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Brief Communications
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Failures of self-regulation are common, leading to many of the most vexing problems facing contemporary society, from overeating and
obesity to impulsive sexual behavior and STDs. One reason that people may be prone to engaging in unwanted behaviors is heightened
sensitivity to cues related to those behaviors; people may overeat because of hyperresponsiveness to food cues, addicts may relapse
following exposure to their drug of choice, and some people might engage in impulsive sexual activity because they are easily aroused by
erotic stimuli. An open question is the extent to which individual differences in neural cue reactivity relate to actual behavioral outcomes.
Here we show that individual differences in human reward-related brain activity in the nucleus accumbens to food and sexual images
predict subsequent weight gain and sexual activity 6 months later. These findings suggest that heightened reward responsivity in the
brain to food and sexual cues is associated with indulgence in overeating and sexual activity, respectively, and provide evidence for a
common neural mechanism associated with appetitive behaviors.

Introduction
Although humans have an impressive capacity for self-regulation,
failures are common, leading to many preventable health problems,
from overeating and obesity to impulsive sexual behavior and HIV/
AIDS. One reason people may engage in such behaviors is heightened
sensitivity to environmental cues (Heatherton, 2011). Neuroimaging
studies assessing reactivity to appetitive cues have consistently observed
activation of human reward circuitry, including ventral striatum and
amygdala (Passamonti et al., 2009; Demos et al., 2011). For example,
obesewomenexhibitgreateractivityinthenucleus accumbens (NAcc)
in response to high-calorie food items than do healthy-weight control subjects (Stoeckel et al., 2008). Women with bulimia nervosa
also show increased brain reward activity when observing food cues
(Brooks et al., 2011). Likewise, cues of physical attractiveness activate
NAcc in both men and women (Cloutier et al., 2008), as does exposure to erotic images (Hamann et al., 2004).
Neural and physiological reactivity to drug cues predicts important behavioral outcomes, such as smoking cessation (Janes et
al., 2010) and cocaine relapse (Back et al., 2010). Does such reac-
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tivity predict long-term outcomes for non-drug behaviors? An
open question is whether individual differences in brain activity,
specifically in regions associated with reward motivation, are associated with an increased proclivity for indulgence and thereby
predict future weight gain and/or sexual promiscuity. We hypothesized that individual differences in NAcc activity in response to viewing food items and sexual scenes would predict
future weight gain and sexual behavior.
Shortly after arrival on campus, a cohort of first-year female
college students (N ⫽ 58) were scanned using functional magnetic resonance imaging (fMRI) while viewing images of animals,
environmental scenes, appetizing food items, and people (Fig. 1).
Some of the images of people depicted people in sexual scenes or
consuming alcohol. Task instructions were simply to indicate
whether a person was present in the image. Before scanning,
participants were weighed under the guise that it was a necessary
step in the scanning procedure. As such, participants were naive
to the goals of the study. Six months later, 48 of the participants
returned to the laboratory where they were again weighed, and
then completed questionnaires assessing their sexual behavior. It
was hypothesized that activity in the NAcc would reflect individual differences in appetitive behaviors (i.e., eating and sex).

Materials and Methods
Subjects
Fifty-eight matriculating native English-speaking females in their first
year of college at Dartmouth College participated in this experiment. Of
the 58, 48 returned 6 months later for a follow-up behavioral session;
thus, only 10 participants were lost to follow-up (i.e., did not respond to
requests to return) at 6 months. Participants were between the ages of 18
and 19 (mean age ⫽ 18 years). No subject reported abnormal neurolog-

Demos et al. • Predicting Appetitive Behavior

5550 • J. Neurosci., April 18, 2012 • 32(16):5549 –5552

ical history and all had normal or corrected-tonormal visual acuity. Each subject provided
informed consent in accordance with the
guidelines set by the Committee for the Protection of Human Subjects at Dartmouth College
and received monetary compensation for participating in this study.

Apparatus
Imaging was performed on a Philips Intera
Achieva 3-tesla scanner (Phillips Medical Systems) with a SENSE (SENSEitivity Encoding)
head coil. During scanning, visual stimuli were
generated with an Apple MacBook Pro Laptop
computer running SuperLab 4.0 software (Cedrus Corporation). An Epson (model ELP7000) LCD projector was used to display
stimuli on a screen positioned at the head-end
of the scanner bore and subjects viewed it
through a mirror mounted on top of the head
coil. A fiber optic, light-sensitive key press interfacing with the Cedrus Lumina Box recorded subjects’ responses. Cushions were
placed around the head to minimize movement during scanning and increase comfort.

Imaging

Figure 1. Representation of the cue-reactivity paradigm. Eighty images of each category [animals, food, sexual scenes, environmental scenes, general people, and people drinking alcohol (not shown)] were displayed one at a time for 2 s, followed by a
brief (500 ms) fixation crosshair. Images were presented in a pseudorandom order and intermixed with jittered periods of fixation
(crosshair) baseline.

