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ABSTRACT
Background: Food advertising is a major contributor to obesity, and
fast food (FF) restaurants are top advertisers. Research on the impact
of food advertising in adolescents is lacking and no prior research has
investigated neural predictors of food intake in adolescents. Neural
systems implicated in reward could be key to understanding how food
advertising drives food intake.
Objectives: To investigate how neural responses to both unhealthy
and healthier FF commercials predict food intake in adolescents.
Methods: A cross-sectional sample of 171 adolescents (aged 13–
16 y) who ranged from normal weight to obese completed an fMRI
paradigm where they viewed unhealthy and healthier FF and nonfood
commercials. Adolescents then consumed a meal in a simulated
FF restaurant where foods of varying nutritional profiles (unhealthy
compared with healthier) were available.
Results: Greater neural activation in reward-related regions (nucleus
accumbens, r = 0.29; caudate nucleus, r = 0.27) to unhealthy FF
commercials predicted greater total food intake. Greater responses to
healthier FF relative to nonfood commercials in regions associated
with reward (i.e., nucleus accumbens, r = 0.24), memory (i.e.,
hippocampus, r = 0.32), and sensorimotor processes (i.e., anterior
cerebellum, r = 0.33) predicted greater total food and unhealthier
food intake, but not healthier food intake. Lower activation in neural
regions associated with visual attention and salience (e.g., precuneus,
r = −0.35) to unhealthy relative to healthier FF commercials
predicted healthier food intake.
Conclusions: These findings suggest that FF commercials contribute
to overeating in adolescents through reward mechanisms. The
addition of healthier commercials from FF restaurants is unlikely
to encourage healthier food intake, but interventions that reduce
the ability of unhealthy FF commercials to capture attention could
be beneficial. However, an overall reduction in the amount of FF
commercials exposure for adolescents is likely to be the most
effective approach.
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Introduction
Food advertising to youth has been identified as a significant
contributor to the growing global rates of obesity, and exposure

to unhealthy food commercials is associated with increased
consumption of calorie-dense, nutrient-poor foods (1, 2).
Adolescents are a major target of food commercials, but only
children aged ≤11 y receive any protections through industry
self-regulation (3). Fast food (FF) restaurants are top advertisers
to children and adolescents, and FF commercials typically
feature unhealthy foods (4). Increasing commercials that feature
healthier foods has been proposed as a strategy to encourage
healthier food intake (2, 5), but little is known about the ability of
healthier food commercials from FF restaurants to affect eating
behavior (6, 7). Food commercials can influence behavior by
priming automatic, sometimes unconscious, physiological and
psychological responses that can be challenging to defend against
(1). The ability of FF commercials to engage reward-related
neural systems could be key to their effectiveness (1).
Neuroimaging studies have moved beyond identifying the
basic patterns of neural activity and now use brain responses
as predictors of important behaviors (8). The brain-as-predictor
model is especially useful in capturing unconscious, biological processes that might not be captured by self-report (8),
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which makes it a useful approach for investigating how food
commercials might be contributing to food intake. In adults,
greater activation in the nucleus accumbens (NAcc), which is
associated with reward motivation, in response to food images is
uniquely predictive of increased food intake (9, 10). Adolescents
could be particularly neurally vulnerable to the rewarding nature
of food commercials, because systems associated with reward are
heightened during this developmental stage (11). There has been
no research investigating whether neural responses (to any type
of stimuli) predict food intake in adolescents (8). Investigating
whether neural responses to food commercials predict food
intake in adolescents is an important step in identifying neural
predictors of food intake and the mechanisms through which food
commercials increase food intake in this age group.
The primary aim of the current study was to investigate in
adolescents how neural responses to unhealthy and healthier
FF commercials relative to each other and to nonfood (i.e.,
phone) commercials predicted postscan food intake. In the
current study, 171 adolescents (aged 13–16 y) viewed unhealthy
FF commercials (e.g., cheeseburgers, french fries), healthier
FF commercials (e.g., salads, grilled chicken sandwiches), and
nonfood commercials (i.e., phone commercials) in an fMRI
paradigm. Then participants were able to consume foods featured
in the FF commercials that varied in nutritional profile (e.g.,
cheeseburgers, salads) in a simulated FF restaurant. We hypothesized that greater reward-related neural response, particularly in
the NAcc (9), to unhealthy FF commercials would predict greater
total and unhealthy food intake. We hypothesized that greater
reward-related neural response to healthier FF commercials
would predict greater healthier food intake.

