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Abstract

Background: The greatest age-related weight gain occurs in the early/mid-20s. Overall dietary 

quality among adolescents and emerging adults (age 18-25) is poor, with ultra-processed foods 

(UPF) representing more than two-thirds of adolescents’ total energy intake (i.e., 68%). UPF 

consumption may impact cognitive and neurobiological factors that influence dietary decision-

making and energy intake (EI). To date, no research has addressed this in this population.

Methods: Participants aged 18-25 will undergo two 14-day controlled feeding periods (81% 

UPF, 0% UPF) using a randomly assigned crossover design, with a 4-week washout between 

conditions. Brain response to a UPF-rich milkshake, as well as behavioral measures of executive 

function, will be evaluated before and after each diet. Following each diet, measurements include 

ad libitum buffet meal EI, food selection, eating rate, and eating in the absence of hunger (EAH). 

Prior to initiating recruitment, controlled diet menus, buffet, and EAH snacks were developed and 

evaluated for palatability. Sensory and texture attributes of buffet and EAH snack foods were also 

evaluated.
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Results: Overall diet palatability was rated “like very much” (8)/”like moderately”(7) (UPF: 

7.6±1.0; Non-UPF: 6.8±1.5). Subjective hardness rating (range=1-9 [1=soft, 9=hard] was similar 

between UPF and Non-UPF buffet and snack items (UPF:4.22± 2.19, Non-UPF: 4.70±2.03), as 

was the objective measure of hardness (UPF: 2874.33± 2497.06g, Non-UPF: 2243.32± 1700.51g).

Conclusions: Findings could contribute to an emerging neurobiological understanding of 

the effects of UPF consumption including energy overconsumption and weight gain among 

individuals at a critical developmental stage.
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ultra-processed food; diet; energy intake; body weight; functional magnetic resonance imaging; 
cognition

1. Background

Among recommended weight individuals aged 18-30, most will transition to overweight or 

obesity in the next 25 years1. The greatest age-related gains occur in the early to mid-20s 
1, and young adult weight gain is associated with adverse changes in many cardiovascular 

disease risk factors 2,3. Among adolescents In the United States (US), obesity prevalence is 

expected to double from levels observed in the early 2000s by 2030 4.

Dietary quality among adolescents (age 18-21) and emerging adults (age 22-25) 5 is 

well below the “poor” US average Healthy Eating Index-2015 scores 6. Ultra-processed 

foods (UPF), which are formulations of ingredients that have undergone a high degree of 

industrial processing and contain little or no “whole foods”, comprise more than two-thirds 

of adolescents’ total energy intake (i.e., 68%) 7,8. UPF consumption may adversely impact 

cognitive and neurobiological factors that influence dietary decision-making and energy 

intake (EI) 9,10. No research has addressed this issue in adolescents and young adults.

The brain’s dopamine system is a critical mediator of the neurobiological control of food 

intake 11. Rats exposed to a diet including bacon and frosting rapidly gained weight and 

showed reduced expression of the D2 dopamine receptors (D2R) in the striatum, a brain 

area critical for regulating reward and food intake 12. The same pattern of reduced D2R 

expression is seen in animals exposed to high-sugar diets 13 and humans with a high BMI 

show reduced D2R binding potential 12. In humans, dopamine increases in the striatum in 

both the tasting and post-ingestive period after consuming a high-fat, high-sugar milkshake 
14. After a high-fat, high-sugar dietary intervention, brain response to milkshake cues and 

tasting was increased in the substantia nigra, dorsolateral prefrontal cortex, and insula 

compared to a high-protein intervention. However, this study did not control for the level of 

processing.

Only one randomized trial has tested a causal relationship between UPF and EI. Hall et 

al., conducted a 14-day trial in 20 adults (mean age ~31 years) that compared a high UPF 

diet (81% energy from UPF) to a minimally processed diet (0% energy from UPF), and 

reported an increase in EI with UPF exposure (508±106 kcal/d) that led to ~1 kg weight 

gain 10. A more rapid eating rate was noted with UPF, despite similar appetite sensations 
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and palatability ratings across diets. The neural and physiological mechanisms underlying 

the greater energy intake with UPF are unclear. No study has examined brain changes 

and alterations in food intake in the critical period of adolescence and early adulthood. 

Controlled feeding studies with neural outcome measures are needed to provide a brain-

based understanding of how UPF consumption drives EI and reward dysregulation.

