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Abstract

Exercise may play a role in moderating eating behaviors. The purpose of this study was to 

examine the effect of an acute bout of exercise on neural responses to visual food stimuli in 

children ages 8–11 years. We hypothesized that acute exercise would result in reduced activity in 

reward areas of the brain. Using a randomized cross-over design, 26 healthy weight children 

completed two separate laboratory conditions (exercise; sedentary). During the exercise condition, 

each participant completed a 30-min bout of exercise at moderate-intensity (~ 67% HR maximum) 

on a motor-driven treadmill. During the sedentary session, participants sat continuously for 30 

min. Neural responses to high- and low-calorie pictures of food were determined immediately 

following each condition using functional magnetic resonance imaging. There was a significant 

exercise condition*stimulus-type (high- vs. low-calorie pictures) interaction in the left 

hippocampus and right medial temporal lobe (p < 0.05). Main effects of exercise condition were 

observed in the left posterior central gyrus (reduced activation after exercise) (p < 0.05) and the 

right anterior insula (greater activation after exercise) (p < 0.05). The left hippocampus, right 

medial temporal lobe, left posterior central gyrus, and right anterior insula appear to be activated 

by visual food stimuli differently following an acute bout of exercise compared to a non-exercise 

sedentary session in 8–11 year-old children. Specifically, an acute bout of exercise results in 

greater activation to high-calorie and reduced activation to low-calorie pictures of food in both the 

left hippocampus and right medial temporal lobe. This study shows that response to external food 

cues can be altered by exercise and understanding this mechanism will inform the development of 

future interventions aimed at altering energy intake in children.
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Background

Physical activity promotion is important in children for their present health as well as to 

establish patterns of activity that will persist into adulthood (Kwon et al. 2015). The 2008 

Physical Activity and Health Guidelines for Americans suggest that children obtain at least 

60 min of physical activity (PA) per day, with 3 days including muscle strengthening and 

bone strengthening components (Physical Activity Guidelines Advisory Committee 2009). 

Unfortunately, evidence suggests that many children do not meet these guidelines (Ekelund 

et al. 2011).

The relationship between physical activity and weight management has long been an area of 

controversy and interest to researchers and practitioners (Kist et al. 2015). Physical activity 

increases energy expenditure (LeCheminant et al. 2009) and, thus, is thought to promote 

body weight maintenance (Donnelly et al. 2004). However, there has also been recent 

interest in whether or not physical activity and exercise influence energy intake or related 

correlates, such as appetite (Allsop et al. 2016; Chaput et al. 2016; Thivel et al. 2014).

Greater availability of neuroimaging techniques (e.g., functional MRI or fMRI) has allowed 

for a better understanding of the role of the brain in eating-related behaviors. Multiple 

studies have employed a protocol of passively showing pictures of food (high-calorie, low-

calorie, neutral, etc.) while brain processes are examined (Yokum et al. 2011; Ng et al. 2011; 

Bruce et al. 2013). Initial studies of these picture-viewing tasks suggest that neural responses 

to visual food stimuli are associated with energy intake and predict weight management 

though very few have looked at actual energy intake (Murdaugh et al. 2012; Lawrence et al. 

2012).

Accumulating evidence in adults suggests that acute bouts of exercise and exercise training 

may influence neural responses to pictures of food (Evero et al. 2012; Cornier et al. 2012; 

Crabtree et al. 2014; Hanlon et al. 2012; Killgore et al. 2013). For example, compared to a 

resting condition, adults showed increased dorsolateral prefrontal cortex (DLPFC) and 

decreased orbitofrontal cortex (OFC) and hippocampus activity after exercise when viewing 

high-calorie pictures (Killgore et al. 2013). Similarly, studies show decreased OFC, insula, 

and striatum (putamen specifically) activity to high-calorie foods following exercise rather 

than non-exercise conditions (Killgore et al. 2013; Evero et al. 2012). These findings fit 

nicely into the adult literature that suggests mesolimbic reward and emotion systems 

including the hippocampus, amygdala, basal ganglia (primarily the areas of the striatum), 

OFC, and insula are heavily involved in visual food processing and potentially feeding 

behaviors (Killgore et al. 2013; Spence et al. 2015; Berridge 2009; Crabtree et al. 2014; 

Lenard and Berthoud 2008).