Methods
Participants
Participants who enrolled in the study were 193 adolescents
[99 females, 94 males; mean age = 14.28 ± 1.03 y; range
= 13–16 y; mean BMI (kg/m2 ) = 24.10 ± 5.35; BMI zscore = 0.87 ± 0.92; healthy weight: n = 103 (53.4%);
overweight: n = 48 (24.9%); obese: n = 42 (21.2%)] recruited
from southeast Michigan between 2015 and 2017. Participants
reported the following racial and ethnic backgrounds: 8.9%
Hispanic American, 2.6% American Indian/Alaska Native, 2.1%
Asian American, 14.1% Black, 70.3% White, 2.6% other,
6.3% mixed, and 2.1% unknown. Participants were recruited to
participate in a research study about how the brain responds to
advertising. Inclusion criteria were English-speaking adolescents
who were 13–16 y of age. Exclusion criteria were current use
of psychotropic medications or illicit drugs, lifetime psychiatric
disorder, a BMI percentile <5%, or fMRI contraindicators (e.g.,
presence of metal implants). In total, 186 adolescents completed
the fMRI scan. Nine participants showed excessive movement
during the scan. fMRI data of 2 participants were collected with
an acquisition error resulting in altered deformation field output,
resulting in unusable data. Two participants who completed
the fMRI scan did not complete the food intake task, and
food intake data of 2 participants were statistical outliers (>3
SDs from the mean) and were excluded from analyses. The
final sample consisted of 171 participants (see Supplemental
Figure 1 for a flowchart). Participants who were excluded from

the final analyses did not significantly differ on age, BMI, sex or
race/ethnicity (all P values >0.50).
Study procedures
All procedures were reviewed and approved by the University
of Michigan Institutional Review Board. Participants came to
the laboratory on 2 separate days. On the first day, participants
provided written assent and legal guardians provided written
informed consent according to the Declaration of Helsinki. At
the first visit, participants completed a practice scan in a mock
scanner. Participants returned for a second visit on average 4.14 ±
2.91 d after the baseline assessment in which they completed the
fMRI commercial neuroimaging paradigm, rated liking for the
commercials, and then had a meal in a simulated FF restaurant.
The primary outcome variable was food intake in the simulated
FF restaurant.
Scan procedures.
Participants were asked to consume regular meals, but to
refrain from eating or drinking (except water) following their last
meal before the scan. Over 87% of the scans occurred between
15:00 and 18:00, whereas the remaining scans occurred between
10:30 and 14:00. Upon arrival, participants rated their hunger on
a scale from 1 (not hungry at all) to 100 (extremely hungry); if a
rating ≥70 was indicated, participants were offered a small snack
to normalize their hunger to a neutral state. A total of 7% received
a snack (n = 13) (e.g., crackers, fruit) that was not advertised
in the fMRI commercials paradigm. Total scan duration was
45 min, including breaks and the necessary anatomical scan.
Participants were instructed to watch the commercials. To
motivate participants to attend to the clips, participants were told
they would complete a commercial-recognition task after the
scan. On average, participants correctly recognized 76.6% of the
advertised FF items.
Measures
Anthropometrics.
Participants’ height and weight were collected in light clothing
without jackets, socks, or shoes, using an O’Leary Acrylic
Stadiometer and Detecto Portable Scale in centimeters and
kilograms (to the nearest tenth), respectively. BMI was calculated
and z-scored (BMIz) for age and sex based on the CDC growth
charts (12).
fMRI commercials paradigm.
The fMRI commercials paradigm was developed to include
commercials commonly viewed by adolescents. FF commercials
are typically shown alongside nonfood commercials. Thus, to
increase external validity and provide a nonfood comparison
commercial, phone commercials were included in the fMRI
commercials paradigm alongside the FF commercials. Phones
were chosen because they are frequently advertised (13) and are
a product that is relevant to adolescents. Based on Nielsen gross
ratings point national data (13), McDonalds, Wendy’s, AT&T,
and Verizon ranked in the top 20 for companies with the most
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FIGURE 1 Example of timing and ordering of the presentation of the commercials during the commercials paradigm (n = 171).

