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Abstract

Background/Objectives—Neuroimaging investigations of brain pathways involved in reward
and motivation have primarily focused on adults. This study sought to identify brain responses to
visual food cues and explore its relationships with adiposity and sex in pre-pubertal children.

Methods—Brain responses to palatable food vs. non-food cues were measured in 53 children
(age: 8.18+.66 years; sex: 22 boys, 31 girls) after an overnight fast. Whole-brain analysis (cluster-
correction Z>2.3, P<.05) was performed to examine brain food cue reactivity and its relationships
with adiposity and sex.

Results—Greater brain activity in response to food vs. nhon-food cues was observed in regions
implicated in reward (orbital frontal cortex (OFC), striatum), taste (insula, postcentral gyrus),
appetite (hypothalamus), emotion (amygdala), memory (hippocampus), visual processing
(occipital cortex) and attention (parietal cortex). A negative association was found between percent
body fat and food cue reactivity in the medial prefrontal cortex and lateral OFC adjusting for age
and sex. Boys compared with girls had increased brain food cue reactivity in right hippocampus
and visual cortex.

Conclusions—These data suggest that body fat and sex are important moderators of brain food

cue reactivity in children.
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Introduction

In the United States, childhood obesity rate has more than tripled since 19701 In the context
of the dramatic rise of childhood obesity, it is critical to investigate behavioral and neural
mechanisms of pediatric obesity.

Food-related cues are ubiquitous in the current environment, and behavioral studies have
shown that the sight of food can trigger food cravings and the motivation to eat?. A number
of functional magnetic resonance imaging (fMRI) studies in adults have found that a
constellation of brain areas implicated in reward and motivation (e.g., orbital frontal cortex
(OFC), striatum), taste (e.g., insula), learning and memory (e.g., hippocampus, amygdala),
and visual processing (e.g., occipital cortex, postcentral gyrus) are more responsive to visual
food cues relative to non-food cues34. In addition, metabolic state (fasted vs. fed)*, energy
content of food stimuli4, and habitual dietary intake>—8 have been shown to modulate neural
food cue reactivity.

Compared with a large number of fMRI food cue studies in adults, fewer studies have
examined brain food cue reactivity in children. A meta-analysis® of fMRI food cue studies
performed in children and adolescents identified a collection of brain regions with a
heightened response to food vs. non-food cues, including the OFC, amygdala, insula,
parietal cortex, anterior cingulate cortex (ACC), and visual processing regions.

Examining neural processing of food cues in children may provide novel insights into
processes relevant to risk for obesity. Although studies in adults and adolescents have shown
that individuals with obesity compared to lean individuals have greater responses to food
cues in reward regions19-13, this data pattern was not seen in normal-weight adolescents at
high-risk for obesity4, nor in children!®16, These data suggest that hypersensitivity to food
cues in reward regions may be a consequence of obesity rather than antedate obesity.
Interestingly, obesity-related effects were observed in prefrontal inhibition regions in
response to food cues in pediatric cohorts. While some studies found positive relationships
between obesity and brain responses to food cues in prefrontal regions'’18, others found
negative correlations!9:20, Of note, the prior two studies that observed positive obesity-brain
relationships included both girls and boys with a wide age range spanning from childhood
through adolescence (e.g., 9-18 years old in Davids et al., 2010; 10-17 years old in Bruce et
al., 2010). Among the other studies that reported negative relationships, one was performed
in girls and boys age between 10 and 14 years old!?, and the other in adolescent girls during
a food-related response inhibition task2C. There are significant changes in body composition
as children transition through puberty, and these changes occur differentially with sex. Thus,
it is important to consider pubertal stages and sex when examining adiposity-related effects
in brain food cue reactivity. Although some studies included both girls and boys, no prior
studies have examined sex differences in brain food cue reactivity in children. However, sex
differences in food cue reactivity have been reported in adults. Under fasting conditions,
women compared to men had greater food cue reactivity in regions involved in visual
attention, reward and cognitive processing?1-23, It was suggested that these sex differences
may be related to sex hormones, sex specific socialization, genetic/brain structural
differences and behavioral traits such as dietary restraint .
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In this study, we investigated patterns of brain food cue responsivity in a cohort of healthy,
typically developing pre-pubertal children between the ages of 7 and 11 years. We
hypothesized that viewing food vs. hon-food cues would be associated with increased brain
activity in regions involved in reward, taste, conditioned responses to food, and visual and
attention processing. Given mixed results in previous pediatric studies, we conducted whole-
brain analysis to examine relationships between adiposity and neural food cue reactivity, and
hypothesized differential engagement of brain regions involved in processing food cues
between children with greater adiposity vs. smaller adiposity. Although sex-based
differences in brain food cue reactivity remain an open question in children, on the basis of
adult studies, we hypothesized that girls (relative to boys) may exhibit greater brain food cue
reactivity.

