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ABSTRACT
Background: Large portions of food promote intake, but the mechanisms
that drive this effect are unclear. Previous neuroimaging studies have iden-
tified the brain-reward and decision-making systems that are involved in the
response to the energy density (ED) (kilocalories per gram) of foods, but
few studies have examined the brain response to the food portion size (PS).
Objective: We used functional MRI (fMRI) to determine the brain
response to food images that differed in PSs (large and small) and
ED (high and low).
Design: Block-design fMRI was used to assess the blood oxygen level–
dependent (BOLD) response to images in 36 children (7–10 y old; girls:
50%), which was tested after a 2-h fast. Pre-fMRI fullness and liking
were rated on visual analog scales. A whole-brain cluster-corrected
analysis was used to compare BOLD activation for main effects of
the PS, ED, and their interaction. Secondary analyses were used to
associate BOLD contrast values with appetitive traits and laboratory
intake from meals for which the portions of all foods were increased.
Results: Compared with small-PS cues, large-PS cues were associated
with decreased activation in the inferior frontal gyrus (P , 0.01).
Compared with low-ED cues, high-ED cues were associated with in-
creased activation in multiple regions (e.g., in the caudate, cingulate,
and precentral gyrus) and decreased activation in the insula and supe-
rior temporal gyrus (P , 0.01 for all). A PS 3 ED interaction was
shown in the superior temporal gyrus (P , 0.01). BOLD contrast
values for high-ED cues compared with low-ED cues in the insula,
declive, and precentral gyrus were negatively related to appetitive traits
(P , 0.05). There were no associations between the brain response to
the PS and either appetitive traits or intake.
Conclusions: Cues regarding food PS may be processed in the lateral
prefrontal cortex, which is a region that is implicated in cognitive
control, whereas ED activates multiple areas involved in sensory and
reward processing. Possible implications include the development of
interventions that target decision-making and reward systems differ-
ently to moderate overeating. Am J Clin Nutr 2017;105:295–305.
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INTRODUCTION

Obesogenic environments promote intake from large portions
of high energy–dense foods (1). The food portion size (PS)7 and

energy density (ED) (kilocalories per gram) positively influence
energy intake (2, 3), but the mechanisms that derive their effects
are unclear (4). Food intake is controlled by both metabolic and
hedonic signals that originate from neuroregulatory systems (5,
6). Images of food elicit the activation of brain systems that
regulate appetite, reward, and inhibitory control (7–13). There-
fore, food images at different PSs and EDs may differentially
engage brain systems.

Research that has used fMRI has advanced our understanding
of the way in which the brain processes food cues and how this
procedure affects eating behavior. Brain regions that are involved
in reward (11, 14), executive function (7, 11, 15), and recognition
(16, 17) are more responsive to food stimuli with higher appe-
titive values than with lower appetitive values. These effects are
also modulated by hunger (8, 10, 13) and satiety (18). However,
the interpretation of previous fMRI studies has been limited
because 1) the PS of food stimuli has rarely been controlled,
and 2) children ,10 y old have rarely been included (7, 9, 15–
17, 19). The determination of how children’s brains respond to
PS and ED cues could shed light on how these cues interact to
influence eating patterns and food intakes.

Previous studies have investigated the impact of visual food
characteristics, such as the PS, on eating behaviors (20–24). For
example, physical features such as food shape influence chil-
dren’s food preferences (22). Food PS cues may influence
consumption by providing 1) information about the amount
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available to consume (20) or 2) a reference point for an amount
that is socially appropriate to consume (21). Food ED also in-
fluences the amount of energy consumed (25). For example,
children increased energy intakes .30% from a high-ED entrée
than from a low-ED entrée despite similar levels of palatability
(3). Disentangling the effects that PS and ED have on the brain’s
cognitive and reward-processing systems will provide insight
into why these food cues promote intake.

To gather insight into the neurobiological mechanisms that
are involved with the processing of food PS and ED cues in
children, this study used a whole-brain fMRI analysis to test
competing hypotheses. On the basis of the cognitive influences
that food PSs may have in anticipation of a meal (20, 21, 23, 24,
26), we hypothesized that large-PS cues compared with small-
PS cues would activate regions that are responsible for cognitive
control. Because the food energy content is positively associ-
ated with the activation of appetitive brain networks (14, 27), we
hypothesized that high-ED cues compared with low-ED cues
would activate regions that are involved in sensory and reward
processing. Because of the evidence that food PSs and EDs inter-
act to promote excess energy intake (28), we anticipated that regions
that are important for reward valuation would show a PS 3 ED
interaction. A secondary aim was to determine associations be-
tween the brain response and measures of eating behavior.

