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Abstract
Theprevalenceof adolescentobesityhas increaseddramaticallyover thepast threedecades, and researchhasdocumented that the
number of television shows viewedduring childhood is associatedwith greater risk for obesity. In particular, considerable evidence
suggests that exposure to food marketing promotes eating habits that contribute to obesity. The present study examines neural
responses to dynamic food commercials in overweight and healthy-weight adolescents using functional magnetic resonance
imaging (fMRI). Comparedwith non-food commercials, food commercialsmore strongly engaged regions involved in attention and
saliency detection (occipital lobe, precuneus, superior temporal gyri, and right insula) and in processing rewards [left and right
nucleus accumbens (NAcc) and left orbitofrontal cortex (OFC)]. Activity in the left OFC and right insula further correlated with
subjects’ percent body fat at the time of the scan. Interestingly, this reward-related activity to food commercials was accompanied
by the additional recruitment of mouth-specific somatosensory-motor cortices—a finding that suggests the intriguing possibility
that higher-adiposity adolescents mentally simulate eating behaviors and offers a potential neural mechanism for the formation
and reinforcement of unhealthy eating habits that may hamper an individual’s ability lose weight later in life.
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Introduction
Obesity is a key public health problem in the United States of
America and has become progressively more prevalent in the
past 3 decades (Ogden et al. 2014; National Center for Health Sta-
tistics, 2012). At the same time, many aspects of food consump-
tion have changed—greater use of prepared food products in the
home and greater utilization of restaurants. Corporate fast food
restaurants appeared in the 1950s, before the obesity epidemic
but have expanded greatly since then. Today, dozens of national
chains compete intensively on food price and portion size.
Nowhere is this competition better illustrated than in television
advertising for these products, where children view up to 13 food
ads per hour of programming (Dembek et al. 2013).

Prior behavioral work has demonstrated relationships be-
tween adolescents’ receptivity to food commercials and body

mass index (BMI) (McClure et al. 2013) and the amount of snack-

ing following food ad viewing (Halford et al. 2004). Neuroimaging

studies exploring the relationship between food cue-reactivity

and obesity in adults have consistently identified a putative net-

work of reward regions including the ventral striatum, insula,

and regions of the orbitofrontal cortex (OFC) (Rothemund et al.

2007; Stoeckel et al. 2008; Bruce et al. 2010; Stice et al. 2011; Dimi-

tropoulos et al. 2012;Wagner et al. 2013) as well as regions related

to visual attention (McCaffery et al. 2009; Martin et al. 2010), and

somatosensory processing (Stice et al. 2011). Moreover, food cue-

reactivity in reward and attention regions have been linked to
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futureweight gain (Demos et al. 2012; Yokumet al. 2012), trait im-
pulsivity (Kerr et al. 2014), self-reported craving (Kober et al. 2010),
giving in to cravings (Lopez et al. 2014), diet violations (Demos
et al. 2011), diet failures (Murdaugh et al. 2012), as well as dieting
status and weight loss strategies (Bruce et al. 2012; Bruce et al.
2014). Although the majority of these studies have been con-
ducted in adults, adolescence is often characterized by heigh-
tened sensitivity to reward cues, potentially leading to
increases in risky behaviors (Fareri et al. 2008; Casey 2014), thus
providing further motivation for investigating this relationship
in an adolescent population.

Although much of this work has been conducted using static
pictures of appetizing foods, recent work by Gearhardt et al.
(2013) has extended food cue-reactivity findings in adolescents
to dynamic food commercials. Because food commercials are
specifically designed to entice consumption of the advertised
product, these cues may be particularly powerful motivators of
eating behavior. Additionally, dynamic reward cues like food
commercials may capitalize on and reinforce well-established,
automatic habits through mimicry and observational learning.
Behavioralmimicry studies in adults have shown that the behav-
ior of a confederate can impact the viewer’s own behaviors (Char-
trand and Bargh 1999), and other work hasmore directly tied this
phenomenon to eating behaviors (Johnston 2002).

Brain imaging research on action observation has shown that
observing others perform goal-directed actions recruits a puta-
tive action–observation network, which includes lateral frontal
(IFG),motor, premotor, supplementarymotor, somatosensory re-
gions, the intraparietal lobule, the superior parietal lobule, and
the intraparietal cortex (IPS) (Caspers et al. 2010).

