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Abstract Many adolescents struggle with overweight/obesity,
which exponentially increases in the transition to adulthood.
Overweight/obesity places youth at risk for serious health con-
ditions, including type 2 diabetes. In adults, neural substrates
implicated in addiction (e.g., orbitofrontal cortex (OFC), stria-
tum, amygdala, and ventral tegmental area) have been found to
be relevant to risk for overweight/obesity. In this study, we
examined three hypotheses to disentangle the potential overlap
between addiction and overweight/obesity processing by exam-
ining (1) brain response to high vs. low calorie beverages, (2)
the strength of correspondence between biometrics, including
body mass index (BMI) and insulin resistance, and brain re-
sponse and (3) the relationship between a measure of food
addiction and brain response using an established fMRI

gustatory cue exposure task with a sample of overweight/
obese youth (M age = 16.46; M BMI = 33.1). Greater BOLD
response was observed across the OFC, inferior frontal gyrus
(IFG), nucleus accumbens, right amygdala, and additional
frontoparietal and temporal regions in neural processing of high
vs. low calorie beverages. Further, BMI scores positively cor-
related with BOLD activation in the high calorie > low calorie
contrast in the right postcentral gyrus and central operculum.
Insulin resistance positively correlated with BOLD activation
across the bilateral middle/superior temporal gyrus, left OFC,
and superior parietal lobe. No relationships were observed be-
tween measures of food addiction and brain response. These
findings support the activation of parallel addiction-related neu-
ral pathways in adolescents’ high calorie processing, while also
suggesting the importance of refining conceptual and
neurocognitive models to fit this developmental period.

Keywords Adolescents . Overweight/obesity . Cue
exposure . fMRI . Addiction

Background

Obesity is epidemic for children and adolescents within the
United States (U.S.) (Lee et al. 2011). Recent surveys estimate
that 34.5 % of 12–19 year olds meet criteria for overweight/
obesity, defined as a bodymass index (BMI) between the 85th
and 95th percentile (overweight) or ≥95th percentile (obese)
(Ogden et al. 2014). Importantly, the values are not static; as
adolescents transition into young adulthood, these rates dou-
ble (Harris et al. 2006). One reason for this includes the
stressors and challenges inherent to adolescents’ transition
intomore independent roles, such as leaving home, taking over
meal preparation, and undertaking new responsibilities at work
and school. Susceptibility to weight gain has been tied to
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difficulty maintaining healthy eating habits (Poobalan et al.
2014) and prioritizing time for regular physical activity
(Poobalan et al. 2012), which are often exacerbated in this
transition.

The development of type 2 diabetes mellitus is one of the
most worrisome manifestations of adolescent overweight and
obesity. Medically, type 2 diabetes is preceded by a pre-diabetic
state marked by insulin resistance. This state occurs when the
body continues to produce insulin but does not successfully
process it; the result is that glucose continues to accumulate
in the blood rather than being successfully utilized by cells
(National Institute of Diabetes and Digestive and Kidney
Diseases 2014). Insulin resistance is associated with a constel-
lation of problems in metabolic functioning, including hyper-
tension, dyslipidemia, and impaired glucose metabolism; this
array of risk factors increases risk for heart disease, diabetes,
and stroke and has been termed Bmetabolic syndrome^
(Sinaiko and Caprio 2012). While there is some degree of con-
troversy regarding metabolic syndrome in children and adoles-
cents (Weiss et al. 2013), 12–44 % of obese adolescents in the
U.S. currently meet clinical diagnostic criteria for metabolic
syndrome (Cook et al. 2008). In turn, some medical profes-
sionals posit that adolescents with metabolic syndrome are
more likely to transition into type 2 diabetes (DeBoer et al.
2015; Morrison et al. 2008). Notably, Magnussen et al.
(2010) assert that high BMI scores perform equally well as, if
not better than, metabolic syndrome scores in predicting risk
for type 2 diabetes in adulthood. In particular, there continues to
be substantive controversy regarding the nature and utility of
two biometric markers of potential transition to type 2 diabetes:
BMI and insulin resistance. In light of this, the current study
included both BMI and insulin resistance to help disentangle
their potential empirical value in determining the relationship
between adolescent brain response and physical health.

