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Abstract

Large portions promote intake of energy dense foods (i.e., the portion size effect--PSE), but the 

neurobiological drivers of this effect are not known. We tested the association between blood 

oxygen level dependent (BOLD) brain response to food images varied by portion size (PS) and 

energy density (ED) and children’s intake at test-meals of high- and low-ED foods served at 

varying portions. Children (N = 47; age 7–10 years) participated in a within-subjects, crossover 

study consisting of 4 meals of increasing PS of high- and low-ED foods and 1 fMRI to evaluate 

food images at 2 levels of PS (Large, Small) and 2 levels of ED (High, Low). Contrast values 

between PS conditions (e.g., Large PS - Small PS) were calculated from BOLD signal in brain 

Corresponding author: Kathleen L. Keller, Ph.D. 110 Chandlee Laboratory, University Park, PA 16823, (tel) 814-863-2915, (fax) 
814-863-6103, klk37@psu.edu. 

Clinical trials registration: The study is registered on www.ClinicalTrials.gov NCT02759523.

Conflict of Interest: The authors declare no conflict of interest

Author contributions:

1. LKE, SNF, SJW, JOF, BJR and KLK designed research (project conception, development of overall research plan, and 
study oversight);

2. LKE, SNF, KA, and ML conducted research (hands-on conduct of the experiments, data collection and pre-processing)

3. KLK, SNF, LKE, and MB analyzed data and performed statistical analysis

4. KLK wrote paper with input from co-authors, including LKE, SNF, and BJR

5. KLK has primary responsibility for final content

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Appetite. Author manuscript; available in PMC 2019 June 01.

Published in final edited form as:
Appetite. 2018 June 01; 125: 139–151. doi:10.1016/j.appet.2018.01.027.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regions implicated in cognitive control and reward and input as covariates in mixed models to 

determine if they moderated the PSE curve. Results showed a significant effect of PS on intake. 

Responses to Large relative to Small PS in brain regions implicated in salience (e.g., ventromedial 

prefrontal cortex and orbitofrontal cortex) were positively associated with the linear slope (i.e., 

increase in intake from baseline) of the PSE curve, but negatively associated with the quadratic 

coefficient for the total meal. Responses to Large PS High ED relative to Small PS High ED cues 

in regions associated with cognitive control (e.g., dorsolateral prefrontal cortex) were negatively 

associated with the linear slope of the PSE curve for high-ED foods. Brain responses to PS cues 

were associated with individual differences in children’s susceptibility to overeating from large 

portions. Responses in food salience regions positively associated with PSE susceptibility while 

activation in control regions negatively associated with PSE susceptibility.
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Introduction

Portion size (PS) has a robust effect on intake in both adults (Kral & Rolls, 2004; Roe, 

Kling, & Rolls, 2016; Rolls, Morris, & Roe, 2002; Rolls, Roe, & Meengs, 2007) and 

children (Fisher, 2007; Fisher, Arreola, Birch, & Rolls, 2007; Fisher, Liu, Birch, & Rolls, 

2007; Kral, Kabay, Roe, & Rolls, 2010; Mathias et al., 2012; Mooreville et al., 2015). This 

portion size effect (PSE) has been observed across individual variations in weight status 

(Brunstrom, Rogers, Pothos, Calitri, & Tapper, 2008; Fisher, Arreola, Birch, & Rolls, 2007), 

dietary restraint (Rolls, Morris, & Roe, 2002), and age (Fisher, 2007). However, recent 

evidence suggests a relationship between the PSE and appetitive traits (e.g., food 

responsiveness, satiety responsiveness) linked to overeating in children (Kling, Roe, Keller, 

& Rolls, 2016; Mooreville et al., 2015). Therefore, increased susceptibility to the PSE 

presents a risk factor for obesity, especially considering the widespread availability of large 

portions for many common energy dense entrées, snacks, and beverages (Nielsen & Popkin, 

2003; Young & Nestle, 2003). Currently, the mechanisms underlying the PSE are not well 

understood (English, Lasschuijt, & Keller, 2015). The purpose of this study was to identify 

brain regions associated with the PSE by determining the relationship between brain 

responses to food images varied by PS and energy density (ED) and laboratory intake from 

multi-item test-meals of high- and low-ED foods served at varying portions.

Blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) has 

been used to characterize individual differences in brain response to the presentation of food 

cues. Studies using BOLD fMRI have identified differences in brain processing as a function 

of food energy content (Frank et al., 2010; Killgore, Young, Femia, & Bogorodzki, 2003; 

Killgore & Yurgelun-Todd, 2005; Stoeckel et al., 2008), appetitive state (i.e., fed vs. fasted) 

(Dimitropoulos, Tkach, Ho, & Kennedy, 2012; Frank et al., 2010; Goldstone et al., 2009; 

LaBar et al., 2001), and body weight (Batterink, Yokum, & Stice, 2010; Bruce et al., 2010; 

Carnell, Benson, Pantazatos, Hirsch, & Geliebter, 2014; Davids et al., 2010; Martin et al., 

2009; Stoeckel et al., 2008). We previously reported that brain regions implicated in 
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cognitive control and goal directed behavior (i.e., inferior frontal gyrus-IFG) are activated in 

response to PS cues, while energy-density (ED) activates a broader network of regions 

implicated in appetite, emotion, and reward (e.g., caudate and anterior insula) (English et al., 

2016; English et al., 2017). An unanswered question is how variations in brain response to 

food PS cues relate to children’s energy intake from increasing portions of foods served at a 

meal.

The current study is part of a larger investigation aimed at identifying brain regions 

associated with portion size response in children. We developed our hypotheses based on the 

notion that individuals who find larger portions more rewarding might be more susceptible 

to overeating in their presence, while those who are able to successfully activate self-control 

mechanisms when presented with large portions should be less susceptible to overeating in 

their presence. If this is true, we should find a positive association between increased 

susceptibility to overeating from large portions and brain activation induced by large portion 

food cues in regions involved in drive, motivation, and reward. Alternatively, we should find 

a negative association between the susceptibility to overeat from large portions and food 

cue-induced activation in brain regions implicated in cognitive control. Testing the 

association between brain response to visual PS cues and intake from test-meals where 

portion sizes are increased will allow us to disentangle the effects of different brain systems 

on the PSE, and in the future, this information could be applied to the design of tailored 

interventions to help consumers moderate overeating.