Anatomic images were acquired using a highresolution 3-D magnetization-prepared rapid gradient echo sequence
(60 sagittal slices; TE, 4.6 ms; TR, 9.9 ms; flip angle, 8°; voxel size, 1 ⫻ 1 ⫻
1 mm). Functional images were collected using T2* fast field echo, echo
planar functional imaging sensitive to BOLD contrast (TR, 2500 ms; TE,
35 ms; flip angle, 90°; 3 ⫻ 3 mm in-plane resolution; sense factor of 2).
Functional scanning was performed in five runs; during each run, 144
axial images (36 slices, 3.5 mm slice thickness, 0.5 mm skip between
slices) were acquired, allowing complete brain coverage.

Procedure

Time 1. Participants (n ⫽ 58) were scheduled for an fMRI session within the
first month of their arrival on the college campus. Participants were asked to
refrain from eating, consuming alcohol or caffeine, and smoking for 2 h
before their fMRI session. Immediately before scanning, each subject was
asked to respond to a set of questions to assess their current state, wherein
they listed food and drink consumption, activity level, and current hunger
level.
Critically, in addition to participants’ self-report of their weight (a
standard procedure for fMRI scanning), these participants were weighed and
measured using a calibrated Detecto Physician’s Scale (Cardinal Scale Manufacturing) immediately before scanning. To explain the need for obtaining
these anthropometrics, participants were told of the importance of having an
accurate reading of body measurements for fMRI scanning. These measurements were used to calculate Body Mass Index [BMI; (weight in kg)/(height
in m) 2] and served as a baseline (Time 1) assessment of BMI to be used in
comparison with those obtained at Time 2 (6 months later).
Subjects were then scanned in an event-related cue-reactivity paradigm while viewing images of animals (80), food (80), people drinking
alcohol (80), people in sexual scenes (80), people (nonsexual/nondrinking) (80), and environmental scenes (80) (Fig. 1). The images were compiled from the Internet, as well as the International Affective Picture
System (Lang et al., 2008) and scaled to 480 by 360 pixels in size using
Adobe Photoshop 7.0. During scanning, subjects were asked to simply
determine whether or not each image contained a person and to use key
presses to make their responses (left-handed response for “nonperson”;
right-handed response for “person”). The purpose of this task was to
ensure subjects’ attention to the images. Each image was presented for
2000 ms, followed by a crosshair (500 ms), and randomly intermixed
across the trial with jittered periods of fixation (0 –10,000 ms; mean
intertrial interval ⫽ 5000 ms).
Time 2 (6-month follow-up). Approximately 6 months after Time 1, the
same 58 participants were contacted and asked to return to the lab for a

behavioral follow-up session. A total of 48 participants returned to participate in this session. The mean time between sessions was 180.5 days
(range, 160 –200 d). During this session, the Sociosexual Orientation
Inventory (Simpson and Gangested, 1991) and the Sexual Desire Inventory (SDI) (Spector et al., 1996) were administered. Following completion of the questionnaires, participants were again weighed and
measured on the same calibrated medical scale used at Time 1.

fMRI data analyses
fMRI data were analyzed using Statistical Parametric Mapping software
(SPM2; Wellcome Department of Cognitive Neurology, London, UK)
(Friston et al., 1995). For each functional run, data were preprocessed to
remove sources of noise and artifact. Functional data were realigned
within and across runs to correct for head movement, coregistered with
each participant’s anatomic data, and transformed into a standard anatomic space (3 mm isotropic voxels) based on the ICBM 152 brain template (Montreal Neurological Institute). Normalized data were then
spatially smoothed (6 mm full-width at half-maximum) using a Gaussian
kernel, and globally scaled to permit between group comparisons. Analyses of fMRI data included: formation of statistical contrast images, regional analysis of hemodynamic responses using an anatomically defined
regions of interest (ROI) for the nucleus accumbens, and exploratory
whole-brain regression analysis.

Statistical images
For each participant, a general linear model incorporating task effects
(modeled as an event-related function convolved with the canonical hemodynamic response function), a mean, and a linear trend were used to
compute t-contrast images (weighted parameter estimates) for each
comparison at each voxel. These individual contrast images were then
submitted to a second-level, random-effects analysis to create mean
t-images (thresholded at p ⫽ 0.001, uncorrected).