Sixty-three healthy children between the ages of 7 to 11 years old were recruited from
Kaiser Permanente Southern California (KPSC) and participated in this study. Participants’
parents gave written informed consent and children provided informed assent, and all
experimental procedures were approved by the Institutional Review Board of the University
of Southern California (USC) and KPSC. Participants were healthy, free from any
psychological and neurological disorders, all right-handed and had normal or corrected to
normal vision.

Ten participants were excluded from final analysis: eight participants due to excessive
motion (larger than 2mm or 2° in any direction), one due to a technical error during
scanning, and one due to incidental brain findings. Fifty-three pre-pubertal children were
included in the final data analysis. There were no significant differences in age, sex, body
mass index (BMI), or percent body fat (%BF) between children excluded and those in the
final dataset.

Anthropometric measurements

Height was measured to the nearest 0.1 cm using a portable stadiometer and weight to the
nearest 0.1 kg using a portable scale. BMI(kg/m2), BMI percentiles (age and sex specific)
and BMI z-scores (age and sex-specific standard deviation score) were determined based on
Center for Disease Control standards. % BF was measured by bioelectrical impendence
analysis (BIA) using Tanita Body Composition Analyzer SC 331S, which measures body
composition using a constant current source with a high frequency current (50kHz, 90uA)
and has been FDA approved for assessments of body composition in children age 5 to 17
years. The equations used to estimate %BF are proprietary (Tanita Cooperation), but the
algorithm includes sex, age and height alongside weight and impedance data. A recent
systematic review on body compaosition estimation in children showed excellent
reproducibility for %BF assessments by BIA. The fat mass and fat-free mass estimated by
BIA were strongly correlated with the reference methods in both sexes, however BIA
underestimated the fat mass in both sexes?4.
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Physical Exam

Tanner stage was assessed by physical exam?5:26 and/or by a validated sex-specific
assessment questionnaire for children and parents?’. Forty-seven participants opted for both
physical exam and questionnaire, and 16 participants opted for questionnaire only. Only pre-
pubertal children with Tanner Stage <2 were included.

Food Cue Task

All scans were conducted in the morning between 8 and 10 am after a 12-h overnight fast, a
time when food cue reactivity is robust. Therefore, the time since last meal intake was
standardized across participants. First, we familiarized participants to the MRI scanner by
utilizing a Mock Scanner, which helps to reduce anxiety. Prior to scanning, children were
required to rate their hunger from 1 to 5 (1= very hungry, 2 = quite hungry, 3 = just right, 4 =
quite full, 5 = not hungry at all) using a picture questionnaire validated in primary school
children?8. In the MRI scanner participants completed the food cue task. In this randomized
block design, participants were presented with a total of 12 visual food cue and non-food
cue blocks using Matlab (The MathWorks, Inc., Natick, Massachusetts, United States) and
Psychtoolbox on a Mac laptop. There were 3 colorful photographs presented in a random
order in each block, and each photograph was presented for 4 seconds with 1 second waiting
time between photographs, resulting in a total of 3 minutes and 16 seconds running time.
Participants were instructed to watch these pictures attentively during the scan. Food cues
consisted of palatable food items such as cupcakes and French fries. The control stimuli
consisted of non-food neutral pictures such as books and rulers. Details on our study stimuli
were presented in the Supplemental Materials (STable 1). Pictures were selected after pilot
testing in studies conducted in children within the same age range. Only food pictures that
were rated as “appealing” and “familiar”, and only the non-food pictures that were rated as
“familiar” were included in the fMRI studies. These pictures were selected from
International Affective Picture System?9 as well as internet sources such as food blogs. All
stimuli had the same resolution (1024 pixels x 768 pixels), but food and non-food pictures
were not matched for visual characteristics, such as saliency, color, shape and complexity.