METHODS

Participants

Participants were children between the ages of 7 and 10 y
(mean6 SD age: 8.96 1.2; non-Hispanic whites: 97%; girls: 50%).
Potential participants were recruited through advertisements that
were posted in the local community and by word of mouth. In-
clusion criteria were as follows: righthandedness to reduce variance
on the basis of brain hemisphere dominance (29); native English
speakers who were reading at or above their grade levels; a lack of
metal in or on the body (e.g., braces) to avoid fMRI-scanner ar-
tifacts; not currently taking medications that may influence brain
activity; and being healthy with no food allergies (Supplemental
Figure 1). We excluded children with diagnosed psychological
conditions (as indicated by parent report) that might have affected
the children’s comfort in the scanner (e.g., claustrophobia and
attention-deficit hyperactivity disorder). The sample size was de-
termined on the basis of Desmond and Glover (30), who recom-
mended a sample size of 48 participants on the basis of a 50%
success rate in the scanner to achieve 80% power with the ex-
pectation of moderate effect sizes and correction for multiple
comparisons. In addition, previous fMRI studies that have used
comparable designs were consulted to determine expected effect
sizes (9, 11, 17). Our success rate with 36 of 38 participants was
94.7%, which suggested that we were well powered for whole-
brain analyses. Parental consent and child assent were obtained
at the first visit. Participants received a modest monetary incentive
at the completion of each visit. The study was approved by the
Pennsylvania State University Institutional Review Board.

Study design

We previously tested a limited number of a priori–defined
brain regions that have been implicated in reward processing
and decision making in this same cohort with the use of a

different analytic approach (31). However, there may be other
brain regions that have not been previously tested that are re-
sponsive to food PS and ED cues. The current article used an
exploratory whole-brain analysis approach to address that gap
in knowledge. We used a within-subject experimental design to
evaluate whole-brain responses to food images that varied in
PSs (large PS compared with small PS) and ED (high ED
compared with low ED). An additional aim of this study was to
assess brain mechanisms of children’s laboratory intakes in
response to variations in food PSs (Supplemental Table 1).
These methods have been described previously (4). The entire
study took place across 5 visits with the test meals occurring at
visits 1–4, and the fMRI scan occurring at visit 5. Children
were tested at the same time for all visits (either lunch or
dinner time according to availability). The children arrived at
each visit after a 2-h fast. At the first visit, parents and children
completed anthropometric measurements and assessments of
appetitive traits on the Child Eating Behavior Questionnaire
(32). Test meals at visits 1–4 included commonly consumed,
age-appropriate foods that have been used in similar laboratory
paradigms (33) (Supplemental Table 2). Foods with high EDs
($1.5 kcal/g) that were served included macaroni and cheese,
garlic bread, and cake, and foods with low EDs (,1.5 kcal/g)
included broccoli, tomatoes, and grapes. Portions of all foods
were increased simultaneously to reach the following 4 PS
conditions of test meals: 100% (reference; 824 kcal), 133%,
167%, and 200%. Children received the meals in a randomized
order and could eat as much as they liked at each meal. Mock
fMRI training was completed with children after test-meal
visits 3 and 4 (4). At the fifth visit, BOLD fMRI was con-
ducted to assess the whole-brain response as children viewed
food images that were presented at 2 PSs (large PS and small
PS) and 2 EDs (high ED and low ED).

Stimuli

The Continuing Survey of Food Intake by Individuals was used
to select 60 foods that are commonly eaten by children, which
were split into a high-ED category ($1.5 kcal/g) and a low-ED
category (,1.5 kcal/g) (34). The amount of food shown for
the small-PS and large-PS conditions was photographed at
approximately the 10th and 90th percentiles, respectively, of
amounts that are commonly consumed by children in this age
group according to the Continuing Survey of Food Intake by
Individuals. Examples of high-ED foods included chicken
nuggets, French fries, and cookies. Examples of low-ED foods
included grilled chicken, green beans, and blueberries (Sup-
plemental Figure 2). All pictures were taken with a Canon
PowerShot SX260 HS camera (Canon USA Inc.) at an angle
(52.88) to approximate a child’s view if seated at a dining table.
Foods were photographed with white dishware [18-oz. bowls,
10.25- in (26-cm) plates; Corelle Livingware Winter Frost
White) on a background of blue linen tablecloth. Inconsistencies
in food color, size, and depth were manually adjusted with
image-manipulation software (GIMP v. 2.8).

Anthropometric measurements

Height was measured to the nearest centimeter and weight
was measured to the nearest hundredth of a kilogram by trained
researchers with the use of a stadiometer (Seca model 202 Chino)
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and a standard scale (Detecto model 437). The percentage of body
fat was collected via a bioelectric impedance analysis (Tanita
model BF-350). BMI (in kg/m2) was calculated as weight di-
vided by the square of height. The CDC growth reference data
were used to convert BMI to age- and sex-specific BMI
z scores and BMI percentiles (35).