Primarily examined with adults, one framework used to
explain chronic patterns of overeating is via neurocognitive
processes, which continue to highlight commonalities be-
tween Baddictive^ processes in substance use disorders and
overeating (Filbey et al. 2012; Gearhardt et al. 2011a, b;
Volkow et al. 2013a). Interestingly, this link has also been
established in the behavioral intervention literature with many
successful treatment approaches for overweight/obesity (e.g.,
Weight Watchers) informing interventions for problem sub-
stance use (e.g., Controlled Drinking) (Miller and Heather
1986). Despite clinically and scientifically intuitive synergy
between behavioral undercontrol processes that potentially
drive both overweight/overeating and addiction, empirical
studies are only beginning to explore these relationships at a
neural level with adolescents (Burger and Stice 2014; Stice
and Yokum 2014; Yokum et al. 2014). This has substantive
public health value, as adolescents represent one of the
highest-risk demographics for whom the epidemic of
overweight/obesity is not decreasing (Ogden et al. 2014).

Therefore, the goal of this study was to explicitly examine
and replicate, with an overweight/obese adolescent sample, an
empirically established cue exposure paradigm. This gustatory
cue-exposure paradigm has shown functional overlap with
what we term here Bneural addiction-related reward pathways^
in adults, including the orbitofrontal cortex (OFC), striatum,
amygdala, and ventral tegmental area (VTA) (Filbey et al.
2012). Thus, following this study and others (Filbey et al.
2012; Stice and Yokum 2014; Yokum et al. 2014), in terms
of the first hypothesis, we expected to observe the same pat-
tern: greater activation of neural addiction-related reward path-
ways in our sample of adolescents (e.g., OFC, striatum, amyg-
dala, VTA) in response to exposure to high vs. low calorie
beverage tastants. For the second aim, we sought to determine
degree of correlation between two predominant biomarkers for
health risk in adolescent overweight/obesity (BMI, insulin re-
sistance) and functional brain response during this fMRI-based
calorie beverage task. In terms of anticipated loci of activation,
the relationship between BMI and brain response has not been
consistent across studies. At this time, prior studies have
shown correlations between BMI with operculum and insula
activation in female adolescents (Batterink et al. 2010) along
with null findings in adults (Filbey et al. 2012). Further, we
could find no published studies on the relationship between
insulin resistance and neural response during cue exposure in
this age group. Thus, for the second hypothesis, we posited that
we would find a correlation between BMI with BOLD activa-
tion in the insula and operculum. However, given the extant
literature, we had no a priori hypotheses for areas of activation
for insulin resistance. For the final aim, given the growing
literature on the commonalities between addiction symptoms
and overweight/obesity in the brain (Volkow and Baler 2015;
Volkow et al. 2013b), we believed a unique contribution of this
empirical studywould be to include a behavioralmetric of food
addiction, and examine its impact as a correlate of BOLD
response in this age group. To our knowledge, food addiction
scores and neural response has only been assessed in adult
females, with greater BOLD response observed across the an-
terior cingulate cortex (ACC), OFC, and amygdala (Gearhardt
et al. 2011a, b). We could find no published data examining
the neural correlates of food addiction via this measure in
youth. Thus, for the third hypothesis, we proposed that we
would observe a relationship between food addiction scores
with BOLD response in the ACC, OFC, and amygdala in the
adolescent brain.

Methods

Participants

This study was a component of a larger trial with overweight/
obese youth. To evaluate specific aims herein, all analyses
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were restricted to adolescents who completed the neuroimag-
ing paradigm. Following other studies in this area (Kong et al.
2012), participants were recruited from a public charter high
school in the southwest; demographics of this sample, includ-
ing race/ethnicity and socioeconomic status, paralleled the
broader representation of public school students in this geo-
graphic region. Students were invited to participate in this
project during standard academic programming periods.
Research staff introduced the project, informing youth that
participation was voluntary and separate from their academic
requirements. All youth completed informed written assent.
As with other studies (e.g. Schmiege et al. 2009), audio-
recorded informed parent/guardian consent was obtained via
telephone following youth assent. All procedures were con-
ducted with university institutional review board approval. To
participate, youth had to: (1) be 14–19 years old; (2) have a
BMI ≥25; (3) be right handed; (4) have infomed consent of a
parent/legal guardian (if under age 18); (5) provide own in-
formed consent/assent; and (6) be willing to complete a
1 month follow-up. Exclusion criteria included: (1) type 1 or
2 diabetes; (2) history of injury to the brain or brain-related
medical problems; (3) presence of MRI contraindications
(e.g., non-removable implants or braces); (4) stage 2 hyper-
tension; (5) systemic corticosteroid use during past 2 weeks;
(6) neuroleptic/antipsychotic medications; (7) inability to per-
form moderate to vigorous physical activity, and (8) pregnan-
cy. To maximize generalizability, youth were neither evaluat-
ed for, nor excluded on co-occurring substance use or Axis I
diagnoses.