advertising viewed by young teens (ages 12–14 y) in 2012.
Stimuli were 20 FF commercials promoting unhealthy food from
McDonalds and Wendy’s (e.g., Crispy Chicken Sandwich), 20 FF
commercials for healthier food from McDonalds and Wendy’s
(e.g., Grilled Chicken Salad), and 20 phone commercials from
AT&T and Verizon (e.g., iPhone). The healthfulness of food
shown in the FF commercials was evaluated using the Nutritional
Profiling Index (NPI), which is an objective measure of overall
nutrition quality based on numerical nutrition information (e.g.,
calories, sugar, fat) adapted from the nutrient profiling system
used in the United Kingdom to identify healthier food that can be
advertised to children (14, 15). NPI scores range from 1 to 100,
and lower scores indicate less-healthy items. Foods lose points for
the inclusion of nutrients that should be limited (e.g., saturated
fat, sugar, sodium) and receive points for nutrients that should
be promoted (e.g., fiber, protein, inclusion of fruits/vegetables).
Foods with an NPI score ≥64 qualify as healthier foods that can
be advertised to children on television in the United Kingdom.
Foods in the unhealthy FF commercials had an average NPI score
of 44.05 ± 4.21, and food in the healthier FF commercials had an
average NPI score of 70.20 ± 3.86 (see Supplemental Table 1
for a full list of commercials and corresponding NPI scores, and
Supplemental Materials and Methods for more information on
stimuli choice).
Each commercial in the paradigm lasted approximately 15 s
and was shown only once. Between each commercial was a
jittered fixation cross (4–8 s) (Figure 1). The paradigm consisted
of four 7-min runs. The order of commercials (i.e., unhealthy FF,
healthier FF, phone) was randomized in each of the runs and the
order of the 4 runs was randomized over the participants.

Self-reported liking.
Following the scan, participants were asked to report “How
much do you LIKE the following products?” for each of the
advertised items (i.e., unhealthy FF, healthier FF, phones).
Responses were provided on a 5-point scale ranging from Dislike
Extremely (1 point) to Like Extremely (5 points).

Food intake task.
Food intake was assessed after the scan in an FF laboratory
(16). The laboratory was designed to simulate an FF restaurant
and included booths, menu boards, and a food preparation station
(see Supplemental Figure 2 for images of the simulated FF
restaurant). To provide an FF restaurant olfactory cue, french fries
were cooked prior to the participants’ entry into the simulated
FF restaurant. Menu options available to participants resembled
those featured in the FF commercials: unhealthy foods (e.g.,

cheeseburgers, french fries) and healthier foods (e.g., grilled
chicken sandwiches, salads) (see Supplemental Table 2 for full
list of available foods and nutrition information). Participants
were informed they could order as much as they wanted and had
unlimited time to eat. Foods and beverages were weighed to the
nearest tenth of a gram prior to serving and after the participant
had finished eating. The food and beverages that remained
were subtracted from the initial weight to quantify the amount
consumed. This was used to compute the amount of kilocalories
consumed of unhealthy and healthier foods based on each item’s
standard nutritional information. To assess participants’ total
food intake (which was dependent on the combined amount of
unhealthy and healthier food intake), the kilocalories of unhealthy
and healthier food intake were summed.