The relationship between exercise and neural response to food pictures has also recently 

been investigated in adolescents using event-related potentials (ERPs) to demonstrate that 
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food stimuli resulted in lower neural activation (i.e., decreased amplitude of the P3b ERP 

component) following exercise compared to non-food stimuli (Fearnbach et al. 2016). The 

difference in neural activity between food and non-food stimuli was not present following 

sedentary activity (Fearnbach et al. 2016). However, the extent to which the relationship 

between the brain response to food-related stimuli and exercise exists in children is not yet 

known. Related studies in children have indicated that exercise can increase cognitive 

control and improve self-regulatory processes (Hillman et al. 2009; Buck et al. 2008). Other 

exercise studies in children have noted structural brain differences, specifically in the 

hippocampus and dorsal striatum, of physically-fit children’s brains compared to unfit 

children (Chaddock et al. 2010a, b). Though the literature is still developing, evidence to 

date largely suggests the possibility of an exercise effect on neural processes and even neural 

structures in children.

With the growing concern over the lack of physical activity in children and the implications 

this may have on indicators of health, such as obesity, investigation of the interactions 

between exercise and neural responses to food is relevant. Therefore, the primary aim of this 

study was to examine the effect of an acute bout of exercise on neural responses (using 

fMRI) to food stimuli in children ages 8–11 years. The secondary aim of this study was to 

determine the influence of exercise on the neural response to different types of food pictures 

(low-calorie vs. high-calorie). We hypothesized that acute exercise would result in reduced 

activity in reward areas of the brain and specifically would result in reduced neural activity 

in response to high-calorie pictures of food.

Methods

Participants

This study was approved by the University’s Institutional Review Board and all parents 

provided written informed consent and children provided assent prior to beginning. 

Participants were between the ages of 8–11 years. Each participating child was considered 

healthy, able to walk/jog continuously for 30 min, had normal and regular sleep patterns (as 

reported by a parent) (Hirshkowitz et al. 2015) and regularly consumed breakfast, lunch, and 

dinner over the previous 6 months. Children that participated in competitive year-round 

sports that practiced more than 3 times per week, were claustrophobic, actively dieting, had 

a metabolic disorder or disease, eating disorder, or had a characteristic (e.g., braces) not 

compatible with the MRI machine were excluded.

Study design and overview

Using a cross-over design, each participant completed two separate laboratory conditions 

(exercise and sedentary); determined randomly and counterbalanced. Exercise bouts and 

fMRI measurements were conducted at the MRI Research Facility located on the University 

campus. During the exercise condition, each participant completed a 30-min bout of exercise 

at moderate intensity (~ 67% HR maximum), on a motor-driven treadmill. Subsequently, 

each participant received the fMRI testing (within < 15 min), completing a task in which 

pictures of high- and low-calorie foods and blurred control pictures were shown. The 
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sedentary condition was identical to the exercise condition except that participants sat at a 

table and played with games or read books available in the laboratory for a period of 30 min.

For both conditions, participants were scanned at the same time (between 8:00 and 10:00 

am) to control for variations in brain response to food cues by time of day (Masterson et al. 

2016), on the same day of the week, and with 1 week between conditions. Participants were 

instructed to follow the same schedule on the days of both conditions. Participants were 

required to have slept 8 + hours the night before, discontinued eating the previous night by 8 

pm, and refrained from vigorous-intensity exercise or caffeine for 24 + hours prior to each 

condition. Participants were instructed to wear comfortable clothes and exercise shoes. All 

pre-study instructions where verified by parental report on the day of the study.

Procedures

After reporting to the MRI Facility, each research participant and his/her parent(s) was given 

an overview of the study; screened for safety, and provided informed consent/assent to 

participate. Next, demographic information, body weight and height, body composition, and 

pubertal development were assessed. Children completed the Freddy Fullness Scale, a 

validated child-appropriate script and picture of a person used to help each child understand 

and report their current level of fullness (Keller et al. 2006). Each participant then received 

instructions on the MRI session followed by a 30-min bout of exercise or 30 min of 

sedentary activity. Immediately following, each participant was positioned in the MRI 

scanner and MRI data were collected.

The second laboratory session was similar to the first session except: (1) only the Freddy 

Fullness scale was completed, and (2) the alternate exercise or sedentary condition was 

employed.