Procedures

All youth completed baseline evaluations of demographics
(age, gender, education) and an estimate of food addiction
(Yale Food Addiction Scale; YFAS; scores ≥3 indicate food
addiction symptoms in line with DSM-IV-TR substance de-
pendence) (Gearhardt et al. 2011a, b). The YFAS has been
validated and successfully used in previous empirical studies
with adolescents (Chen et al. 2015; Meule et al. 2015). In this
protocol, we also included anthropometric measures including
height and weight (Bodo et al. 2015), and a biomarker of
insulin resistance (homeostatic model assessment insulin re-
sistance index; HOMA-IR = product of fasting insulin mU/L
and fasting glucose mmol/L/22.5) (Katz et al. 2000). All an-
thropomorphic measures were taken to the nearest 0.1 of the
utilized scale. Height wasmeasured using a vertical measuring
rod (Seca Model 213, Chino, CA, USA), and weight was
measured with a portable strain-gauge digital scale (Seca
Model 770, Chino, CA, USA). All measures were performed
twice. BMI was calculated as kilograms per meters squared,
and Z-scores and BMI percentiles were generated from the
participants’ measured BMI using the Center for Disease
Control and Prevention’s equation and age- and sex-specific

LMS parameters for the BMI-for-age charts, ages 2–20 years
(Centers for Disease Control and Prevention 2009).
Overweight was defined as a BMI percentile of 85 % to
94.9 %, and obese as a BMI percentile ≥95 %. To calculate
insulin resistance, blood samples were drawn after a 12-hour
fast. Serum samples were prepared by incubating whole blood
at room temperature for 30 minutes, followed by refrigerated
centrifugation at 1000 x gram for 10 minutes. Supernatants
(serum) were transferred to clean tubes and stored at 4 °C until
assayed. All samples were centrifuged on-site and transported
in an ice chest with freezer packs to the university laboratory
for processing. Insulin concentration was determined by cap-
ture ELISA using a Siemens Immulite 1000 Immunoassay
System (Siemens Healthcare, Malvern, PA, USA). THOMA-
IR was calculated as the product of fasting insulin mU/L and
fasting glucose mmol/L/22.5 (Katz et al. 2000). Higher
HOMA-IR values correspond with increased levels of insulin
resistance. All youth on this protocol were on a standardized
meal and snack schedule through their school program. All
scans occurred during the daytime hours. In order to assess the
impact of hunger during the scan session, all youth were que-
ried about their urge to eat during the fMRI protocol. All youth
received $15 for completion of the baseline assessment and
scan session.

Gustatory high-calorie exposure task In line with the para-
digm developed by Filbey et al. (2012), during each trial par-
ticipants were initially presented with a 2-second (s) Bready^
prompt prior to receiving each tastant, followed by receipt of
1 milliliter (ml) of either water or 1 ml of the participant’s
preferred high-calorie beverage [e.g., Coca Cola (12 calories,
3.33 g of sugar, and 2.67 mg caffeine per ounce), Sprite
(12.35 cal and 3.21 g of sugar per ounce), orange Fanta
(14.81 cal and 3.70 g of sugar per ounce)] over the course of
24 s. To minimize variability across conditions due to differ-
ential swallowing rates, all youth received a prompt on the
instruction screen to swallow at 8 s and at 18 s. Following
delivery of each tastant, a 16 s washout period was included
in which no tastant stimuli were presented. This was followed
by an urge rating screen instructing participants to: BPlease
rate your desire to eat right now.^ Participants were shown
an 11-point Likert scale with the anchors BNo Desire^ (0)
and BVery Strong Desire^ (10). The current urge rating was
highlighted in red.Buttonpresseswith the index fingermoved
the rating towards 0, and button presseswith themiddle finger
moved the rating towards 10. Each trial started with the
highlighted rating set to B5^. Each run included 6 trials of each
beverage type, for a total of 12 trials per beverage condition.
Visual stimuli were presented using E-prime (Psychology
Software Tools, Inc.). Tastant stimuli were delivered with a
gustometer controlledusing customcodewithinE-prime.The
task was synced with the first trigger pulse from the MRI
during each functional scan. Subjective ratings of urge to eat
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were extracted from the E-prime behavioral files and used for
subsequent analyses. Specifically, we compared the mean
urge ratings after presentation of the high calorie beverage
versus the water stimulus via paired t-test.