Therefore, in the present investigation, we hypothesize that children who have increased 

brain response to large relative to small PS food cues in brain regions implicated in reward 

and appetitive value will show increased susceptibility to the PSE in the laboratory. Second, 

we hypothesize that children who have increased brain responses to large relative to small 

PS food cues in brain regions implicated in cognitive control will show reduced 
susceptibility to the PSE in the laboratory. Additionally, PS and ED have independent and 

additive effects on energy intake, with the greatest intake coming from large portions of 

energy dense entrées (Kling, Roe, Keller, & Rolls, 2016; Kral & Rolls, 2004). Therefore, we 

conduct secondary analyses to identify brain regions associated with the PSE for high-ED 

and low-ED foods, analyzed separately. Furthermore, to explore the extent to which the 

relationships between brain activation and laboratory food intake may reflect habitual 

consumption patterns, we report associations between brain activation to PS cues and child 

weight status.

Methods

Study Design

The study used a within-subjects, repeated measures crossover design where children 

completed 4 test-meal visits and 1 fMRI scan on the 5th visit. The order of test-meal visits 

was randomized, and order sequence was counter-balanced across children. The fMRI was 

always done on the 5th visit to allow children time to acclimate to the study staff and to 

accommodate two mock training sessions completed after study visits 3 and 4. Baseline 

assessments (i.e., eating behavior, demographic, and usual feeding practices) and 

anthropometrics were completed on the first visit. Within families, all visits were conducted 
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at the same time of day, either lunch or dinner, depending on availability. Time of day tested 

was accounted for in statistical analyses, but did not influence the main outcomes. Data 

collection was completed over July 2013 – July 2015 and the study was approved by the 

Institutional Review Board of The Pennsylvania State University.

We previously published results from a whole-brain fMRI analysis of the first 36 children 

tested in this study, prior to an update in the scanner equipment (English et al., 2017). The 

scanner update improved the resolution of the images, so we limited the whole brain 

analyses to the 36 children tested on the same equipment. In the present study, results are 

reported for the entire cohort from analyses that include signal-to-noise ratio (SNR) and 

temporal SNR (TSNR) as covariates to adjust for differences in scanner resolution. A 

comparison of results from the two studies is provided in the discussion.

Participants and Sample Size Determination

In order to participate, children had to be healthy, without food allergies, not currently taking 

medications that might influence appetite or brain response, and right handed to eliminate 

bias due to brain hemisphere dominance (Rasmussen & Milner, 1977). A total of 77 families 

were screened to enroll a cohort of 54 children in the entire study. We excluded children who 

had metal implants or dental work and diagnosed psychological conditions (e.g., 

claustrophobia, anxiety, and attention disorders) that might impact fMRI scan success. Of 

the 54 children enrolled, 4 did not participate in the fMRI for various reasons (e.g., 

undisclosed metal retainer, loss to follow-up). Of the 50 children who completed the MRI, 3 

had excessive motion in the scanner and were excluded from analysis, leaving a final sample 

of 47 children for the present study (94% success rate). Parents provided written consent for 

their child’s participation and children provided oral and written assent. Descriptive data on 

these 47 children are displayed in Table 1.

As there were no prior studies testing brain response to PS and ED cues and correlating this 

response to objectively measured intake, we determined sample size by consulting the 

broader food cue literature in children (Bruce et al., 2010; Davids et al., 2010; van Meer, van 

der Laan, Adan, Viergever, & Smeets, 2015), to estimate expected effect sizes ranging from 

0.5 – 0.65 in reward-based regions and 0.4 to 0.7 in control regions. Based on these expected 

effect sizes, we used G*power software to calculate that we needed 50 children to provide 

80% power to detect significant outcomes. Because this was a pilot and feasibility study, we 

were primarily powered for the fMRI portion, but over-recruited by approximately 20%, to 

allow testing of our behavioral aims.

Laboratory Assessment of the PSE

Children’s intake in response to PS was assessed across 4 test-meals where the amount 

served of age-appropriate, widely acceptable foods was systematically increased. Because 

the relationship between amount served and amount consumed is curvilinear (Roe et al., 

2016), 4 test-meal conditions have been found to be necessary for studying individual 

differences in the response to PS. The PS of the 100% reference condition (i.e., baseline) 

was selected to be consistent with previous studies (Leahy, Birch, & Rolls, 2008; Spill, 

Birch, Roe, & Rolls, 2010), and was intended to provide children with sufficient amount and 
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variety to simulate usual consumption. The PS for all items at the meal was increased 

simultaneously by weight to reach three additional conditions of 137%, 167% and 200%. 

Foods were selected based on experience from previous studies that offered test-meals to 

children of similar demographics (Leahy et al., 2008; Spill et al., 2010). We also selected a 

variety of both high- and low-ED food options for the examination of secondary hypotheses 

aimed at identifying brain regions implicated in the PSE for foods differing in ED. The three 

low-ED foods were cherry tomatoes, red grapes, and lightly buttered broccoli (ED ranging 

from 0.2 – 0.7 kcal/g). The three medium/high-ED foods were pasta and cheese, garlic 

bread, and angel food cake (ED ranging from 1.5 – 3.6 kcal/g). For brevity, the latter 

category will be referred to as high-ED from hereon. At each meal, children consumed water 

ad libitum as a beverage.

After the meal, leftovers were weighed to the nearest 0.1 g on a scale (Ohaus, Parsippany, 

NJ). Consumption was computed as the difference between pre- to post-meal weights 

(grams) of each food. Energy and nutrient intakes were calculated from each food from the 

Nutrition Facts Panel and a standard food composition database (US Department of 

Agriculture, 2015).

Test-meal visit procedures

Children completed 5 study sessions at lunch (11:00 am – 1:00 pm) or dinner (4:00 pm – 

6:00 pm), depending on family availability. Visit time was consistent within-family, and to 

the extent possible, counter-balanced across families. Children attended each visit at least 2 

hours fasted (to approximate fasting conditions observed prior to a meal) and completed all 

procedures in a one-on-one testing environment with the researcher. To assess covariates that 

might impact meal consumption, child fullness level was assessed before and after each 

meal and prior to the fMRI using an age-appropriate, pictorial visual analog scale (Keller et 

al., 2006). Additionally, to examine possible covariates associated with test-meal 

consumption, explicit liking and wanting of the test-meal foods were assessed pre- and post-

meal on a 150-mm visual analog scale anchored with “not at all” and “like/want very much”. 

Following these measures, children were given 30 minutes to eat ad libitum from the test-

meal while a researcher read a pre-approved, non-food related book to the child. On the 

baseline visit, parents completed questionnaires to assess usual child eating behaviors and 

parental feeding practices and children completed additional measures of portion size 

assessment (to be reported elsewhere).