MRI Imaging Parameters

MRI data were collected using 3T Siemens scanner. Participants laid supine on a scanner
bed, viewing stimuli through a mirror mounted over the head coil. Blood-oxygen-level-
dependent (BOLD) functional scans were acquired with a single-shot gradient echo planar
imaging sequence. Thirty-two 4 mm thick slices that cover the whole brain were acquired
using the following parameters: Repetition time (TR)=2,000 msec, echo time (TE)=25 msec,
bandwidth=2520 Hz/pixel, flip angle=85°, field of view (FOV) = 220x220 mm,
matrix=64x64. A high resolution 3D Magnetization Prepared Rapid Gradient Echo sequence
(TR=2530 ms; TE=2.62 ms; bandwidth=240 Hz/pixel; flip angle= 9°; slice thickness=1mm;
FOV=256%256 mm; voxel size=1mmx1lmmx1lmm) was used to acquire structural images for
multi-subject registration.

Pediatr Obes. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 5

fMRI Analysis

Results

We used fMRI Expert Analysis Tool version 6.00, part of the Oxford University Centre for
Functional MRI of the Brain Software Library (http://www.fmrib.ox.ac.uk/fsl) to process
fMRI data. FMRI preprocessing steps included motion correction, high-pass filtering (100 s)
and spatial smoothing with a Gaussian kernel of full-width at half-maximum=5mm. The
functional data were first mapped to each participant’s anatomical image, and then
registered into standard space using affine transformation with FLIRT. Based on prior
studies conducted in similar age range as our participants®39, we used the Montreal
Neurological Institute (MNI) template for registration. Food and non-food events were
added to the General Linear Model (GLM) after convolution with a canonical hemodynamic
response function. The GLM model also includes standard motion parameters as regressors
of no interest. For each subject, food vs. non-food cues contrast maps were created on the
first-level analysis, and then submitted for random-effects group-level analysis using
FLAMEL (FMRIB’s Local Analysis of Mixed Effects). We performed whole-brain
regression analysis to examine relationships between adiposity and neural food cue
reactivity. Log transformation was done on %BF due to skewed distribution. Sex and age
were included in the body fat model to account for variances in body fat for boys and girls of
different ages. Since BMI z-scores were used, age and sex were not included in the BMI
model. Unpaired-t test was used to examine sex differences on brain responses to food vs.
non-food cues. Whole brain analysis was carried out using cluster forming threshold 2>2.3
(equivalent to P<.01), a minimum cluster size for a FWE correction of P<.05 using the
FLAME1 modeling procedure, which demonstrated a nominal 5% false positive rate3L.

Participants Characteristics (Table 1)

Fifty-three pre-pubertal children (age: 8.18 + 0.66 years; sex: 22 boys, 31 girls) were
included in the final neuroimaging data analysis. 64.1% of our participants were normal
weight, 17% were overweight and 18.9% had obesity. Their % BF ranged from 12.7 % to
57.1%, and BMI z-scores ranged from —-1.65 to 2.59. Children reported being “quite
hungry” with average hunger scores of 2.04 + 0.95. % BF was significantly correlated with
BMI z-scores (r=0.82, P<.0001), but not significantly related with age or hunger (Ps>.05).
There were no significant sex differences in age, %BF, BMI z-scores, or hunger (Ps>.05).

Whole-brain Analysis of Food vs. Non-food Cues

Viewing pictures of food vs. non-food cues was associated with increased BOLD signal
change in the bilateral ventral striatum, putamen/pallidum, caudate, insula, amygdala,
hippocampus, occipital cortex, parietal cortex, thalamus, hypothalamus, precentral gyrus,
postcentral gyrus, OFC, ACC, posterior cingulate cortex, medial prefrontal cortex (mPFC),
brain stem and left frontal pole (Figure 1, Table 2).

Relationship between Child Adiposity and Neural Food Responsiveness

There was a significant negative relationship between %BF and mPFC/right lateral OFC
response to food vs. non-food cues adjusting for age and sex (Figure 2A, Table 2). A
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scatterplot of this relationship was presented in the Supplemental Materials (SFigure 1).
BMI z-score was not significantly associated with neural food cue reactivity.

Sex Differences in Neural Food Responsiveness

Boys vs. girls showed greater neural food cue reactivity in right posterior hippocampus and
temporal occipital fusiform cortex (Figure 2B, Table 2). No significant clusters were
observed for the reversed comparison. There were no significant sex differences in age,
%BF, BMI z-scores, or hunger. Thus, we did not include these as covariates in our analysis.

Discussion

In this study, we examined neural correlates of food cue exposure in a cohort of healthy,
typically developing pre-pubertal children. We assessed the statistical relationship between
brain responses to food cues and both adiposity and sex. We reasoned that doing so might
offer clues regarding factors that contribute to divergence in obesity trajectories later in
adolescence, which could be considered in subsequent longitudinal research.