MRI acquisition

MRI data was collected on a 3 T Siemens Trio (Erlangen,
Germany) whole body scanner. An echo-planar gradient-echo
pulse sequence (TR = 2000 ms, TE = 29, flip angle = 75°, 33
axial slices, 64 × 64 matrix, 3.75 × 3.75 mm2, 3.5 mm thick-
ness, 1 mm gap) was acquired with a 12-channel head coil,
and images were acquired parallel to the ventral surface of a
participant’s orbitofrontal cortex to reduce signal dropout and
distortion in this region (Deichmann et al. 2003). Two hun-
dred seventy-two EPI volumes were acquired in each of the 2
runs of the gustatory exposure task, for a total scan time of
9:04 min per run. A high resolution T1-weighted MPRAGE
anatomical image was also acquired (TR = 2530 ms,
TE = 1.64 ms, flip angle = 7°, 192 sagittal slices, 256 × 256
matrix, slice thickness = 1 mm, no gap).

Image analysis

The first 3 volumes of each functional run were discarded to
allow the magnet to reach steady state. MCFLIRT (Motion
Correction using FMRIB’s Linear Image Registration Tool)
(Jenkinson et al. 2002) was used to motion correct images
within a run. Each volume was aligned to the first volume in
the run. Images were deskulled using BET (Brain Extraction
Tool) (Smith 2002), spatially smoothed with a 5 mm full-
width half-max Gaussian kernel, temporally filtered using a
high-pass filter of 100 s, and grand mean intensity normalized.
All of these steps were performed using FMRIB’s Expert
Analysis Tool (FEAT) (Smith et al. 2004).

Custom timing files were created for each participant
with the following conditions: high calorie beverage pre-
sentation, low calorie beverage (water) presentation, high
calorie urge, and low calorie urge. The beverage presen-
tation condition was modeled as a 28 s boxcar that started
at the first Bswallow^ prompt and continued through the
washout period. The urge rating was modeled as a 6 s
Bon^ period that immediately followed the beverage pre-
sentation. The remaining time in each trial was not
modeled and thus included in the baseline. Regressors
were convolved with a double-gamma hemodynamic re-
sponse function. In addition, temporal derivatives were
included with each regressor to allow for variation in the
timing of the hemodynamic response function.

In terms of planned analyses, to evaluate Hypothesis 1, the
primary contrast of interest compared parameter estimates for
the high calorie beverage presentation to the low calorie bever-
age presentation. Group analyses were conducted using

FMRIB’s Local Analysis of Mixed Effects (FLAME) Stage 1,
and the main contrasts of interest (e.g., HCB > LCB,
LCB > HCB) were corrected for multiple comparisons using
a voxelwise threshold of z > 2.3 and a cluster threshold of
p < 0.05. To examine Hypothesis 2 and Hypothesis 3, we eval-
uated the correlation between BMI and insulin resistance, re-
spectively, with BOLD response (during HCB > LCB and
LCB > HCB), and the correlation between food addiction
symptoms (YFAS) and BOLD response (during HCB > LCB
and LCB > HCB). Each correlate of interest (e.g. BMI, insulin
resistance, YFAS) was entered into the model with the group
mean regressor, and the correlation was computed across the
whole brain. Maps were corrected for multiple comparisons
using cluster-based thresholding (z > 1.96, cluster p < .05).
Finally, we attempted a parametric modulation analysis to ex-
amine the impact of in-scanner urge on neural response (during
HCB>LCB andLCB>HCB). Several participants had limited
variability in their urge ratings (e.g., ratings were comparable
across both the HCB and LCB presentations); thus, we had too
few subjects to meaningfully examine urge ratings to neural
response for this final comparison.

Results

Participants’ ethnicity, socio-demographics, and baseline
health risk

Representative of the larger geographic region from where
this school is located, this sample (N = 24) was between 14
and 19 years old (M = 16.46; SD = 1.4), self-identified
as Hispanic (79 %; N = 19) or Caucasian (21 %; N = 5), and
was predominantly male (83.33 %; N = 20). Socioeconomic
status at this public charter school paralleled the southwest
region where these data were collected. All students were
overweight/obese as defined by both the adult BMI cut-
score used inmedical settings (BMI ≥ 25) andBMI percentile
(adjusted for age and gender; BMI ≥ 85th percentile = over-
weight; BMI >95th percentile = obesity) defined criteria. In
this sample, the average BMI = 33.1 (SD = 5.9, range
25.74–45.62), and the average BMI percentile = 96.3
(SD = 4.2; range 85.2–99.9) falling in the obese range. For
the estimate of food addiction symptoms (YFAS), scores
≥3 indicate food addiction symptoms in line with DSM-IV-
TR substance dependence. In this study, only 4 youth en-
dorsed clinically significant levels of food addiction, with
the average YFAS score below the clinical cut-score of 3
(M = 1.84; SD = 1.42; range = 0.5).