Executive function (EF) refers to cognitive processes, such as inhibitory control, that are 

instrumental in our ability to learn, plan, and decide 15. Human neuroimaging research 

suggests that processes including prepotent response inhibition and attentional control 

may not mature until young adulthood 16,17. These same processes are linked with 

dietary behaviors 18,19. Diets high in fruits and vegetables may be associated with higher 

performance in these inhibitory and attentional control processes and diets higher in 

sweetened beverages or prepared snack foods may be associated with greater numbers of 

attentional issues, but the underlying neurocognitive mechanisms remains unclear 20,21. In 

addition to UPF consumption potentially impacting EF, issues in exercising EF such as the 

ability to inhibit selecting a certain food might be related to a higher UPF consumption 
22. Similarly, the ability to choose a larger delayed reward over a smaller sooner reward 

may be impaired in people with overweight and obesity 23. This article will describe the 

study design and methods of a controlled feeding trial investigating the influence of UPF 

consumption on brain reward processing, ad libitum energy intake, food selection, EF, and 

delay discounting. Results of activities undertaken prior to recruitment are presented.

2. Aims and Hypotheses

The overall objective of this crossover-design controlled feeding trial is to establish proof-

of-concept for altered reward processing measured by blood oxygenation level-dependent 

(BOLD) response to UPF, an increase in ad libitum EI, and adverse effects on EF and delay 

discounting in response to a UPF diet (81% total energy) compared to a diet without UPF 

(0% UPF; “Non-UPF”) in individuals aged 18-25. Aims are as follows:

Primary Aim:

Determine the influence of UPF consumption on brain reward response to UPF.

Secondary Aim:

Determine the influence of UPF consumption on ad libitum energy intake and food 

selection.

Exploratory Aim:

Explore the influence of UPF consumption on executive function, specifically inhibitory 

control, cognitive flexibility, and working memory, eating in the absence of hunger, and 

delay discounting.

First, we hypothesize that BOLD response in reward-associated brain areas (i.e., striatum 

and ventromedial prefrontal cortex) to UPF milkshake will be attenuated following the 

eucaloric UPF diet compared to the eucaloric Non-UPF diet. Second, when compared 
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to a eucaloric Non-UPF diet, a eucaloric UPF diet will increase EI at an ad libitum 
buffet meal and preference for UPF will be increased. Lastly, as an exploratory aim, it 

is hypothesized that UPF exposure will be associated with reductions in EF performance and 

lower sensitivity to delayed rewards compared to no-UPF exposure and that eating in the 

absence of hunger will increase with UPF exposure.

3. Study Overview, Diet Design, Recruitment, and Detailed Methods

3.1. Overview

Participants aged 18-25 that are sedentary/recreationally active will undergo two controlled 

feeding periods, of 14 days each, in a randomly assigned order: high UPF (81% kcals from 

UPF) and Non-UPF (0% kcals from UPF). Diets are eucaloric and matched in nutrients, 

only differing in their level of food processing as described by NOVA classification 24. A 

four-week washout period will take place between conditions. To assess the Primary Aim 

of reward processing, the BOLD to a UPF-rich “milkshake” will be recorded via functional 

magnetic resonance imaging (fMRI) before and after each feeding period. Measurements 

after each diet period include ad libitum buffet meal EI, food selection, and eating rate 

(Secondary Aim). Eating in the absence of hunger (EAH) will be evaluated following the ad 
libitum meal, and additional measurements include EF and delay discounting (Exploratory 

Aim). See Figure 1. This trial was registered at ClinicalTrials.gov (NCT05550818).

3.2 Controlled Diet Design, Cost, and Palatability Testing

Participants will be fed a eucaloric (i.e., weight maintenance) diet that is 50% carbohydrate, 

35% fat, 15% protein [10% animal/5% plant]) 25, and matched in fiber 26, added sugars, 

mono- and poly-unsaturated fats, saturated fat, sodium 26,27, glycemic index, and overall diet 

quality [HEI-2015]) 28. Prior to initiating recruitment, diets were designed to be consistent 

with the typical US diet 7. The 2-week high UPF diet contains 81% energy from UPF. The 

2-week Non-UPF diet contains 0% UPF 29. These UPF levels are similar to those used 

by Hall and colleagues 10. NOVA classifications were determined using food labels and 

ingredient lists, the Open Food Facts app, and NDSR output files.

Diets will be prepared in the Metabolic Kitchen at Virginia Tech by ServSafe®-certified 

research assistants, and will consist of a 7-day cycle of menus with 3 meals, a snack, and an 

optional 250 kcal snack “module”. Menus were developed for 4 levels: 1500, 2000, 2500, 

and 3000 kcal. A sample menu for the UPF and Non-UPF 2000 kcal level is provided in 

Table 1. The nutrient content and targets for 2000 kcal menus are presented in Table 2.