fMRI data acquisition, preprocessing, and analysis
Data were acquired with a GE Discovery MR750 3T scanner.
An 8-channel head coil acquired data from the entire brain. In
total, 156 scans were collected during each of 4 functional runs.
Functional data were acquired using a spiral sequence with the
following parameters: repetition time (TR) = 2000 ms; echo time
(TE) = 30 ms; flip angle = 90◦ ; field of view (FOV) = 22 × 22
cm2 ; acquisition matrix = 64 × 64; 3-mm slice thickness with
no gap, 43 axial slices, voxel size = 3.44 × 3.44 × 3.0 mm.
Anatomical scans were acquired using a high-resolution T1weighted spoiled-gradient-recalled acquisition (TR = 12.3 ms;
TE = 5.2 ms; inversion-time (TI) = 500 ms; flip angle = 15◦ ;
FOV = 22 × 22 cm2 ; slice thickness = 1.0 mm; voxel size = 1
× 1 × 1 mm). Prior to preprocessing, all images were manually
realigned to the anterior commissure–posterior commissure line
in statistical parametric mapping (SPM) and skullstripped using
the Brain Extraction Tool in the Functional MRI of the Brain
Software Library (FSL) (FMRIB Analysis Group). Neuroimaging data were preprocessed and analyzed primarily using SPM
(SPM12; Wellcome Centre for Human Neuroimaging) in Matlab
(Mathworks, Inc). Anatomical images were segmented and
normalized to Montreal Neurological Institute (MNI) space with
the use of the DARTEL (diffeomorphic anatomical registration
through exponentiated lie algebra) toolbox (17). Anatomical data
were coregistered to the mean functional image and segmented
into 6 tissue types using a unified segmentation approach (18).
Functional images were realigned to the mean, coregistered with
the anatomical images, normalized to MNI space with the use
of DARTEL, and smoothed with an 8-mm full-width at halfmaximum isotropic Gaussian kernel. DARTEL was used to create
a group anatomical template, transformations from which were
applied to warp functional data to the International Consortium for Brain Mapping (ICBM)-152 template supplied with
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SPM12 (17). The Artifact Detection Tools (ART; http://www.ni
trc.org/projects/artifact_detect/) software package was used for
automatic detection of spike and motion in the functional data.
Motion parameters were included as regressors in the design
matrix at individual-level analysis. Additionally, image volumes
where the z-normalized global brain activation was >3 SDs from
the mean of the run or showed >1.5 mm of composite (linear plus
rotational) movement were flagged as outliers and deweighted
during individual-level model estimation. A general linear model
was created with 3 regressors of interest, modeled as events:
unhealthy FF commercials, healthier FF commercials, phone
commercials. A high-pass filter of 128 s was applied to eliminate
low-frequency fluctuations in the signal, and autoregressive(1)
was used to correct for serial autocorrelations. The model
was convolved with the canonical hemodynamic response
function.
At the subject level, the blood oxygen level–dependent
(BOLD) signal was modeled in a fixed effects analysis with
separate regressors modeling each event of interest (i.e.,
unhealthy FF commercials, healthier FF commercials, phone
commercials) (15 s). Individual SPM contrasts were constructed to compare the activations within each participant
during unhealthy FF commercials compared with healthier
FF commercials (unhealthy FF commercials > healthier FF
commercials, and healthier FF commercials > unhealthy FF
commercials), unhealthy FF commercials compared with phone
commercials (unhealthy FF commercials > phone commercials,
and phone commercials > unhealthy FF commercials), and
healthier FF commercials compared with phone commercials
(healthier FF commercials > phone commercials, and phone
commercials > healthier FF commercials).
To test whether neural response to food commercials of
differing nutritional profiles predicts unhealthy and healthier
food intake in the FF laboratory, we entered the individual
SPM contrasts (unhealthy FF commercials > healthier FF
commercials; unhealthy FF commercials > phone commercials;
healthier FF commercials > phone commercials) into secondlevel regression models with unhealthy food intake and healthier
food intake as covariates. We conducted parallel regression
models for total food intake (which is dependent on the combined
amount of unhealthy and healthier food intake). Separate secondlevel regression models were conducted for each SPM contrast.
All second-level regression models included hunger as a covariate
of no interest because hunger modulates neural response to food
stimuli (19) and hunger was a predictor of food intake in the
current study. Sex, self-reported liking of unhealthy FF items, and
self-reported liking of healthier FF items predicted food intake
in the current study and were also included as covariates of no
interest in all second-level regression models. BMIz was not a
predictor of food intake in the current study and thus was not
included as a covariate. We conducted exploratory analyses to test
whether BMIz moderated the effects, but moderation analyses
were also not significant (all P values >0.05).
Whole-brain analyses were conducted after the binarized
DARTEL-derived sample-specific gray matter mask was applied.
An overall significance level of P < 0.05, corrected for multiple
comparisons across the gray matter–masked whole brain, was
calculated. We employed the spatial autocorrelation option in
Analysis of Functional Neuroimages (AFNI version_17.0.03)
program 3dFWHMx (3dmerge full width at half maximum) to

estimate intrinsic smoothness in the images (20) and the 3dClustSim program to estimate the probability of false positive clusters
(21). Simulation results indicated activity surviving a threshold
of P uncorrected <0.001 with k ≥ 52 being statistically significant corrected for multiple comparisons (see Supplemental
Table 3 for main
√ effects). Effect sizes (r) were derived from
the Z-values (Z/ N). For a-priori tests seeking to replicate the
previous effect of NAcc activation in response to food images
predicting food intake in adults (9), we performed small volume
correction (SVC) analyses. For these analyses, we used spherical
regions-of-interest (ROIs; 6-mm–diameter spheres) that were
built centered at MNI coordinates x = −9, y = 6, z = −4
(left NAcc), and x = 9, y = 6, z = −4 (right NAcc) (22,
23). For SVC analyses, peak activity with P values <0.05
corrected using voxel-level familywise error rate (pFWE) over
the 6-mm sphere was considered significant (24). We used the
MARSeille Boîte À Région d’Intérêt toolbox (MarsBaR; http:
//marsbar.sourceforge.net/) to extract parameter estimates from
significant clusters (see Supplemental Table 4 for an all food
commercials > phone commercials contrast results). Data were
inspected for influential outliers. Two outliers in NAcc activation
in response to the contrast unhealthy FF commercials > phone
commercials, and 2 outliers in NAcc activation in response to
the contrast healthy FF commercials > phone commercials were
detected (parameter estimate exceeding 3 SDs from the mean
parameter estimate). The removal of these outliers from analyses
did not alter the significance of the findings (pFWE < 0.05) and
they were therefore retained. An outlier in the thalamus was also
detected and when it was removed results in this region became
nonsignificant for some contrasts. Therefore, those findings are
not reported below.
Total food intake was normally distributed, but unhealthy
and healthier food intakes were zero-inflated (i.e., 15.2%
of participants consumed no unhealthy foods and 31.6% of
participants consumed no healthier foods). To account for
these distributions, confirmatory zero-inflated negative binomial
(ZINB) regression analyses were conducted in R (22). The
extracted parameters from the significant SPM analyses were
included as predictors of the unhealthy and healthier food intake
in separate ZINB models with the same covariates as the SPM
models. ZINB regression analyses predicted both the likelihood
of consuming no unhealthy/healthier food (i.e., being a zero) and
the quantity of food consumed for individuals who consumed any
of the unhealthy/healthier foods. This distinction is indicated in
Table 1 for whole-brain analyses and in the text for ROI analyses
(see Supplemental Materials and Methods for more information
on the ZINB analytic approach and Supplemental Table 5 for
the ZINB results).