Beverage selection and urge ratings

Of the 3 high calorie beverage options, most selected Sprite
(N = 12), followed by Coca Cola (N = 6), and Fanta (N = 2).
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Beverage selection for n= 4 individuals wasmissing. T-tests
were conducted for the full sample (N = 24) to compare mean
in-scanner urge rating after the HCB vs. LCB. In line with
expectations, adolescents reported greater in-scanner urge af-
ter presentation of the HCB (mean (SD) rating = 3.73 (2.71))
as compared with the LCB tastant [mean (SD) rating = 3.08
(2.46); t(23) = 2.20, p = 0.04)].

Main effects for high calorie beverage (HCB) and low
calorie beverage (LCB)

For Hypothesis 1, comparison of the HCB > LCB contrast
revealed significantly increased BOLD activation in regions
including the bilateral orbitofrontal cortex (OFC), inferior
frontal gyrus (IFG), cerebellum, nucleus accumbens, and right
amygdala. Additional activation was also observed across the
medial superior frontal gyrus, supplemental motor area
(SMA), right middle frontal gyrus, right frontal pole, left tem-
poral pole, superior temporal gyrus, right angular gyrus, and
inferior parietal lobe. Interestingly, we found no areas of
significant BOLD response during the LCB > HCB contrast
(Fig 1; Table 1).

Correlations with BMI, insulin resistance (HOMA-IR),
and Yale food addiction scale (YFAS)

Prior to analyzing the data for Hypothesis 2, we confirmed
that BMI and insulin resistance were not correlated (r = 0.02,
p = 0.92). BMI and insulin resistance were then examined in
two separate models. There was a positive correlation between
BMI and the HCB > LCB contrast in right postcentral gyrus/
central operculum (Fig. 2a ; Table 1), such that adolescents
with higher BMI showed greater BOLD response in these
areas during the HCB > LCB contrast. However, as with the
main effects, we found no relationships between BMI and
BOLD response during the LCB > HCB contrast. For
insulin resistance, we found significant positive correla-
tion with brain response across the dorsolateral PFC,
left OFC, bilateral inferior parietal lobe, bilateral cere-
bellum, bilateral middle/superior temporal gyrus, and
left superior occipital cortex/superior parietal lobe
(Fig. 2b; Table 1). As with BMI, we found no signifi-
cant correlations between insulin resistance and BOLD
response during the LCB > HCB contrast. For
Hypothesis 3, we found no significant correlations be-
tween brain response and food addiction symptoms
(YFAS) during either the HCB > LCB or the LCB > HCB
comparisons.

Finally, as the risk of elevated BMI increases with age, and
neural patterns may differ over the course of development, we
conducted a post hoc examination of each analysis presented
herein with age as a covariate. We did not observe any signif-
icant differences and thus retained the original analyses.

Discussion

This is, to our knowledge, one of the first explorations of
adolescent brain response to gustatory high calorie vs. low
calorie beverage cues in an overweight/obese sample. Our
goal was to utilize an established neuroimaging paradigm to
contribute to the emerging empirical discussion regarding
whether existing neural addiction paradigms (Volkow et al.
2013a) offer a good fit for understanding patterns of over-
weight and obesity during this critical developmental period.
It was also our goal to examine how adolescent brain response
may (or may not) correlate with a constellation of related,
unique factors integral to the nature of adolescent over-
weight/obesity, including BMI, insulin resistance, and food
addiction symptomology.

For our first hypothesis, we projected that during the
HCB > LCB beverage contrast, we would find engagement
of neural addiction-related reward pathways, including
orbitofrontal cortex (OFC), striatum, amygdala, and ventral
tegmental area (VTA) (Filbey et al. 2012; Stice and Yokum

Fig. 1 Main Contrast Effects. Significant differences were found in the
HCB > LCB contrast such that the regions below showed greater
activation during presentation of the high calorie beverage cue
compared to the low calorie (water) cue. No differences emerged in the
LCB > HCB contrast. Images are presented in radiological convention
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2014; Yokum et al. 2014). For our second hypothesis, we
examined the correlation between BMI and insulin resis-
tance, respectively; here we anticipated observing a cor-
relation between BMI and BOLD response in the insula
and operculum (Batterink et al. 2010). Given the extant
literature on insulin resistance and fMRI -based cue ex-
posure in youth, we had no a priori hypotheses for that
comparison. Finally, for Hypothesis 3, we expected to
observe relationship between food addiction scores and
BOLD response across the ACC, OFC, and amygdala
in this sample of adolescents (Gearhardt et al. 2011a,
b). Broadly, results from this study map onto neural
addiction-related reward pathways implicated in
overweight/obesity (Burger and Stice 2014; Filbey et al.
2012).