Anthropometrics

Child height, weight, and body fat percentage were assessed with shoes and coats removed 

on a stadiometer (Seca® model 202 Chino, CA), standard scale (Detecto ® model 437, 

Webb City, MO) and bioelectric impedance analysis scale (Tanita® model BF-350, 

Arlington Heights IL). Height and weight were converted to body mass index (BMI) and 

BMI z-score based on the Centers for Disease Control and Prevention growth charts as the 

weight-to-height ratio for age and sex (Cole, Bellizzi, Flegal, & Dietz, 2000).
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fMRI training

Following the test-meal on visits 3 and 4, children completed a training session in a mock 

(simulated) MRI environment. Full details on this training have been previously reported 

(English et al., 2015). The purpose of this training was to increase child comfort with the 

procedures and reduce motion artifact during the actual scanning session.

fMRI Stimuli and Paradigm

Images shown to children during the fMRI were created for this study and were designed to 

represent common, age-appropriate low-ED (< 1.5 kcal/g) and medium/high-ED (> 1.5 

kcal/g) foods, presented at two levels of PS (Large, Small). We developed the fMRI stimuli 

to correspond with the food categories served at the test-meal (i.e., low- and high-ED foods 

served at varying PS). For space purposes, the ED groups will be referred to as Low-ED and 

High-ED herein. Food choices as well as the serving sizes shown to children were selected 

by consulting amounts reported for similar age children in the Continuing Survey of Food 

Intakes by Individuals (Smiciklas-Wright, Mitchell, Mickle, Cook, & Goldman, 2002). The 

Small PS was selected as the 10th percentile for the amount commonly consumed while the 

Large PS was the 90th percentile of amount commonly consumed. Full details on the 

development of these images were previously reported (English et al., 2015) and are 

available from the authors upon request.

During the fMRI, children viewed images in a block presentation design containing 4 food 

conditions (Large PS High ED, Small PS High ED, Large PS Low ED, and Small PS Low 

ED) and 2 control conditions (furniture and scrambled images). Across the scan, children 

viewed 180 total images (30 images per condition), presented in 6 functional runs. Within 

each run, images were shown in blocks of 5, presented in a pseudo-randomized fashion so 

that a child would not see more than 2 food blocks in a row before seeing a control block. 

Each image was presented for 2 seconds followed by a 0.5 fixation cross between images 

and a 2–11 second jittered interval between blocks. Total time for the scan ranged from 21 – 

35 minutes, with an average time of 25 minutes.

Following the fMRI, children used the same 150-mm visual analog scale used at the test-

meals to rate explicit liking and wanting for the food and control stimuli. Summary data on 

these measures have been reported previously(English et al., 2017).

fMRI data acquisition

The first 36 children were scanned on a Siemens 3.0 Tesla MRI scanner (Siemens Medical 

Solutions, Erlangen, Germany) with a standard 12-channel head coil. Due to an update in 

scanner equipment that occurred during data collection, the remaining 11 children were 

scanned on Siemens 3.0 Tesla Magnetom Prisma Fit (Siemens Medical Solutions, Erlangen, 

Germany) with 20-channel head coil. The Social Life and Engineering Sciences Imaging 

Center conducted tests to determine impact of the scanner update on brain response to a 

well-validated sensory-motor task in 31 adult participants. There were no statistically 

significant differences in functional data obtained from the task in scans conducted pre- 

versus post-update. Because both the SNR and TSNR (i.e., ratio of mean signal to standard 
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deviation of signal) were significantly different following the update, we adjusted for both in 

our analyses to determine whether it impacted our findings (described further in Results).

We used identical scan parameters pre- and post-update. Structural scans were collected 

using a T1 weighted sequence (MPRAGE) TR/TE = 1650/2.03ms, flip angle = 9°, FOV = 

256 mm, slice thickness = 1 mm, sagittal plane, voxel size 1×1×1 mm. The functional scans 

used a T2-weighted gradient single-shot echo planar imaging sequence (TE = 25ms, TR = 

2000 ms, flip angle = 90°, matrix 64×64) with an in-plane resolution of 3 × 3 mm (FOV = 

220 mm) to acquire 33, 3 mm (interleaved) slices along the AC-PC plane. PACE was used as 

an in-scan prospective correction for movement (Thesen, Heid, Mueller, & Schad, 2000). 

Pillows, padding and headphones were used to restrict head motion. Researchers verbally 

checked in with children between anatomical and functional runs to ensure comfort and 

alertness.

Data Analysis

fMRI data processing—Processing of imaging data was carried out with BrainVoyager 

QX software (version 2.8, Brain Innovation, Maastricht, The Netherlands). Standard 

preprocessing steps were followed. First, spatial normalization was conducted to convert 

anatomical data to common stereotaxic space (i.e., Talairach) (Talairach & Tournoux, 1988) 

using the AC-PC landmark and fitting 6 parameters (anterior, posterior, inferior, superior, 

left, right) on each subject’s respective structural scan. Children’s anatomical data were 

converted to Talairach space so we could use coordinates reported in the more expansive 

adult literature to define our regions of interest. We justified use of common stereotaxic 

space based on reports that children (6 years and older) and adults have minimal differences 

in brain anatomy that are below the specificity of the scanner (Burgund et al., 2002), 

although we acknowledge the potential benefits of using study or child specific brain 

templates (Gaillard, Grandin, & Xu, 2001; Yoon, Fonov, Perusse, & Evans, 2009).

Functional data were preprocessed with 3D motion correction using 6 vectors (3 translations 

and 3 rotations) and temporal high-pass filtering using a GLM-Fourier basis set with 6 

cycles per time course. Data were normalized by percent signal change to adjust for low-

level physiological changes that occur during MRI scanning. The first two functional 

volumes were discarded for all participants. Functional runs with excess motion (cutoff: 

3mm or 3° in any direction) were excluded from analyses. We did not smooth the data 

because of concerns about blurring anatomy in our ROI approach (Nieto-Castanon, Ghosh, 

Tourville, & Guenther, 2003). Pre-processed functional data were aligned and co-registered 

to anatomical data in Talairach space to create a volume time course file. Only subjects who 

had 1 or more successful functional run(s) were included in the analyses, resulting in 3 

children excluded from final analyses. The final sample of n=47 ranged 3–6 successful runs, 

for an average of 5.1 successful

fMRI data were analyzed using a multi-subject random effects general linear model (GLM). 

