
Neuroimaging Studies of Factors Related to Exercise: Rationale
and design of a 9 month trial

Stephen D. Herrmanna, Laura E. Martinb,c, Florence J. Breslind, Jeffery J. Honasa, Erik A.
Willisa, Rebecca J. Leppingc, Cheryl A. Gibsona, Christie A. Befortb, Kate Lambournea,
Jeffrey M. Burnse, Bryan K. Smithf, Debra K. Sullivang, Richard A. Washburna, Hung-Wen
Yehh, Joseph E. Donnellya, and Cary R. Savaged

aDepartment of Internal Medicine, University of Kansas Medical Center
bDepartment of Preventive Medicine & Public Health, University of Kansas Medical Center
cHolgund Brain Imaging Center, University of Kansas Medical Center
dCenter for Health Behavior Neuroscience, University of Kansas Medical Center
eDepartment of Neurology, University of Kansas Medical Center
fDepartment of Kinesiology and Health Education, Southern Illinois University Edwardsville
gDepartment of Dietetics and Nutrition, University of Kansas Medical Center
hDepartment of Biostatistics, University of Kansas Medical Center

Abstract
The prevalence of obesity is high resulting from chronic imbalances between energy intake and
expenditure. On the expenditure side, regular exercise is associated with health benefits, including
enhanced brain function. The benefits of exercise are not immediate and require persistence to be
realized. Brain regions associated with health-related decisions, such as whether or not to exercise
or controlling the impulse to engage in immediately rewarding activities (e.g., sedentary
behavior), include reward processing and cognitive control regions. A 9 month aerobic exercise
study will be conducted in 180 sedentary adults (n = 90 healthy weight [BMI= 18.5 to 26.0 kg/
m2]; n = 90 obese [BMI=29.0 to 41.0 kg/m2) to examine the brain processes underlying reward
processing and impulse control that may affect adherence in a new exercise regimen. The primary
aim is to use functional magnetic resonance imaging (fMRI) to examine reward processing and
impulse control among participants that adhere (exercise >80% of sessions) and those that do not
adhere to a nine-month exercise intervention with secondary analyses comparing sedentary obese
and sedentary healthy weight participants. Our results will provide valuable information
characterizing brain activation underlying reward processing and impulse control in sedentary
obese and healthy weight individuals. In addition, our results may identify brain activation
predictors of adherence and success in the exercise program along with measuring the effects of
exercise and improved fitness on brain activation.
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Introduction
Exercise is recommended for weight management by virtually all public health
organizations [1–4]. Adherence to an exercise routine is one of the strongest differentiators
between those who are able to maintain previously lost weight and those who regain weight
[5–10]. However, approximately 50% of adults who initiate an exercise program drop out
during the first 6 to 12 months; a figure which has remained constant since publication of
the first studies on exercise adherence over 25 years ago [11–14].

Impulsivity appears to play a role in health-related behaviors (e.g., exercise) such that
individuals who prefer immediately available small rewards over delayed larger rewards
have difficulty making health promoting decisions that may be most beneficial in the future
[15–18]. Obesity has been associated with increased levels of impulsivity, which is believed
to influence unhealthy eating behavior due to the inherently reinforcing properties of food
[19–21]. Obesity has also been associated with increased impulsivity and reward sensitivity
[22], and measures of impulsivity have been shown to predict eating volume following
fasting in obese participants [19, 23]. In addition to eating behavior, evidence suggests that
impulsivity plays a role in exercise adherence [24, 25].

Impulsivity likely influences daily decision-making, impacting exercise behavior because
sedentary activities are more immediately reinforcing than physical activities, especially
among the obese [26, 27]. The greater reinforcing value of sedentary activities compared to
exercise may be particularly true among obese individuals because they are more likely to
experience physical exertion as unpleasant. Although acute exercise typically improves
affect (short-term feeling states including aspects of hedonic tone, e.g. pleasure vs.
displeasure, and level of energy) an individual must be willing to endure exertion and
potential negative affect during the exercise bout before these benefits are felt. Affect during
exercise worsens with increasing intensity, and most sedentary obese individuals are
inaccurate in regulating exercise intensity [28]. For example, obese women have been
shown to reach relative exercise intensities much higher than expected [29] and are thus
more likely to experience heightened feelings of displeasure during exercise compared to
normal weight sedentary women [30]. In addition, obese sedentary adults often have more
negative cognitions about exercise (e.g., lower self-efficacy; [31]), which are known to
moderate the exercise-affect relationship and heighten feelings of displeasure [32, 33].

Little is known regarding underlying neural mechanisms associated with exercise adherence
and the relationship between the neural systems of reward and exercise adherence.
Furthermore, the degree to which the ability to delay gratification is reversible in obesity is
also not known. We hypothesize that brain processes, underlying reward processing, and
impulse control contribute to obesity and to adherence in a new exercise regimen. We
propose to scan sedentary obese and sedentary healthy weight (HW) participants with two
Functional Magnetic Resonance Imaging (fMRI) tasks before and after a nine-month
exercise intervention. The first fMRI task will focus on brain responses that will provide
insight about the relationship between general processing of reward/punishment stimuli and
exercise adherence. In this Reward Prediction paradigm, participants are scanned as they
anticipate and receive predicted and unpredicted monetary rewards and punishments. The
second task will focus on brain responses during impulsive decision-making (i.e., delay
discounting) that will provide insight about the relationship between immediate compared to
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long-term decision-making (i.e., choosing a smaller monetary reward immediately versus a
larger monetary reward later) and exercise adherence. Together, these tasks will characterize
brain activation underlying reward processing and impulse control in individuals that adhere
to exercise verses those that do not, examine differences between obese and HW individuals,
identify brain activation predictors of adherence and success in the exercise program and
evaluate the effects of exercise and improved fitness on brain activation. Findings from this
study will have significant implications for understanding brain processing mechanisms
contributing to exercise adherence, and may ultimately lead to more effective interventions.