For Hypothesis 1, adolescents had differential subjective
responses to the presentation of the high calorie gustatory
cue as compared with the low calorie gustatory cue, as
reflected by significantly higher urge to eat following high
calorie beverage presentation. During the high vs. low-
calorie beverage comparison, we found a compelling pattern
of neural response that mirrors the gustatory cue response
found by Filbey et al. (2012) in binge eating adults (e.g.,
IFG, medial frontal gyrus, superior frontal gyrus,
orbitofrontal regions, and amygdala). The areas of activa-
tion observed within this sample are also precisely the re-
gions that have been implicated in the neurobiological

phenotype of substance use severity [e.g., PFC, OFC, IFG,
SMA, amygdala, cerebellum; (Claus et al. 2011)]. In con-
trast to expectations, adolescents’ pattern of brain response
did not necessarily overlap with the prior overweight/
obesity literature. To this end, our observation of signifi-
cantly greater response in bilateral OFC during the high
calorie beverage processing was interesting, as this region
has not been associated with overweight/obesity in other
adolescent studies (Yokum et al. 2014), but has been found
to be a prominent neural substrate across adolescent addic-
tive behaviors (e.g., cannabis use) (Filbey et al. 2014). Our
results suggest that the OFC, for example, may represent an
integration center in appetitive reward processing, a neu-
ral substrate commonly observed within problem substance
use (Goldstein and Volkow 2002).

Further, we also found significantly increased BOLD re-
sponse in the bilateral IFG, bilateral nucleus accumbens,
SMA, frontal and temporal gyri, and cerebellum. These re-
sults also map on to the existing addiction cue exposure
literature, which continues to support the role of these areas
in neural processing exposure to these substances of abuse
(Karoly et al. 2014). These areas have also been implicated
in metrics of behavioral control and substance use severity
(Claus et al. 2013). Another interesting area that emerged in
the high calorie comparison was the right amygdala. While
the amygdala has been less prominent throughout the adult
addiction literature, the developmental adolescent and

Table 1 Regions of increased
BOLD response in the
HCB > LCB contrast, and
correlations with overweight/
obese measures (N = 24). No sig-
nificant findings were present in
the LCB > HCB contrast, and no
correlations were observed with
YFAS scores

# voxels Localization BA x (mm) y (mm) z (mm) Max z

High calorie beverage (HCB) > Low calorie beverage (LCB)

8736 Bilateral Cerebellum - −16 −68 −54 4.61

4388 Bilateral IFG/OFC/Bilateral Nucleus
Accumbens/Right Amygdala

10/47 −36 62 4 4.31

1688 Medial Superior Frontal Gyrus/Supplemental
Motor Area/Right Middle Frontal Gyrus

6 10 16 62 3.97

1576 Right Frontal Pole/Lateral OFC 10/46 48 44 16 4.04

1338 Left Temporal Pole/Superior Temporal Gyrus 221/22 −50 20 −28 4.16

1107 Right Angular Gyrus/Inferior Parietal Lobe 40 56 −54 42 3.58

507 Right Occipital Pole 18 28 −100 −12 3.48

Body mass index (BMI)

735 Right Postcentral gyrus/Central Operculum 43 60 −4 6 3.61

Insulin Resistance (HOMA-IR)

3814 Bilateral Cerebellum - −2 −52 −26 3.89

1689 Right Middle/Superior Temporal Gyrus 20/21 66 −22 −16 3.5

1541 Left Middle/Superior Temporal Gyrus 20/21 −60 −42 −10 3.77

1288 Right Lateral Occipital Cortex 39 62 −50 28 3.51

1075 Left Orbitofrontal Cortex 47 −48 36 −12 3.24

729 Left Superior Lateral Occipital
Cortex/Superior Parietal Lobe

7/39 −30 −66 52 2.99

The HCB > LCB map was corrected for multiple comparisons using a voxelwise threshold of 2.3 and a cluster
level threshold of p < 0.05. Correlation maps (i.e., BMI and insulin resistance) were corrected for multiple
comparisons using cluster-based thresholding (voxel z > 1.96, cluster p < 0.05)
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young adult health risk literature increasingly supports the
amygdala in cannabis and other illicit substance use (Filbey
and Dunlop 2014; Schacht et al. 2012; Yip et al. 2016). In
other words, there may be something about the nature of
appetitive rewards or cues during adolescence, that particu-
larly activates limbic processing relative to adulthood
(Feldstein Ewing et al. 2016a, b, c).