Visual analog scales

Perceived fullness levels were rated by children immediately
before and after fMRI with the use of a 150-mm visual analog
scale (VAS), which depicted a stick figure with a rectangular
stomach (36). Because of the known influence of the appetitive
state on the brain’s response to food stimuli (7), children were
scanned after a 2-h fast. A neutral, pre-fMRI fullness rating was
defined between 38 and 112 mm (i.e., roughly the middle 50%
of the scale). The pre-fMRI fullness rating was used as a co-
variate in analyses and is referred to as fullness. Children rated
their subjective liking of images that were viewed during the
fMRI immediately after the scan. By pointing at a computerized
1500-mm VAS that was anchored by “not at all” and “very
much”, children responded to the following question: “How
much do you like this food/item?” The difference in the mean
rated liking of food images within a condition (e.g., the mean
liking of high ED minus the mean liking of low ED) was used
as a covariate in analyses and is referred to as liking.

Appetitive traits

Child appetitive traits were measured with the use of the Child
Eating Behavior Questionnaire (32), which is a 35-item instru-
ment that can be reduced to 8 subscales that are commonly
referred to as appetitive traits. Parents reported how often their
child exhibited behaviors on a scale from 1 (never) to 5 (always).
The study focused on the following traits that are most-commonly
associated with overeating (37): satiety responsiveness (e.g., “my
child gets full up easily”), slow eating (e.g., “my child eats slowly
as a meal progresses”), food responsiveness (e.g., “given the
choice, my child would eat most of the time”), and enjoyment of
food (e.g., “my child enjoys eating”). Internal consistency was
acceptable at a Chronbach’s a . 0.70 for each of the subscales.

fMRI paradigm

Before the fMRI scan, children received training in a simulated
scanning environment (i.e., the mock scanner) that mimicked the
appearance and sounds of the actual scanner. This 2-session
training was developed for this study and has been detailed
elsewhere (4). Briefly, the first session allowed researchers to
observe the child comfort level in the mock scanner. The second
session was focused on training the children to remain still and
answer questions without moving as they completed several
minutes of a simulated fMRI paradigm.

A total of 180 images were presented in a block design with
four food conditions with varying PSs (i.e., large PS and small
PS) and EDs (i.e., high ED and low ED) and 2 control conditions
of nonfood images (i.e., furniture and scrambled images) for a
total of 6 conditions. The fMRI battery included one structural
scan to determine the brain anatomy and 6 functional runs to
obtain the BOLD activity of the brain in response to the 6

conditions. Each run contained 30 images that included 5 pictures
from each of the 6 conditions that were shown in a pseudor-
andomized order so that the child would not see more than 2 food
conditions in a row before seeing a control condition. An example
of this functional paradigm has been published elsewhere (4). The
stimuli duration was set at 2000 ms with a 500-ms interstimulus
interval of a fixation cross and a randomly generated time for the
intertrial interval that ranged from 2000 to 11,000 ms. Control
conditions were scrambled images and furniture; however, these
data are not presented in this article because the objective was to
present the contrasts between PS and ED food conditions.
Therefore, the main comparisons of interest were the BOLD
activation in response to food images that were shown with large
PSs compared with small PSs (mean energy contents of 227
compared with 46 kcal, respectively) and high ED compared with
low ED (mean energy contents of 222 compared with 51 kcal,
respectively) and their interactions.

fMRI data acquisition

Data were acquired from a Siemens MAGNETOM Trio 3T
MRI scanner (Siemens Medical Solutions) with a standard coil
(12 channels). Pillows and padding around the head, arms, and
body of participants were used to restrict motion. The stimulus
presentation was controlled by a computer with the use of Matlab
v. 8.0 software. Functional scans used a T2*-weighted gradient,
single-shot echo, planar-imaging sequence (echo time: 25 ms;
repetition time: 2000 ms; flip angle: 908; matrix: 64 3 64) with
an in-plane resolution of 3 3 3 mm (field of view: 220 mm) to
acquire thirty-three 3-mm (interleaved) slices along the anterior
commissure–posterior commissure plane. In-scan prospective
movement correction was used to assist with the motion-induced
effects during acquisition by adjusting the slice positioning (38).
Structural scans were collected with the use of a T1-weighted
magnetization-prepared rapid gradient-echo sequence (repeti-
tion time: 1650 ms; echo time: 2.03 ms; flip angle: 98; field of
view: 256 mm; slice thickness: 1 mm; sagittal plane, voxel size:
1 3 1 3 1 mm3). Researchers verbally checked participant
comfort and alertness in between functional runs. The entire
fMRI battery (structural scan and 6 functional runs) was de-
signed for completion in w30 min but varied between 21 and
35 min depending on participant performance.

Data analysis

Participant characteristics were analyzed with the use of SPSS
22.0 software (IBM Corp.) and are reported as means 6 SDs.
Differences in pre- and post-fMRI measures for perceived full-
ness and liking were analyzed with the use of paired t tests. A
P-value cutoff of 0.05 was used to determine significance.