Methods
Study Overview

We will conduct a 9 month exercise trial with fMRI scans completed at baseline and after 9
months of exercise. We will study a sample of (n = 180) healthy, HW (BMI = 18.5 to 26.0
kg/m2) and obese (BMI = 29.0 to 41.0 kg/m2), sedentary, adult men and women (age 18–50
years). Exercise will consist of a progressive exercise prescription program that will increase
in intensity and duration with a target of moderate intensity walking or jogging (75%
maximal heart rate), 50 minutes/session, 5 days/week. Participants will be encouraged to
attend a 2–3 exercise sessions/week in one of three private exercise rooms at different
locations (on campus and off campus) with the remaining 2–3 unsupervised exercise
sessions verified through downloadable heart rate monitors. Participants will be encouraged
to maintain an ad libitum diet. The following variables will be assessed: height, weight,
body composition (dual energy x-ray absorptiometry [DEXA], waist circumference), fitness
(sub-maximal treadmill test), dietary intake (3-day food record). Reward prediction and
delay discounting will be assessed using fMRI paradigms described below. The goal of our
project is to identify brain function predictors of successful exercise adherence, identify
differences between normal weight and obese adults, and monitor changes in brain function
as a result of exercise training (Figure 1).

Design Justification
All participants will be asked to follow a progressive exercise prescription of moderate
intensity walking or jogging (75% maximal heart rate) for 50 min/session on 5 days/wk for 9
months. An exercise prescription of 250 minutes/week of moderate intensity exercise was
selected based on the 2009 American College of Sports Medicine (ACSM) recommendation
for exercise for weight loss and prevention of weight regain in adults. ACSM suggests that
200–300 min/wk of moderate intensity activity (3–6 METs) may provide long term weight
loss [4]. In addition, findings from our recently completed exercise trial where the energy
expenditure of exercise was assessed monthly by indirect calorimetry and adjusted to
maintain adherence with the exercise prescription, supports these duration and intensity
guidelines for weight loss [34]. In this study, overweight participants (BMI >25 to < 40 kg/
m2) randomized to 400 kcal/session of moderate intensity (70% to 80% maximal heart rate)
laboratory supervised exercise, 5 days/wk for 10 months expended an average of 402 ± 6
kcal/session over 31 ± 6 (males) to 48 ± 7 (females) min/session and achieved ~4.3% weight
loss from baseline [34]. Furthermore, in our completed 16 month exercise trial we observed
no significant changes in cardiovascular fitness or body weight after 9 months of exercise
[35]. Therefore we are confident that the 9 month exercise prescription of 250 min/wk at
75% maximal heart rate will be sufficient to produce weight loss in our obese participants.

Participants
Inclusion—Individuals are eligible if they meet the following criteria. Adults aged 18 to 50
years, an age group which may be likely to consider exercise as a mode of weight
management. The age range is set at 18–50 to minimize variability due to development (less
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than age 18) or effects of aging (greater than age 50). We will recruit an equal number of
healthy weight (BMI = 18.5 to 26.0 kg/m2) and obese (BMI = 29.0 to 41.0 kg/m2) men and
women, who declare they do not plan to move out of the Greater Kansas City area for at
least 1 year, and are willing to exercise. Prior to participation individuals will be required to
provide written approval from a licensed physician that they are healthy enough to
participate in a program of moderate physical activity. All participants must be sedentary
except for casual recreation such as softball, bowling, etc. This will be determined by Dr.
Washburn as less than 500 kcal per week of planned activity as estimated by the Minnesota
Leisure Time Physical Activity Questionnaire [36].

We chose not to study individuals with a BMI > 41 kg/m2 as they are less likely to meet
inclusion criteria due to comorbid risks (e.g., heart disease, etc.) and may encounter
difficulties with physical activity. Furthermore, there are size limitations for the fMRI
scanner and in our experience, individuals with BMI > 41 kg/m2 are difficult to fit deeply
enough into the scanner.

Exclusion—Individuals will be ineligible if they report any of the following or at the
discretion of the principal investigator: Color-blindness, left-handedness, any diagnosed
neurological disorder or conditions that preclude MRI scanning (e.g., metal in body).
Participation in a research project involving weight loss or exercise in the previous 6
months, as these proximal experiences may impact the results of this study. Subjects who
smoke, use medications that affect metabolism (i.e., thyroid, beta blockers), use medications
that affect appetite, exhibit symptoms of alcohol abuse/dependence (binge drinkers [males ≥
5 drinks and females ≥ 4 drinks on one occasion in the past 30 days]: Health Risk Behaviors
of Kansans, 2002 [37], or cannot exercise. Participants will be excluded by study personnel
following interview if they exhibit eating disorders (i.e., score >20 on the Eating Attitudes
Test [38], binge eating (i.e., score > 27 on the Binge Eating Scale—BES)[39], depression
(i.e., score >16 on the Center for Epidemiological Studies Depression Scale) [40] or drug
addiction (medical history). Participants will be excluded if they have any metabolic disease
that would affect energy balance (e.g. diabetes mellitus or hypothyroidism). Individuals are
excluded if they report being pregnant during the previous 6 months, are lactating, or plan
pregnancy within 12 months. Individuals who are not weight stable (± 4.5 kg) within the
previous year. Participants with serious medical risks such as type 1-diabetes, cancer, recent
cardiac event (e.g., heart attack, angioplasty, etc.) will be excluded. Participants will be
excluded if high blood pressure is reported during screening or measured at baseline. If a
participant experiences claustrophobia in the fMRI, the testing session will end and the
participant will be ineligible. Participants will be excluded if their general IQ, as measured
at the baseline MRI appointment via the WASI matrix reasoning and vocabulary sub-tests
[41] is less than 80. Individuals will be excluded if they report radiation exposure from CT,
PET, fluoroscopic or nuclear medicine studies within the previous year, or other radiation
exposure at the discretion of the principal investigator.