In terms of Hypothesis 2, BMI did not generate the
substantive brain response expected. BMI was significantly
correlated with BOLD response only in the right
postcentral gyrus/central operculum. Yet, this region
aligns with previous examinations of BMI during visual
presentations of rewarding food stimuli in female adoles-
cents (Batterink et al. 2010; Stice et al. 2010). Arguably,
to some degree, these findings are also consistent with
prior null findings for BMI and this gustatory cue expo-
sure paradigm in adults (Filbey et al. 2012). It, therefore,
might the case that the pattern of neural response to re-
warding cues, including food, and potentially even sub-
stance cues, is unique to this developmental period
(Feldstein Ewing et al. 2013b).

In contrast, our measure of insulin resistance generated
much more robust findings, with bilateral activation

across the middle/superior temporal gyri, left OFC, left
superior parietal lobe, and cerebellum. Previous work has
demonstrated that insulin resistance (HOMA-IR) has me-
diated the relationship between functional activation in
the ventral striatum during rewarding food anticipation
and BMI (Simon et al. 2014). Due to our focus on the
neural substrates of cue response among overweight/
obese youth in particular, we did not enroll youth with
a range of BMI. Therefore, we were unable to evalu-
ate potential mediational roles for insulin resistance with-
in this sample. At the same time, our findings provide
preliminary support that insulin resistance, over and
above BMI, is a relevant metric for estimating differen-
tial processing of high calorie taste cues.

For Hypothesis 3, the role of food addiction symptoms
in adolescent brain response to gustatory cues, all youth
in this sample met criteria for overweight/obesity, with the
average adolescent being obese. Interestingly, despite their
high BMI, few adolescents in this sample passed the
threshold for clinically significant food addiction
(N = 4). Our adolescent results stand in contrast to prior
adult work in this area (Gearhardt et al. 2011a, b). One
reason for this might be that our study population was

Fig. 2 a Correlations with Body Mass Index (BMI). BMI was
positively correlated with >BOLD activation in the HCB > LCB
contrast in the right postcentral gyrus/central operculum. b
Correlations with Insulin Resistance (HOMA-IR). Insulin resistance
was positively correlated with BOLD activation in the HCB > LCB

contrast in several regions including bilateral cerebellum, bilateral
middle/superior temporal gyri, bilateral occipital poles, left orbitofrontal
cortex, and left superior parietal lobe. Images are presented in radiological
convention
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dissimilar to Gearhardt’s studies (2011a; b); Gearhardts’
studies included only females, while our study was pre-
dominantly male (83.33 %). This is relevant because fe-
males are twice as likely to receive a food addiction di-
agnosis, as compared with males (Pursey et al. 2014). In
addition, while Gearheardt and colleagues observed a con-
nection between YFAS and neural response in the ACC,
OFC, and amygdala in adults (Gearhardt et al. 2011a, b),
we did not find any evidence supporting the correlation of
this measure of food addiction with youth brain response
during the cue exposure. One potential explanation is
that the YFAS may not be a sufficiently sensitive and/or
specific marker of neural response for young males within
this age group.

In terms of response to the low calorie beverage condi-
tion, we found no areas where neural response was signif-
icantly greater during the low calorie vs. high calorie bev-
erage presentation. Further, we found no ecorrelation be-
tween BMI and/or insulin resistance, during the
LCB > HCB contrast. This parallels prior empirical studies
which also did not report any areas of significant activation
during the low calorie condition (Filbey et al. 2012). While
interpretations of direction of neural response, and what
that might mean behaviorally, remain an area of high dis-
cussion in the adolescent neurodevelopmental literature
(Feldstein Ewing et al. 2014), differences in the neural
response for the high vs. low calorie beverage support the
specificity of the relationships between health biomarkers
(BMI, insulin resistance) and adolescents’ neural response
to the high calorie context.