ROI analyses
This study sought to investigate individual differences in reward processing during simple viewing of food stimuli and sexual scenes. To specifically explore the involvement of the NAcc, a hub of the dopaminergic
reward system consistently identified in human and animal studies of
reward, addiction, and motivation, ROIs were created based on anatomical coordinates defined in a stereotactic investigation of the human
NAcc (Neto et al., 2008). Spherical ROIs (6 mm) were built centered at
MNI coordinates x ⫽ ⫺9, y ⫽ 6, z ⫽ ⫺4 (left NAcc) as well as x ⫽ 9, y ⫽
6, z ⫽ ⫺4 (right NAcc). Signal intensities (beta values) for this ROI were
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to predict sexual desire (as indexed by the
SDI: solitary sexual desire, which measures interest in behaving sexually by oneself, and dyadic sexual desire, which
measures interest in behaving sexually
with a partner) (Spector et al., 1996). Left
NAcc activity in response to viewing sexual scenes was positively correlated with
both solitary sexual desire (r ⫽ 0.36, p ⫽
0.01) and dyadic sexual desire (r ⫽ 0.39,
p ⬍ 0.01; Fig. 2C). Whereas the relationFigure 2. Nucleus accumbens activity to food and sexual images predicts weight gain and sexual desire, respectively. A, The ship between weight gain and NAcc activanatomical ROI of the left NAcc with central Talairach coordinates (x, y, z) ⫺9, 6, ⫺4 is displayed on a coronal brain slice. B, Signal ity was unique to food images, the
change in the left NAcc (anatomically defined ROI) in response to viewing food images at Time 1 positively correlated with change relationship between sexual desire and
in BMI 6 months later (Time 2 ⫺ Time 1) (r ⫽ 0.37, p ⬍ 0.05). C, Signal change in the left NAcc ROI in response to viewing sexual
NAcc activity was unique to sexual images.
scenes at Time 1 positively correlated with dyadic sexual desire (r ⫽ 0.39, p ⬍ 0.01). A similar correlation was observed between
None of the other image categories preNAcc activity to sexual scenes and solitary sexual desire (data not shown; r ⫽ 0.36, p ⫽ 0.01).
dicted sexual desire (all r’s ⬍ ⫾0.20) and the
correlation between cue reactivity for sexual
scenes and SDI scores differed from nonsexthen calculated separately for each condition compared with fixation
ual images correlations (p ⬍ 0.05).
baseline and the relationship between activity in this area and behavioral
Results of the whole-brain exploratory analysis revealed addimeasures were examined statistically.
tional positive correlations between cue reactivity to sexual
Exploratory whole-brain regression analyses
scenes and the solitary and dyadic sexual desire measures (threshAlthough the primary analyses reported here were based on an a priori
olded at p ⬍ 0.001, minimum cluster size ⫽ 5 voxels) in a region
defined region of interest centered on the NAcc, to identify additional
of the orbitofrontal cortex (BA 10: 15, 58, 0), right middle temactivations that showed a relationship between appetitive behavior and
poral gyrus (BA 20: 39, 2, ⫺20), and left parahippocampal gyrus
brain activity, we performed additional exploratory whole-brain regres(⫺21, ⫺27, ⫺16).
sion analyses. To identify regions associated with weight change, BMI
Although the number of sexual partners that participants rechange for each subject was entered into a whole-brain regression analported was anticipated to be used as a continuous variable, 26 of
ysis examining the neural response to food images (food ⬎ baseline).
the 48 returning participants reported having no sexual partners.
Similarly, to identify regions whose activity in response to sexual scenes
was associated with sexual behavior, SDI scores (dyadic and solitary) for
Thus, because more than half of the participants reported no
each subject were entered into a whole-brain regression analysis examsexual activity during the year, sexual behavior was treated as a
ining the neural response to sexual images (sexual scenes ⬎ baseline).
discrete variable [individuals who had sex during the year (N ⫽
22) vs those who did not (N ⫽ 26)]. Activity in the left NAcc while
Results
viewing sexual images was greater in individuals who reported
Predicting weight change
sexual activity with at least one partner (t(46) ⫽ 6.30, p ⬍ 0.0001)
Anatomical ROIs were selected for both the left and right NAcc
Left NAcc activity did not differ between groups for any of the
based on stereotactic coordinates (x, y, z ⫽ ⫹/⫺9, 6, ⫺4; Fig.
other image cues (all p’s ⬎ 0.14).
2 A). Activity in response to viewing food images (during scanning; Time 1) was then used to predict weight change ⬃6 months
Discussion
later (Time 2; calculated as BMI at Time 2 ⫺ BMI at Time 1).
The present study demonstrates that reward activity in response
Results revealed that activity in the left NAcc correlated positively
to appetitive cues predicts long-term and consequential behavwith BMI change, such that greater activity predicted subsequent
ioral outcomes. According to both human and animal studies,
weight gain (r ⫽ 0.37, p ⬍ 0.05; Fig. 2 B). Importantly, this relaexposure to appetitive cues increases the likelihood that a craved
tionship was unique to the food images. NAcc activity in response
substance will be consumed or a behavior enacted (Stewart et al.,
to the non-food images did not predict weight gain (animals: r ⫽
1984; Drummond et al., 1990; Jansen, 1998). Recent work by