Recruitment
We will recruit 180 individuals across 5 years. Our center currently recruits for all of our
projects using newspaper/online advertising, email list serves, public service messages,
media contacts, and word of mouth. All forms of advertising will have a dedicated study
phone, email address, and our Research Center web site. There are 2.3 million individuals in
the Greater Kansas City Region, 62% are between the ages of 18–65, and minorities
comprise 20% of the population (US Census Bureau). We will include minorities to total at
least 20% of the participants for this study. We have chosen 180 participants to allow for
post enrollment attrition. We have proposed the 25% attrition level, to account for
individuals who are not present for the final fMRI scanning session, for reasons not
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specifically related to exercise adherence (e.g., moving out of town, becoming pregnant, jury
duty, etc.). We believe this is a reasonable, conservative estimate, which will ensure
adequate statistical power. Participants who drop out of the program for adherence-related
reasons as determined by interview, and who have completed less than 80% of sessions, will
be assigned to the “non-adherer” group and every attempt will be made to get them to return
for the Post-Exercise fMRI scanning session.

Participant Matching—Participant enrollment will be monitored to ensure participants in
the HW and Obese groups are matched (p > 0.05) for age, gender, education level, race/
ethnicity.

Exercise program overview
Participants will be initially sedentary, therefore both intensity and duration of exercise will
be progressed to reach the goal of 50 min/day of moderate intensity walking or jogging
(75% maximal heart rate) by the end of month 3 and maintain this for the remainder of the 9
month study (Table 1. Exercise Progression). Exercise may be intermittent with minimum
bout duration of 10 minutes. Walking/jogging activity is proposed as the primary activity
mode to standardize the mode of exercise. Alternate activities of biking, swimming, or
elliptical trainer, etc. may be substituted for a maximum of 20% of the total exercise
sessions (1 out of 5 days). Participants will be encouraged to perform up to 60% (3 days)
with a minimum of 40% (2 days) of exercise sessions under supervision by study staff in a
private exercise facility. The participants’ exercise heart rate range (± 4 beats/minute) will
be calculated from their age predicted maximum heart rate.

Exercise education sessions—To help prevent injuries and to assist participants with
the transition from sedentary behavior to regular exercise, participants will be required to
attend 4 one-on-one educational sessions, once each week during the first 4 weeks of the
exercise program held in conjunction with their supervised exercise session. These lessons,
conducted by our research staff will provide information on reducing barriers to exercise,
proper warm-up, stretching, clothing/footwear and exercising during heat/cold. We have
successfully employed this strategy for over 25 years in sedentary overweight individuals
participating in our on-going weight control research program.

Exercise Adherence
Adherence will be defined as completing ≥ 80% of the target 250 min/wk at the target
intensity as verified by downloadable heart rate monitor to be worn during each exercise
session (RS 400; Polar Electro Inc, Woodbury, NY). Individuals will be considered
compliant if the average heart rate is ± 4 beats/minute and duration is ± 5 minutes of the
target. Participants will be advised not to exceed the targets for both exercise duration and
intensity. Heart rate monitors will be programmed to collect heart rate averaged over 1-
minute intervals. Prior to performing weekly supervised exercise sessions the research
assistant will download all past exercise data stored on the monitor using the Polar Precision
Performance Software. The Polar RS 400 has the ability to store up to 99 hours of heart rate
data collected at 1-min intervals. Since participants are encouraged to perform 2 supervised
exercise sessions/week, we do not anticipate storing more than 10 sessions (about 9 hours)
on the monitor prior to a download. A 25% allowance for attrition is built into our estimates
of retention in order to account for participants who might not be available for the Post-
Exercise Scan for reasons not directly tied to adherence (e.g., moving, injury, major change
in employment, unexplained loss to follow-up). Reasons for non-adherence/attrition will be
assessed based on semi-structured interviews, conducted by study personnel trained in
behavioral psychology. The research team will develop specific questions to explore
adherence issues, such as lack of motivation, self-efficacy for exercise, enjoyment of
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exercise, outcome expectations, etc. All interviews will be tape recorded and transcribed
verbatim. Two independent investigators will read the transcripts and code reasons of non-
adherence. A third investigator will cross-check codes and the team will meet to discuss
discrepancies as recommended by Strauss and Corbin (1998) [42]. Disagreements regarding
coding of the reasons for non-adherence will be resolved through discussion until the group
has achieved mutual consensus. The ATLAS.ti5.0 (Scientific Software Development) will
be used to assist in coding, storage, and retrieval of data. Participants who drop out of the
program for adherence-related reasons and who have completed less than 80% of sessions,
will be assigned to the “non-adherer” group and every attempt will be made to get them to
return for the Post-Exercise scanning session.