Results
Self-reported liking by commercial type
Self-reported liking was higher for the unhealthy foods
(mean = 2.85 ± 0.60 points) relative to healthier foods
(mean = 2.68 ± 0.58 points) [t(170) = 3.975; P < 0.001] featured
in the commercials. Self-reported liking for phones featured in
the commercials was higher (mean = 3.05 ± 0.49 points) than
both the unhealthy [t(170) = 3.98; P < 0.001] and healthier foods
[t(170) = 7.03; P < 0.001].
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TABLE 1 Whole-brain analyses of correlations between BOLD activation to the contrasts of unhealthy FF commercials > healthier FF commercials,
unhealthy FF commercials > phone commercials, and healthier FF commercials > phone commercials and subsequent total food intake, unhealthy food
intake, and healthier food intake (n = 171)1
Contrasts
Total food intake
Unhealthy FF commercials > phone commercials
Caudate nucleus
Healthier FF commercials > phone commercials
Hippocampus
Anterior cerebellum
Anterior cerebellum
Unhealthy food intake
Unhealthy FF commercials > phone commercials
Caudate nucleusb
Thalamusb
Thalamusb
Healthier FF commercials > phone commercials
Anterior cerebellumb
Hippocampusb
Anterior cerebellumb
Healthier food intake
Unhealthy FF commercials > healthier FF commercials
Precuneusa,b
Precuneusa,b
Superior parietal lobulea
Superior parietal lobuleb

k

Z-Value

MNI coordinates
x, y, z

Effect size r
√
(z/ n)

570

3.85

12, 8, 2

0.29

107
—
—

4.26
4.23
3.89

24, −31, −4
6, −40, −13
15, −37, −16

0.33
0.32
0.30

131
—
—

3.74
3.66
3.62

12, 5, 2
6, −16, 5
−3, −16, 8

0.29
0.28
0.28

193
—
—

4.34
4.16
4.10

6, −40, −13
24, −31, −4
15, −37, −16

0.33
0.32
0.31

119
—
87
—

4.61
4.52
3.68
3.52

12, −61, 56
21, −52, 53
−21, −64, 53
−24, −52, 56

− 0.35
− 0.35
− 0.28
− 0.27

1 Second-level regression models were conducted in SPM12 (Wellcome Centre for Human Neuroimaging). All regression models included hunger, sex,
self-reported liking of unhealthy FF items, and self-reported liking of healthier FF items as covariates of no interest. For all contrasts, activated regions,
Z-values, and coordinates within the MNI coordinate system are displayed. Number of continuous voxels (k) are shown for peak coordinates. Peaks within the
regions were considered significant at P < 0.001 and k ≥ 52, which corresponds to P < 0.05, corrected for multiple comparisons across the entire brain. For
unhealthy and healthier kilocalorie intake, ZINB results are indicated by superscript letters: a predicted the likelihood of any intake (i.e., likelihood of not
being zero); b predicted the quantity of food consumed. BOLD, blood oxygen level–dependent; FF, fast food; MNI, Montreal Neurological Institute; SPM,
statistical parametric mapping; ZINB, zero-inflated negative binomial.

