation (e.g., refs. 43,44). For example,
sex-specific brain responses to a meal have been found (43).

In sum, our behavioral and fMRI findings may suggest that
individuals with a higher BMI vs. lower BMI show greater
attentional bias to food stimuli. There was also evidence that
individuals who experience greater activation in the lateral
OFC are at increased risk for overeating and weight gain.
Results may suggest that elevated attention to food cues con-
tributes to overeating, particularly given the plethora of food
cues in our current environment.
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