Exploratory statistical analyses for whole-brain activation
during fMRI were conducted with BrainVoyager QX software
(v. 2.8.2; Brain Innovation). Functional data preprocessing steps
included the trilinear 3-dimensional motion correction of 6 vec-
tors (3 translations and 3 rotations), temporal filtering (high-pass
filtering with the use of a general linear model (GLM)–Fourier
basis set with 6 cycles/time course), and 3-dimensional spatial
smoothing with a Gaussian filter with a full width at half maxi-
mum of 8 mm3. Preprocessed functional data from each run were
co-registered to each participant’s anatomical data. Anatomical
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data were normalized to Talairach space (39) by manually fitting
6 variables (anterior, posterior, inferior, superior, left, and right)
with the use of the anterior commissure–posterior commissure
landmark and spatially realigning within the BrainVoyager pro-
gram. To be included in the final analyses, subjects had to have a
successful anatomical scan and $1 functional run below the
excessive motion cutoff of 3 mm or 38 in any direction. Of the
final 36 participants analyzed, 23 of 228 possible functional runs

were excluded due to excessive motion. Participants in the final
sample had an average of 5.36 (range of 3–6) successful func-
tional runs that were entered into analyses.

Following standard preprocessing steps, fMRI data were an-
alyzed with the use of a random-effects GLM with task-related
regressors. Regressors for each condition were convolved with a
standard 2-gamma hemodynamic response function and entered
into a GLM to obtain variable estimates (i.e., beta weights) for
each participant. Variable estimates obtained for each participant
were then entered into a random-effects group analysis at the
second level and analyzed across subjects with the use of con-
trast coding to obtain statistical t maps and repeated measures
ANOVA to obtain F statistics. A gray-matter mask was applied
to reduce the search area. Correction for multiple comparisons
included a familywise approach (a , 0.05; P , 0.01, k . 10
voxels), determined by Monte Carlo simulation (40, 41) with
the BrainVoyager QX Cluster-Level Statistical Threshold Esti-
mator plug-in (Brain Innovation). Cluster-extent thresholds of 6
(corresponding to the main effect of PS) and 7 (corresponding to
the main effect of ED and the PS 3 ED–interaction effects)
contiguous voxels (and each in combination with a per-voxel
threshold of P , 0.01) were applied to statistical maps. The
estimated full width at half maximum (i.e., smoothness) of each
map was 1 mm3 after correction for PS, ED, and PS 3 ED. Peak
coordinates within each brain region that exhibited significant
effects are presented in the results tables. These tests were fol-
lowed up by post hoc analyses to correct for multiple, pairwise
comparisons. Beta weights within all significant regions from all
conditions were extracted to the SPSS program to conduct
secondary analyses to control for relevant covariates (i.e., fullness,
BMI z score, liking, and sex). Similar analysis strategies have been
reported in related fMRI studies of high-calorie food-image
viewing (16, 42).

TABLE 1

Descriptive statistics for participants (n = 36; girls: 50%)1

Characteristic Mean 6 SD Range

Age, y 8.9 6 1.2 7–10

Body fat, % 16.4 6 6.5 5.3–37

BMI z score 20.2 6 0.8 21.5 to 2.0

CEBQ appetitive traits (a . 0.70)

Satiety responsiveness 2.9 6 0.7 1.4–4.2

Slow eating (lower = faster) 2.7 6 0.8 1.3–4.3

Enjoyment of food 3.8 6 0.6 3.0–5.0

Food responsiveness 2.5 6 0.6 1.2–4.0

Visual analog scale ratings, mm

Liking of large PS 101.3 6 23.2 62–150

Liking of small PS 100.7 6 23.8 40–140

Liking of high ED2 112.7 6 24.7 57–150

Liking of low ED 89 6 26.4 39–140

Fullness pre-fMRI 40.8 6 39.4 0–136

Fullness post-fMRI 36.3 6 39.0 0–142

1Data (n = 36) were analyzed with the use of paired t tests when

appropriate. Pre- and post-fMRI fullness levels did not significantly differ.

The liking of images of large-PS foods compared with small-PS foods did

not significantly differ. CEBQ, Child Eating Behavior Questionnaire; ED,

energy density; PS, portion size.
2 Liking ratings of high ED compared with low ED were significantly

different [t(35) = 6.6, P , 0.01].