Menus (56 daily menus and 2 modules) were developed by a research dietitian to meet 

the daily energy, UPF content, and nutrient values expected using NDSR 2022 software 

(Nutrition Coordinating Center, University of Minnesota). Modules provide extra snacks 

matched to the content of the total diet if needed due to changes in activity level or if the 

participant’s estimated energy needs are between two kcal levels (e.g., 1750 kcal). Accepted 

variations were ±5 g of the daily target for macronutrients and ±1 g of the daily target 

for soluble fiber. A list of locally available foods was developed to match the NDSR food 

items within menus. Non-UPF recipes were identified to provide alternatives for commercial 
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baked goods (e.g., bread). A second dietitian reviewed the menus to verify achievement 

of targets. Meal and snack palatability were assessed using the adapted United States 

Department of Agriculture (USDA) Sensory Evaluation Form 30. Meals and snacks were 

rated on a 1-9 scale (1=Dislike Extremely; 9=Like Extremely). Overall menu acceptability 

ratings were in the Like Moderately (7)/Like Very Much (8) range, but slightly higher for the 

UPF menus (UPF: 7.6±1.0; Non-UPF: 6.8±1.5; P<0.05).

The UPF diet’s average daily cost (food + Labor at US$15/hour) was calculated to be $20.97 

($9.72 food cost + $11.25 labor cost). The Non-UPF diet’s average cost was calculated to be 

$40.23 ($10.23 food + $30 labor).

3.3 Controlled Diet Delivery

Participant’s estimated energy needs will be determined using the Mifflin St. Jeor Equation 
31 and an activity factor based upon their reported usual physical activity level 32. Weight 

will be monitored to ensure stability. Trends of weight changes ±1.5 kg over 2-3 days will 

be countered by the addition/subtraction of 250 kcal modules or a change in dietary energy 

level.

Participants will have breakfast supervised in our laboratory daily, except for Sundays 

when we will provide meals in advance on Saturday. The remaining food for the day will 

be provided in a portable cooler. Uneaten items will be returned the following morning. 

The total gram weight of food provided vs total grams consumed will be the indicator of 

compliance. To be included in data analysis, participants must be >95% adherent to the 

diet. In addition, participants are asked about any deviations from the diet on a daily basis 

(Monday-Saturday).

3.4 Ad Libitum Buffet Meal and Eating in the Absence of Hunger (EAH): Food Item 
Selection and Texture Assessment

3.4.1 Buffet Meal and EAH Food Selection—Food items for the Buffet Meal and the 

Eating in the Absence of Hunger (EAH) snack were chosen to offer participants comparable 

foods that differed in UPF content. For example, the EAH snack will contain two types of 

potato chips - one a UPF (Pringles) and one that is not a UPF (Cape Cod kettle chip). Each 

UPF and Non-UPF grouping has 5 items for the buffet meal (juice, cereal, dairy, fruit, grain) 

and 3 items for the EAH (chips, fruit, cookies) (Figure 2). UPF and Non-UPF items were 

comparable in macronutrients, energy density, and hyperpalatability 33. Beverages are not 

included in hyperpalatability criteria. Other than fruit items, all foods met hyperpalatability 

criteria. Details are provided in Supplemental Tables 1 and 2.

Buffet and snack items were tested for palatability and texture by 12-14 panelists to ensure 

that UPF and Non-UPF items were comparable. Palatability was assessed using the USDA 

Sensory Evaluation form 30. Acceptability and texture ratings are presented for all items 

in Table 3. The acceptability scale ranged 1-9 (1=“dislike extremely”, 9=“like extremely”). 

For cohesiveness, defined as the amount of deformation undergone by the sample when 

biting through it, the scale ranged 1-15 (1=not cohesive, e.g., corn muffin; 15=cohesive e.g., 

chewing gum) . For hardness, defined as the force required to bite through the sample, the 
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scale ranged 1-9 (1=low/soft, e.g., cream cheese, 9= hard, e.g., rock candy)35. To assess 

differences between UPF and Non-UPF in ratings, linear mixed effects models (lmerTest, 

R) were fit with acceptability, cohesiveness, and hardness as the outcome, type (UPF vs 

Non-UPF) as a fixed effect and participants as a random effect (all p>0.05; Figure 3).