The exercise condition included a total of 30 min of moderate-intensity walking on a 

treadmill. This amount was similar to other studies (Hillman et al. 2011) and designed to 

prevent undue burden on the participants. Prior to the exercise session, each participant was 

fitted with a HR monitor (Polar Electro, Kempele, Finland). The protocol included: a 3-min 

warm-up, 3 min of walking at 3.0 mph, and 0.5% increase in grade every minute until each 

participant reached a steady state HR of ~ 135 bpm; thereafter, speed and grade were 

maintained. The target of 135 bpm was based on percentage of predicted maximum HR 

using the equation [208 – (0.7 × Age)] (Mahon et al. 2010). Based on the age of the 

participants (8 to 11 years of age), a HR target of ~ 135 bpm is approximately 67% of 

maximum HR or equivalent to the high end of moderate-intensity activity (Tompkins et al. 

2015). Overall, HR was maintained within 3 bpm of the target. During the sedentary 

condition, each participant was able to play with toys, small games, or read books, but 

remained seated at a table.

Measurements

Height was measured using a Seca model 213 stadiometer and weight using a Seca model 

813 digital scale (Seca, Chino, CA). Height and weight were used to determine body mass 

index (BMI; kg/m2). Children’s BMI was also reported by percentile according to age and 

sex. Body fat percentage was assessed by bioelectrical impedance assessment using an 
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Omron HBF306C handheld body fat loss monitor (Omron Healthcare Inc., Lake Forest, IL). 

This model of BIA monitor has been shown to have reasonable accuracy in estimating body 

fat percentage in children (Jensky-Squires et al. 2008). BIA has previously been shown to be 

a reliable and practical method for estimating body fat percentage in children (Talma et al. 

2013).

Parents completed a general demographic questionnaire and the Pubertal Development 

Scale. The Pubertal Development Scale was adapted from Carskadon and Acebo and 

assesses basic questions for the parents to answer regarding the child’s development toward 

puberty (Carskadon and Acebo 1993). The Freddy Fullness Scale was used to assess hunger 

levels as described above.

Functional MRI stimuli and procedure

The pictures of food and some procedures used for this study have been published 

previously (Masterson et al. 2016) and based on the work of Killgore et al. (Killgore et al. 

2003). Pictures of food shown during the fMRI scan included: low-calorie foods (vegetables, 

fruit, and whole-grains) (n = 120); high-calorie foods (e.g., hamburgers, hotdogs, and ice-

cream) (n = 120); and the same pictures but blurred (n = 240). Blurred pictures provided a 

baseline in order to control for visual stimulation. Images were presented to subjects using 

E-Prime via an MR-compatible monitor placed at the head of the MRI scanner and were 

viewed by means of a mirror mounted to the head coil. Each picture was presented for 2.5 s 

with a 0.5 s gap between pictures. Pictures were randomized to two blocks of 60 high-

calorie foods and two blocks of 60 low-calorie foods. One block of each type of stimulus 

was shown during the exercise condition and the other block of each type was shown during 

the sedentary condition randomly assigned and counterbalanced. Corresponding blurred 

pictures were presented during the same functional run as their un-blurred counterparts as 

described below.

Within each block of 60 pictures, pictures were further subdivided into sub-blocks of 

pictures randomized for order. Within sub-blocks the order of pictures was also randomized. 

Blocks of stimuli were always followed by identical corresponding blocks of blurred images. 

In all, there were a total of 48 blocks consisting of 10 photos each. Each visit consisted of 

two runs each 6 min in length (120 pictures in each run) with a 1 min rest period to provide a 

short break in order to reduce participant movement during scans.

For each picture, participants were asked to respond to the question, “would you eat this in 

the morning or the evening,” by pressing a button on a fiber optic button box with his/her 

right hand indicating “morning” or “evening” to the question. For all blurred pictures, 

participants were asked to press a button when the photo changed. These tasks were used to 

increase level of engagement and prevent extensive mind wandering during the task.

MRI data acquisition

We have reported similar procedures for data acquisition and analysis previously (Masterson 

et al. 2016). All MRI data acquisition was completed at the MRI Facility using a Siemens 

TIM-Trio 3.0T MRI scanner (Siemens Trio, Erlangen, Germany). Scans were identical for 

both sessions. The following parameters were used to obtain a T1-weighted MPRAGE 
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structural scan for each subject: TE = 2.26 ms; T = 1900 ms; flip angle = 9°; matrix size = 

256 × 215 mm; field of view = 250 × 218 mm; 176 slices; slice thickness = 1 mm; voxel size 

= 0.977 × 0.977 × 1 mm; 1 total acquisition. T2*-weighted echo-planar images were 

obtained using the following parameters: TE = 28 ms; TR = 1800 ms; flip angle = 90°; 

matrix size = 64 × 64; field of view = 220 × 220 mm; 36 slices; slice thickness = 3 mm; 

voxel size = 3.4 × 3.4 × 3 mm; 270 total acquisitions.