Enhanced neural addiction-related reward pathways
have been highly implicated in both overweight/obesity
and substance use, but one critical consideration of these
overlapping neural findings is that the relationship may not
be causal. In other words, in a recent longitudinal exami-
nation, youth with elevated striatal reward response
transitioned into more problematic substance use, but
not to overweight/obesity (Stice et al. 2013). Thus, future
work must take steps to understand the nature of neural
response (Burger and Stice 2011) to better understand
how a general marker for risk translates into a specific
phenotypic manifestation (substance use vs. overweight/
obesity). Much like current questions explored in the larger
adolescent neurodevelopment literature, we are still very
much at foreground of disentangling how differential neu-
ral response may impact future health risk behaviors.

Ultimately, this study supports two critical next steps in
this line of research: one examining the robustness of ad-
dictive pathways in the transition into behavioral
undercontrol in the context of eating for adolescents spe-
cifically, and the second examining the potential role of
these neural substrates in adolescent treatment response.
These steps are fundamental to guiding appropriate and

developmentally-responsive methods in prevention and in-
tervention efforts. For example, while the integration of
neuroimaging into treatment devleopment is an emerging
area (Feldstein Ewing et al. 2016a, b; c; Feldstein Ewing
et al. 2016a, b; c), the significant involvement of brain
behavioral control areas (e.g., OFC, IFG) and emotion reg-
ulation areas (e.g., amygdala) suggest that effective preven-
tion and intervention efforts for adolescent overweight/
obesity may need to include content articulated to improv-
ing control over urges and emotionally-driven decision-
making around food consumption, presented in a manner
that is sensitive and responsive to this age group. However,
while individual-level efforts for adolescent overweight/
obesity exist (Kong et al. 2013), successful treatment ef-
forts for adolescent overweight/obesity are complicated by
the nature in which food is purchased and offered in ado-
lescent living situations, which are inherently family-based
(Rhee et al. 2016). Continuing dialogue on the relationship
between neural response and adolescent decision-making
around food is fundamental in guiding appropriate and
developmentally-responsive methods in prevention and in-
tervention efforts.

Limitations and future directions

It is worthwhile to interpret study findings with an eye to
the following considerations. All results were conducted
with a primarily male sample with low food addiction
scores, thus replication with a more demographically bal-
anced sample with a greater range of food addiction scores,
using more developmentally-sensitive metrics of food ad-
diction represents an integral next step. Interestingly, since
the completion of this study, a new measure of child and
adolescent addiction has emerged: the YFAS-C (Gearhardt
et al. 2013). While we have every reason to believe that the
YFAS was a valid measure in this age group, in the future,
this may be an additional avenue to explore food addiction
assessment. Though meal times were standardized within
the sample as part of their routine, scan times varied
throughout the day based on scheduling needs; however,
we separately analyzed participant urge ratings to flush out
additional information regarding participant desire to con-
sume food at the time of the scan. Differences in behavior-
al urge ratings suggest that participants generally
responded in the expected direction in response to gustato-
ry stimuli despite a lack of hunger assessment at the time
of scan. Thus, as with Filbey et al. (2012), between youths’
standardized meal schedule, and our own assessments of
their hunger during the scan, we have confidence that state-
based differences in hunger did not significantly impact the
neural response to the paradigm. A small number (N = 6)
of participants selected Coca Cola as their high calorie
beverage. Because Coca Cola was the only beverage
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offered that contained caffeine, it is possible that results
were driven by the psychostimulant properties of that bev-
erage. However, because the 1 ml of Coca Cola presented
over 24 s contains less than a tenth of a milligram of
caffeine, and caffeinated and alcoholic beverages have
been used in established cue exposure tasks previously
(Feldstein Ewing et al. 2010; Filbey et al. 2008; Filbey
et al. 2012), it is unlikely that current findings can be
attributed to differences in beverage selection.

Further, motion is a large issue with adolescents
(Feldstein Ewing et al. 2013a), and has the potential
to inadvertently introduce artifact into neuroimaging
findings despite motion correction. While the goal of
this study was to generate results that had the maximum
potential for generalization, replication with a larger
sample with additional examinations of the role of sub-
stance use and psychopathology would strengthen study
findings, as smoking and depression rates tend to be
elevated in overweight and obese adolescents (Lanza
et al. 2015). Additionally, our interest in this examina-
tion was to examine consummatory response, following
Filbey et al. (2012); however, future work would benefit
from refining the model to examine anticipatory re-
sponse as well, given the role that anticipatory response
to food cues has played in prior studies related to
overweight/obesity (Stice et al. 2015). Finally, the inclu-
sion of a healthy weight comparison group could pro-
vide additional insight into the reward regions (e.g.,
OFC, nucleus accumbens, amygdala) involved during
cue exposure across the BMI spectrum, and the degree
to which those regions differentially respond to gustato-
ry high calorie exposure.
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