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ABSTRACT
Impact of Exercise on Brain Responses to Visual Food Cues: An fMRI Study
Nero Erezi Evero

On the basis of a strong body of data, the Institute of Medicine currently
recommends at least 60 minutes of exercise per day to prevent body weight gain
overtime. Previous studies have shown that there is no compensatory increase in food
intake with this dose of exercise. Ultimately, the brain decides whether to alter food
intake. Surprisingly, no published studies have assessed the impact of exercise on brain
activation. Using functional magnetic resonance imaging (fMRI) and an appetite
questionnaire, we investigated the effects of a single bout of aerobic exercise on brain
responses to visual food cues and subjective appetite responses. After an overnight fast,
30 (17M, 13W), healthy, habitually active subjects (22.0±3.8 years, 23.6±2.4 kg/m2,
44.3±8.3 mL∙kg-1∙min-1) either rested or exercised for 60 minutes, in a counterbalanced
crossover design. Immediately after each condition, blood oxygen dependent levels
were determined in response to visual food cues of different energy value during an fMRI
scan. Exercise showed significantly greater activation (P < .005, uncorrected) in regions
implicated in food inhibition (superior frontal gyrus, medial surface), and visual attention
(precuneus, superior temporal gyrus, middle temporal gyrus and fusiform gyrus) regions.
However, exercise did show a greater activation in a food reward region (medial
orbitofrontal cortex). The rest condition only showed greater activation in a visual center
(fusiform gyrus) and the midbrain. In addition, relative to no-exercise, subjective
appetite responses were suppressed following the exercise bout. Taken altogether, these
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data suggest exercise may impact the brain in a direction expected to suppress food intake
and increase food attention, which is in line with previous behavioral, biological and
fMRI data. These findings may explain, at least partially, why aerobic exercise does not
lead to a compensatory increase in food intake.
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Chapter 1
Introduction

Statement of Problem
Obesity has reached epidemic proportions despite being a preventable disease
(27). Such increases will tremendously affect public health since obesity is strongly
associated with an increased risk of chronic diseases such as cardiovascular disease and
Type-2 diabetes (87). To further exacerbate the issue, the prevalence of overweight and
obese adults has steadily grown so that projection models have predicted ~90% of all
Americans will be overweight or obese by 2030 (123). Regular exercise is considered a
„cornerstone‟ of obesity management because it affects both sides of the energy balance
equation; that is energy expenditure and energy intake. For example, exercise increases
energy expenditure and decreases body weight in men and women (124). Recently,
considerable attention has focused on the effect of exercise on altering subjective appetite
(11) and energy intake (59).

Impact of Short-term Exercise on Energy Balance
In a series of studies, Broom et al. (11, 12) showed that a single-bout of exercise
(60 min, > 70% VO2max) decreased subjective appetite (e.g. hunger and desire to eat
specific foods), as measured by a visual analog scale. In line with the results, others have
found that short-term exercise decreases actual energy intake. For example, Stubbs et al.
(108) found that men do not show any compensatory adjustments of energy intake after
exercise (~4000kcal/day) in comparison to women (109) who showed partial
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compensation of energy intake as a result of the high levels of exercise over seven days.
Unick et al. (119) reported overweight and obese women did create a short-term (~ 2hrs)
energy deficit following a single bout of exercise (70-75% age predicted HRmax). Taken
together, these data suggest that a single bout of exercise can assist in weight control
efforts by not increasing energy intake despite increasing energy expenditure.

Effect of Exercise on Brain
Energy intake is ultimately determined by the brain through a complex interaction
of internal (e.g. energy stores and circulating appetite hormones) and external (e.g. visual
food cues, taste and smells) signals. Surprisingly, there is little data on the impact of
exercise on brain activation (3-5, 46, 75, 127, 128). The exercise studies that did
incorporate neuroimaging (using functional magnetic resonance (fMRI), functional
magnetic spectroscopy (fMRS), positron emission tomography (PET), and near infrared
spectroscopy (NIRS), were mainly concerned with characterizing brain activation during
static and dynamic fatigue tasks (3-5, 75) or investigating the effects of exercise on
cardiovascular regulation (127, 128). Therefore, selective evidence suggests exercise
may induce „transient hypofrontality‟, which is a temporary inhibition of certain brain
regions that are not directly essential to performing and maintaining the exercise, or
physiological homeostasis (4, 23, 24, 129). For example, Janse Van Rensburg et al. (46)
demonstrated following a single bout of exercise and visual smoking cues, smokers
showed no activation (compared to the control group) in the orbitofrontal cortex (which
is involved in enhancing the salience of a stimuli), while other areas of the prefrontal
cortex associated with normal resting state (specifically Broadman Area 10) showed
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increased activation. Their data suggest that exercise may selectively impair blood flow
to higher cognitive prefrontal regions post-exercise and thus reducing the salience of the
stimuli. However, to date there are no published studies on the effect of brain activation
to visual food cues post-exercise.

Statement of Purpose
The purpose of the study is to determine whether a single bout of exercise alters
food reward, visual attention, and inhibitory control regions in the brain assessed by
fMRI and subjective appetite responses.