TABLE 2

Peak coordinates of functional areas with main effects for PS, ED, and their interaction1

Brain region Hemisphere BA k x y z F P

Main effects for PS

IFG/OFC Left 47 14 228 7 218 5.61 0.023

IFG/OFC Right 47 14 23 10 221 7.18 0.011

Main effects for ED

Fusiform gyrus Right 37 39 47 256 212 5.70 0.022

Insula (superior/posterior) Left 13 52 240 220 12 5.00 0.031

Superior temporal gyrus Left 38 15 252 13 215 29.90 0.003

Insula (inferior/anterior) Right 13 17 41 22 26 27.50 0.010

Caudate Left — 151 21 4 15 9.91 0.003

Parahippocampal gyrus Right 34 62 11 1 221 12.50 0.001

Posterior cingulate gyrus Right 31 43 2 229 36 5.00 0.026

Anterior cingulate gyrus Right 32 78 5 19 33 5.40 0.031

Cerebellar tonsil Right — 44 23 241 238 11.50 0.002

Declive Left — 27 24 277 221 4.50 0.041

Declive Left — 48 243 274 218 4.40 0.042

Precentral gyrus Left 6 46 267 7 7 4.90 0.033

Interaction for PS 3 ED

Superior temporal gyrus Left 38 14 234 3 215 12.48 0.001

1Whole-brain activation (n = 36) at the second level from a random-effects analysis. Results represent the brain region in the

right or left hemisphere and respective BA in which either main effects (PS or ED) or an interaction (PS3 ED) were shown with the

use of a repeated-measures ANOVA, the k (number of contiguous voxels in the cluster), and coordinates of the peak statistical voxel

for each region (x, y, and z in Talairach space). A primary voxel threshold of P, 0.01 and a minimum k of 10 were applied before

correction for multiple comparisons to provide a corrected cluster threshold of 6 for PS and 7 for both ED and PS3 ED at P, 0.05.

BA, Brodmann area; ED, energy density; IFG, inferior frontal gyrus; k, cluster size; OFC, orbitofrontal cortex; PS, portion size.
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Brain regions that showed activation in response to PS, ED, and
their interaction were associated with child appetitive traits in
follow-up analyses with the use of SPSS software. For these
analyses, differences in the BOLD signal were calculated by
subtracting b weights to one factor from another to create contrast
values. The BOLD contrast values for ED—i.e., high ED 2 low
ED—were created by taking the mean b weights from high ED
minus low ED. Similarly, the BOLD contrast values for PS—i.e.,
large PS 2 small PS— were created by taking the mean b
weights from large PS minus small PS. Pearson correlations were
conducted to examine the relation between those BOLD contrast
values and appetitive trait scores. Mixed linear model analyses
determined whether BOLD contrast values for PS and ED inter-
acted with test-meal PS conditions (i.e., 100%, 133%, 167%, and
200%) to influence energy intake (Supplemental Table 2). Be-
cause food intake shows a curvilinear relation (33) in response to
increased PS, fixed factors included PS conditions treated as
linear and quadratic functions, whereas subjects were treated as a
random factor. BOLD contrast values and their interaction with
the PS condition at the test meal were included as covariates.

RESULTS

Participant characteristics and behavioral data

Descriptive data are shown in Table 1. The majority of
children were of healthy weight with a mean BMI z score20.206
0.8. There were no differences between prescan and postscan
fullness ratings (P . 0.10). Mean liking ratings were signifi-
cantly higher for images of high-ED foods than for images of
low-ED foods [t(35) = 6.6, P , 0.01].

fMRI data

Main effects for PS

Table 2 details the significant functional activations with peak
statistical values. As shown in Figure 1, exposure to images of
large-portion foods compared with images of small-portion foods
revealed decreased activation in the bilateral inferior frontal gyrus
(IFG), which corresponded to Brodmann area (BA) 47. The effects
in the IFG remained significant after adjustment for BMI z score
and sex (P , 0.05) but were no longer significant after adjustment
for either fullness, (left, P = 0.15; right, P = 0.08) or liking (left,
P = 0.55; right, P = 0.36) (Table 3). To aid in the interpretation of
this effect, Figure 1 shows that post hoc comparisons revealed
reduced activation to images of large-PS, low-ED foods than to
images of small-PS, low-ED foods in the left IFG (P , 0.01).

Main effects for ED

As reported in Table 2 and depicted in Figure 2, exposure to
images of high-ED foods compared with images of low-ED foods
increased the activation in the fusiform gyrus, superior and posterior
insula, and several other regions. In contrast, the response to low-ED
food cues was associated with increased activation compared with
the response to high-ED food cues (Figure 2) in the superior tem-
poral gyrus and inferior and anterior insula. After adding fullness
as a covariate, effects for ED in the inferior insula (P , 0.05),
parahippocampal gyrus (P , 0.05), and cerebellum (P , 0.01)
remained significant (Table 3). The effects in all regions remained
significant after controlling for the BMI z score with the exception

of both clusters in the declive (P = 0.06, P = 0.08). Table 3 also
shows that the effects for ED in the posterior insula, superior tem-
poral, gyrus, caudate, and anterior cingulate remained significant
after controlling for liking (P , 0.05). Also, the effects in several
regions remained significant after adjustment for sex (Table 3).

Interactions between PS and ED

At the whole-brain level, one cluster was identified with sig-
nificant activation in the superior temporal gyrus (P , 0.005) as
described in Table 2 and Figure 3. Table 3 shows that this in-
teraction remained significant after adjustment for the BMI z score
(P, 0.005) and liking (P, 0.05) but not for fullness (P = 0.15) or
sex (P = 0.38). No other significant interactions were identified.