3.4.2. Texturometer Food Texture Assessment—Food texture (e.g., hardness) 

impacts eating rate and energy intake 36. To account for this in the non-liquid foods selected 

for the ad libitum meal and EAH snacks, texture was objectively measured using a TA-XT 

Plus Texture Analyzer, with the following settings: Pre-test speed: 2.0 mm/sec, Test speed: 

5.0 mm/sec, Post-test speed: 5.0 mm/sec, Time between strokes: 5.0 sec, Target mode: stain 

or distance depending on product, Auto trigger force: 50.0 g, Tare mode: auto, Advanced 

options: on. The height of each food item was measured (mm) and was multiplied by 0.7 

to determine the height of a 70% compression. This value was used as the target distance 

in the texturometer settings. For foods whose height could not accurately be measured (e.g., 

yogurt), the strain target mode was utilized and set to a 70% strain. Settings were loaded into 

the texture program before starting. A Texture Profile Analysis (TPA) program with a known 

macro was utilized. The force and height of the texturometer were calibrated before testing 

each new item. A flat cylindrical 2.5-inch compression probe was used for all the foods.

For the two chips (Cape Cod Kettle Chips, Pringles), Welch’s Fruit Snacks, Del Monte 

peaches, and Nature’s Path Cornflakes, a single item was placed into a container to prevent 

slipping when compressed. The Lucky Charms cereal and marshmallow pieces were tested 

separately, and results were averaged. The Pop Tart was cut into four equal rectangular 

pieces. For the yogurt, a single scoop was placed into the container. Fresh fruits were 

cut into even slices and placed into the container. The homemade muffin was cut in half 

and placed onto the metal holding plate. Both cookies (Keebler and Homemade Sugar 

cookies) were placed one at a time directly onto the plate. All items were placed center 

on either the holding plate or in the container, and in similar orientation and direction to 

minimize differences. Each item’s texture evaluation was performed in replicates of varying 

frequencies (ranged 6-15) based on the degree of differences in results.

The average, standard deviation (SD), and coefficient of variation for the texture outcomes 

were calculated. Outliers were defined as negative numbers or more than 3 SD from the 

mean and were deleted from the data set. Certain products were not applicable to all 

the TPA results (e.g., chips did not have measurable chewiness). Hardness could not be 

recorded for cookies due to exceeding the 50kg load cell (the highest available). To assess 

differences between UPF and Non-UPF items in objective ratings, linear mixed effects 

models (lmerTest, R) were fit with hardness, cohesiveness, and chewiness as the outcome 

variable, type (UPF vs Non_UPF) as a fixed effect and run number as a random effect (all 

p>0.05; Figure 3).

3.5 Participant Recruitment and Screening Procedures

Recruitment strategies will include flyers, ads in university listservs, and social media. 

Interested individuals will complete an online prescreening survey to evaluate eligibility. 

Those who may meet eligibility criteria (Table 4) will be emailed the consent form and 
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study food list to verify the absence of food allergies. The first in-person screening visit 

will include informed consent, health history, menstrual cycle status, measurement of 

height, weight, BMI, 24-hour dietary recall, and assessment of dietary cognitive restraint 37, 

addictive-like eating behaviors scale 38, adverse life events checklist, and physical activity 
39 using RedCap software. Two additional 24-hour recalls will be completed via phone after 

the initial visit. The three-day averaged recalls will represent habitual baseline intake; recalls 

will include two weekdays and one weekend day. Recalls will be analyzed using NDSR 

2022. UPF intake will be determined manually by trained evaluators using NDSR output 

files and recall forms.

The second in-person screening visit will include a mock fMRI scan to verify the absence 

of claustrophobia in order to improve fMRI data quality and ensure participants are 

able to complete the fMRI measurement. The mock fMRI utilizes a simulation scanner 

and 64-channel head coil (Vera MRI Simulator, Psychology Software Tools, Pittsburgh, 

PA) that is identical to the real scanner except for the magnetic field. Participants will 

undergo a shortened version of the milkshake task to practice drinking liquids while supine. 

Participants will choose a tasteless, artificial saliva solution best suited for them to be 

utilized as a control against the milkshake, and this tasteless solution concentration will be 

confirmed at each subsequent fMRI scan.

3.6 Detailed Measurement Methods

3.6.1 Baseline measurements—Baseline measurements will include body weight, 

bioelectrical impedance analysis (BIA), waist/hip circumferences, computerized cognitive 

EF tasks, fMRI and a delay discounting task.

3.6.2 Body Mass and Composition—Participants will be weighed on a scale accurate 

to ±0.1 kg (Scale-Tronix Inc.; White Plains, New York). Circumferences will be measured 

based on World Health Organization instructions 40. Body composition will be assessed 

using BIA (InBody 770 scan).

3.6.3 Cognitive Tasks—Executive function will be evaluated before and after each diet 

period using computerized tasks (E-prime 3.0, Psychology Software Tools, Pittsburgh, PA). 

The Go-NoGo task evaluates inhibitory control 41,42. A modified version of the Flanker task 
43 will be used to assess participants’ selective attention and interference control 44. The 

Corsi Block-Tapping Backward Task will be used to measure visuospatial working memory 
45,46.