Much like eating, smoking is another highly reinforced and
automatic behavior, and our prior work has shown that smokers
activate both reward (left OFC) and action-observation regions
(left IPS and IFG)more so thannonsmokerswhenviewingdynam-
ic depictions of others smoking (Wagner et al. 2011). The present
study sought to examine the neural responses to food commer-
cials in order to better understand the relationship between
real-world food advertising and adolescent obesity. Based on
our previouswork,wehypothesized that adolescentswould dem-
onstrate greater activity for food commercials in regions involved
in reward and that recruitment would correlate with individual
differences in adiposity. An open question was whether high-
adiposity adolescents would additionally recruit brain regions
that are commonly activated in studies of action observation, a
finding that might suggest high-adiposity adolescents are more
likely to simulate eating when observing others eat.

Methods
Subjects

Forty right-handed adolescents (20 female and 20male) between
the ages of 12 and 17 (mean age = 14.3 years) were recruited
locally through the Children’s Hospital at Dartmouth Hitchcock
Medical Center, based on their BMI percentiles. We obtained
permission from the IRB to conduct a limited search of the elec-
tronic medical records to identify adolescents in the pediatric
practice whose BMI was ≥95th percentile (obese) and whose
BMI was between the 40th and the 59th percentile (healthy
weight). An opt-out letter was sent to the parents of all of these
adolescents from the physicians in the practice informing them
of the study, afterwhichweproactively called themto invite topar-
ticipation. Participants were matched for age and gender. Enrolled
adolescents and their parents were consented verbally, and

participants were unaware that they had been recruited based on
BMI. All procedures were approved by the Committee for the Pro-
tection of Human Subjects at Dartmouth College. Due to excessive
movement in two subjects and technical problems with data col-
lection in a third subject, 37 participants were included in the
final analyses. For these subjects (20 female and 17 male), the
mean age was 14.4 years (s.d. = 1.3 years; range = 12–16). Of these
subjects, mean BMI for adolescents recruited as obese (n = 18) was
33.2 (s.d. = 2.51) andmean BMI for adolescents recruited as healthy
weight (n = 19) was 20.15 (s.d. = 2.05) (Table 2). Across all subjects (n
= 37), mean BMI was 26.49 (s.d. = 6.99) and the range was 16.5–37.7.
One subject recruited as healthy weight met national criteria for
being overweight (>85th percentile) on the day of the scan.

Although participants were recruited based on an obesity
metric available to us prior to the scan session (BMI), percent
body fat was collected on the day of the scan as an additional
measure of individual adiposity. Mean percent body fat for
adolescents recruited as obese was 42.54 (s.d. = 8.27), and mean
percent body fat for adolescents recruited as healthy weight
was 20.15 (s.d. = 9.83) (Table 2). Mean percent body fat across all
subjects was 31.04 (s.d. = 14.47), and the range was 8.3–52.5%.

Stimuli

Twelve food and 12 non-food high-resolution commercials were
matched for length (mean food commercial = 28.4 s; mean con-
trol commercial = 28.9 s) (Table 1). Commercials were selected
based on quality, relevance to the age group, and publication
date. Non-food commercials were included as a comparison to
account for low-level visual properties inherent to processing dy-
namic scenes. A separate cohort of 28 adolescents (mean age =
12.61 years; s.d. = 1.71 years) rated a randomized subset the com-
mercials (mean number of commercials viewed = 6.07, s.d. = 0.99)
on interest (“how interesting do you think this commercial is?”)
and excitement (“how exciting do you think this commercial
is?”) on a sliding scale from 0 to 1. Ratings of interest for the
food commercials (mean = 0.395, s.d. = 0.202) and ratings of inter-
est for the neutral commercials (mean = 0.403, s.d. = 0.154) did not
significantly differ (t(27) = −0.548, P = 0.808). Similarly, ratings of
excitement for the food commercials (mean = 0.375, s.d. = 0.191)
and ratings of interest for the neutral commercials (mean = 0.390,
s.d. = 0.134) did not significantly differ (t(27) =−0.410, P = 0.690).
During scanning, commercialswere presented in a pseudo-rando-
mized order so that nomore than two commercials in a condition
or 2 commercials of the same brand appeared in subsequence.
These commercials were embedded as four “commercial breaks”
into an episode of a popular age-appropriate television show,
The Big Bang Theory (Fig. 1). Each commercial break consisted of
six commercials, or ∼2.8 min (67 TRs) of commercial time.