Data analysis

The MRI data were preprocessed and analyzed using the Analysis of Functional 

NeuroImages (AFNI) suite of software. All functional runs were time shifted and corrected 

for participant motion both within and between scan runs. TRs with excessive motion 

(defined as > 0.6 mm translation or > 0.3° rotation) were excluded from analysis along with 

the TRs immediately preceding and following the motion event. Participants with an 

excessive number of motion events were excluded from further analysis. Structural scans 

were co-registered with the functional scans. Spatial normalization was accomplished by 

first aligning all scans to the AC-PC plane using a rigid body transformation. Further 

normalization was accomplished by aligning all structural scans to a study-specific template 

using Advanced Normalization Tools software (ANTs; Version 1.9; http://sourceforge.net/

projects/advants/). A regression analysis was conducted on the functional data using AFNI 

program 3dDeconvolve. Six regressors coding for motion (three translations and three 

rotations) and regressors coding for scanner drift were included as conditions of no interest. 

Two additional regressors were created coding for high-calorie blocks and low-calorie 

blocks. Blocks were modeled by convolving the standard hemodynamic response function 

with a 30-s boxcar function. The blurred control image blocks were used as an implicit 

baseline for visual stimuli in the model. The results of the regression analysis were spatially 

filtered using a 5 mm FWHM Gaussian kernel. Data were then spatially normalized for 

group analysis using a study specific template. The conditions of interest for the group 

analysis were: sedentary low-calorie, sedentary high-calorie, exercise low-calorie, exercise 

high-calorie.

For the group-level analysis, we conducted an ANOVA on the whole-brain data with activity 

level (exercise, sedentary) and stimulus type (low-, high-calorie) as fixed factors and 

participants as a random factor. In order to correct for multiple comparisons, the results of 

these tests were thresholded with a voxel-wise p-value of p < 0.02 and 40 contiguous voxels 

for the spatial extent threshold. These parameters were determined by conducting 10,000 

Monte Carlo simulations using AFNI’s 3dClustSim to yield an overall p-value of p < 0.05. 

Thresholded statistical maps were subjected to visual inspection to find meaningful effects. 

Average beta coefficients were extracted from within the areas of activation and were 

subjected to further analysis (ANOVA and t-tests) in SPSS. A paired samples t-test was used 

to determine differences in Freddy Fullness scores between conditions.

Results

Twenty-six participants completed the study. Of these, 10 were female, 16 were male, and 

all were Caucasian. The mean age was 9.42 ± 1.17 years, height was 137.4 ± 10.25 cm, 
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weight was 31.88 ± 7.91 kg, and body fat was 19.21 ± 9.88%. BMI was 16.68 ± 2.66 kg/m2 

and BMI-for-age-and-sex percentile was 41.27 ± 32.91. Of the boys, 14 were classified as 

“prepubertal” and 2 as “early pubertal.” Of the girls, 6 were classified as “prepubertal,” 1 as 

“midpubertal,” 2 as “late pubertal,” and 1 as “postpubertal.” Prior to the exercise condition, 

fullness was 1.27 ± 1.15 and prior to the sedentary condition fullness was 1.18 ± 1.07; the 

difference was not statistically significant (F (1,25) = 0.10; p= 0.759).

The whole-brain ANOVA revealed significant clusters of activation indicating a main effect 

of exercise condition in the left postcentral gyrus and the right insula (Table 1). There was 

less activity in the left postcentral gyrus following the exercise condition than following the 

sedentary condition (F (1,25) = 19.66; p < 0.05), while there was greater activity in the right 

anterior insula following the exercise condition than following the sedentary condition (F 

(1,25) = 17.67; p< 0.001). Figure 1 depicts the clusters of activation and the mean parameter 

estimates.