3.6.4 fMRI Scan—BOLD response to a UPF-rich milkshake will be acquired via fMRI 

before and after each diet period. To avoid habituation, participants will choose two flavors 

of milkshake from chocolate, strawberry, and caramel. An artificial saliva or “tasteless” 

solution will be used as a control condition instead of water, as water has a flavor and 

activates gustatory cortex 47. Milkshakes and tasteless solutions will be delivered through 

a custom manifold, gustometer, fitted to the head coil and connected to a pump system 

that allows precisely timed and measured delivery of liquids 48. Two 11-minute scans will 

be performed. Each milkshake or tasteless presentation will be preceded by a 2 second 
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visual cue (blue or red; counterbalanced across participants) projected on a screen behind 

the bore and viewed through a mirror 49. Following a jittered interstimulus interval (ISI), 

3mls of milkshakes or tasteless solution will be delivered over 4 seconds. A variable jittered 

ISI of 5-12 seconds will follow stimulus delivery, allowing time to swallow. A total of 18 

each milkshake and tasteless cue and deliveries will occur over two runs. Following each 

milkshake presentation, a water rinse will occur over 4 seconds to clear remaining solution 

from the mouth. PsychoPy 50 will be used to control all visual cues and pump triggers. 

Following the session, participants will perform an additional set of ratings of all solutions 

using PsychoPy.

For this study, a Magnetom Prisma whole-body 3T Prisma scanner with a 64-channel 

head coil (Siemens AG, Medical Solutions, Erlangen, Germany) will be used. The two 

echo planar image (EPI) runs (TR: 1500.0 ms, TE: 34.00 ms, field of view:192 mm, flip 

angle: 70 deg, voxel size: 2.0×2.0×2.0 mm3, 72 axial slices, ascending interleaved in-plane 

acquisition, anterior to posterior phase encoding directions and a multiband acceleration 

factor of 4) were collected. Two images with identical parameters but opposite phase 

encoding (posterior to anterior) will be collected to estimate and correct the susceptibility-

induced distortion. Structural images will be collected using a T1-weighted sequence (TR: 

2300 ms, TE: 2.32 ms, field of view: 240 mm, flip angle: 8 deg, 0.9×0.9×0.9 mm3, and 192 

sagittal slices). The parameters used here are very similar to those used in Oren et al 51. We 

use a slightly longer TR and a multiband acceleration factor of 4. No acceleration other than 

multiband is used.

3.6.5 Delay Discounting—To examine the role that UPF plays on cognition and 

impulsivity, delay discounting will be measured to capture discount rate. This will be done 

with a short task that asks participants about their preference for different amounts of money 

over different amounts of time 52.

3.6.6 Two-Week Controlled Feeding Period—For 12 days participants will come 

into the dining lab each morning in a fasting state, be weighed, eat breakfast, and be 

provided with a cooler containing food for the rest of the day. They will be asked about side 

effects and diet adherence. On day 13, participants will repeat the computerized EF tests, 

BIA, and circumference measures. On day 14, participants will complete an fMRI session.

3.6.7 Accelerometry—Participants will wear an accelerometer (wGT3X-BT, Actigraph, 

Inc.) on their wrist for 4 days (1 weekend day and 3 weekdays) 53. Physical Activity (PA) 

measurements will be made during each controlled feeding period to ensure consistency in 

PA during the two feeding periods.

3.6.8 Buffet Meal and Eating in the Absence of Hunger—Following the 

controlled feeding period (day 15), participants will come to the laboratory fasting an ad 
libitum buffet meal. Visual Analog Scales (VAS) 54 will be completed before and 30 minutes 

after the meal to assess sensations of fullness and hunger. Time spent eating (meal start/stop 

time), kcal and grams of food consumed will be recorded to calculate the meal eating rate 

(g/min, kcal/min). Food selection will also be recorded (UPF, Non-UPF).
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Eating in the absence of hunger will be assessed immediately after the meal. Participants 

will take one bite of each item and rate it’s palatability and familiarity using the Labeled 

Hedonic Scale (LHS) 55. They will be left to consume the remaining snacks if they wish to 

do so or relax for 15 minutes. Snack selection and consumption will be covertly recorded. 

Following this test, participants will be given a take-home bag with the same snacks and a 

link to the LHS page in RedCap to assess EAH outside the laboratory. The amount and type 

of snacks consumed will be evaluated.

3.6.9 Washout Period Measures—Participants will undergo a 4-week washout where 

they will be asked to consume their habitual diet. In the last week of the washout, baseline 

measurements will be repeated.