Procedure

Subjects were naïve to the purpose of the experiment and were
simply told that the study was aimed at understanding the
brain’s response to viewing television shows. Subjects were
asked not to eat food or to consume any caffeinated beverages
for the 2 h prior to their study appointment. Before scanning,
subjects were weighed using a Tanita scale (model TBF-300A
Arlington Heights), which uses bioelectric impedance analysis
to determine body composition and has been shown to be a
reliable measure of body fat (Jebb et al. 2007). Consistent with
our cover story, subjects were asked to report how many TV
shows they watch per week on average.
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During scanning, subjects watched a 19-min episode of The
Big Bang Theory. Food and non-food commercials were pseudo-
randomized and embedded into the natural commercial breaks
of the episode. The TV show and commercials were presented
with SuperLab 4.5 software (Cedrus Corporation). Participants
were given no overt task instructions and were allowed to pas-
sively view the TV show and commercials. Echo-planar images
(EPIs) were acquired during commercial presentations and
reference scans, and structural images were acquired during
the TV show presentation. In total, 12 food and 12 control (non-
food) commercials were presented over four “commercial
breaks.”

Image Acquisition

All scanningwas performed on a 3.0T Philips AchievaMRI fit with
a 32-channel SENSE (Sensitivity Encoding) headcoil. Structural
images were obtained using a T1-weighted MP-RAGE protocol
(TR = 9.9 ms; TE = 4.6 ms; flip angle = 8°; 1 × 1 × 1 mm3 voxels).
Functional images were acquired using a T2*-weighted EPI

protocol (TR = 2500 ms; TE = 35 ms; flip angle = 90°; 3 × 3 × 3 mm3

voxels; sense factor of 2). Four functional runs were collected
(67 TRs each) for each participant.

Image Preprocessing

All imaging preprocessing and subsequent analyses were con-
ducted in SPM8 (Wellcome Department of Cognitive Neurology)
in conjunction with a suite of tools for preprocessing and ana-
lysis (https://github.com/ddwagner/SPM8w). Functional images
were slice-time-corrected and realigned to account for temporal
differences in slice acquisition and head motion, respectively.
Resulting volumes were spatially normalized to the ICBM 152
template brain (Montreal Neurological Institute) and spatially
smoothed using an 8-mm (FWHM) Gaussian kernel.

Data Analysis

Task conditions and covariates of no interest were convolved
with a canonical hemodynamic response function and included

Table 1 Food and non-food commercials used in scanning paradigm

Brand Product Name/description Duration (s)

Food commercials
McDonald’s Quarter pounder Made with 100% beef 15
McDonald’s Double quarter pounder It adds character 30
McDonald’s Angus third pounder Eyes on the road 30
McDonald’s McRib McRib is back 30
McDonald’s Chicken Nuggets Slams even dunkier 30
McDonald’s Chipotle BBQ bacon angus Angus axiom #43 30
Wendy’s 99-cent menu My 99: Drive through 30
Wendy’s 99-cent menu My 99: Skate park 28
Wendy’s Chicken sandwich Slap in the face 30
Dunkin Donuts Breakfast sandwiches Adventure runs on Dunkin 29
KFC $5 meal Today is a KFC day 30
Pizza Hut Big Italy pizza Big Italy 29

Non-food commercials
Lowe’s Store sale event Great American fix-up 15
Gillette Fusion ProGlide Styler Masters of Style 30
Quicken Loans Retail mortgage Who do you think I am? 30
Tide Tide laundry detergent Hoodies & Cargo shorts 31
Chevrolet Volt Volt owners: gas stations 31
Toyota Camry, Corolla, Priux #1 for everyone sales event 26
Gain Gain laundry detergent Revolving door 32
Sprint Cellular phone data plan Truly unlimited data 31
Simple Green All purpose cleaner I got that 30
Verizon 4G LTE Bad idea 30
Johnson’s Head-to-toe wash Nice work 31
Farmer’s Insurance University of Farmers: Maze 30