fMRI Paradigm Overview
Functional Neuroimaging Studies of Reward Processing and Impulse Control
—There is mounting evidence from behavioral studies that reward processing and impulse
control play some role in overeating and sedentary behavioral choices, yet little is known
regarding brain systems underlying these processes in obesity. Functional neuroimaging
techniques, such as functional magnetic resonance imaging (fMRI), provide non-invasive
measures of brain function. Recent functional neuroimaging studies examining brain
activation during reward processing and impulse control in healthy adult populations support
central roles for components of the limbic system, particularly ventral striatum (nucleus
accumbens), amygdala, and the hippocampal formation. In addition, cortical regions in the
frontal lobe connected to the limbic system, referred to as paralimbic cortex, have also been
implicated. For example, the orbitofrontal cortex (OFC), medial prefrontal cortex (MPFC),
and anterior cingulate cortex (ACC) have been implicated in various aspects of the
processing of reward and making decisions based upon the rewarding aspects of stimuli.

Reward processing involves the evaluation of whether a stimulus, action, or decision is
associated with a positive or negative outcome. Striatal regions show greater fMRI
activation to the occurrence of good outcomes, such as winning money, compared to bad
outcomes, such as losing money [43]. The striatum also shows sustained activation to
rewards and a sharp decrease in activation to punishments [44, 45], indicating its role in
appetitive motivation. The ventral striatum responds to the presence of a reward regardless
of its magnitude indicating a role in categorical distinctions between good and bad options.
Predictability of rewards plays a role in increased activation of the ventral striatum and OFC
in humans especially when unpredicted rewards are delivered [46]. These increases in
activity have been attributed to the projection of dopamine from the ventral tegmental area
(VTA) to the activated reward processing regions in ventral striatum and ventral PFC. Abler
et al. (2006) used fMRI to study reward sensitivity using a reward prediction paradigm in
which participants were scanned while monetary rewards and punishments were predicted
and then received [47]. fMRI signal in the nucleus accumbens increased linearly with
probability of reward in the expectation phase and error during the delivery phase. Activity
in this reward processing region was also positively correlated with participant self-report
measures of sensation and novelty seeking.

Impulsive decision making can be described as a preference for immediate smaller rewards
over delayed larger rewards, in which reward value is discounted when there is a delay in
receiving the reward [48]. The delay discounting paradigm is a widely used index of
impulsivity in which people choose immediate vs. delayed rewards. McClure et al. (2004)
used fMRI to evaluate neural systems underlying delay discounting [49]. They found that
limbic and paralimbic reward processing regions were activated by decisions involving
immediate reward, while lateral prefrontal cortex was activated when choices involved a
delayed reward. Thus, more impulsive decisions were associated with activation of reward
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processing regions, while the prefrontal cortex controlled less impulsive decisions. Striatal
activations have also been noted in other studies when participants choose immediate
rewards (e.g., Wittman et al. 2007 [50]). Furthermore, striatal and medial prefrontal regions
positively correlate with the magnitude of future rewards, whereas lateral prefrontal regions
negatively correlate with the length of the delay in receiving future rewards [51].

Reward Prediction—The reward prediction task is based on Martin et al [52–56]. The
fMRI reward prediction task contains predicted and unpredicted rewards and punishments.
In this paradigm, participants will be presented with images that predict the delivery of a
monetary reward or punishment with about 75% probability. A sample trial is illustrated in
Figure 2. The predictor is presented for 1650 ms and followed by a fixation cross jittered for
850–8350 ms, which serves as the prediction phase of the trial. While the cue is on the
screen participants indicate with a keypress whether the cue predicts a reward or a
punishment. Participants receive feedback for 1650 ms indicating how much they won or
lost on the current trial and what their total is for the current block of trials following the
prediction phase. Delays ranging from 0–12 seconds are inserted between trials to jitter trial
presentation. The optimal stimulus and delay timing will be determined using AFNI’s
RSFgen. Rewards (+$1) and punishments (−$1) will be delivered so that 75% of the trials
will yield the outcome predicted whereas 25% of the trials will result in an unexpected
outcome. In addition, participants will be rewarded for responding quickly and penalized for
responding slowly. Therefore participants must respond as quickly and accurately as
possible to maximize their overall total on each block of trials. Reaction time cutoffs for
receiving high reward values will be determined on an individual basis based on pre-testing
out of the scanner. These values will be set so that participants receive high rewards on
about 50% of the trials. In total the MRI experiment should take approximately 40 minutes
to complete. Participants will begin with $12.50 in their bankroll at the beginning of each
experimental block. Overall participants will be able to earn between $0–25 extra during the
reward prediction task. On average participants should earn about $17.50 if they respond
with 95% accuracy. Participants will receive these rewards in addition to the reimbursement
they will receive for their time per IRB approved protocol.

The out-of-scanner practice will ensure that subjects fully understand the instructions and
can complete the task. Subjects will be allowed to practice up to 3 times and must achieve
80% or they will be ineligible for the study and the testing will end.

Delay Discounting—The delay discounting paradigm is based on the observation that the
relative values of rewards are “discounted” based on the anticipated delay of delivery – less
value is placed on rewards with greater anticipated delays. Our fMRI study is modeled after
McClure et al. (2004). In this task (Figure 3), participants are instructed to choose between
two monetary reward options: 1) A smaller reward delivered immediately, or 2) a larger
reward delivered after a delay (of hours to days to weeks).