Regressors included were conditions of PS (Large, Small) and ED (High, Low). Condition 

blocks were modeled by convolving the standard hemodynamic response function with a 30-

second boxcar function. In a previous analysis published on the first 36 children from this 

cohort, we found no relationships between regions identified by a whole-brain analysis and 
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the PSE. However, Berkman and Falk (Berkman & Falk, 2013) have advocated that the brain 

regions associated with behavior may be different from those that show significant effects 

based on tasks presented in the fMRI. To capture a broader range of regions implicated in 

appetitive behavior than what was identified by our whole-brain analyses, we instead chose 

an ROI approach to identify regions from the literature that have consistently be associated 

with food cue response. Regions were defined using Brain Voyager to draw a 5-mm sphere 

around Talairach coordinates previously reported in the food cue literature to be involved 

with reward/emotional processing (i.e., amygdala, ventral striatum, OFC, vmPFC) and 

inhibitory control/decision making (i.e., IFG/dorsolateral PFC, Table 3) (Brooks, Cedernaes, 

& Schiöth, 2013; Dimitropoulos et al., 2012; Hare, Malmaud, & Rangel, 2011; Schur et al., 

2009; Stoeckel et al., 2008). We extracted mean beta values for the ROIs in response to the 

experimental conditions. Contrast values for each participant were then calculated by 

subtracting mean BOLD activation to one category of stimuli from the mean BOLD 

activation to another category (e.g., Large PS > Small PS; Large PS High ED > Small PS 

High ED; Large PS Low ED > Small PS Low ED). As an example, the Large PS > Small PS 

contrast value provides the difference in average BOLD activation to all Small PS images 

subtracted from the average activation to Large PS images (collapsed across ED) within the 

ROI. A child with a higher contrast value for Large PS > Small PS would therefore have 

comparatively greater BOLD signal in response to large relative to small portion cues 

compared with a child who had a lower contrast value for Large PS > Small PS.

In order to more clearly interpret the influence of including contrast values as covariates in 

mixed models, we reclassified them into two categories using a median split (e.g., high 

vmPFC response Large PS > Small PS versus low vmPFC response Large PS > Small PS). 

These categorical responses were input as covariates in mixed linear growth models to 

determine their effect on the shape of the PSE curve.

Mixed Effects Linear Growth Models—Previous studies have found that the PSE is 

curvilinear (Roe et al., 2016), with greater increases in intake occurring between smaller 

portion conditions (i.e., baseline and 150%) than between larger portion conditions (i.e., 

175% and 200%). Because of the curvilinear nature of the PSE, it was not possible to model 

the response as a single value (i.e., the linear slope or the difference in intake between the 

largest and smallest conditions). Therefore, to test whether children’s brain response to food 

cues was associated with the PSE curve, we used mixed linear growth models. Mixed linear 

growth models allow examination of the shape of individual growth curves as a function of 

the amount of food served (Shek & Ma, 2011; Singer & Willett, 2003). By including 

contrast values obtained from BOLD fMRI as covariates, these models can be used to 

evaluate the impact of brain response to PS cues on the intercept (i.e., intake when PS 

condition is zero), linear slope (i.e., initial increases in intake from the baseline condition), 

and quadratic function (i.e., the curvilinear nature of the PS response curve observed at 

larger portion conditions). Estimates obtained from the statistical interaction term between 

BOLD response x weight of food served can be used to assess whether there is a relationship 

between food-cue related brain response and the PSE. Based on this information, we 

hypothesized that higher BOLD response in reward and drive related regions (i.e., amygdala, 

vmPFC, ventral striatum/caudate, OFC) to large relative to small PS cues would be 
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associated with increased linear acceleration of the PSE curve, and because of this, would 

also be associated with a faster quadratic deceleration. In other words, we anticipated that 

heightened responses to large PS cues in appetitive-related regions would be associated with 

greater increases in intake from baseline followed by a curvilinear deceleration when 

amount served becomes too large. These responses would reflect children who find larger 

portions more salient, and therefore would exhibit a more robust increase in consumption 

when they are served larger portions in the laboratory. We also hypothesized that higher 

BOLD response in decision making and inhibitory control regions (i.e., IFG/dorsolateral 

PFC) to large relative to small PS cues would be associated with a reduced linear 

acceleration and slower quadratic deceleration of the PSE curve. This response pattern 

would be characteristic of children who show small increases in intake from baseline, but 

would require very large portions to reach peak consumption. In other words, this pattern 

would be indicative of attempts to moderate intake with increases in portion size.

Response to PS was defined as the trajectory of amount consumed (by weight) as a function 

of amount served (by weight) and modeled by a polynomial equation to take into account 

the decline in intake as portions become larger. A random coefficients model in SPSS 

(version 23.0 for Windows) was used to analyze the relationship between amount served 

(grams) and amount consumed (grams and kcal). Subjects were treated as a random factor. 

Amount served was modeled as both a linear and quadratic variable and was included in the 

models as both a fixed and a random factor. Additional fixed effects included BOLD signal 

contrast values computed from ROIs, input as categorical variables, and interactions between 

contrast values and amount served. Models were run with and without including children 

who finished greater than 95% of the total meal on any of the conditions (i.e., “plate 

cleaners”) to exclude the possibility that results were influenced by not offering children 

enough food. Related covariates, including sex, age, weight status (BMI z-score), average 

rated liking of the test-meal items, motion parameters for the fMRI (average motion in the x, 

y, and z planes concatenated across all runs), and fullness (computed as an average pre-meal 

fullness rating across the 4 meals), were entered independently into models as fixed factors, 

and removed if they were not significant. Signal-to-noise ratio (SNR) and TSNR from the 

fMRI scan were also included to determine if they influenced the relationship between brain 

response and the PSE. All interactions between covariates and PS condition were tested 

simultaneously and removed from the final model if not significant.

Pearson’s correlations between brain response to PS cues and BMI z-score—
We also calculated the Pearson’s correlation coefficients between brain activation in the 

regions tested in response to the contrasts of interest (e.g., Large PS > Small PS; Large PS 

High ED > Small PS High ED; Large PS Low ED > Small PS Low ED) and child BMI z-

score.

Data are reported as means ± standard deviations and/or standard errors and results were 

considered significant at a P < 0.05.
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Results

Child characteristics

Demographic characteristics for the 47 children who completed all study measures are 

described in Table 1. Mean ± SD age was 8.9 ± 1.2 years and sex-specific BMI-for-age 

percentile was 52.7 ± 28.4. Seventeen percent (17%) of children were classified as 

overweight or obese, with a BMI-for-age ≥ 85th percentile. The majority of children, 93.6%, 

identified as Caucasian. Over 80% of families reported yearly earnings of $75,000 or 

greater, and 84.1% of parents reported having at least a Bachelor’s degree.

Effect of amount served on weight of food consumed

As shown by random coefficient analyses, amount served significantly influenced the weight 

of food consumed at the entire meal (F1,41=17.9; P < 0.0001) (Figure 1a). Across the entire 

sample, the relationship between weight served and weight consumed was characterized by 

a quadratic equation (Figure 1a). The Likelihood Ratio Test (P < 0.001) showed that a 

quadratic relationship fit the data better than a linear relationship. The mean curve had a 

positive linear coefficient (instantaneous slope) of 0.37 (P < 0.001) and a quadratic 

coefficient of −0.0004 (P < 0.005). According to the linear slope, as PS increased beyond the 

baseline, children ate an average of 37% of the additional food served, but this rate of intake 

was reduced by the quadratic coefficient at larger portion sizes. The pseudo-R2 value, 

assessed by a McFadden test, showed that amount served explained 26% of variability in 

weight of food consumed. These relationships were unchanged after removal of 1 child who 

was classified as a “plate cleaner”.