Figure 1. Study design. Subjects viewed episode of The Big Bang Theorywith food and control (non-food) commercials embedded throughout as typical commercial breaks.
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in a general linear model to determine neural responses to food
and non-food commercials. Nuisance regressors included 6 mo-
tion parameters, the session mean, and a linear trend to account
for low-frequency scanner drift. The resulting subject-level con-
trasts of FOOD > NON-FOOD commercials were entered into a se-
cond-level random-effects analysis. This produced a group-level
statistical parametric map that represented the overall changes
in neural activity for FOOD>NON-FOOD commercials across sub-
jects. The group-level contrast map was thresholded at P < 0.005
and cluster corrected to account for multiple comparisons
using 5000 Monte Carlo simulations. These simulations esti-
mated a minimum cluster size of 173 voxels.

Given our a priori hypothesis that reward-processing regions
would correlate with adiposity, region-of-interest (ROI) analyses
were performed on the nucleus accumbens (NAcc), the OFC, and
the insula. Left and right NAcc ROIs were defined anatomically
using the automatic segmentation tool (aseg) in FreeSurfer
(Fischl 2004) to create a probabilistic mask from anatomical
MPRAGE scans collected on all subjects. Voxels that were present
in at least 75% of all subjects’ segmented NAcc regions were in-
cluded in the ROI. The FOOD > NON-FOOD commercials contrast
(P < 0.05, corrected based on a cluster extent threshold of 913 vox-
els estimated with 5000 Monte Carlo simulations) was used to
identify cortical reward ROIs. ROI selection in this case is un-
biased with respect to body fat (Kriegeskorte et al. 2009; Vul
et al. 2009), as ROIs were defined using an independent contrast
that did not correlate signal change with body fat. Three cortical
reward ROIs (10-mm spheres centered on the peak activation)
were identified from this contrast, the left OFC (−6, 42, −12),
right OFC (27, 36, −24), and right insula (39, −6, 3). All ROIs were
interrogated for outliers (i.e., individuals whose activity was
> two standard deviations from the mean activation of the ROI),
and the resulting correlations with percent body fat, BMI, and TV
viewing were conducted on each ROI after removal of outliers.

In order to identify additional brain regions that weremore ac-
tivewhen viewing food commercials as a function of percent body
fat, an exploratory whole-brain regression was performed. Each
subject’s FOOD > NON-FOOD contrast was entered into a regres-
sion analysis using individual body fat percentage as a covariate.

Age and gender were included in this model to account for vari-
ance in body fat percentages for males and females of different
ages (Rosner et al. 1998; Blaak 2001). Resulting statistical maps
for the exploratory whole-brain analyses were thresholded using
a more stringent threshold (P < 0.001) and were cluster corrected
to aminimum extent of 74 voxels to account for whole-brainmul-
tiple comparison based on 5000 Monte Carlo simulations.

Data Visualization

All fMRI results were visualized in Connectome Workbench Ver-
sion 0.85 (Marcus et al. 2010; Marcus et al. 2011) available from
http://www.humanconnectome.org/connectome/connectome-
workbench.html. Cortical surface results were mapped onto the
Conte69 mid-thickness surfaces (Van Essen et al. 2012).

Results
Behavioral Results

Adolescents reported watching an average of 5 h of TV shows per
week (s.d. = 3.05, range = 1–13 h). The number of reported TV
viewing significantly correlated with subjects’ BMI (r = 0.49, P <
0.005) and percent body fat (r = 0.41, P < 0.05). BMI was also corre-
lated with percent body fat (r = 0.85, P < 0.0001).

Imaging Results

Food Versus Non-Food Commercials
A random-effects analysis identified several regions that showed
greater activation during food commercials compared with non-
food commercials (Fig. 2). In particular, the left OFC, occipital
lobe, bilateral regions of the superior and middle temporal gyri,
and the posterior cingulate gyrus all demonstrated significantly
greater activation in response to FOOD commercials than to
NON-FOOD commercials (P < 0.05, corrected; Table 3).