Immediately before the MRI session participants will complete a 5–10 minute out-of-
scanner practice session to familiarize themselves with the Delay Discounting Task. In
addition, the practice is based on Wittman et al (2007) and will assess participants’
“switchpoints” (the value where participants switch their preference from the larger delayed
reward to the smaller immediate reward) [50]. These values will then be entered into an
individually tailored version of the fMRI experiment, which is designed to yield a similar
number of trials on which the subject prefers the larger delayed reward and the smaller early
reward among groups of subjects that are expected to show differences in impulsive
decision-making. The order of task presentation in the scanner will be counterbalanced
across subjects to minimize order effects.
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Outcomes Measures
The fMRI assessments will take place at baseline and 9 months. Anthropometric, fitness,
and dietary assessments will be completed at baseline, 4 and 9 months. All assessments will
take place within two weeks of each other at each time point, and within two weeks of the
fMRI appointment.

fMRI methods
Image Acquisition—Scanning is performed at the University of Kansas Medical Center
Hoglund Brain Imaging Center (HBIC) on a 3 Tesla Siemens Skyra scanner (Siemens,
Erlangen, Germany). T1-weighted anatomic images are acquired with 3D MPRAGE
sequence (TR/TE = 2300/2.01 ms, flip angle = 9°, FOV = 256 mm, matrix = 256 × 256,
slice thickness = 1 mm). This scan will be used for slice localization for the functional scans,
Talairach transformation, and coregistration with fMRI data. Scanning parameters for the
Reward Prediction Task will be gradient echo blood oxygen level dependent (BOLD) scans
will be acquired in 43 contiguous slices at a 40° angle to the AC-PC line (repetition time/
echo time [TR/TE] = 2500/25 ms, flip angle = 90°, field of view [FOV] = 232 mm, matrix =
80 × 80, slice thickness = 3 mm, in-plane resolution = 2.9 × 2.9 mm). Scanning parameters
for the Delay Discounting Task will include gradient echo blood oxygen level dependent
(BOLD) scans that will be acquired in 35 contiguous slices at a 40° angle to the AC-PC line
(repetition time/echo time [TR/TE] = 2000/25 ms, flip angle = 90°, field of view [FOV] =
232 mm, matrix = 80 × 80, slice thickness = 3 mm, in-plane resolution = 2.9 × 2.9 mm). All
functional scans will be acquired at a 40° angle to the AC-PC line to optimize signal in the
orbitofrontal cortex by minimizing susceptibility artifact. Based on recommendations by
Deichmann et al [57], all participants will be positioned in the scanner so that the angle of
the AC-PC plane is between 17° and 22° in scanner coordinate space. This angle will be
verified with a localization scan. In addition to minimizing susceptibility artifact, this
procedure acts to standardize head positioning between subject groups of widely divergent
size (lean and obese).

Arterial Spin Labeling—In order to evaluate potential changes in the hemodynamic
response arising from nonspecific cardiovascular changes, we will use arterial spin labeling
to estimate mean cerebral blood flow. During each MR imaging session, one arterial spin
labeling sequence (FOV=240mm×240mm, base resolution=64mm×64mm, slice thickness/
gap/number of slices=8.0mm/2.0mm/9, TR=2500, TE=12, FA=90) will be collected to
estimate mean cerebral blood flow. The Arterial Spin Labeling procedure should take
approximately 5 minutes.

Resting state scan—One of the functional paradigms will be a resting state scan to
examine the default mode network functional connectivity in obese and healthy weight
participants. Image acquisition will occur under the same parameters as the reward
prediction task. We will compare Adherers to Non-Adherers in the Baseline scan. Among
Adherers, we hypothesize comparatively increased functional connectivity between lateral
pre-frontal cortex and limbic regions, especially ventral striatum.

Anthropometric
Body weight/height and body composition—Anthropometric measures will be
obtained from participants in the morning (between 7am and 10am) following a 12-hour fast
at baseline, 4 and 9 months. Specifically, body weight will be assessed using a digital scale
accurate to ± 0.1 kg (Befour Inc Model #PS6600, Saukville, WI). Height, weight, waist
circumference and blood pressure measures will be obtained in standard hospital gown after
attempting to void. Height will be measured using a stadiometer (Model PE-WM-60-84,
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Perspective Enterprises, Portage, MI) and BMI (kg/m2) will be calculated. Two waist
circumference measures (within 2cm), using the procedures of Lohman et al. 1988 [58], will
be averaged.

Fat-free mass, fat mass and % body fat will be assessed by DEXA (Prodigy Advance Plus,
GE, Madison, WI) at baseline, 4 and 9 months. DEXA uses low level x-rays to determine
body mass differences. Women will undergo pregnancy testing prior to each DEXA test and
will be excluded if pregnant. Participants will wear a hospital gown during DEXA scans to
standardize clothing. We will also use DEXA to estimate visceral adipose using existing
equations [59, 60]. Skeletal muscle mass from DEXA derived appendicular lean soft tissue
mass will be calculated using the equation of Kim et al. 2004 [61]. DEXA measures will
allow us to compare body composition responses and any differences between men and
women.

Fitness
Sub-maximal Treadmill Test—Participants will undergo a sub-maximal treadmill test.
Maximal oxygen consumption will be estimated from the sub-maximal assessment to assess
baseline and changes in estimated maximal oxygen consumption. Participants will walk at a
speed of 3.0 mph beginning at 0% grade. The grade will be increased 1% at 1-minute
intervals until target heart rate is achieved. Heart rates will be collected continuously with a
multiple channel electrocardiograph. Expired air will be measured for oxygen and carbon
dioxide at 20-second intervals using a ParvoMedics TrueOne 2400 indirect calorimetry
system. The system will be calibrated before each test according to the specifications of the
manufacturer (ParvoMedics, Inc Sandy, Utah).