3.7.0 Second Controlled Feeding Period Measures—Participants will complete 

the second feeding period, and repeat all baseline and post-tests as previously described.

4. Data analysis

4.1. Power analysis

Prior to study implementation, effect sizes were extracted from the effects of sugar-

sweetened beverage (SSB) consumption intervention on caudate and ventromedial prefrontal 

cortex (cohen’s d= 1.036 and 0.980, respectively) response to SSB delivery 56. This 

intervention and task design of that study is similar to one proposed here. The average 

cohen’s d of 1.008 was computed and power analysis was conducted using the pwr toolbox 

in R. For a two-sided paired t-test with an alpha of 0.001 and power of 90% to account for 

whole brain corrections, a sample size of 26 is needed.

Data from Hall et al., 2019 were downloaded from the Open Science Framework. The effect 

size for breakfast was calculated using the effsize package in R as 0.825. It was estimated 

that for a two-sided paired t-test with an alpha of 0.05 and 80% power, 13 individuals are 

needed to detect this difference.

The enrollment goal of 32 participants will account for 20% attrition to retain the 26 needed 

to detect differences in outcomes with sufficient power from the primary and secondary 

aims.

4.2. Statistical analysis

Imaging data will be preprocessed (motion correction, distortion correction, registration, 

slice timing correction) using fMRIprep 57. Data will be preprocessed within 24 hours of 

data collection. fMRIprep output, motion parameters, and carpet plots will be inspected. 

Participants with movement greater than 2mm in a single direction will be asked to repeat 

the scan. If a scan cannot be rescheduled only runs with movement less than 2mm will be 

included. The resulting images will be smoothed using a 6mm full width half maximum 

gaussian kernel in SPM12 (Wellcome Trust Center for Neuroimaging, London, UK). All 

subsequent analyses will be performed in SPM12.
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On the first level a box-car model for each stimulus type, milkshake cue, tasteless cue, 

milkshake receipt, and tasteless receipt will be created. Framewise displacement, standard 

motion parameters, and cerebrospinal fluid signal fluctuation will be entered as regressors 

of no interest in this first level model. This allows for the creation of contrasts of interest: 

milkshake cue > tasteless cue, milkshake receipt > tasteless receipt, and their inverses.

These first level analyses will be brought up to the group level using a flexible factorial 

design with time (4 time points), intervention (UPF vs Non-UPF), and participant as factors. 

Age, sex, and BMI will be entered as regressors as well as treatment order. A family wise 

error (FWE) rate of p<0.05 will be calculated across all voxels of the brain to determine 

whole brain corrected effects. Next, a single anatomical mask of a priori regions of interest 

(ROIs; dorsal and ventral striatum and ventromedial prefrontal cortex) will be applied using 

a small volume correction (FWE p<0.05). These ROIs were chosen from two previous 

publications demonstrating blunted response to SSB after exposure and blunted response to 

milkshake after ice cream exposure 56,58. Finally, a whole brain analysis will be conducted 

with FWE of p<0.05. The hypothesis that brain response to the UPF milkshake will be 

related to EI by entering EI from the breakfast buffet meal (kcals) will be tested as a 

regressor at the group level. Results from both analyses, ROI and whole brain, will be 

reported, as well as the group level results from all contrasts and F-tests.

A paired t-test will be used to assess the primary outcome of EI during the buffet breakfast 

meal. Percent EI from each type of food (UPF or Non-UPF) will be calculated from total 

EI. A 2-way ANOVA with intervention and type will be used to assess the effect of the 

intervention on food choice.

Previous literature has used a paired sample t-test to test the outcome of change in EI, which 

will also be done here. As an exploratory analysis we propose to specify a mixed-effects 

ANOVA, a class of mixed models. Energy intake will be regressed on dummy-coded 

UPF and Non-UPF conditions as the reference category, and fixed effects for relevant 

biological variables (e.g., age, sex) and experimental variables such as diet order. The 

unique distribution of means each individual provides the random component for the mixed 

ANOVA model. To reliably estimate SD, all individuals are estimated to have the same 

SD for their own data; as such, within and between-person SD will be modeled as fixed 

effects. Maximum likelihood estimation will be used to obtain estimates of the model 

parameters, with likelihood ratio tests (LRT) used to test the significance of effects against 

a null distribution assuming no effect. If the data is not normally distributed, a generalized 

linear mixed model methodology will be applied with the appropriate distribution and link 

functions specified.