Amount served was also positively associated with intake of both high-ED (F1,41=17.1; P < 

0.0001) and low-ED foods (F1,41=8.9; P < 0.005). The relationship between amount served 

and intake of high-ED foods was characterized by a quadratic equation (P < 0.001). The 

mean curve had a positive linear coefficient of 0.52 (P < 0.0001) and a quadratic coefficient 

of −0.0005 (P < 0.01). As amount served increased from baseline, children consumed 52% 

of the additional high-ED foods served, but this amount decreased over time as portions 

further increased. The relationship between amount served and intake of low-ED foods was 

characterized best by a linear equation (P < 0.01). The mean curve had a positive linear 

coefficient of 0.07 (P < 0.01) and a small, non-significant quadratic coefficient (−0.00004). 

Energy density of the foods did not significantly impact the curve parameters. Removal of 

plate cleaners did not influence these results.

Effect of food PS on energy intake

Weight of food served also significantly influenced energy intake at the total meal 

(F1,41=20.8; P < 0.0001), and the relationship was characterized by a quadratic equation (P < 

0.005). The mean curve had a positive linear coefficient of 0.59 kcal/g (P < 0.0001) and a 

quadratic coefficient of −0.0006 kcal/g (P < 0.005). The pseudo-R2 value showed that 

amount served explained 26% of variability in energy consumed at the total meal. Weight of 

food served also influenced energy intake from high-ED foods (F1,41=17.1; P < 0.0001) and 

low-ED foods (F1,41=8.9; P < 0.01), analyzed separately. None of the above results were 

influenced by plate cleaners.
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While the effect of weight of food served on both weight and energy consumed was 

significant, we observed individual variation in the PSE across children. The intraclass 

correlation showed that 71% of the total variation in the PSE was explained by between-

subject variation. The purpose of the remaining analyses was to determine whether brain 

activation in a priori hypothesized regions was related to individual variations in the shape of 

the PSE curve across children.

Associations between brain response to Large PS > Small PS and PSE response curve for 
the total meal

Activation in two brain regions associated with food salience was positively associated with 

children’s total meal intake in response to increasing portions. BOLD response in the left 

vmPFC (F1,41 = 5.70; P = 0.02) and the left OFC (F1,41 = 8.5; P = 0.004) in response to 

Large relative to Small PS food images interacted with weight of food served to influence 

the PSE curve (Figure 2). These relationships remained significant after inclusion of sex, 

age, BMI z-score, SNR, TSNR, fMRI motion, test-meal food liking, average pre-meal 

fullness level, and after removal of plate cleaners. For the vmPFC, high activation to Large 

relative to Small PS was positively associated with the linear slope (i.e., the increase in 

intake from baseline, 0.32; P ≤ 0.05) and a negative influence on the quadratic coefficient 

(i.e., the deceleration in intake as portion sizes become larger, −0.0006; P < 0.05) compared 

to children with low activation in this region. Children who had high activation in the 

vmPFC in response to larger PS cues increased intake from baseline by about 32% more 

than children who had low activation in this region. As a result of this initial increase, 

children who had high vmPFC activation also reached peak consumption at smaller portion 

sizes than children who had low vmPFC activation (as evidenced by the negative quadratic 

coefficient). A similar pattern of results was also seen for the OFC, as high activation to 

Large relative to Small PS was positively associated with the linear slope (0.14; P < 0.005) 

but negatively with the quadratic deceleration (−0.047; P < 0.01). None of the other regions 

tested (i.e., amygdala, striatum, IFG, dlPFC, and caudate) influenced the PSE curve for the 

total meal.

Associations between brain response to Large PS High ED > Small PS High ED and PSE 
response curve for high-ED foods

Activation in additional brain regions associated with cognitive control and reward 

processing was negatively associated with children’s intake of high-ED foods with 

increasing portions. In response to Large PS High ED > Small PS High ED, activation in the 

right IFG (F1,41 = 17.04; P < 0.0001), left OFC (F1,41 = 6.5; P = 0.02), and right caudate 

(F1,41 = 4.9; P = 0.03) interacted with amount of food served to influence the PSE curve for 

high-ED foods. Results for the IFG and caudate are displayed in Figure 3. The relationship 

in the IFG remained significant after correction for sex, age, fMRI motion, and BMI z-score, 

but was no longer significant after inclusion of pre-meal fullness and high-ED food liking (P 
= 0.06). Relationships in the OFC and caudate remained significant after inclusion of all 

covariates (i.e., sex, age, BMI z-score, fullness, SNR, TSNR, fMRI motion, and food liking). 

None of the above relationships were affected by dropping plate cleaners. For the IFG, high 

activation to Large PS High ED relative to Small PS High ED had a negative influence on 

the linear slope (−0.87; P < 0.0001) and was positively associated with quadratic coefficient 
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(0.001; P < 0.0001). Children who had high activation in the IFG in response to large 

relative to small portions of high-ED foods consumed about 87% less from the baseline 

condition compared to children who had low activity in this region. A similar response 

pattern was seen in the caudate, as high activation to Large PS High ED > Small PS High 

ED had a negative influence on the linear slope (−0.57; P = 0.03) and a positive effect on the 

quadratic deceleration (0.0009; P = 0.03). Activation in the OFC in response to Large PS 

High ED relative to Small PS High ED was associated with the PSE curve, but in the 

opposite direction as the IFG and caudate. OFC activation was positively, but non-

significantly associated with the linear slope (0.45; P = 0.08) and negatively associated with 

the quadratic coefficient (−0.001; P = 0.01). None of the other regions tested (i.e., amygdala, 

striatum, vmPFC, and dlPFC) influenced the PSE curve for high-ED foods.

Associations between brain response to Large PS Low ED > Small PS Low ED and PSE of 
low-ED foods

None of the regions tested (i.e., amygdala, striatum, vmPFC, dlPFC, OFC, IFG, or caudate) 

were associated with children’s PSE curve for low-ED foods served at the meal.

