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Abstract

Purpose of Review The goal of the current paper is to review the literature on the neural and behavioral factors involved in food
decision-making in youth.

Recent Findings Recent neuroimaging studies that employ passive viewing paradigms have found that exposure to food-related
cues activate reward, motor planning, and attentional salience signals in children. Greater activations of reward signals and/or
lower activations of control signals are associated with overeating and weight gain. Neuroimaging studies with decision-making
paradigms have found the reward network in the brain activates during food choices, while control network activates less
strongly.

Summary Findings suggest that exposure to food cues activates reward/valuation network, but activation of control network
tends to be relatively weaker in children. Hedonic aspects of foods are predominantly considered in children’s food choices, and
their dietary self-control is not matured yet. The increased activation in reward network and the decreased activation in control

network are associated with risk of developing obesity.

Keywords Brain development - Food decisions - Self-control - Value-based decision-making - fMRI - Children

Introduction

Food decisions during childhood can establish lifelong behav-
ioral habits. While caregivers may frequently encourage
healthy choices (“eat your vegetables!”), children often prefer
calorically dense foods (e.g., candy, soda, chips) with less
nutritional value. Compared with adults, self-controlled die-
tary decisions like choosing healthier but less tasty foods (e.g.,
vegetables) can be challenging for children whose self-
regulation and executive functions are still maturing.
Children rarely understand nutrition facts (e.g., calories,
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carbohydrates) designed for adult consumers, and real-world
studies are less supportive of any effect of nutrition labeling
on children’s food choices [1]. Furthermore, brain develop-
ment and neural connections in self-control regions such as
dorsolateral prefrontal cortex (dIPFC) are not complete until a
person reaches his or her mid-20s [2, 3]. Thus, neither serving
foods that follow nutritional guidelines nor providing nutri-
tional information is sufficient to prevent childhood obesity.
Indeed, one primary limitation of these traditional approaches
is that they do not consider how children learn to make inde-
pendent food choices and exert dietary self-control through
their growth and development. To effectively prevent child-
hood obesity and promote healthy dietary behaviors in chil-
dren, it is critical to (1) gain a scientific understanding of how
children gradually develop to make their own independent
food choices at both the behavioral and the neurobiological
level and (2) provide appropriate guidance or aids that empha-
size children’s developmental transition to an independent
dietary decision-maker.

Why Do Children’s Food Decisions Matter?

Across the world, the prevalence of childhood obesity has
dramatically increased during the past several decades [4].
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This is likely due to environmental and lifestyle changes lead-
ing to a chronic energy imbalance (intake > expenditure).
Childhood obesity is one of the biggest global health chal-
lenges of the twenty-first century in both developed and de-
veloping countries [5, 6]. Presently, 18.5% of US children and
adolescents aged 2 to 19 years are in the obese range [7].
Childhood obesity puts children at higher risk for physical,
social, behavioral, and emotional health difficulties, including
type 2 diabetes, cardiovascular disease, hypertension, and cer-
tain cancers, as well as lower self-esteem, depression, poor
academic achievement, social rejection, and discrimination
[8—12]. Furthermore, childhood obesity is decisively associat-
ed with adulthood obesity [13]. A recent systematic meta-
analysis study shows that about 55% of childhood obesity
continues through adolescence and about 80% adolescent
obesity continues through young adulthood [14]. There are
several physiological, psychological, and environmental fac-
tors that contribute to childhood obesity, including genetics,
metabolism, eating habits, physical activity, economic factors,
and social environments. Among these, food decisions
(“what to eat”) are the primary determinant of children’s
energy intake. Children’s dietary choices frequently do
not meet current nutritional recommendations (e.g., high-
ly energy-dense snacks and sugar-sweetened beverages)
and therefore increase the child’s risk for developing obe-
sity. Given the important role that children’s dietary de-
cisions play in preventing childhood obesity, it is impor-
tant to systematically understand how children learn to
make their own food choices and provide the ways in
which we can effectively guide children to voluntarily
make healthy food choices using knowledge from devel-
opmental neuroscience.