Associations between brain response to food cues and child
eating behavior

fMRI data and appetitive traits

Figure 4 shows that activation to high ED – low ED was
negatively correlated with scores on the enjoyment of food
subscale in the anterior insula, food-responsiveness scores in the
declive (P , 0.05), and slow-eating scores in the precentral
gyrus (P , 0.05). However, an outlier influenced the correlation
in the precentral gyrus, and this association was no longer sig-
nificant when this outlier was removed (r = 20.29, P = 0.09).
No significant correlations were identified between activation in

FIGURE 1 fMRI statistical maps in the SAG view showing activation to
large PSs compared with activation to small PSs and co-registered with
average structural MRI data from participants. Results are from whole-brain
analyses (n = 36) that tested the main effects of PS and were co-registered
with averaged structural MRI data from participants. (Top) Representative
t maps in the SAG view showing reduced activation (blue colors) in the
bilateral IFG (P , 0.01, corrected). (Bottom) Mean 6 SEM BOLD magni-
tude for each condition of food images (large PS, high ED; large PS, low ED;
small PS, high ED; and small PS, low ED) within peak coordinates (x, y, and
z in Talairach space) of each functional cluster. Bars that do not share
a common letter (a, b, or c) are significantly different at P , 0.05. A,
anterior; ED, energy density; IFG, inferior frontal gyrus, OFC, orbitofron-
tal cortex; P, posterior; PS, portion size; SAG, sagittal.
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the regions with main effects for PS or PS 3 ED interactions
and child appetitive traits.

fMRI data and food intake

There was a main effect of the test-meal condition on chil-
dren’s energy intakes [F(35) = 20.1, P, 0.001], but there was no
interaction between the portion condition (either linear or qua-
dratic functions) and brain response to PS cues in the IFG (left
P = 0.18; right P = 0.54). Activation to high ED – low ED cues
in the declive interacted with PS to influence meal energy intake
[F(35) = 5.7, P , 0.05]. There were no other associations be-
tween brain activation and meal-energy intake.

DISCUSSION

To our knowledge, our whole-brain analyses yielded new
evidence of distinct patterns of brain activation to PS- and ED-
food cues in children. Results showed a reduced response in a
brain region that is important for inhibition and information
processing (i.e., the IFG) when children viewed large portions
of food compared with small portions of food. Greater acti-
vation was observed in several areas of the brain that are in-
volved with reward and taste processing, including the insula,
caudate, and cingulate, when children viewed foods with high
EDs than when they viewed foods with low EDs. Therefore, the
food PS may be processed in a region that has been previously
implicated in motivation and cognitive control, whereas ED may be
processed in regions that are involved in reward and emotion
processing.

Large-portion cues were associated with decreased activation
bilaterally in the IFG, which is a region that is located in the

anterior prefrontal cortex (BA 47) that contains the lateral
orbitofrontal cortex (OFC) (43). This region is important for
semantic selection (44) and behavioral control of emotion and
motivation (45, 46). We previously reported increased activa-
tion to large-portion cues (31) in the IFG that were from BA 44,
which is in proximity to a region that has been implicated in the
taste response to cues (47) and is posterior to BA 47. We
speculate that differences between results from that analysis and
the current study may have been due to the different locations
and functions within the IFG. Although hyperactivity to food
cues is typically seen in the IFG and OFC (7, 11, 48, 49), larger
portions were associated with reduced activation in the current
study. Post hoc tests showed that this association was driven by
the low-ED food condition. We speculate that large portions of
low-ED foods compared with small portions of low-ED
foods may be less motivating for children. An alternative in-
terpretation is that greater activation of attention-based net-
works is engaged when viewing small portions than with large
portions because of the involvement of the IFG in attentional
control (50). The main effects were independent of BMI z score
and sex but not of the pre-fMRI fullness level or liking.
Therefore, how children’s brains process information about
food PSs in this region may be dependent not only on the
food’s ED but also on food liking and appetitive state. The
whole-brain response to food PS in the bilateral IFG and OFC
was not associated with appetitive traits or laboratory intake
when portions of all foods varied. Thus, additional studies are
needed to determine the extent to which the IFG and OFC are
implicated in eating behaviors.