Consistent with prior work in pediatric and adult populations3#2, we found that brain
regions involved in reward and motivation (e.g., OFC, ventral and dorsal striatum),
metabolic signaling (e.g., hypothalamus), emotion (e.g., amygdala), learning and memory
(e.g., hippocampus), taste (e.g., insula and postcentral gyrus), attention and visual processing
(e.g., occipital cortex and parietal cortex) were recruited more during viewing of food vs.
non-food cues in healthy pre-pubertal children. Our sample size (N=53) was considerably
larger than most previous work in children®, and our data support the notion that the neural
appetitive responses to food cues may be a basic function that develops early in life.

Importantly, we observed that greater %BF was associated with decreased mPFC/lateral
OFC response to food cues after controlling for age and sex. Although participants were
only instructed to passively observe food stimuli, appetitive stimuli recruit automatic self
regulatory responses32, which may instantiate in the mPFC and lateral OFC, regions
implicated in cognitive control33. Our observation was directionally similar to two other
studies, one in 10 to 14 years old children during passively viewing food vs. no-food
logos?, and the other among adolescent girls in a task where they were required to inhibit
prepotent responses to appetizing food2C. The latter study paired a food cue paradigm with a
response inhibition task, which further demonstrated specific functional roles of prefrontal
regions (e.g., dorsolateral PFC (dIPFC), ventrolateral PFC (vIPFC), mPFC, OFC) during
processing of food stimuli2C. Taken together, these results suggested that hypo-responsivity
to food cues in prefrontal inhibition regions may be a sensitive early marker of obesity. It is
worth noting that two studies conducted in participants with an age range from childhood
through adolescence, reported a positive relationship between obesity and prefrontal
responses to food cues. Tanner stage was not assessed in both studies, and sex was neither
matched between groups nor included as a covariate in Davids et al., 2010, which may
impact their reported findings rather than obesity per se.

While BMI z-scores and %BF were highly correlated, we did not observe significant
relationships between BMI z-scores and food cue reactivity. Although BMI is a metric
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widely used to classify obesity status, it cannot distinguish between lean and fat mass34.
Adipose tissue sends signals to the brain via appetite regulating hormones such as leptin and
adiponectin3®, thus it is possible that body fat compared with BMI exhibited a more robust
brain-adiposity relationship. In keeping with this notion, a prior study using whole-brain
regression analysis revealed a more robust relationship between %BF and brain food cue
reactivity than BMI among adolescents!2. In comparison with BMI, measures more
proximal to adiposity appear more relevant to understanding individual differences in brain
responses to food cues.

Of great interest, we observed that boys had greater brain responses to food vs. non-food
cues in right hippocampus and visual cortex than girls. This data pattern was opposite to our
hypothesis, which was based on findings in adult populations?1-23, Notably, our study only
included pre-pubertal children. Changes in sex hormones that occur during puberty may
contribute to sexual differentiation in the brain and could be an important factor related to
the disparate patterns of sex differences observed in children compared to adults. There were
also differences in study design between our study and adult studies, including duration of
fasting, control of dietary intake prior to MRI scanning and BMI differences between sex. It
is possible that sex differences on brain reactivity to food cues may be different between
children and adults, but future studies are warranted to determine this possibility. It is also
possible that other differences in study design may contribute to inconsistent findings.

We studied the neural processing of food cues among a well-characterized cohort of pre-
pubertal children age 7 to 11 years old. The narrow age range among the child participants
could reduce variability and improve reproducibility. Additionally, unlike prior pediatric
studies which included discrete groups of healthy-weight children and children with
obesity7-19, we included participants with a wide range of BMI and body fat which allowed
us to examine how individual differences in BMI and body fat relate to brain food cue
reactivity. Several weaknesses in this study should be noted. Our experimental stimuli were
not matched for color, saliency, shape and complexity, which may have introduced bias in
neural responses to food vs. non-food cues. Nevertheless, the patterns of brain food cue
reactivity we observed were robust and consistent with prior studies. BIA estimates %BF,
but cannot differentiate body fat distribution. Given the nature of our study design, we
cannot determine the directionality of the relationship between %BF and the mPFC/lateral
PFC response to food cues. A recent study reported significant relationships between brain
structures and executive function in adolescents with obesity3®. It is possible that there might
be obesity-related brain structure differences in the prefrontal inhibition regions, which we
did not investigate here.