“You can lead a horse to water, but you can’t make it
drink.” Providing healthy dietary guidelines (e.g.,
“MyPlate”) and environments is important, but it is not
sufficient in and of itself, to prevent the development of child-
hood obesity or stop additional weight gain in children with
overweight or obesity. Children must learn to consciously
decide to eat healthy rather than unhealthy foods. In other
words, we may more effectively prevent childhood obesity
by encouraging children to be successful self-controllers
who can make their own healthy dietary choices. Therefore,
this selective qualitative review emphasizes the importance of
understanding the developmental and neurobiological under-
pinnings of children’s self-regulated dietary choices to prevent
childhood obesity.

Determinants of Children’s Food Decisions

Children’s food choices can be generally understood as an
interaction between internal-biological influences (e.g.,
interoception of hunger, affective states, genetic factors, hor-
monal influences, neural mechanisms) and external-social

influences (e.g., parental feeding behaviors, peer pressures,
food marketing). These internal and external factors inextrica-
bly overlap [15, 16]. Among those, to understand how chil-
dren learn to make their own food decisions, parental influ-
ence is of particular importance, especially early in life.
Children’s food decisions follow a developmental trajectory,
beginning with early feeding experiences by their parents.
Initially, caregivers have control over their children’s environ-
ments and make most of the food decisions for their children.
Parents may limit foods they offer to their children by parents’
own preferences. However, as children grow, they gradually
learn to make dietary choices independently, increasingly
without their parents’ presence (i.e., school cafeteria).
Furthermore, children can influence what their parents buy
at grocery stores, and what they order in restaurants. Not sur-
prisingly, children’s dietary behavioral habits continue to be
highly influenced by their parents and family environments
[17, 18]. Children often establish their dietary behavior pat-
terns by observing and modeling their parents’ behaviors [19].
Also, parents’ food-related health literacy, ethnicity, and so-
cioeconomic status can significantly shape children’s eating
behaviors [20]. Thus, the parental influence and the family
environment are critical to understand children’s dietary
decision-making development [16]. After beginning of formal
schooling, the educational environment (e.g., lunch menus in
school cafeteria) and peers can play a very important role to
shape children’s autonomous food decisions [21]. Food mar-
keting is another important factor to be considered. Children
are exposed to thousands of food and beverage-related com-
mercials per year, and the vast majority of these advertised
foods are not healthy (processed food products which are high
in fat, sugar, or salt) [22]. External factors like advertising
along with internal factors combine to result in the foods that
children choose.

Dietary Self-Control in Children

To prevent obesity, children need to make food choices con-
sistent with maintaining healthy energy balance. This, howev-
er, is not simple or easy. Healthier food choices require chil-
dren’s effective dietary self-control (i.e., resisting tasty but
unhealthy foods) [23], which is executed through complex
interactions between brain valuation and control networks
[24]. Preadolescence and early adolescence are developmental
periods that can be characterized by impulsive, suboptimal
behaviors (e.g., unhealthy food intake). Neuroscientific evi-
dence explains this critical period as being due, in part, to
differing rates of maturation in limbic (bottom-up; valuation)
and prefrontal (top-down; control) systems [25]. Emotion-
based limbic regions develop more quickly than frontal re-
gions that help children exhibit self-restraint and control [3,
25, 26]. In the preadolescence period, children do not yet have
mature development in the prefrontal cortex. Thus, from a
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neurobiological perspective, youth tend to be prone to hedonic
(tastiness)-based unhealthy food decisions rather than self-
regulated healthy food decisions that emphasize longer-term
nutritional consequences.