Associations between brain response to PS cues and child BMI z-score

The relationships between brain activation in response to PS cues and child BMI z-score are 

reported in Table 4 and Supplementary Figures 1–3. BMI z-score was negatively associated 

with brain activation in response to Large PS > Small PS in the right IFG (R = −0.29; P < 

0.05) and left caudate (R = −0.36; P < 0.05). BMI z-score was positively associated with 

brain activation in response to Large PS High ED > Small PS High ED in the right (R = 

0.43; P < 0.01) and left (R = 0.29; P < 0.05) ventral striatum, the left OFC (R = 0.38; P < 

0.01) and the right (R = 0.31; P < 0.05) and left (R = 0.35; P < 0.05) vmPFC. BMI z-score 

was negatively associated with brain activation in response to Large PS Low ED > Small PS 

Low ED in the right (R = −0.48; P < 0.001) and left (R = −0.41; P < 0.01) ventral striatum, 

the left OFC (R = −0.31; P < 0.05), the left vmPFC (R = −0.39; P < 0.01), the left caudate (R 
= −0.31; P < 0.05), and the right (R = −0.36; P < 0.05) and left (R = −0.36; P < 0.05) dlPFC. 

None of the other ROIs tested were associated with child weight status for any of the 

contrasts [Table 4].

Discussion

The purpose of this study was to identify brain regions associated with children’s 

susceptibility to the effect of portion size at a multi-item meal. We hypothesized that 

activation in brain regions involved in inhibitory control and decision making (i.e., the IFG/

dorsolateral PFC) would be negatively associated with PSE susceptibility, while activity in 

reward/salience regions (i.e., striatum/caudate, vmPFC, and OFC) would be positively 

associated with PSE susceptibility, particularly for high-ED foods. In confirmation of 

previous studies (Kling et al., 2016), PS influenced total meal intake, as well as intake of 

high- and low-ED foods analyzed separately. However, between-child differences explained 

over 70% of variance in the PSE. To determine whether brain responses to food cues 

contributed to some of this variance, we used mixed effects linear models. We identified two 

regions that were associated with the PSE for the total meal: the vmPFC (i.e., decision 
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making and valuation) and the OFC (i.e., salience and associative learning). Secondary 

analyses identified brain regions implicated in inhibitory control (i.e., IFG) and reward/

salience (i.e., caudate, OFC) that moderated the PSE specifically for high-ED foods. In 

general, the relationships with the PSE were supported by associations between brain 

response and child weight status in that regions we found to be positively associated with 

intake in response to PS were also associated with increased BMI z-score. These preliminary 

findings suggest that individual differences in the PSE among children are associated with 

brain responses to visual portion size cues in regions implicated in valuation, salience, 

inhibitory control, and reward.

For the total meal, greater activity in the vmPFC to larger PS cues was associated with 

increased susceptibility to the effect of portion size on intake. Children who had greater 

activity in this region to large relative to small PS cues increased intake to a greater extent 

from baseline, and as a result, they reached maximal consumption (i.e., peak of the 

curvilinear response) at smaller portion sizes than children who had lower activity. The 

vmPFC is involved in stimulus-reinforcement learning (Howard, Kahnt, & Gottfried, 2016) 

and assigning value judgements at the time of choice for food (Hare, Camerer, & Rangel, 

2009; Hare et al., 2011) and other salient stimuli (Tom, Fox, Trepel, & Poldrack, 2007). 

Hare and colleagues (Hare et al., 2011) define value as the reward one expects to get from 

consuming a food. We speculate that children who engage the vmPFC to a greater extent 

when presented with larger portions might be conditioned to expect greater value from their 

consumption, and through repeated exposure, the brain may become hypersensitive to these 

visual portion size cues (i.e., incentive sensitization). The current findings preclude us, 

however, from determining whether increased activation in the vmPFC is driving food 

intake, or is simply a marker of increased susceptibility to overeating from larger portions. 

Alternatively, the functional connections between the vmPFC and dlPFC/IFG have been 

hypothesized to play a role in dietary self-control (Hare et al., 2009; Hare et al., 2011; 

Jasinska, Ramamoorthy, & Crew, 2011), therefore, connectivity studies are a useful next step 

to more comprehensively characterize the neurocircuitry associated with the PSE.

Similarly, BOLD response in the OFC to larger PS food cues was also positively associated 

with children’s intake in response to increasing portion sizes. The OFC is one of the most 

consistently identified brain regions associated with food cue processing (van Meer et al., 

2015), and it is considered part of the appetitive network (Dagher, 2009). It is thought to be 

involved in integrating information from other classic reward regions (e.g., amygdala, 

caudate) to process the overall salience of a food (Padoa-Schioppa & Assad, 2008). It is also 

involved with perceptions of food pleasantness (Rolls & Grabenhorst, 2008) and cue-

associated learning (Rolls & Grabenhorst, 2008; Rolls, Hornak, Wade, & McGrath, 1994). 

This region is adjacent to the vmPFC, and similarly, has also been reported to be involved 

with computations of food value at the time of choice (Plassmann, O’Doherty, & Rangel, 

2007). These proposed functions may provide insight into factors that influence the effect of 

portion size on intake at a meal, and hence inform the neurobiological mechanisms of 

overeating in children. Previous studies have shown that adults (Brunstrom, 2014; 

Brunstrom & Rogers, 2009) and children (Hardman, McCrickerd, & Brunstrom, 2011) make 

decisions about how satiating a portion will be prior to a meal, and this correlates with actual 

meal consumption (Robinson, te Raa, & Hardman, 2015). These pre-meal decisions involve 
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examining visual cues about the food and making determinations, based on prior experience, 

in regards to how satiating one expects a portion to be. Considering this evidence along with 

the present findings, the vmPFC and OFC may be associated with the PSE through their 

involvement in assigning expected satiation values to meals prior to consumption.

Secondary analyses were performed to identify potential differences in brain response that 

moderated the PSE for high- versus low-ED foods. For high-ED foods, we predicted that 

greater response to portion size would be positively associated with BOLD response in 

regions implicated in reward, but negatively associated with response in regions implicated 

in inhibitory control. Our findings in the IFG supported this prediction, as greater activation 

in this region to high-ED foods shown in larger portions was associated with reduced 

susceptibility to increases in portion size for similar types of foods at the meal. The IFG is 

located within the lateral prefrontal cortex, a region implicated in inhibitory control and 

attention (Hampshire, Chamberlain, Monti, Duncan, & Owen, 2010). The exact location we 

tested is at the posterior edge of the IFG, near the operculum and insular cortex (Frank, 

Kullmann, & Veit, 2013). This region, referred to as the “ingestive cortex” responds to 

multiple food attributes, including taste (Small et al., 2003), texture (Ivan E. de Araujo & 

Rolls, 2004), visual characteristics (Frank et al., 2010; Porubská, Veit, Preissl, Fritsche, & 

Birbaumer, 2006) and stimulus intensity (Grabenhorst & Rolls, 2008). Activity in this region 

is modulated by appetitive state, as it receives primary afferent information from the gut, 

which may facilitate its involvement in interoception of bodily sensations, including hunger 

and fullness (Craig, 2002). Our findings in this region were partly explained by pre-meal 

fullness level, suggesting a possible role integrating food-cue information with appetitive 

state to influence meal-size. Collectively, these findings suggest that increased food-cue 

activity in this region of the IFG near the insular cortex/frontal operculum may be associated 

with reduced susceptibility to the PSE.