A priori ROI Analyses
Given our a priori hypothesis, we investigated the activation ob-
served within anatomically defined left and right NAcc ROIs,

Figure 2. Brain regions showing greater activity when viewing FOOD commercials than NON-FOOD commercials. Activations (P < 0.005, 173 contiguous voxels) are

displayed on an inflated rendering of the cortical surface (Marcus et al. 2010; Marcus et al. 2011). Greater activation for FOOD commercials was observed in a number

of occipital regions (A) extending from the occipital pole through the fusiform gyrus, the left superior and middle temporal gyrus (B), the precuneus (C and D), and the

left orbital frontal cortex (E).

Food Cue-Reactivity Predicts Adolescent Adiposity Rapuano et al. | 2605

http://www.humanconnectome.org/connectome/connectome-workbench.html
http://www.humanconnectome.org/connectome/connectome-workbench.html
http://www.humanconnectome.org/connectome/connectome-workbench.html


Table 2 Demographic characteristics of participants. Means and standard deviations for BMI and body fat percentages within obese and healthy-
weight recruited groups and across all subjects

BMI (mean) BMI (s.d.) Body fat percent (mean) Body fat percent (s.d.)

Obese 33.20 2.51 42.54 8.27
Healthy weight 20.15 2.05 20.15 9.83
All subjects 26.49 6.99 31.04 14.47

Figure 3. Regions correlating with percent body fat. (A) The magnitude of response to food commercials in a region of the left orbitofrontal cortex, defined by the FOOD >

NON-FOOD contrast, correlated with percent body fat (r = 0.43, P < 0.01) and BMI (r = 0.38, P < 0.05). (B) The magnitude of response to food commercials in a region of the

right insula, defined by the FOOD > NON-FOOD contrast, correlated with percent body fat (r = 0.38, P < 0.05) and BMI (r = 0.41, P < 0.05).
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and the left and right OFC and right insula ROIs identified in the
FOOD>NON-FOOD contrast. Estimates of signal change for FOOD
> NON-FOOD commercials within the left OFC and right insula
correlated with participants’ percent body fat (left OFC; r = 0.43, P
< 0.01 right insula; r = 0.38, P < 0.05) (Fig. 3). Because body fat cor-
relatedwith both BMI and TV viewing, we also correlated left OFC
and right insula activity with thesemeasures across subjects. Ac-
tivity in left OFC and right insula also correlated with BMI (left
OFC; r = 0.38, P < 0.05 right insula; r = 0.41, P < 0.05) but did not cor-
relate with the amount of TV viewing (left OFC; r = 0.04, P = 0.84,
right insula; r = 0.25, P = 0.14). Activity in the right OFC did not cor-
relate with body fat (r = 0.25, P = 0.16), BMI (r = 0.24, P = 0.17), or TV
watching (r = 0.01, P = 0.93).

Although activity in left and right NAcc was greater for
FOOD than NON-FOOD commercials (left: t(35) = 3.9, P < 0.0005;
right: t(35) = 3.2, P < 0.005), it did not correlate with body fat, BMI,
or TV watching (P > 0.05). We did not observe significant activa-
tions in the left insula in the FOOD > NON-FOOD contrast, and
so this region was not interrogated further.

Exploratory Whole-Brain Regression Analysis
To identify additional brain regions that correlated with percent
body fat, an exploratory whole-brain regression analysis was
conducted by correlating FOOD > NON-FOOD signal change
with body fat on a voxel-by-voxel basis. Results revealed regions
that significantly correlated between the FOOD > NON-FOOD
commercials and percent body fat (P < 0.05, corrected; Fig. 4 and
Table 4). Bilateral sensorimotor cortices along the pre- and
post-central gyri and bilateral central sulci and a region of the
right insula/posterior opercula demonstrated this correlation. Fi-
nally, a region in the posterior cerebellum demonstrated greater
activation with increases in percent body fat.

Since BMI is awidely usedmetric for determining obesity sta-
tus, whole-brain responses to food commercials were similarly
regressed with BMI (again accounting for age and gender). In
doing so, only the right sensorimotor region demonstrated this
relationship at the threshold used for the percent body fat regres-
sion (P < 0.05, corrected). However, this region was recruited to a
lower extent (101 voxels for BMI vs. 184 voxels for percent body
fat). No other regions were significantly correlated with BMI.