We next examined the whole-brain data for evidence of a stimulus type (low-calorie vs. 

high-calorie) × activity (exercise vs. sedentary) interaction, which would indicate a 

differential response to high- and low-calorie foods as a function of exercise condition. We 

observed two regions where there was an interaction between activity level and stimulus 

type in fMRI activation; one in the right medial temporal lobe (including right hippocampus 

and parahippocampal gyrus; F (1,25) = 23.52; p < 0.001) and one in the left hippocampus (F 

(1,25) = 14.06; p< 0.001). Figure 2 depicts these regions and their associated mean 

parameter estimates. In both regions, there was greater activation in response to high- 

compared to low-calorie food stimuli following exercise.

We also note a main effect of stimulus type (high-calorie vs. low-calorie pictures) (Table 1). 

In each region, there was greater activation for the high-calorie stimulus compared to the 

low-calorie stimulus (p< 0.001).

Discussion

This is the first study to examine the effect of an acute bout of exercise on neural responses 

to food stimuli using fMRI in 8 to 11 year-old children. Relative to the sedentary condition, 

our results showed decreased activation of the post-central gyrus following exercise and 

increased activation of the right anterior insula following exercise. This observation is 

consistent with a body of literature showing the insula activation may be related to 

cardiovascular control and increases in activity during physical exertion (particularly higher 

exertion) (Williamson et al. 1997, 1999). Studies focusing more specifically on exercise and 

food cues, however, report contradictory results. For example, two studies using exercise and 

food cues in adults show decreased response in the insula following both acute and chronic 

exercise (Cornier et al. 2012; Evero et al. 2012). Our results are supported by Crabtree and 

colleagues, who observed an increased response in the insula following an acute bout of 

exercise in adults (Crabtree et al. 2014). Crabtree et al. postulated that the greater insular 

response following exercise may be due to the need for increased water intake following 

exercise (Crabtree et al. 2014). Others suggest that reward areas, such as the insula, are 

affected by physical activity. However, changes in insular activity may be related to the 
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processing of positive food images (whether high or low calorie) rather than the physical 

activity itself (Kinder et al. 2014). Given the connections of the insula throughout the limbic 

system and medial pre-frontal cortex (Dupont et al. 2003), emotion and motivational 

processing associated with food images and exercise is a likely reason for the increased 

insula activity following exercise. Overall, given that our insula activity was found when 

collapsed across high and low-calorie food images, it is most likely a reflection of increased 

physical exertion and cardiovascular control; however, these findings of increased insula 

activity should be considered in light of possible changes in thirst and improved contrasts 

with non-pleasant stimuli to better tease apart the specifics of the insular response.

The post-central gyrus decrease in activity following the exercise relative to sedentary 

condition when collapsed across high- and low-calorie foods is also of interest. The post-

central gyrus has been implicated in the integration of emotion and sensory processing 

during exposure to food cues, particularly in females (Atalayer et al. 2014). More 

commonly, however, the post-central gyrus (primary sensory cortex) is associated with touch 

sensations and proprioception that may increase during exercise when there is a strong 

proprioceptive demand, but can be reduced immediately following exercise when those 

proprioceptive demands are no longer present (Brummer et al. 2011; Christensen et al. 

2000). Thus, the decrease in post-central gyrus activity likely reflects the decrease in 

proprioceptive demand going immediately from exercising to laying in the scanner.

The second aim of this study was to compare fMRI responses by the type of food pictured 

(high-calorie vs. low-calorie). In each region, including the visual processing stream, medial 

prefrontal cortex, right middle frontal gyrus, left superior temporal gyrus, right superior 

temporal gyrus, right inferior frontal gyrus, and right post central gyrus, there was greater 

activation for the high-calorie pictures. The results of this study are consistent with previous 

research suggesting that brain activation is consistently higher in response to high-calorie 

food pictures compared to low-calorie food pictures regardless of activity condition 

(Killgore et al. 2003; Sweet et al. 2012; Yokum et al. 2011), including in adolescents (Jensen 

and Kirwan 2015). This is also consistent with our original hypothesis.

The interaction between exercise and high-versus low-calorie food pictures observed in the 

hippocampus is quite interesting in the context of food behaviors. The hippocampus is 

known to play a role in shaping motivated behaviors specifically those related to incentive 

motivation (Tracy et al. 2001). Davidson and colleagues have noted that although structures 

such as the hypothalamus and hindbrain are typically considered responsible for sensing 

hormonal satiety cues such as insulin and leptin, other structures such as they hippocampus 

may be involved in processing these cues and ultimately be responsible for control of 

behavior (Davidson et al. 2007). Furthermore, these authors have suggested that altering 

hippocampal activity may play a role in weight gain. In line with this hypothesis, a study by 

Wallner-Liebmann and colleagues have shown a link between insulin, hippocampal 

activation, and craving behavior to food cues in adolescents (Davidson et al. 2007). 