Brain Imaging and Children’s Food
Decision-Making

Brain imaging techniques like functional magnetic resonance
imaging (fMRI)) and positron emission tomography (PET)
are helpful in uncovering the neural bases of appetite and
energy balance in humans. Typically, neuroimaging studies
in obesity have shown irregularities in a distributed network
of reward (valuation) and attention/control regions implicated
in motivational signals and cognitive control functions [27,
28]. For example, adults with obesity show significantly great-
er brain activations in the ventromedial prefrontal cortex
(vmPFC), ventral striatum, amygdala, insula, and anterior cin-
gulate cortex when shown pictures of high-calorie foods [29,
30]. Successful weight loss is associated with the levels of
activation in the vmPFC (reward signals) and the dorsolateral
prefrontal cortex (dIPFC; control signals) [31, 32]. However,
the neuroimaging research findings with adults may not be
directly generalizable to children and adolescents due to the
structural and functional changes that occur throughout brain
development that continue until one’s mid-20s [2, 3]. Thus, it
is necessary to separately investigate developing brain mech-
anisms of eating behaviors and obesity in children and ado-
lescents. Similarly, while advances in decision neuroscience
provide useful insights to understand basic computational and
neurobiological bases of dietary decision-making in adults
[33], our neuroscientific understanding of children’s
obesogenic food choice mechanisms is still in its infancy.
Because the neural response to food stimuli is a dynamic
process that interacts with the motivational and cognitive
status of an individual rather than a stable or trait character-
istic [34], it is critical to investigate how people makes their
food choices. The neurocomputational understanding of
children’s “developing” brain mechanisms of dietary
decision-making go beyond what children or parents
report. This will be critical for providing unique transla-
tional information to develop age-appropriate obesogenic
dietary decision prevention interventions, along with creat-
ing practical guidance to children, parents, educators, and
policy-makers.

Previous neuroimaging studies that have examined food
intake in children can be categorized into two different types:
(1) response to food cue exposure (please see Table 1) and (2)
decisions based on food choices (please see Table 2). Here, we
summarize children’s neuroimaging studies that have been
conducted in the past five years (2016-2020).

@ Springer

Exposure to Food Cues

Exposure to food cues can elicit multiple brain responses related
to physiological, motivational, and cognitive processes of eating
behavior [35, 36]. Reward and valuation circuitry of individuals
with overweight/obesity demonstrate hypersensitively to highly
palatable (high-caloric) food (particularly when fasting), increas-
ing consumption of foods [37, 38]. Most food cue reactivity
studies employed simple passive-viewing paradigms, in which
experimental food images (alternating with control images) were
presented without a required task for participants. Findings have
suggested that children show similar patterns of neural activa-
tions to adults while engaging in passive viewing paradigms.
That is, studies show increased activations of reward signals on
exposure to palatable unhealthy foods in children. They also
show decreased activations of control signals in children with
obesity risks. For example, exposure to appetizing foods acti-
vates regions implicated in reward (e.g., orbitofrontal cortex
[OFC], striatum), gustatory processing (e.g., insula, postcentral
gyrus), emotion (e.g., amygdala), memory (e.g., hippocampus),
and attentional and visual processing (e.g., occipital and parietal
cortex) relative to nonfood cues [39]. Exposure to unhealthy food
cues activates regions implicated in attention and memory (e.g.,
inferior frontal gyrus, hippocampus), motor planning (e.g.,
precentral gyrus), and inhibitory control (e.g., dIPFC) compared
with healthy food cues [40]. The greater level of activation in
regions implicated in inhibitory control (e.g., medial prefrontal
cortex [mPFC], lateral orbitofrontal cortex [IOFC], posterior
parahippocampal gyrus [PPHG], dorsomedial prefrontal cortex
[dmPFC], dIPFC) on exposure to palatable, high-calorie, un-
healthy foods is associated with lower body mass index (BMI)
or lower percent body fat [39—41]. When levels of portion size
and energy density are varied, exposure to images of high
energy-dense foods has activated regions implicated in reward
and sensory signals (e.g., insula, fusiform gyrus, thalamus) com-
pared with low energy-dense foods [42, 43]. Exposure to large
portion sizes has reduced activations in regions implicated in
control compared with small portion sizes (e.g., inferior frontal
gyrus), which suggests that exposure to large food portions may
suppress inhibitory control that could result in overconsumption
[42¢]. One study used words (text) for food and nonfood items,
and similar to studies using food images, exposure to food words
activates regions related to taste and reward signals (e.g., insula,
basal ganglia nuclei) compared with nonfood words [44].
Compared with adults, children have shown greater activation
in the region implicated in motor planning of ingesting foods
(i.e., precentral gyrus) in response to unhealthy relative to healthy
food images, which suggests that children may be more suscep-
tible to tempting unhealthy foods than adults [40].