Nonneural predictors of food intake
Participants consumed an average of 759.38 ± 423.57 total
kcal, 568.58 ± 450.62 kcal of unhealthy food, and 190.80
± 222.70 kcal of healthier food. Unhealthy food intake was
negatively associated with healthier food intake (r = −0.37; P
< 0.001). Self-reported liking for the unhealthy foods featured
in the commercials predicted total (r = 0.28; P < 0.001) and
unhealthy food intake (r = 0.27; P < 0.001), but not healthier
food intake (r = −0.09; P = 0.23). Self-reported liking for
the healthier foods featured in the commercials predicted total
food intake (r = 0.17; P = 0.03), but not unhealthy or healthier
food intake separately (P values >0.10). Hunger ratings were
positively associated with greater total food intake (r = 0.32;
P < 0.001) and unhealthy food intake (r = 0.26; P = 0.001),
but not healthier food intake (r = 0.06; P = 0.46). Males had
significantly more total food intake (mean = 909.39 ± 442.78
total kcal) and unhealthy food intake (mean = 704.14 ± 468.09
unhealthy kcal) than females (mean total food intake = 621.17
± 354.74 total kcal; mean unhealthy food intake = 443.68 ±
397.10 unhealthy kcal): t(169) = 4.67 (P < 0.001) and t(169)
= 3.93 (P < 0.001), respectively. There were no sex differences
in healthier food intake [t(169) = 0.66; P = 0.51]. BMIz was
not significantly correlated with total, unhealthy, or healthier
food intake (P values ≥0.73) (see Supplemental Materials and
Methods for more information on the analysis of other nonneural
predictors of food intake).

Neural response to FF commercials as a predictor of total
food intake
Whole-brain analyses showed that BOLD response in a cluster
in the right caudate nucleus (MNI coordinates: 12, 8, 2, Z = 3.85;
k = 70; r = 0.29) to the contrast unhealthy FF commercials > phone commercials was positively associated with total
food intake (Figure 2A). This effect remained significant when
excluding the statistical outlier (>3 SDs from the mean parameter
estimate) from analyses (Z = 3.75; k = 60; r = 0.29). Further,
BOLD responses in a cluster in the right hippocampus (r = 0.33)
that extended into the right anterior cerebellum (r = 0.32 and
r = 0.30) to the contrast healthier FF commercials > phone
commercials were positively associated with total food intake
(Table 1). ROI analyses found that an elevated BOLD response
in the right NAcc (Figure 3A; MNI coordinates: 12, 11, −1;
Z = 3.55; pFWE = 0.003; r = 0.27) in response to the contrast
unhealthy FF commercials > phone commercials and in response
to the contrast healthier FF commercials > phone commercials
(Figure 3B; MNI coordinates: 9, 2, −1; Z = 3.17; pFWE = 0.01;
r = 0.24) was associated with greater total food intake.
Neural response to FF commercials as a predictor of
unhealthy food intake
Whole-brain analyses showed that BOLD responses in a cluster in the right caudate nucleus (Figure 2B; r = 0.28; P < 0.001)
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FIGURE 2 (A) BOLD activity in the right caudate nucleus (MNI coordinates: 12, 8, 2; r = 0.29; n = 171) in response to the contrast unhealthy FF
commercials > phone commercials predicts total food intake. This effect remained significant when excluding the statistical outlier (>3 SDs from the mean
parameter estimate) from analyses (Z = 3.75; k = 60; r = 0.29; n = 170). (B) BOLD activity in the right caudate nucleus (MNI coordinates: 12, 5, 2; r = 0.29;
n = 171) in response to the contrast unhealthy FF commercials > phone commercials predicts unhealthy food intake. This effect remained significant when
excluding the statistical outlier (>3 SDs from the mean parameter estimate) from analyses (Z = 3.75; k = 61; r = 0.29; n = 170). (C) BOLD activity in the
right precuneus (MNI coordinates: 12, −61, 56; r = −0.35; n = 171) in response to the contrast unhealthy FF commercials > healthier FF commercials
predicts healthier food intake. Scatterplots represent mean parameter estimates per subject extracted from the local peak response (i.e., right caudate nucleus,
right thalamus, and right precuneus). The units on the y-axis refer to consumed kilocalories. The x-axis represent the range of mean parameter estimates from
the local peak response. The color bars represent Z-values of the activation cluster. The X and Y values in the brain images reflect the MNI x and y coordinates.
All second-level regression models were conducted in SPM12 (Wellcome Centre for Human Neuroimaging) and included hunger, sex, self-reported liking of
unhealthy FF items, and self-reported liking of healthier FF items as covariates of no interest (n = 171). BOLD, blood oxygen level–dependent; FF, fast food;
MNI, Montreal Neurological Institute; SPM, statistical parametric mapping.
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FIGURE 3 (A) BOLD activity in the right NAcc in response to the contrast unhealthy FF commercials > phone commercials (MNI coordinates: 12, 11,
−1; r = 0.27; n = 171) and (B) in response to the contrast healthier FF commercials > phone commercials (MNI coordinates: 9, 2, −1; r = 0.24; n = 171)
predicted total food intake. (C) BOLD activity in the right NAcc in response to the contrast healthier FF commercials > phone commercials (MNI: 9, 2, −1;
r = 0.24; n = 171) predicted unhealthy food intake. The removal of the 2 outliers from analyses did not alter the significance of the findings (pFWE < 0.05;
n = 169). Scatterplots represent mean parameter estimates per subject extracted from the right NAcc peak response (i.e., MNI coordinates: 12, 11, −1; MNI
coordinates: 9, 2, −1; and MNI coordinates: 9, 2, −1). The units on the y-axis refer to consumed kilocalories. The x-axis represent the range of mean parameter
estimates from the local peak response. The color bars represent Z-values of the activation cluster. The Y values in the brain images reflect the MNI y coordinate.
All second-level regression models were conducted in SPM12 (Wellcome Centre for Human Neuroimaging) and included hunger, sex, self-reported liking of
unhealthy FF items, and self-reported liking of healthier FF items as covariates of no interest (n = 171). BOLD, blood oxygen level–dependent; FF, fast food;
MNI, Montreal Neurological Institute; NAcc, nucleus accumbens; pFWE, peak activity with P -values <0.05 corrected using voxel-level familywise error rate;
SPM, statistical parametric mapping.