For the Exploratory Aim, a 2-way repeated measures ANOVA will evaluate the effects of 

UPF or Non-UPF on EF processes as part of a composite variable. Given that this aim 

is exploratory, we will also utilize three separate 2-way repeated measures ANOVAs to 

examine intervention effects on EF measures individually to inform an understanding of 

which cognitive processes might be associated with UPF consumption. Additional analyses 

may be used to examine the influence of individual difference variables on cognitive 
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outcomes, as well as whether changes in EF throughout the intervention are associated 

with fMRI outcomes.

Following trial completion and the publication of study results, de-identified data will 

be posted to Virginia Tech’s data repository, VTechData, for sharing. Deidentified 

neuroimaging data will be made available on the OpenNeuro platform.

5. Discussion and Future Directions

Food attributes beyond macronutrients and energy density, such as food matrix and degree 

of commercial processing, impact EI and health. Using NOVA, research has associated UPF 

consumption with numerous adverse effects including, obesity 59–61 and increased CVD 

risk 59,62,63. Despite a growing body of evidence linking UPF to negative health outcomes, 

the Dietary Guidelines for American do not currently address UPF intake due to a lack of 

experimental research.

In 1947, Adolph fed rats diets that were isocaloric, but varied in volume and energy 

density, and found rodents accurately adjusted the volume of food consumed to maintain 

a constant EI 64. The same is not observed to those exposed to diets composed of high-

UPF ingredients, which cause weight gain compared to controls 12,65–67. Thus, UPFs may 

override brain systems that govern intake regulation and drive intake above physiological 

needs.

Researchers speculate that these foods can drive addictive-like behaviors 68. The second 

possible driver of overconsumption is that UPFs contain combinations of macronutrients not 

seen in our evolutionary past. Fat and carbohydrate signal their nutrient value to the brain 

through separable peripheral pathways that converge on a single neural signal – dopamine 

in the striatum 69. It is possible UPFs exploit this signal convergence, leading to their over-

valuation. UPFs can exploit the gut-brain axis in other ways potentially degrading its ability 

to properly signal nutrient availability. To increase palatability, non-nutritive sweeteners 

(UPFs) are often added to foods that already contain nutritive sugars and starches. Exposure 

to this “mismatch” of information from the oral cavity and later available calories in 

the gut impairs insulin sensitivity and decreases brain response to sweet tastes 70. Thus, 

UPF may exploit the gut-brain axis to change brain response to food. However, studies 

were not designed to test the consequences of UPF exposure and did not control for the 

level of processing 69 or only tested one UPF component in isolation 70. This research 

could contribute to an emerging neurobiological understanding of the adverse effects of 

UPF consumption including energy overconsumption, weight gain, and obesity risk among 

individuals at a critical developmental stage.

5.1. Potential challenges

Recruitment and retention may be challenges, but will be achievable due to our previous 

experience. Dietary adherence will be managed by supervising breakfast and reinforcing the 

importance of consuming study foods. Comfort in the fMRI environment and swallowing 

prone can affect head movement and data quality. We will include a “mock” scanning 

session to mitigate these effects 49.
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6. Conclusions and Future Directions

If our hypotheses are supported, we will have preliminary data for a larger trial to investigate 

the influence of UPF on gut/brain signaling, dose/response effects, the influence of UPF 

intake on EI at various levels of energy density, and mechanistic studies to dissect brain 

reward-UPF relationships. At this time, it is unclear what mechanisms could link UPF to 

increased EI, weight gain, and other health outcomes 71. These findings may contribute to 

an emerging evidence base on the health effects of UPF and potentially inform future dietary 

guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study Design
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Figure 2: 
Ad Libitum Breakfast Buffet Meal and Eating in the Absence of Hunger Snack Trays.

(a) Buffet meal tray (Nature’s Path Corn Flakes and Lucky Charms, banana and Del Monte 

canned peaches in syrup, Homemade banana muffin and Pop Tart, 100% orange juice 

and Sunny Delight orange juice drink, milk and Kroger whole milk yogurt with vanilla 

flavoring)

(b) Eating in the absence of hunger snack tray (Cape Cod chips and Pringles, homemade 

sugar cookie and Keebler sugar cookie, apple and Welch’s fruit snacks)
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Figure 3. 
Objective (A) and Subjective (B) Hardness Ratings for UPF and Non-UPF Buffet and EAH 

Snack Foods
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Table 1:

Sample Daily Menu for the 2000 kcal UPF and Non-UPF Diets

UPF (81% UPF) Non-UPF (0% UPF)

Breakfast Scrambled eggs with Kraft American Cheese
Wonder bread, toasted, with Smucker’s grape jelly

Scrambled eggs with Kroger Natural Cheddar Cheese
Homemade bread with Land O Lakes butter
Whole milk

Lunch Kroger Deli Black Forest Ham and Kraft American 
cheese sandwich with spinach and olive oil
Apple with Kroger peanut butter
Tropicana Orange juice