Conclusions

We observed that children with greater %BF had lower mPFC/ lateral OFC response to food
cues. Future longitudinal studies should examine if hypo-responsiveness to food cues in
cortical regions predicts increases in adiposity over time. We also found that boys compared
with girls exhibited greater food cue reactivity in right hippocampus and visual cortex.
Future studies are warranted to determine whether there is a developmental shift in sex
differences during observation of food vs. non-food stimuli.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Putamen

Figure 1.
Whole-brain analysis of food vs. non-food contrast: red areas indicate brain regions

responding more to food vs. non-food cues (cluster corrected Z>2.3, p<.05 for multiple
comparisons). OFC: orbitofrontal cortex; Hypo: hypothalamus; LOC: lateral occipital
cortex; Amy: amygdala; Hippo: hippocampus; PreCG: precentral gyrus; PostCG: postcentral
gyrus; ACC: anterior cingulate cortex; PCC: posterior cingulate cortex; mPFC: medial
prefrontal cortex; FP: frontal pole
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A

Lateral OFC mPFC

Figure 2.
Relationships between percent body fat, sex and brain food cue reactivity. A) blue areas

indicate a negative relationship between percent body fat and food cue reactivity in the
medial prefrontal cortex (mPFC) and right lateral orbital frontal cortex (OFC) from whole-
brain analysis (cluster corrected Z>2.3, p<.05 for multiple comparisons). B) yellow areas
indicate boys relative to girls showed greater brain responses to food vs. non-food cues in
right hippocampus (Hippo) and temporal occipital fusiform cortex (cluster corrected Z>2.3,
p<.05 for multiple comparisons).
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Table 1
Participants Characteristics

Mean (SD) Range
Age (years) 8.18 (.66) 7.27~11.21
BMI (kg/m?) 18.35 (3.69) 13.79~30.09
BMI Z-Score 0.67 (1.02) -1.65~2.59
BMI Percentile 67.58 (26.44) 5.28~99.52
Body fat (%) 24.08(8.26) 12.7~57.1
Hunger 2.04 (0.95) 1~4

N(%)
Sex Male: 22 (41.5%)

Female: 31 (58.5%)

Pubertal Tanner Stage

Tanner Stage 1: 53 (100%)

Weight Status Category

Normal weight (BMI percentile =5t <85t: 34 (64.1%)
Overweight (BMI percentile > 851 <95t): 9 (17%)
Obese (BMI percentile = 95): 10 (18.9%)

*
Hunger scale from 1 to 5, 1 being most hungry, 5 being least hungry.
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Table 2

Whole-brain analysis results of food vs. non-food contrast, whole-brain regression analysis relating individual
differences in percent body fat to food vs. non-food contrast adjusting for age and sex, and unpaired- t test
results of boys relative to girls for food vs. non-food contrast (cluster level correction, Z>2.3, P<.05).

Region Peak Voxel Coordinates(mm) | Max Z
Food vs. non-food contrast | L Orbital Frontal Cortex -24,32,-12 5.66
R Orbital Frontal Cortex 22,28,-14 4.20
L Ventral Striatum -10, 10, -6 2.97
R Ventral Striatum 8,12,-6 3.65
L Putamen/Pallidum -14,10,-10 3.24
R Putamen/Pallidum 20,10,-8 3.54
L Caudate -14,10,18 4.01
R Caudate 10,10,8 2.99
L Insula -36,-8,12 5.18
R Insula 36,-8,14 6.00
L Amygdala -18,-8,-18 4.90
R Amygdala 18,-4,-18 6.12
L Hippocampus -22,-12,-16 4.15
R Hippocampus 16,-8,-20 3.85
L Occipital Cortex -36,-84,2 477
R Occipital Cortex 40,-78,2 421
L Parietal Cortex —-26,-56,52 3.67
R Parietal Cortex 30,-52,52 4.01
L Thalamus -2,-10,12 3.43
R Thalamus 6,-6,12 3.83
L Hypothalamus -8,-2,-8 3.91
R Hypothalamus 10,-2,-8 2.88
L Precentral Gyrus -52,2,24 4.28
R Precentral Gyrus 46,4,24 4.08
L Postcentral Gyrus -60,-20,24 4.07
R Postcentral Gyrus 58,-18,24 4.26
Anterior Cingulate Cortex/Medial Prefrontal Cortex | —6,34,22 3.15
Posterior Cingulate Cortex
Brain Stem 8,-28,-14 3.43
Left Frontal Pole —-26,54,30 3.57
Percent Body fat Medial Prefrontal Cortex 10,40,-10 3.62
R Lateral Orbital Frontal Cortex 14,62,-10 3.21
Boys > Girls R Hippocampus 24,-44,-14 3.68
R Temporal Occipital Fusiform Cortex 26,-24,-14 3.21
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