Some studies have adopted a paradigm that delivers liquid
foods to participants (e.g., milkshake) after simulating antici-
pations to foods by viewing food images (e.g., a glass of
milkshake or water) as cues for anticipated foods during
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scanning [45-48]. In addition, scientists have investigated the
relationship of neural activations and excessive weight gain.
Findings suggest that anticipations to food tastes and the ac-
tual tasting of sweet and high-fat foods activate hedonic re-
ward signals and suppress inhibitory signals, which all con-
tribute to an increased risk of developing obesity. For exam-
ple, tasting foods varying in sweet and fat levels have activat-
ed regions implicated in hedonic gustatory processing (e.g.,
insula, operculum, caudate, thalamus, angular gyrus, superior
temporal gyrus, cingulate) and motor planning (e.g.,
precentral gyrus) compared with control beverage (water)
[45-48]. Attenuated activation in the region implicated in mo-
tor inhibitory control (e.g., pre-supplementary motor area
[pre-SMA]) in response to high-fat food taste is associated
with weight gain and lower level of dietary restraint [48].
Anticipations to foods have activated regions implicated in
gustatory processing (e.g., insula, Rolandic operculum),
reward/motivation (e.g., putamen), attentional salience (e.g.,
precuneus), and motor planning (e.g., precentral gyrus) com-
pared with anticipation to control [45—48]. Greater activations
of these regions occur in children with overweight [45], youth
with parental obesity risk [46¢¢], and youth with body fat and
BMI gain over 3-year follow-up [47, 48]. In one study, instead
of using passive viewing paradigms, anticipations to food re-
wards have simulated using a card-guessing paradigm during
fMRI scanning, and actual amounts of food consumption have
measured in various meal conditions (i.e., ad libitum, overin-
dulgence, and eating in the absence of hunger) [49]. Still,
anticipations to food rewards have activated the regions im-
plicated in the reward signals (e.g., mPFC) compared with
monetary rewards, and greater activation in the reward system
is associated with overeating.

Food commercial exposure is another important variable
in a comprehensive understanding of children’s eating be-
havior, because food marketing often targets children and
the vast majority of advertised food and beverage products
do not meet nutrition recommendations [50]. Recent find-
ings have suggested that food commercials activate hedonic
reward systems and children are susceptible to attentional
bias for food brand logos, which increase vulnerability to
overeating and weight gain [51, 52]. For example, exposure
to fast-food commercials in passive viewing paradigms has
activated the regions implicated in rewards signals (e.g.,
caudate, nucleus accumbens), memory (hippocampus),
and sensory-motor processing (e.g., anterior cerebellum)
compared with nonfood commercials [51]. Exposures to
food brands have activated regions implicated in attention
salience (e.g., lingual gyrus) compared with nonfood
brands [52]. Lower activations in regions implicated in vi-
sual cue processing (e.g., fusiform gyrus) in response to
both food and nonfood brands are related to greater food
intake. More research is necessary to investigate the breadth
of the influence that food marketing has on children’s brain

activations, subsequent food choices, and prospective ex-
cess weight gain (development of obesity).