that extended into the right thalamus (r = 0.28) to the contrast
unhealthy FF commercials > phone commercials was positively
associated with unhealthy food intake (Table 1). This effect
remained significant when excluding the statistical outlier (>3
SDs from the mean parameter estimate) from analyses (Z = 3.75;
k = 61; r = 0.29). BOLD responses in a cluster in the right
anterior cerebellum (r = 0.33 and r = 0.31) that extended into

the right hippocampus (r = 0.32) to the contrast healthier food
commercials > phone commercials were positively associated
with unhealthy food intake (Table 1). ROI analyses found that
elevated BOLD responses in the right NAcc (MNI coordinates:
12, 11, −1; Z = 3.55; pFWE = 0.004; r = 0.27) in response
to the contrast unhealthy FF commercials > phone commercials
was associated with greater unhealthy food intake, but this effect
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was not significant (P = 0.06) in ZINB confirmatory analyses
(see Supplemental Table 5). The ROI analysis for the contrast
healthier FF commercials > phone commercials (Figure 3C;
MNI coordinates: 9, 2, −1; Z = 3.10; pFWE = 0.02; r = 0.24)
was significantly associated with greater unhealthy food intake
and this was confirmed in the ZINB analyses (see Supplemental
Table 5).

Neural response to FF commercials as a predictor of
healthier food intake
BOLD responses in a cluster in the right precuneus (Figure 2C;
r = −0.35) and a cluster in the left superior parietal lobe (SPL)
(r = −0.28 and r = −0.27) to the contrast unhealthy FF commercials > healthier FF commercials were negatively associated
with healthier food intake (Table 1). That is, participants who
showed less activation during the unhealthy relative to healthier
FF commercials in these regions had greater healthier food intake.
NAcc ROI analyses did not significantly predict healthier food
intake.

Discussion
In a sample of 171 adolescents, greater activation in key
reward regions (i.e., NAcc, caudate nucleus) (25, 26) in response
to unhealthy FF commercials relative to phone commercials
predicted greater total food intake in a simulated FF restaurant.
Unexpectedly, greater neural responses to healthier FF relative to
phone commercials in regions associated with reward (i.e., NAcc)
(25, 26), memory (i.e., hippocampus) (27), and sensorimotor
processes (i.e., anterior cerebellum) (28, 29) predicted greater
total food and unhealthy food intake, but not healthier food
intake. Lower activation in neural regions associated with visual
attention and salience (i.e., precuneus, SPL) (30, 31) to unhealthy
relative to healthier FF commercials was the only predictor of
healthier food intake. These findings are discussed in greater
detail below.

Reward response to FF commercials
As with adults (9, 10), greater activation of the NAcc in
adolescents in response to both unhealthy and healthier FF
commercials predicted greater total food intake. The NAcc is
a key region in reward-related neural systems and is associated
with greater motivation and desire for a reinforcing substance,
which can occur outside conscious awareness (26, 32). Greater
activation in the caudate nucleus in response to unhealthy
FF relative to phone commercials also predicted greater total
food intake. The caudate nucleus is another key reward region
associated with incentive motivation and reward valuation (26,
33). Prior work with younger children found that viewing food
commercials increased the contribution of reward (compared
with health) valuation in decisions about what to eat (34).
The ability of FF commercials to engage reward-related neural
circuitry appears to be key to their effectiveness. This is consistent
with theories of obesity, such as the incentive sensitization theory,
that predict that elevated reward response to food-related cues
is a driver of food intake (26, 32). Adolescents who exhibit
an elevated reward-related neural response to FF commercials