Chicken breast and Kroger Natural Cheddar cheese sandwich with 
spinach
Tropicana Orange juice

Dinner Stouffers Chicken Fettuccini Alfredo Chicken breast stir fry with vegetables:
Kikkoman Soy sauce, green peas, onion, spinach, brown rice, olive 
oil

Snack Chips Ahoy Cookies
Minute Maid Lemonade
Simple Truth Coconut Water

Banana, fresh
Quaker Rice cakes with Kroger Natural Peanut Butter
Raspberries, fresh
Minute Maid Lemonade

Optional 
Module

Ritz Crackers with Kraft American Cheese and Hormel 
Natural Choice deli Roasted Turkey
Skittles
Raspberries, fresh

Good Thins Rice Crackers with Kroger Natural Cheddar Cheese 
and Applegate Natural Black Forest uncured Ham
Cantaloupe, fresh
Panda Natural Raspberry Licorice

UPF: Ultra-processed Food
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Table 2:

Planned Nutrient Targets and Actual Nutrient Content of a Sample 2000 kcal UPF and Non-UPF Menu

2000 kcal Diet 
Planned 
Nutrient 
Targets

2000 kcal 
UPF Diet 

Menu (81%)

Absolute 
Difference, Target 
vs. Actual Values, 

UPF menu

2000 kcal 
Non-UPF 
Diet Menu 

(0%)

Absolute 
Difference, Target 
vs. Actual Values, 
Non-UPF menu

Energy (kcal) 2000 1982 18 1984 16

Total Fat (g) 78 78 0 78 0

Total Carbohydrate (g) 250 254 4 251 1

Total Protein (g) 75 73 2 76 1

Animal Protein (g) 50 49 1 50 0

Vegetable Protein (g) 25 25 0 26 1

Total Saturated Fatty Acids (SFA) (g) 27 27 0 30 3

Total Monounsaturated Fatty Acids 
(MUFA) (g)

31 29 2 32 1

Total Polyunsaturated Fatty Acids 
(PUFA) (g)

11 15 4 10 1

Total Dietary Fiber (g) 16 14 2 13 3

Soluble Dietary Fiber (g) 4 5 1 4 0

Added Sugars (g) 70 72 2 70 0

Sodium (mg) 3400 3400 0 3400 0

Potassium (mg) 2400 2306 94 2237 163

% Calories from Fat 33 35 2 35 0

% Calories from Carbohydrate 50 50 0 50 0

% Calories from Protein 16 15 1 16 0

% Calories from SFA 12 12 0 13 1

% Calories from MUFA 13 13 0 14 1

% Calories from PUFA 8 7 1 4 4

Glycemic Index (glucose reference) 56 63 7 60 4

Healthy Eating Index - 2015 58 56 2 59 1

UPF, % energy 81 0

UPF: Ultra-processed Food
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Table 3.

Subjective Snack and Buffet Meal Food Palatability and Texture Ratings

Food Group Item Overall Acceptability Cohesiveness Hardness

UPF Snack food items (EAH) 6.9 6.3 5.5

Non-UPF Snack items (EAH) 7.5 4.4 5.4

UPF Buffet items 6.9 4.8 3.3

Non-UPF Buffet items 6.8 4.0 4.0

UPF: Ultra-processed food; EAH: Eating in the absence of hunger.
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Table 4:

Inclusion and Exclusion criteria for the Influence of Ultra-processed Foods on Reward Processing and Energy 

Intake study

Inclusion Criteria

• Age 18-25 years.

• Weight stable (±5 pounds) for the previous 6 months.

• No plans to gain/lose weight or change the physical activity level.

• Willing to pick up food daily and consume food provided for two 14-day periods.

• Willing to consume all study foods.

• Verbal and written informed consent.

• Unrestrained eater (Three Factor Eating Questionnaire - cognitive restraint score <11).

• No reported history of eating disorders.

• Sedentary to recreationally active.

Exclusion Criteria

• BMI >30 kg/m2.

• Diagnosis of endocrine disorders or other major chronic diseases (e.g., type 2 diabetes, hypothyroidism, hypertension). Individuals on a stable 
dose of thyroid medication (>6 months) are eligible to participate.

• Pregnant or plan to become pregnant.

• Food allergies or aversions.

• Contraindications to Magnetic Resonance Imaging (MRI): history of head injury with loss of consciousness for more than 10 minutes, 
claustrophobia, or individuals with pacemakers, aneurysm clips, neurostimulators, cochlear implants, metal in eyes, steel worker, or other 
implants.

UPF: Ultra-processed Food; BMI: Body Mass Index
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