However, current theories behind hippocampal involvement related to eating behaviors are 

somewhat contradictory. Increased activation in the hippocampus has been shown in 

response to food stimuli (Yokum et al. 2011; Tsao et al. 2012; Stice et al. 2008; Masterson et 

al. 2016). Furthermore, individuals with obesity have shown greater hippocampal activation 
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to food stimuli compared to their normal-weight counterparts (Stice et al. 2008; Pursey et al. 

2014). Others have postulated that the hippocampus is crucial to the craving of foods due to 

its role in recalling food and related eating behaviors from cues, such as pictures (Pelchat et 

al. 2004). Increased hippocampal activation therefore has been thought to be a potential 

trigger for reward seeking behaviors (Pelchat et al. 2004; Porubska et al. 2006). However, 

others have suggested that the hippocampus may have several other important roles in food 

motivation including: serving as a negative feedback mechanism to appetite control, learning 

inhibitory associations between stimuli, inhibiting neural impulses entering the 

hypothalamus, and inhibiting memories that could contribute to the suppression of food 

intake (Jarrard 1973; Chan et al. 2001; Tracy et al. 2001; Davidson et al. 2005).

The right medial temporal lobe has been shown to be critical for future-oriented reward 

based decision making (Palombo et al. 2015). Furthermore, the hippocampus and its 

surrounding structures are located within the medial temporal lobe and therefore it has been 

implicated in similar food-related functions. It is considered important for memory and 

learning and is implicated in the food motivation responses listed above. These two regions 

are particularly interesting when considering that previous behavioral studies have shown 

that following an acute bout of exercise children do not increase energy intake and have even 

been shown to decrease energy intake in obese adolescents (Thivel et al. 2011, 2013, 2014; 

Fearnbach et al. 2016). Exercise and food intake studies combined with fMRI paradigms 

will allow us to understand the importance of these regions and their influences on complex 

eating behaviors. Such studies will also serve to illuminate and clarify the role of 

hippocampal activation when confronted with food stimuli and how exercise can modify this 

response. For now, however, these results support that the hippocampus and medial temporal 

lobes are affected by both the presentation of food cues and exercise. The interaction 

between food cues and exercise may be important for future developmental intervention 

studies, such as using go/no-go training, to change overall energy intake during development 

(Jones et al. 2016).

We note that the sample used in this study was fairly homogenous and this study only gives 

insight to the effect of an acute bout of exercise effects and not long term habitual exercise. 

One other limitation that should be noted is that subjective judgments of the food stimuli 

used were not collected. Child eating behaviors were measured using the Child Eating 

Behavior Questionnaire however there were no significant results likely due to lack of 

statistical power in the sample. Furthermore, actual energy intake following the exercise was 

not assessed and therefore we cannot make any direct conclusions about how these particular 

brain regions would predict energy intake. A final consideration is that all children in the 

study were healthy weight. Behavioral work by Thivel and colleagues have shown that 

children with obesity reduce intake following acute exercise but healthy weight adolescents 

do not adjust intake (Thivel et al. 2014). Therefore, future studies should examine how 

exercise may differentially effect those with obesity compared to healthy weight 

counterparts. Future studies may also consider evaluating differences in neural response 

between adolescent males and females as the post-central gyrus has been shown to be 

particularly important in processing food cues in females (Atalayer et al. 2014).
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In summary, this study shows that an acute bout of exercise results in an interaction, greater 

activation to high-calorie foods and reduced activation for low-calorie foods, in response to 

food stimuli in both the left hippocampus and right medial temporal lobe. Understanding 

how exercise modulates brain response to food cues may inform the development of future 

interventions aimed at altering energy intake in developing adolescents. Further study of the 

acute and chronic effects of exercise on reward and cognitive control pathways and eating 

behaviors in children are needed.
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Fig. 1. 
Significant clusters of activation for the main effect of exercise condition included (a) left 

postcentral gyrus and (b) right insula. Cool colors indicate greater activation after sedentary 

activity; warm colors indicate greater activation after exercise. Higher intensity is denoted by 

lighter colors
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Fig. 2. 
Significant clusters of activation and mean parameter estimates for interaction (activity × 

stimulus). Higher intensity is denoted by lighter colors
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