Compared with images of low-ED foods, exposure to images
of high-ED foods was associated with increased activation in

TABLE 3

Influence of covariates on regions with main effects or interactions between PS and ED1

Brain region

Fullness BMI z score Liking Sex

F P F P F P F P

Main effects for PS

IFG/OFC, left 3.4 0.076 6.2 0.018* 1.5 0.224 4.3 0.046*

IFG/OFC, right 2.2 0.151 7.0 0.012* 2.8 0.103 4.3 0.046*

Main effects for ED

Fusiform gyrus, right 1.7 0.201 4.6 0.038* 3.5 0.071 2.0 0.208

Insula (superior/posterior), left 1.3 0.257 4.8 0.036* 6.2 0.018* 3.2 0.084

Superior temporal gyrus, left 2.8 0.105 9.1 0.005** 4.4 0.044* 2.3 0.140

Insula (inferior/anterior), right 6.9 0.013* 7.2 0.011* 1.1 0.296 3.1 0.089

Caudate, left 1.2 0.290 7.7 0.009** 6.6 0.015* 6.7 0.014*

Parahippocampal gyrus, right 6.5 0.016* 12.2 0.010* 1.9 0.178 5.3 0.028*

Posterior cingulate gyrus, right 1.5 0.225 4.3 0.046* 1.2 0.273 9.4 0.004**

Anterior cingulate gyrus, right 0.9 0.429 4.1 0.050 8.2 0.007** 7.2 0.011*

Cerebellar tonsil, right 8.9 0.005** 11.3 0.002** 7.0 0.120 5.2 0.029*

Declive, left 0.8 0.371 3.7 0.062 0.6 0.444 1.8 0.189

Declive, left 0.3 0.587 3.3 0.078 0.9 0.342 0.3 0.589

Precentral gyrus, left 3.9 0.055 6.5 0.015* 2.7 0.110 2.9 0.082

Interaction for PS 3 ED

Superior temporal gyrus, left 2.2 0.145 9.4 0.004** 5.6 0.024* 0.8 0.382

1Whole-brain activation (n = 36) at the second level. A random-effects analysis revealed brain regions in the right or

left hemisphere with either significant main effects or an interaction for PS and ED in primary analyses. An ANCOVAwith

post hoc least significant differences was used to assess large PS compared with small PS, high ED compared with low ED,

and the PS 3 ED interaction adjusted for covariates of either pre-fMRI fullness rating, liking of food images, or BMI

z score. *,**Main effects and interactions that remained significant after adjustment for respective covariates: *P , 0.05,

**P , 0.01. ED, energy density; IFG, inferior frontal gyrus; OFC, Orbitofrontal cortex; PS, portion size.
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brain areas that are commonly responsive to food cues including
the insula, caudate, and cingulate (7, 15, 16) as well as the
superior temporal and precentral gyri (16, 51). These results
support the hypothesis that higher-energy foods activate brain
centers that function in appetite regulation, reward, and so-
matosensory processing (11, 48, 52). The effects in the posterior
insula, caudate, and anterior cingulate remained significant after
adjustment for liking but not for fullness. Thus, areas that are
associated with both reward-based decisions and interoception
(53) are modulated by food cues that vary by ED, but this
response may not be governed solely by how much a child likes
the food. By contrast, the effects in the anterior insula and
cerebellum remained significant after adjustment for fullness
but not for liking. Thus, these connected areas that are involved
in saliency detection (53) could be modulated by the ED of food
cues and not governed solely by appetitive state. Previous fMRI
studies in healthy-weight adolescents compared with obese
adolescents have shown greater activation in the insula, caudate,
and cingulate in response to food images than to nonfood
images (7, 15), and our research extends these findings in
children by showing that these brain regions are differentially
responsive to food energy contents.

Trait-like dimensions of appetite were related to the contrast in
brain activation from cues of high-ED foods – low-ED foods.
Enjoyment-of-food scores were negatively related to activation
in the anterior insula [i.e., the primary taste cortex (47)], which
is a brain region that has been implicated in cognition (53) and is

commonly responsive to both food tastes and images (54).
Similarly, food-responsiveness scores were negatively related
to activation in the declive, which is part of the posterior cere-
bellum that is involved in cognitive processing (55) with pre-
vious associations to food cues in adults (42) and adolescents
(56). This finding supports an inverse association between
children’s brain responses to cues of higher energy–dense food
and parental ratings of child food responsiveness and enjoyment,
which was unanticipated because of previous associations be-
tween obesity and these traits (37). The fact that our cohort was
primarily of healthy weight may help to explain these un-
expected findings, but further investigation is needed.

Our hypothesis that PS and ED cues would show an interaction
was partially supported by findings in the superior temporal
gyrus, which is a region that is thought to be involved in
multimodal semantic processing (57) and functionally related to
the primary gustatory cortex (9). Both reduced activation (17)
and greater activation (16) in the superior temporal gyrus to cues
of high–energy content foods have been reported previously in
adolescents. Inconsistencies in the responsiveness of this and
other brain regions to food cues may be related to the fMRI
paradigm used (combining all foods into one category), the
appetitive state during testing (premeal or postmeal), and the
type of analyses conducted (whole brain compared with region
of interest) (52). Although food PSs and EDs have independent
and additive effects on energy intake (2, 3, 25, 28), there was
no association between activation in the superior temporal