also appear to be more likely to overeat, regardless of their
current BMIz. Greater caudate nucleus activation in response to
unhealthy FF commercials is predictive of future weight gain in
adolescents (35). Thus, elevated reward-related neural response
to FF commercials could be a risk factor for future weight gain
and the development of obesity in adolescents. Longitudinal
research will be needed to test this possibility. Despite higher selfreported liking ratings for the phone relative to FF items, neural
activation in reward-related regions was not greater for the phone
relative to the FF commercials (see Supplemental Table 3). This
suggests a disconnect between self-report and neural responses,
which highlights the utility of using neural responses to predict
food intake (above and beyond self-report).
Impact of healthier FF commercials
Surprisingly, adolescents who exhibited greater activation
in a number of neural regions (e.g., NAcc, hippocampus)
when viewing healthier FF commercials did not have greater
healthier food intake. Of note, these adolescents had greater
total and unhealthy food intake. Healthier FF commercials
from FF restaurants still include cues (e.g., logos, branding)
associated with companies that sell predominantly unhealthy
foods. Food logos alone can activate reward neural responses
(36, 37). Adolescents who are more reactive to cues can still
exhibit increased neural reactivity to these cues in healthier FF
commercials, which can increase the likelihood of unhealthy
food intake. This finding is consistent with the small behavioral
literature on healthier FF commercials. In younger children,
exposure to fast FF commercials for healthier foods did not lead
to more nutritious food choices, but instead increased liking
for FFs more generally (38). In the current study, participants
who had greater perceptions of health for the foods featured
in the healthier FF commercials had more total and unhealthy
food intake, but not healthier food intake (see Supplemental
Materials and Methods). The perception that FF restaurants
are providing healthy items could provide a “health halo” (39)
that increases overall FF intake (but not intake of healthier
options). Thus, the addition of healthier FF commercials to the
food advertising landscape is unlikely to encourage healthier
food intake. An overall reduction in the amount of FF commercials (regardless of nutritional profile) would likely be more
beneficial.
Neural predictors of healthier food intake in adolescents
Healthier food intake was predicted by less activation in
visual attention and salience regions to unhealthy relative to
healthier FF commercials. The vast majority of adolescents
are not consuming sufficient amounts of healthier foods (e.g.,
vegetables) (40); thus, it is essential that predictors of healthier
food intake in adolescents are identified. The current findings
suggest that reducing the attentional salience of unhealthy
FF commercials could be important. Interventions that retrain
attention away from unhealthy FF commercials (41) might be
useful in encouraging healthier food intake. Restricting overall
exposure to unhealthy FF commercials by reducing screen time,
shifting to noncommercial content, or limiting commercials
through policy is likely the most effective way to reduce the
ability of these stimuli to capture attention.

Neural responses to FF commercials

Limitations and future directions
There are important limitations to consider. First, the current study is cross-sectional, thus causal relations cannot be
determined. Second, all commercials were from FF restaurants,
which limits the ability to investigate the neural correlates of
commercials for companies that primarily market healthy foods.
These companies occupy a small segment (<5%) of the current
food advertising landscape (42), but it will be important for
future studies to investigate how commercials from healthier
companies might impact food intake. Third, all participants were
exposed to unhealthy and healthier FF commercials. There is
evidence that exposure to healthier food commercials on their
own increases positive attitudes about healthier foods (e.g.,
vegetables), but this effect is attenuated when healthier food
commercials are shown alongside unhealthy food commercials
(43). Fourth, the foods that participants were provided with were
unbranded. Research with younger children suggests there are
different neural predictors for branded compared with unbranded
foods, which also needs to be investigated in adolescents (44).
Fifth, digital marketing (e.g., social media, apps) is a rising
source of food advertising and an important area for future study
(45). Finally, the current study was not sufficiently powered
to investigate racial/ethnic differences. Black adolescents are
exposed to higher levels of food commercials (3) and are at
greater risk of obesity (particularly in underresourced settings).
Thus, research on neural susceptibility to FF commercials in
black youth is an important future direction.

Conclusions
The current study found that FF commercials can be implicated
in greater food intake for adolescents by activating neurobiological systems associated with reward, memory, sensorimotor
processing, and visual attention. The ability to prime these
systems, potentially outside conscious awareness, can make it
particularly challenging for adolescents to defend themselves
against FF commercials. Greater neural reactivity to healthier
FF commercials predicted unhealthy food intake, which suggests
that adding healthier FF commercials to a food advertising
landscape dominated by unhealthy FF commercials might not be
beneficial in encouraging healthier eating. Reduced activation in
visual salience neural regions to unhealthy FF commercials was
the only predictor of healthier food intake. Thus, interventions
that train attention away from unhealthy FF commercials could
be beneficial in increasing healthier food intake. However,
individual interventions are unlikely to provide population-level
improvements without policy initiatives that substantially change
the food advertising landscape (6).
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