Discussion
The present study contributes to our growing understanding of
the influence of naturalistic, dynamic food commercials on neur-
al activity and eating behavior in adolescents. The extension of
such content to the study of appetitive behaviors here and else-
where (Gearhardt et al. 2013) may serve to better understand the
full complement of activations associated with healthy and un-
healthy eating habits. Across all subjects, food commercials
more strongly activated the OFC, insula, and NAcc, regions con-
sistently activated in reward processing and encoding valuation
(Rothemund et al. 2007; Cloutier et al. 2008; Stoeckel et al. 2008;
Bruce et al. 2010; Stice et al. 2011; Wagner et al. 2011; Demos
et al. 2012; Dimitropoulos et al. 2012; Simmons, Rapuano,
Ingeholm, et al. 2013). This finding supports our hypothesis
that food commercials engage reward-related regions of the
brain more strongly than non-food commercials and is consist-
ent with previous studies (Gearhardt et al. 2013). Additionally,
regions within the occipital lobe, the left and right superior and
middle temporal gyrus, and the posterior cingulate were all sig-
nificantly more active for the food commercials compared with
non-food commercials. The greater activation of these regions
may reflect greater attention and saliency detection for the
food commercials, which is also consistent with earlier work
(Gearhardt et al. 2013).

Of particular interest, the greater left OFC and right insula
activity to food commercials additionally correlated with adoles-
cent adiposity and was accompanied by the additional recruit-
ment of sensorimotor regions in high-adiposity adolescents.
Although BMI is commonly used as a proxy for obesity classifica-
tion, as was used in Gearhardt et al. (2013), the present study
capitalized on an additional measure (body fat) to characterize
obesity status as this metric has been argued to provide a more
accurate measure of physical health (Shah and Braverman
2012; Ahima and Lazar 2013), particularly in adolescents (Wid-
halm et al. 2001; Freedman et al. 2005). In the present study, the
whole-brain regression revealed a more robust correlation be-
tween body fat and sensorimotor and insula activity than did
BMI. No regionswere significantly correlatedwith age and gender
alone, suggesting the findings reported here aredriven by percent
body fat. Collectively, these findings suggest that correlating
brain activity with body fat may offer a more complete picture
of individual differences in neural activity and their relationship
to obesity than BMI alone.

It is interesting to note that the peak voxelswithin these bilat-
eral sensorimotor activations observed here have previously
been reported in fMRI studies (within 6 mm) examining lip, ton-
gue and jaw movements (Funk et al. 2008; Grabski et al. 2012),
mastication (Takahashi et al. 2007), and swallowing (Lowell
et al. 2008). Further, a PET study has demonstrated greater resting
metabolic activity in oral somatosensory cortex in obese subjects
relative to healthy-weight subjects (Wang et al. 2002). Figure 5

Table 3 Regions that were significantly more active (P < 0.05, corrected) for FOOD > NON-FOOD commercials

Region Coordinates (MNI) Volume (mm3) Peak T

X Y Z

Occipital lobe 12 −102 12 52 785 13.19
R Medial temporal gyrus 69 −6 −6 3339 5.67
L Superior temporal gyrus −69 −18 0 2997 6.85
L Precuneus −6 −48 15 1188 4.67
L Orbitofrontal cortex −12 54 −27 747 4.29

Table 4 Regions that significantly correlated (P < 0.05, corrected) with
increases in percent body fat in response to food commercials

Region Coordinates (MNI) Volume (mm3) Peak T

X Y Z

L Central sulcus −54 −6 33 2097 5.08
R Central sulcus 57 −12 30 1593 5.20
Cerebellum −6 −93 −33 936 4.51
R Insula 39 −12 0 891 5.15
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shows the overlap between our sensorimotor activations and
subregions of sensorimotor systems as defined by resting-state
functional connectivity MRI (rs-fcMRI; Power et al. 2011)
(Fig. 5a). When overlaid in this fashion, correlated food-commer-
cial activity with body fat was localized to the “mouth” sensori-
motor network with little crossover into the “hand/body”
sensorimotor network (Fig. 5b).