Energy and Macronutrient Intake
Measurement of Energy Intake—Participants will be asked not to alter their dietary
intake during the intervention. Dietary intake will be documented from 3-day food records
(2 weekdays, 1 weekend day). The nutrient content of the record data will be determined
using Nutrition Data System for Research (NDS-R, University of Minnesota, Minneapolis,
MN). We do not anticipate changes in dietary total energy intake or macronutrient
composition based on results of our previous exercise studies [62, 63] and recent systematic
review [64]. The following quality control measures will be employed to minimize errors: 1)
All participants will be provided a pamphlet (How to record your food intake) and trained on
how to completely and accurately maintain a food record; 2) All 3-day records will be
reviewed for clarification with the participants by the nutrition research staff; 3) All staff
will be trained and verified as reliable prior to allowing them to enter dietary record data
into NDS-R; 4) A uniform coding manual will be developed for entry of items into NDS-R;
5) All data will be checked by nutrition staff for quality assurance.

Data Management
Data will be categorized and entered into separate tables within a secure and relational SQL
database. For example, daily records of PA will be in one table, while body weights will be
in another table, blood pressure another table, etc., all linked by participant number. At
logical time points, the data will be checked for outliers and normalcy. Questionable data
(e.g., >3 standard deviations from the mean) will be re-checked for accuracy and re-entered
if necessary.
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Analysis plan and statistical power
Analysis plan

The planned data analyses are built around the Specific Aims. The first aim is to
characterize brain activation underlying reward processing and impulse control in obese and
healthy weight individuals at baseline.

Aim 1—We will use a reward prediction and delay discounting paradigms to examine
neural systems underlying reward processing in obese participants in comparison to HW
controls. We hypothesize that the obese group will show greater activation, compared to the
healthy weight group, in limbic and paralimbic brain regions, during reward prediction and
delivery and when making immediately reinforcing choices. The HW group will show
greater activation, compared to the obese group, in lateral prefrontal regions when making
delayed reinforcement choices. Hypotheses will be tested with common fMRI analysis
software in Group (Obese, HW) x Valence (Reward, Punishment) and Group x Choice Type
(Immediate Reward, Delayed Reward) repeated measures ANOVA, separately for
prediction and delivery. We expect to find a significant Group x Valence interaction in both
conditions. A priori regions include the amygdala, hippocampal formation, striatum (dorsal
and ventral), OFC, MFC and ACC for immediate rewards, and lateral prefrontal cortex
(dorsal and ventral) for delayed rewards. While the a priori hypotheses are focused on
predictions of reward > punishment, we will also examine statistical maps in post-hoc
analyses for areas in which punishment trials are greater than reward trials.

We will identify behavioral correlates of these activation differences. We hypothesize that
areas of increased activation in limbic and paralimbic brain regions will be significantly
correlated with self-report measures of cognitive and behavioral impulsivity (BIS-11 and
BIS/BAS) in the obese group when examining immediate rewards, and negatively correlated
with lateral prefrontal regions when examining delayed rewards. We will compute Pearson’s
correlations between percent signal change (Reward vs. Punishment) and (Reward vs.
Baseline) in the maximum voxel of the six a priori ROIs, bilaterally, and BIS-11 Total score,
Behavioral Inhibition score of the BIS/BAS and Behavioral Activation score of the BIS/
BAS. If the distribution is skewed for any of the scores, we will compute the Spearman’s
correlation coefficients instead.

Our second aim is to identify brain activation predictors, from the baseline session, of
adherence and success in the exercise program.

Aim 2—Identify fMRI activation differences in the Baseline Session between groups that
ultimately adhere to the exercise program (adherers; complete ≥ 80% of sessions) or do not
adhere to the exercise program (non-adherers; complete < 80% of sessions) along with
continuous measures of adherence to the exercise program, including number of sessions
completed, change in estimated VO2 Max, change in BMI, and change in % fat mass as
measured by DEXA. We hypothesize that non-adherers with show greater activation,
compared to adherers, in limbic and paralimbic brain regions, on both the reward prediction
paradigm during reward prediction and delivery and the delay discounting paradigm when
making immediately reinforcing choices. Adherers will show increased activation in lateral
prefrontal regions when making delayed reinforcement choices. Hypotheses will be tested
with fMRI analysis software in Outcome Group (Adherers, Non-adherers) x Valence
(Reward, Punishment) during prediction and delivery and Outcome Group x Choice Type
(Immediate Reward, Delayed Reward) repeated measures ANOVA, separately in obese and
HW groups. We expect to find a significant Outcome Group x Valence interaction and
Outcome Group x Choice Type interaction in both obese and HW groups. A priori regions
include the amygdala, hippocampal formation, striatum (dorsal and ventral), OFC, MFC and
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ACC for immediate rewards, and lateral prefrontal cortex (dorsal and ventral) for delayed
rewards.

Furthermore, on the reward prediction and delay discounting paradigms, we hypothesize that
fMRI measures of activation in limbic and paralimbic regions will be negatively correlated
with continuous measures of adherence. The primary outcome measure for this aim is
number of sessions successfully completed between study entry and exit from the 9-month
exercise program, across all obese and healthy weight participants. We will compute
Pearson’s correlations (if the assumption of normality is violated then the Spearman
correlations will be calculated) between number of sessions successfully completed and our
main brain activation variables, % signal change (Reward vs. Punishment) from the 6 ROIs
bilaterally.