⫺0.07; people: r ⫽ ⫺0.17; drinking scenes: r ⫽ 0.01; sexual
Kober et al. (2010) revealed that cognitive strategies aimed at
scenes: r ⫽ ⫺0.26; environmental scenes: r ⫽ ⫺0.03). When
reducing cravings for cigarettes and food were accompanied by
contrasted directly (using standard formulas for contrasting r
reduced activity in the ventral striatum. Martin and Delgado
values using Fishers r to z transformation), the food cue(2011) demonstrated similar striatal activity reductions during
reactivity correlation with BMI change differed from the correlasuccessfully regulated monetary decisions, suggesting perhaps
tion for nonfood images ( p ⬍ 0.01).
that active self-regulation may be associated with reduced reward
The relationship between left NAcc (lNAcc) activity and
sensitivity (Kober et al., 2010; Martin and Delgado, 2011). Imagweight change was also evident in whole-brain regression analying studies suggest that self-regulation involves a balance between
ses. Results of whole-brain regression analyses revealed that acsubcortical brain regions representing the reward, salience and
tivity in the lNAcc (⫺9, 9, ⫺3) was the only region to show a
emotional value of a stimulus, and frontoparietal regions associated
significant correlation with BMI at this threshold. Using a more
with executive control (Heatherton and Wagner, 2011), particularly
lenient statistical threshold ( p ⬍ 0.005), additional positive cordorsolateral prefrontal cortex (Hare et al., 2009; Staudinger et al.,
relations were observed in the anterior cingulate (BA 32: 6, 50, 0)
2011). Collectively, these findings suggest a domain-general pattern
and the inferior temporal gyrus (BA 20: 36, ⫺5, ⫺33).
for reward-related brain activity whereby heightened activity in the
nucleus accumbens may be used as a proxy for future appetitive
Predicting sexual behavior
Just as cue reactivity to food images was investigated as potential
behaviors and reduction of such behaviors may involve higher-order
predictors of weight gain, cue reactivity to sexual images was used
cognitive systems. Moreover, there is some evidence that genetic
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variations may differentially affect the relationship between reward
activity and weight (Stice et al., 2010).
It seems likely that the stress associated with the first year of
college may be a contributing factor to changes in behavior. Research in nonhuman animals indicates that stress weakens prefrontal control over behavior (Arnsten, 2009) while also
sensitizing reward systems to biologically salient stimuli (Piazza
and Le Moal, 1998). Thus, stress may disrupt self-regulatory efforts because it is associated with reduced top-down control from
prefrontal cortex in conjunction with heightened hedonic responses to appetitive stimuli (Heatherton and Wagner, 2011).
For instance, a considerable amount of research demonstrates
that stress and other types of negative affect produce increases in
eating, particularly for those trying to control their weight
(Heatherton and Baumeister, 1991). Other factors, such as less
frequent exercise, living away from parental influence, and
changes in daily routines and sleep and their hormonal consequences may all be contributing factors to weight gain and
changes in sexual behavior observed among college students. Future research is needed to disentangle these putative mechanisms.
As noted, cue exposure increases activity in brain reward regions,
but it also produces spontaneous activity in the action observation
network, such as when smokers spontaneously engage action representation brain areas when viewing others smoking (Wagner et al.,
2011). According to contemporary research in social cognition, exposure to appetitive cues primes behavior outside of people’s intentions or awareness (Bargh and Morsella, 2008). The putative
mechanism for behavioral priming is that cue exposure activates
mental representations that lead to unconscious goal pursuit, which
ultimately produces the same outcomes that consciously pursuing
goals does (Dijksterhuis et al., 2007). Indeed, even if people are aware
of being exposed to appetitive cues, they may be unaware of the effect
such cues have on their behavior (Stacy and Wiers, 2010). From this
perspective, exposure to food or sexual images activates mental representations of their attendant behaviors and activates unconscious
goals to engage in those behaviors.
The implication of the current research is that there are individual differences in the extent to which cue exposure primes
behavior, such that some individuals show more robust reward
activity to appetitive cues, which in turn may produce greater
behavioral priming. It is important to note that cue reactivity in
the current study shows material specificity, such that those who
showed heightened reward activity to food images gained weight
but did not engage in more sexual behavior, and vice versa. Understanding how individual differences in reward responsivity
primes specific actions that have measurable long-term behavioral outcomes may assist in the development of more effective
strategies for preventing self-regulation failures, such as overeating or engaging in risky sexual activity. This research shows that
there are important long-term consequences of individual differences in selective cue responsivity to appetitive cues.
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