FIGURE 2 fMRI statistical maps in SAG and COR views showing activation to high ED compared with low ED and co-registered with average
structural MRI data from participants. Results are from whole-brain analyses (n = 36) that tested the main effects of ED and were co-registered with
averaged structural MRI data from participants. (Top) Representative t maps in SAG and COR views showing increased BOLD activation (red colors) in
the caudate, fusiform gyrus, and posterior insula (P , 0.01, corrected). Two areas with decreased BOLD activation (blue colors) to images of high-ED
foods compared with low-ED foods are shown in the superior temporal gyrus and inferior insula (P , 0.01, corrected). The L side of each SAG view is A,
and the L side of the COR view is the R hemisphere. (Bottom) Mean 6 SEM BOLD magnitude for each condition of food images (large PS, high ED;
small PS, high ED; large PS, low ED; small PS, low ED) within peak coordinates (x, y, and z in Talairach space) of each functional cluster. Bars that do
not share a common letter (a, b, or c) are significantly different at P , 0.05. A, anterior; COR, coronal; ED, energy density; L, left; P, posterior; PS,
portion size; R, right; SAG, sagittal.
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gyrus and eating behaviors, but this result may have been due
to a lack of power.

The whole-brain analysis used in this study is a comprehensive
approach to characterizing the brain’s involvement in the pro-
cessing of visual food stimuli compared with region-of-interest
analyses (11, 12), which are limited to only predefined brain
regions. Additional strengths of this study included the high
fMRI success rate in 7–10-y-old children, the novel presentation
of food images that allow for the disentangling of the effects of
PS and ED, and the incorporation of eating-behavior measures
that aided in the interpretation of the brain response to food
cues. These results extend previous research in adolescents (7,
15, 16, 19, 52), but the homogeneity of our sample in ethnicity
and socioeconomic status may have reduced the generalizability
of the findings. In addition, our results could have been influ-
enced by differences in low-level visual features (e.g., complexity
of images and detection of food edges) or the overall energy
content presented in the food stimuli. Future fMRI paradigms
should include nonfood objects at different sizes to rule out var-
iations that might be due to size perception more generally. In
addition, we were underpowered to determine the effects of brain

response on laboratory intake, and thus, the lack of associations
between brain response and intake at the test meals should be
interpreted with caution. These exploratory analyses used a liberal
threshold (P , 0.01) similar to the approaches used in previous
studies (58, 59). Because of recent arguments for the use of higher
thresholds (i.e., P , 0.001) (60), we advocate for future inves-
tigations to apply more-stringent thresholds to potentially im-
prove the cluster inference and control over false positives.
Finally, there may be subtle anatomical differences in the func-
tional clusters that we reported on the basis of our spatial nor-
malization into stereotaxic coordinates. Some researchers have
advocated for the use of child-specific templates (61, 62), but the
impact of these differences appears to be minimal (63).

In conclusion, functionally distinct brain regions respond to
food PSs compared with food EDs. Because food PS and ED
are robust promoters of intake, the results of this study fill an
important gap in the literature on neurobiological correlates
of eating behaviors in children. In addition, these findings may
contribute to the development of evidence-based cognitive
strategies to help children control intake from large portions of
high-energy-dense foods.

FIGURE 3 fMRI statistical maps in SAG and COR views showing activation clusters in the superior temporal gyrus for the interaction of PS and
ED and co-registered with average structural MRI data from participants. Results are from whole-brain analyses (n = 36) that tested the interactions
between PS and ED and were co-registered with averaged structural MRI data from participants. (Top) Representative t maps in SAG and COR views
showing increased BOLD activation (red colors) in the superior temporal gyrus (P , 0.01, corrected). The L side of the SAG view is A. The L side of
the COR view is the R hemisphere. (Bottom) Mean 6 SEM BOLD magnitude for each condition of food images (large PS, high ED; small PS, high ED;
large PS, low ED; small PS, low ED) within peak coordinates (x, y, and z in Talairach space) of the superior temporal gyrus. Bars that do not share
a common letter (a, b, or c) are significantly different at P , 0.05. A, anterior; COR, coronal; ED, energy density; L, left; P, posterior; PS, portion size;
R, right; SAG, sagittal.
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FIGURE 4 Significant correlation plots between appetitive trait scores and BOLD contrast values. (Left) Plots show significant negative correlations
between BOLD contrast values of ED (i.e., high ED 2 low ED) and appetitive trait scores (n = 36) on the enjoyment of food, food responsiveness, and slow
eating subscales. None of the regions identified in whole-brain analyses with main effects for portion size showed significant correlations with CEBQ
subscales. (Right) Representative t maps in SAG and COR views showing the regions which BOLD contrast values were from (P , 0.01, corrected). The L
side of the SAG view is A (insula and precentral gyrus). The L side of the COR view (declive) is the R hemisphere. A, anterior; CEBQ, Child Eating Behavior
Questionnaire; COR, coronal; ED, energy density; L, left; P, posterior; R, right; SAG, sagittal.
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