Additionally, the right insula demonstrated a similar correl-
ation with body fat. This region spanned mid-insula and ex-
tended into posterior insular cortex. Previous studies have
reported the mid-insula to be involved in gustatory processing
(Veldhuizen et al. 2011; Simmons, Rapuano, Kallman, et al.
2013). When considered in this context, the present findings
may also suggest that higher-adiposity adolescents activate
taste representations when viewing food commercials. More-
over, the posterior insula is considered to be directly associated
with processing somatosensory information (Ostrowsky 2002;
Craig 2003), and the functional and structural connectivity of
these regions have more recently been identified (Cauda et al.
2011; Jakab et al. 2012). The extension into posterior insula

reported here suggests that this region may be representing an
integration of mouth somatosensory and gustatory information
that is more highly activated when high-adiposity adolescents
view food commercials.

Collectively, these findings suggest that higher-adiposity ado-
lescents more strongly recruit oral somatomotor and gustatory
regions pertinent to eating behaviors while viewing food com-
mercials, in comparisonwith their lower-adiposity counterparts.
Previous studies investigating action observation have located
neurons responsive both to the observation and execution of
goal-directed actions, commonly termedmirror neurons (Gallese
1998). Such neurons have been defined in primate motor-related
cortical areas in response to performing actions or viewing others
perform an action (Kohler et al. 2002). Further, ingestive mirror
neurons have been identified in similar motor regions in mon-
keys exhibiting eating behaviors or while watching other mon-
keys eat (Ferrari et al. 2003) and have more recently been
identified in human somatosensory cortex in response to touch
or viewing others being touched (Keysers et al. 2004). The greater
recruitment of sensorimotor and insula cortices associated with

Figure 4. Whole-brain response to FOOD commercials covaried with percent body fat, accounting for age and gender. Activations are overlayed on an inflated

representation of the cortical surface (Marcus et al. 2010; Marcus et al. 2011). Activations were observed in bilateral regions of sensorimotor cortices along the pre- and

post-central gyri and bilateral central sulci and a region of the right insula/posterior opercula.

Figure 5. (A) Functionally defined sensorimotor networks via resting-state connectivity (Power et al. 2011) provide evidence for separable mouth and hand (body)

subnetworks. (B) Activity from (A) overlaid on network boundaries from Power et al. (2011) demonstrates specificity of activity to “mouth” sensorimotor network.
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eating in high-adiposity adolescents suggests the intriguing pos-
sibility that these individuals mentally simulate eating behavior
in response to viewing food commercials, which may then con-
tribute to the enactment of the behavior itself. Although specula-
tive, dynamic reward cues such as food commercials, in addition
to being evaluated as more rewarding in high-adiposity adoles-
cents, may reinforce well-established, automatic eating habits
through mimicry and observational learning. To the extent that
such recruitment serves to establish eating habits and patterns,
the present results offer a potential neural mechanism that
may interferewith an overweight or obese adolescent’s future at-
tempts to eat less and to lose weight later in life. Perhaps, more
encouragingly, the present findings may also provide clues for
intervention strategies aimed at promoting healthy, long-term
eating habits.

Limitations

The adolescents in this study reportedwatching an average of 5 h
of TV per week. This statistic is low compared with national sur-
vey data reporting up to 4 h of TV viewing a day (Rideout et al.
2010) and suggests that the present study may be underpowered
in correlating reward cue-reactivitywith TVwatching (whichwas
reported as non-significant herein). Future studiesmayaim to in-
clude participants that more closely represent the national aver-
age in terms of media use and other possible confounding
variables (e.g., socioeconomic status).

The present study also utilized percent body fat as a measure
of individual adiposity, determined via bioelectric impedance.
The validity of this measure has previously been challenged
(Talma et al. 2013) and should therefore be interpreted with
some caution. However, others have suggested body fatmeasure-
ments to be superior to BMI when examining individual differ-
ences (Ode et al. 2007; Shah and Braverman 2012; Ramel et al.
2013). Given that our findings were largely consistent across
both BMI and body fatmetrics, we believe that a complete report-
ing of both measurements is worthwhile while the field resolves
these assessment methodologies. In adolescents, it is possible
that pubertal status may influence percent body fat measure-
ments, and this was not assessed in the current study. Future
studies relating obesity metrics to neural responses may wish
to consider alternative strategies for measuring adiposity and ac-
counting for individual variability within this measure.
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