Food Choices

Only a few studies have investigated the neural mechanisms
of food decision-making in children. Food decision-making
paradigms employ food choice tasks that require participants
to make food choices while viewing food images during scan-
ning. Health and taste attributes are important determinants of
food choices in adults [24]; thus, food healthiness and taste
ratings on food images presented during food choice tasks are
used to predict eating decisions at the individual level in chil-
dren as well. Recent findings on children’s food decision-
making have supported that limbic regions (valuation net-
work) develop earlier than prefrontal systems (control net-
work) [25], which hinders exertion of dietary self-control in
demanding healthy food choices. In children, similar to adults,
food decision-making activates the reward/valuation network
(e.g., vimPFC, mPFC) for computing reward values of foods at
the time of choices [53—55]. Yet, in the course of food choices,
activation of control network (i.e., dIPFC) is delayed com-
pared with that of the valuation network, which challenges
healthy food choices due to delayed incorporation of health
attributes [53¢¢]. Considering the health aspects of foods dur-
ing food choices increases the reward value of healthy foods
in adults; however, attending to health attributes does not
change (increase) the reward value of healthy foods in chil-
dren [54]. Moreover, food choices are predominantly deter-
mined by perceived food taste and preferences at where the
activation of cognitive network is much weaker than that of
adults [53-55]. Thus, children are highly susceptible to appe-
titive cues including food commercials given that mostly he-
donic aspects of food (taste) are incorporated through activa-
tion of reward network, while the activation of inhibitory net-
work is either lacking or weak [55¢]. Interestingly, in our
recent neuroimaging study [53¢¢], food decision-making
based on perceived maternal choices for children (i.e., would
my mom like me to eat this?) activates the control network
(i.e., dIPFC). In addition, the activation timing of the control
network is much earlier in the time course of food choices
compared with the timing in own food choices. In other
words, children’s brains encode and utilize their caregiver’s
preferences when children make food choices. This neural
internalization of parental regulation encoded in the dorsolat-
eral prefrontal cortex of children’s brains may serve as a crit-
ical self-regulator of children’s decision-making, leading to
more optimal dietary choices in the preadolescent period.

Promoting Children’s Dietary Self-Control

Despite the increase in prevalence of childhood obesity over
the past several decades and the major public health problems
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associated with it [4], obesity prevention and intervention pro-
grams for children are still limited or have only modest effects
on BMI changes. Even if there are effects on BMI, they are not
sustained [56, 57]. Related to children’s food intake, restric-
tive parental feeding practices have little effect on childhood
obesity prevention. In fact, it often counterproductively in-
creases children’s uninhibited consumption of forbidden
foods (e.g., candy) or obstinate rejection of pressured foods
(e.g., vegetables) [58]. Thus, it is important to encourage and
help children to make healthy choices voluntarily by enhanc-
ing children’s dietary self-control. Scientific evidence sug-
gests that self-control is modifiable [59], and researchers are
actively exploring how to improve children’s self-control
skills using a variety of interventions [60—62]. Also, positive
child-parent relationships support children’s successful devel-
opment of self-regulation [63, 64]. Parents or other family
members can encourage children’s self-regulation through be-
havioral modeling, interactive responses to children’s behav-
ior, assistance, and motivating children’s behavior through
rewards and punishments [65, 66]. Thus, especially, for young
school-age children who typically begin to make their own
food choices, dietary self-control training to take to take their
parent’s perspective [67] (i.e., would my mom like me to eat
this?) in positive child-parent relationships at both behavioral
and neural levels may hold strong promise to promoting resil-
ience to childhood obesity [68].

Conclusions

This selective review focuses on some of the known be-
havioral and neural mechanisms of food decision-making
in youth. Despite recent advances in our understanding of
food choices, and how these change over time for youth,
much is still unknown. In addition, just understanding the
determinants of food intake and eating behavior in and of
itself is not sufficient to translate our scientific discoveries
to clinical practice and interventions designed to produce
significant behavior change. In order to effectively prevent
and treat childhood obesity, a more comprehensive and
interdisciplinary approach including decision-making
about other health behaviors (physical activity, sedentary
time) will be necessary. Finally, it will be crucial to exam-
ine some of the interpersonal (trans-generational) and cul-
tural factors related to energy intake and expenditure. This
will allow us to then develop tailored, individualized
interventions—precision medicine—approaches to im-
proving health behavior choices in youth.
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