In exploratory analyses, we will also examine other dependent variables that might better
capture adherence, including change in VO2 Max, change in weight, and change in % fat
mass as measured by DEXA. Further, we will model number of sessions completed by a
multiple linear regression model using the Baseline Session % signal changes at the ROIs as
predictors. We expect the model will contain fewer predictors (less than 12) as some
predictors will be dropped out due to collinearity or non-significance, and can be used to
study whether the cut-point of 80% sessions successfully completed is appropriate (e.g.
dichotomize number of sessions at different proportions – e.g., 75%, 70%, and 65% – and
construct ROC curves by logistic regression to determine which cut-point provides best
sensitivity and specificity; i.e., the largest area under the ROC curve).

Note that we have designed the study to be adequately powered in the smallest subgroup
(non-adherers) at the Post-Exercise scanning session. However, participants who drop out of
the program for adherence-related reasons and who have completed less than 80% of
sessions, will be assigned to the “non-adherer” group and every attempt will be made to get
them to return for the Post-Exercise scanning session. Thus, it is likely that the final sample
will be larger in the non-adhering obese and HW groups.

Our third aim is to identify the beneficial effects of exercise, weight loss and increased
fitness on brain activation using fMRI data from baseline and 9 month scans.

Aim 3—For the reward prediction paradigm, adherers will show decreased activation to
reward prediction and delivery from the Baseline to Post-Exercise sessions, compared to
non-adherers, in limbic and paralimbic brain regions. This should be most pronounced on
reward delivery, consistent with decreased impulsivity in the adherers. For the delay
discounting paradigm, we predict that adherers will show greater increases in delayed
reinforcement choices and greater increases in activation, from the Baseline to Post-Exercise
sessions, in lateral prefrontal regions. Hypotheses will be tested in Session (Baseline, Post-
Exercise) x Valence ANOVA and with Session x Choice Type ANOVA, separately in the
four groups (Obese Adherers, Obese Non-adherers, HW Adherers, HW Non-adherers) in
initial voxelwise analyses with fMRI analysis software. We will first inspect activation maps
with thresholds set at p<.01 (corrected) to identify group differences, as described in
Research Design and Methods. We will follow-up with ROI analyses in the six a priori
regions, bilaterally by calculating % signal change (Reward vs. Punishment), for each group
and session, in the maximum voxel and computing the changes in activation (% signal
change at Post-Exercise session minus % signal change at Baseline). The changes in
activation of the 2 obese and 2 healthy control groups will be compared by ANOVA at each
ROI. We will also examine correlations (Pearson or Spearman) between % signal change
from the ROIs and increased fitness as measured in changes in VO2 Max.
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Power and sample size
Effect sizes have been calculated from our pilot data, supporting Aims 1 and 2, in which we
expect that at the Baseline Session, the HW group will show greater activation compared to
the obese group (Aim 1), and the non-adherers to the 9-week intervention will show greater
activation compared to the adherers (Aim 2), in limbic and paralimbic brain regions, during
reward expectation and delivery phases.

For Aim 1, our pilot data suggest the effect sizes for the reward-vs-punishment brain
activation between the Obese and the HW groups are 1.5, 1.8, 2.0, 1.9, 1.2, 1.6, 0.9, 1.3, and
1.4 in regions of L- and R-OFC, L- and R-PFC, ACC, L- and R-Striatum, and L- and R-
Temporal, respectively, during the expectation phase. The corresponding effects sizes during
the delivery phase are 1.5, 1.3, 1.5, 1.9, 1.5, 1.3, 1.4, 1.8, and 1.7. For each aim, we will
conduct 6 ROI comparisons/hemisphere × 2 hemispheres × 2 phases = 24 tests. Considering
the multiplicity issue, we plan to control the false discovery rate at level of 0.05. If the true
effect sizes are similar to what pilot data suggest, the minimal effect size will be 0.9 for the
obese-vs-HW comparisons. Thus, the proposed 90 obese and 90 HW participants will
provide statistical power greater than 99% for this comparison at R-Striatum during the
expectation phase based on the 1-sided 2-sample t-test at significance level 0.05/24 = 0.002,
and even greater power for each of the other 23 − 2 = 21 comparisons with greater effect
sizes according to the Benjamini-Hochberg procedure.

For the correlations between self-reported impulsivity and brain activation, the 90 OB
participants will provide 80% power to detect a correlation ranging from 0.29 to 0.42 based
on 2-sided t-tests at the adjusted significance level (the Benjamini-Hochberg procedure)
ranging from 0.05 to 0.05/72 = 0.0007 (12 ROI’s per phase × 2 phases × 3 cognitive/
behavioral scores = 72) for the reward paradigm.

For Aim 2, our pilot data suggest the effect sizes for the reward-vs-punishment brain
activation between the non-adherers and the adherers at the aforementioned ROI’s are
respectively 4.3, 4.0, 2.6, 3.9, 1.4, 2.6, 1.8, 2.6, and 2.8 during the expectation phase, and are
3.5, 2.8, 3.4, 4.7, 3.2, 4.3, 3.1, 3.2, and 2.8 during the delivery phase. Assuming a
conservative 25% attrition rate in the 90 obese and 90 HW participants who might not be
available for the final scanning session, we expect 70% will complete 80% of sessions and
30% won’t, which are equal to 94 adherers and 41 non-adherers participants, respectively.
This sample size will provide greater than 99% power for this comparison at the ACC
during the expectation phase based on 1-sided 2-sample t-test at significance level 0.05/24 =
0.002, and even greater power for each of the other 23 − 6 (number of comparisons with
directions opposite to the hypothesis) = 17 comparisons with greater effect sizes. If the
attrition rate remains the same, statistical power will be greater if the ratio of non-adherers
vs. adherers approaches 1:1 but will be lower if the ratio departs from 1:1. In the latter case,
if the ratio is 19:1, or 128 vs. 7 participants, we will still have 74% power for the each of the
1 + 17 = 18 comparisons discussed above; however, we do not anticipate the ratio will be so
extreme based on previous experience with exercise programs.