We also found a similar pattern of response in the caudate (i.e., higher food cue activation 

was associated with reduced susceptibility to the PSE at smaller portion conditions). This 

was not expected, given the proposed role of the caudate in reward processing (O’Doherty, 

Deichmann, Critchley, & Dolan, 2002). These findings support the reward-deficit model 

whereby overconsumption occurs to compensate for a “sluggish” or impaired reward 

response (Blum et al., 1996; Stice, Spoor, Bohon, Veldhuizen, & Small, 2008; Stice, Yokum, 

Blum, & Bohon, 2010). Alternatively, as speculated by Kroemer and Small (Kroemer & 

Small, 2016), these findings could reflect impairment in value-based learning among 

individuals at risk for overeating.

Although it was not a primary objective of this study, we also examined the relationships 

between brain activation in response to PS cues and child weight status. In general, these 

data supported the relationships observed with test-meal intake. For example, activation in 

the IFG and caudate in response to images of large relative to small portions was negatively 

associated with child weight status which underscores our finding that PS-cue reactivity in 

these regions was associated with reduced susceptibility to the PSE. Importantly, though, the 

observed differences in the PSE were independent of child weight status, as the models were 

adjusted for this variable and child BMI z-score was not significantly associated with 

children’s intake at the meals. Therefore, children’s brain responses to PS cues were 
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independently associated with both intake at the test-meals and weight status. When we 

analyzed brain activation in response to high- and low-ED food cues separately, we found 

contrasting relationships to child weight status. Activation in regions associated with reward 

and salience (e.g., striatum, OFC, vmPFC) to large relative to small portions of high-ED 

foods was positively associated with child weight status. Alternatively, activation in these 

same regions to large relative to small portions of low-ED foods was negatively associated 

with weight status. These findings support others who have shown that adults and children 

with obesity have greater food cue related activation in some reward-related regions, like the 

striatum and OFC (Bruce et al., 2010; Dimitropoulos et al., 2012; Stice et al., 2008; Stoeckel 

et al., 2008), but they extend the literature by suggesting that greater activation in similar 

reward-processing regions to larger portions of healthier (low-ED) foods may be associated 

with leanness.

We previously published a paper using a whole-brain approach (English et al., 2017) that 

found a different region of the IFG located in Brodmann’s Area 47 (Brodmann, 2006), near 

the lateral OFC, was associated with lower activation to large relative to small PS cues. Post-

hoc tests demonstrated this result was driven primarily by reduced activation to large 

portions of low-ED foods, but we did not find activation in this region to be associated with 

appetitive traits or the PSE for the total meal (English et al., 2017). One likely explanation is 

that the region of the IFG previously identified by whole-brain analysis has different 

functions than the region tested in the present study. The IFG region tested in the present 

ROI approach was selected based on coordinates reported in a meta-analysis of adults, 

which suggests reliable correlations to anticipatory responses to food cues across a variety of 

studies and paradigms (Brooks et al., 2013). That location of the IFG corresponds to 

Brodmann’s area 44 and is near the insula, a region involved in taste (de Araujo & Simon, 

2009) and interoception (Craig, 2002). Although we identified both sub-regions of the IFG 

using different analytical approaches, we speculate that engagement of these areas is likely 

occurring in concert along with connections to additional regions within the ingestive 

networks of the brain to ultimately influence the observed behavioral responses. For that 

reason, studying the connections between these regions is a necessary future step to 

determine their respective roles in processing information about food portion size and 

influencing subsequent eating behaviors. The comparison of the current findings with our 

previously reported results (English et al., 2017) at a minimum reinforces the need for 

considering multiple possible functions for brain regions when interpreting results and 

relying on carefully designed replication studies to strengthen conclusions.

This is the first study to report an association between brain response to PS cues and 

children’s susceptibility to overeating from increasing portions. Few neuroimaging studies 

have been conducted with children under the age of 8 years, so these data fill a critical gap in 

knowledge about the mechanisms of overeating in this age group. Aside from the results in 

the caudate, the findings generally support the notion that increased food-cue induced 

response in brain regions implicated in reward and motivation positively associated with 

intake in response to increasing portions, while activation in regions implicated in cognitive 

control and interoception negatively associated with intake in response to increasing 

portions. Once these findings are replicated, they may help to identify potential neural and 
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behavioral targets for future interventions to help children moderate overeating in an 

environment where large portions are ubiquitous.

Other strengths include development of a carefully designed, ecologically relevant set of 

fMRI stimuli that varied by both ED and PS, and objective measurement of food intake in 

response to PS across four meal conditions. We also observed high scanner success rates for 

this age group, likely due to a carefully designed mock training protocol. Despite these 

strengths, several limitations should be noted. We did not measure brain response to the 

foods simultaneously with consumption of the test-meal, and although technically 

challenging, this design may provide greater insight about the neurobiological drivers of the 

PSE. Also, the portion sizes for the foods shown to children in the fMRI were not identical 

to those served at the meal because we wanted to maximize differences in BOLD response 

between conditions. In addition, we did not adjust our findings for multiple testing because 

the effect sizes observed at the test-meal were not large enough to withstand these 

corrections, beyond the results in the IFG and OFC. Larger, more generalizable studies are 

needed to confirm these findings. The ROI approach we took to analyze the data has the 

benefit of being hypothesis-driven; however, we could have overlooked additional brain 

areas with involvement in the PSE. Additionally, we used common stereotaxic space 

(Talairach) to compare our findings with other relevant examples in the field (Bruce et al., 

2010), but the anatomical precision afforded by spatial normalization procedures is limited 

(Carp, 2012). Replication studies are needed to make stronger conclusions about the brain 

regions associated with the PSE in children. Finally, we measured the PSE in response to a 

test-meal of common, age-appropriate foods. We do not know whether children’s intake in 

response to this meal generalizes to other foods or eating occasions.