Anticipated Problems and Challenges
We have considered several potential problems and challenges.

1. Potential data analysis challenges—The groups may not segregate as predicted
into adherers and non-adherers. The expectations are made based on previous work from the
Donnelly Lab, using the same exercise program. It is still possible, however, that the
numbers will not come out as expected. Accordingly, the adherence data will be treated as
both categorical and continuous in the planned data analyses. In addition, we plan to use
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multiple linear regression modeling to evaluate the distribution of the data and determine
whether other cut-offs for adherence might better fit our data. These analyses are detailed in
the Data Analysis section (Specific Aim 2.2).

2. Potential negative results for longitudinal arm of the study—We do not have
longitudinal fMRI data to establish the outcome of exercise on brain function yet. However,
the outcome of the post-exercise analyses will be of interest regardless of outcome, whether
brain function changes or not. Either outcome answers an important scientific question and
we have adequate statistical power to prove a negative result.

3. Other potential exercise interventions—There are many potential choices in
exercise programs that might produce changes in weight loss, fitness and health benefits
(e.g., positive metabolic and physiologic changes). We chose an exercise program with
which we have a history of success and necessary data to generate realistic expected
outcomes. Additionally, it is a program that is frequently used in other studies and, thus,
provides comparisons.

4. Potential non-specific effects on the hemodynamic response arising from
vascular changes—Previous research suggests that fitness has beneficial effects on
specific brain networks, at least in the context of specific cognitive activation paradigms.
There may also be non-specific effects on the hemodynamic response, however, arising
from cardiovascular changes. We will conduct arterial spin labeling (ASL-MRI) scanning
and analyze data from the primary ROIs and also two control regions (motor cortex and
visual cortex).

5. BMI constraints for MRI—Limitations in the size of the bore of the MR magnet mean
that we must limit our obese group to a BMI < 41 and cannot, therefore study morbid
obesity. This constraint applies equally to all MRI studies and does not reduce the
advantages fMRI has over other imaging methods, such as PET (e.g., increased spatial and
temporal resolution, no exposure to ionizing radiation). In addition, moderate obesity is still
associated with negative health consequences and the same individuals, left untreated, may
ultimately progress to morbid obesity.

6. No non-aerobic exercise control group—Other studies examining the effects of
cardiovascular fitness on brain function have included a non-aerobic exercise control group
to control for the effects of paradigm repetition and other non-specific effects. The focus of
designing our study was first to ensure adequate statistical power for the prediction Aims.
We do not have a non-aerobic exercise control group; however, we will compare adherers to
non-adherers. Both groups will undergo two scanning sessions and will have some degree of
interaction with investigators and staff, but the non-adherers should have less cardiovascular
fitness than adherers.

Discussion
Obesity is a complex problem in the United States and other developed countries with
significant public health consequences. Regular exercise has important health benefits;
however, many individuals have difficulty maintaining adequate levels of exercise. This is
particularly problematic in the obese. Initial studies suggest that reward processing and
impulse control are potentially associated with difficulties in adhering to exercise programs.
However, no direct studies have been reported and little is known regarding underlying
neural mechanisms. Furthermore, the degree to which these reward processing and impulse
control characteristics are influenced by exercise is also not known.
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This project will characterize brain activation underlying reward processing and impulse
control in obese and HW individuals, identify brain activation predictors of adherence and
success in the exercise program and measuring the effects of exercise and improved fitness
on brain activation. To do this, we will conduct reward prediction and delay discounting
fMRI paradigms in sedentary obese and sedentary healthy weight participants before and
after a nine-month exercise intervention.

Findings from this study will have significant implications for understanding mechanisms
contributing to obesity and exercise, and may ultimately lead to more effective
interventions. For instance functional neuroimaging may provide support and insight for
new interventions designed to specifically change activity in target areas of the brain in
order to facilitate more adaptive behaviors that are less contingent on immediate reward.
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Figure 1.
Proposed participant enrollment and flow diagram
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Figure 2.
Reward Prediction: A circle is presented that indicates whether participants are most likely
to win money or loss money and participants are told what color of circle predicts wins and
losses. Participants are instructed to press a button if the circle predicts a win and then
receive feedback about how much money is earned on the current trial and their total for the
current block of trials.
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Figure 3.
Delay Discounting: Participants are presented with a choice between a smaller immediately
available reward and a larger delayed reward. Participants are given as long as they need to
make their decision. Once they make a decision the decision is highlighted before moving
on to the next trial.
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Table 1

Nine month exercise progression

Week of intervention Intensity (% HR max) Session Duration (min)

1 65% 20

2 65% 25

3 65% 30

4 65% 35

5 65% 35

6 70% 35

7 70% 40

8 70% 40

9 70% 45

10 70% 45

11 75% 45

12–40 75% 50

Note. % HR max = percent of heart rate maximum; min = minutes.
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