In conclusion, activation to food PS cues in regions implicated in value judgements, salience 

and reward positively associated with children’s intake in response to increasing portions, 

while activation in regions implicated in control negatively associated with intake in 

response to increasing portions. These findings provide initial support for the 

characterization of neurobiological phenotypes at risk for overeating in response to large 

portions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Mean intakes by weight (± SEM) as a function of weight of food served (g) for the total 

meal and for high-ED and low-ED foods served to 47 children. Mean curves of food intake 

in response to increases in the weight of food served were modeled using a random 

coefficient analysis. Individual curves were modeled for each child. The weight of food 

served significantly influenced intake by weight of the total meal (F1,41=17.9; P < 0.0001), 

and of high-ED (F1,41=17.1; P < 0.0001) and low-ED (F1,41=8.9; P < 0.005) foods analyzed 

separately. There were no differences in the intake curves as a function of energy density. b) 

Mean intakes by kcal (± SEM) as a function of weight of food served (g) for the total meal 

and for high-ED and low-ED foods served to 47 children. Mean curves of energy intake in 

response to increases in the weight of food served were modeled using a random coefficient 

analysis. Individual curves were modeled for each child. The weight of food served 

significantly influenced energy intake of the total meal (F1,41=20.8; P < 0.0001), and of 
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high-ED (F1,41=17.1; P < 0.0001) and low-ED (F1,41=8.9; P < 0.005) foods analyzed 

separately.
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Figure 2. 
a) Mean intakes by weight (± SEM) as a function of weight of food served (g) for the total 

meal for children who had high (red – square) or low (blue- circle) BOLD signal activation 

in the left vmPFC in response to Large PS > Small PS (collapsed across ED). High and low 

activation levels were categorized based on a median split. Activation in the vmPFC 

interacted with weight of food served to influence the trajectory of the PSE curve (F1,41 = 

5.70; P = 0.02). Children who had high activation in the left vmPFC increased intake from 

baseline by 32% more than children who had low activation in the vmPFC in response to 

Large PS > Small PS. Overall, children with high vmPFC activation followed a curvilinear 

Keller et al. Page 24

Appetite. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trajectory while children with low vmPFC activation followed a linear trajectory. b) Location 

of the ROI tested based on a 5-mm sphere drawn around the Talairach coordinates (x, y, z; 

−9, 45, 2) on a sample brain template created in BrainVoyager Brain Tutor (version 2.8, 

Brain Innovation, Maastricht, The Netherlands). Images are pictured from both the coronal 

(top) and transverse (bottom) views. c) Mean intakes by weight (± SEM) as a function of 

weight of food served (g) for the total meal for children who had high (red – square) or low 

(blue- circle) BOLD signal activation in the left OFC in response to Large PS > Small PS 

(collapsed across ED). High and low activation levels were categorized based on a median 

split. Activation in the OFC interacted with weight of food served to influence the trajectory 

of the PSE curve (F1,41 = 8.5; P = 0.004). Children who had high activation in the left OFC 

increased intake from baseline by 14% more than children who had low activation in the 

vmPFC in response to Large PS > Small PS. Overall, children with high OFC activation 

followed a curvilinear trajectory while children with low OFC activation followed a linear 

trajectory. d) Location of the ROI tested based on a 5-mm sphere drawn around the Talairach 

coordinates (x, y, z; −32, 29, −3) on a sample brain template created in BrainVoyager Brain 

Tutor (version 2.8, Brain Innovation, Maastricht, The Netherlands). Images are pictured 

from both the coronal (top) and transverse (bottom) views.
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Figure 3. 
a) Mean intakes by weight (± SEM) as a function of weight of food served (g) for the total 

meal for children who had high (red – square) or low (blue- circle) BOLD signal activation 

in the right IFG in response to Large PS High ED > Small PS High ED. High and low 

activation levels were categorized based on a median split. Activation in the IFG interacted 

with weight of food served to influence the trajectory of the PSE curve (F1,41 = 17.04; P < 

0.0001). Children who had low activation in the right IFG increased intake from baseline by 

87% more than children who had high activation in the IFG in response to Large PS High 

ED > Small PS High ED. b) Location of the ROI tested based on a 5-mm sphere drawn 

around the Talairach coordinates (x, y, z; 50, 4, 16) on a sample brain template created in 

BrainVoyager Brain Tutor (version 2.8, Brain Innovation, Maastricht, The Netherlands). 

Images are pictured from both the coronal (top) and transverse (bottom) views. c) Mean 
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intakes by weight (± SEM) as a function of weight of food served (g) for the total meal for 

children who had high (red – square) or low (blue- circle) BOLD signal activation in the 

right caudate in response to Large PS High ED > Small PS High ED. High and low 

activation levels were categorized based on a median split. Activation in the caudate 

interacted with weight of food served to influence the trajectory of the PSE curve (F1,41 = 

4.9; P = 0.03). Children who had low activation in the right caudate increased intake from 

baseline by 57% more than children who had high activation in the caudate in response to 

Large PS High ED > Small PS High ED. Overall, children with high right caudate activation 

followed a linear trajectory while children with low right caudate activation followed a 

curvilinear trajectory. d) Location of the ROI tested based on a 5-mm sphere drawn around 

the Talairach coordinates (x, y, z; 14, 8, 22) on a sample brain template created in 

BrainVoyager Brain Tutor (version 2.8, Brain Innovation, Maastricht, The Netherlands). 

Images are pictured from both the coronal (top) and transverse (bottom) views.
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Table 1

Characteristics of the 47 children with complete data

Continuous Variables* Range Mean ± SD

Age (years) 7.2 – 10.9 8.9 ± 1.2

BMI z-score −1.5 – 2.2 0.1 ± 0.9

BMI-for-age % 6.1 – 97.9 52.7 ± 28.4

Categorical Variables** % (n)

Sex

 Girls 53.2 (25)

 Boys 46.8 (22)

Ethnicity

 Caucasian 93.6 (44)

 Non-Caucasian 6.4 (3)

*
N=47 for all continuous variables

**
N=47 for all categorical variables
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Table 3

Tailarach coordinates tested for association with the portion size effect

Region of interest Talairach Coordinates

x y z

Amygdala d R 22 −10 −10

L −22 −10 −10

Striatum (ventral) d R 18 20 −6

R −18 20 −6

Orbitofrontal cortex b R 32 29 −3

L −32 29 −3

Orbitofrontal cortex d R 36 28 −10

L −36 28 −10

Ventromedial prefrontal cortex (vmPFC)c R 9 45 2

L −9 45 2

Ventromedial prefrontal cortex (vmPFC)c R 6 36 −14

L −6 36 −14

Inferior frontal gyrus (IFG) a R 50 4 16

L −50 4 16

Dorsolateral prefrontal cortex (dlPFC)a R 29 29 36

L −29 29 36

Caudatee L −14 8 22

R 14 8 22

a
Brooks et al., (2013). PLoS One, 8(4)

b
Dimitropolous et al., (2012). Appetite, 58(1)

c
Hare et al., (2011). J Neurosci, 31(30)

d
Schur et al., (2009). Int J Obes, 33

e
Stoeckel et al., (2008). Neuroimage, 41(1)
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