Hypotheses
Primary Hypotheses: Relative to a no-exercise condition, a single bout of exercise will:
1. Yield significantly greater activation in regions associated with inhibitory control
(e.g. dorsolateral prefrontal cortex).
2. Have an inhibitory effect on reward regions (e.g. orbitofrontal cortex) of the
brain.
3. Yield significantly greater activation in regions associated with visual attention
(e.g. fusiform gyrus) of the brain.
4. Attenuate BOLD signal activation in regions associated with regulation of energy
intake (e.g. hypothalamus and insular cortex).
5. Will have a significant suppression of subjective feelings of appetite (e.g. hunger
and desire for certain types of food immediately).
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Significance
Several decades of poor body weight management by Americans has propelled
obesity to the top of the list of major health concerns. Exercise is an effective method for
body weight management via increases in energy expenditure and transient decreases in
food intake; more so in men than women (109). Unfortunately, it is still unclear how to
best control food intake and prevent increases in body weight. Understanding the
influence exercise has on areas in the brain controlling appetite, ingestion, and food
reward will elucidate the complexity of neurobiology of food-related processing and help
provide the best method of managing body weight. Ultimately, the additional insight of
the role exercise plays in processing the motivational salience of food stimuli will help
design comprehensive interventions that better aids in the prevention of weight gain and
obesity.

Definition of Terms
The following terms and abbreviations are defined as used in the study:
Blood Oxygen Level Dependent (BOLD): the source of contrast in fMRI;
correlated with neuronal activity (30).
Connectivity: the systematic approach to determine the influence one neural
system has on another (30).
Functional Magnetic Resonance Imaging (fMRI): a type of specialized magnetic
resonance scan that measures the hemodynamic response (change in blood flow)
related to neural activity in the brain or spinal cord of humans or other animals
(30).
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Region of Interest (ROI): a selected subset of areas within the brain that is
associated with regulation of appetite and energy intake (30).
Statistical Parametric Mapping software (SPM): is a voxel-based approach,
employing classical inference, to make some comment about regionally specific
responses to experimental factors (30).
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Chapter 2
Literature Review

In the face of the current obesity epidemic (27) and widespread levels of physical
inactivity (79), it is extremely important to understand how exercise impacts different
aspects of appetite and food intake in humans. The regulation of appetite and food intake
is more than the physiological processes involved in energy homeostasis, but the
neurological response to perturbations in energy balance (EB) from both internal (e.g.
nutritional state) and external (i.e. visual, smell, and taste inputs) sensory input.
Although exercise has been shown to be shown to have a modest impact on weight
management (13), the interaction between the physiological and neurological factors that
affect the brain response to food is complex; thus making it difficult to determine the
impact of exercise on these factors. Therefore, it is important to understand how exercise
impacts appetite and eating behavior in order to achieve a better knowledge of the
etiology and/or treatments for preventing weight gain and obesity. Hence, the purpose of
this review is twofold; to determine the effect of exercise on appetite and energy intake
(EI) and elucidate the brain‟s response to food stimuli.

Effect of Exercise on Energy Balance
Exercise and its effect on energy homeostasis has been widely studied over the
last 60 years, but it is still unclear how it impacts the regulation of EB. There are
examples in the literature that suggest exercise intensifies hunger and increases food
intake (79), thus diminishing its effect as a viable method for weight control. However,
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the literature does not fully support this claim in either animal or human subjects (1, 2,
11, 12, 14, 43, 45, 52-57, 59, 73, 77, 78, 80, 81, 103, 114, 119). To better understand the
relationship between exercise on appetite and EI, current findings on the topic will be
summarized in the following sections. Due to potentially different mechanisms operating
the complex system that regulates appetite and EB (9), this review will focus primarily on
the effects of short-term exercise on EB.

Effect of short-term exercise on appetite response
Subjective appetite responses are actually affected by changes in energy balance.
For example, energy deficit induced by decreasing EI, increases perception of hunger and
desire to eat (43). On the other hand, an energy deficit created by increasing EE via
exercise, suppresses appetite responses in a direction expected to decrease EI. The
majority of studies have shown that an acute bout of exercise does not increase postexercise subjective feelings of hunger (2, 11, 12, 14, 43, 45, 52-57, 59, 77, 78, 81, 85,
103, 114, 116, 117, 125). Furthermore, vigorous exercise (>70% VO2max) for long
durations (>50 min) transiently suppresses hunger during and immediately (anywhere
from 5 min to 2 hrs) after exercise (11, 12, 14, 55, 56, 85, 114, 116, 125). In a wellcontrolled study designed to assess the differences between high (70% VO2max) and low
(30% VO2max) intensity exercise (given total EE was held constant), King et al. (56)
showed that high intensity exercise lead to the suppression of hunger 15 minutes after the
termination of exercise. This phenomenon has been termed „exercised-induced anorexia‟
and was corroborated by King and colleagues (55). More recently, similar findings have
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been observed in a series of studies (11, 12) that included well-trained lean male subjects
engaged in high intensity aerobic exercise.
Interestingly, „exercise-induced anorexia‟ has been reported in obese males (125),
increasing the appeal of aerobic exercise as an effective weight control method.
Although „exercise-induced anorexia‟ has been traditionally associated with high
intensity exercise (>70% VO2max), few studies have reported the incident after moderate
intensity exercise (14). However, to date, only one study has reported a significant
suppression of hunger, post-exercise, in women (85). In fact, the literature suggests
woman have no significant changes in post-exercise (compared to pre-exercise)
subjective measures of hunger, regardless of exercise intensity and duration (43, 57, 59,
77, 81, 119). This implies that exercise (of the same intensity and duration) does not
suppress subjective hunger to the same extent in females as males, while also alluding to
different mechanisms involved in appetite control between men and women.
Despite exercise inducing a transient suppression of appetite, investigators have
shown actual food intake following an acute bout of exercise was not significantly
different when compared to a control (no-exercise condition) group (52, 58). This
suggests that „exercise-induced anorexia‟, more specifically the suppression of hunger
post-exercise, may have no real significance on subsequent EI, at least in women. In
addition, since the duration of this „exercise-induced anorexia‟ has been reported to brief
(< 2 hours) (56, 114) it may have no marked effect on EI (52, 58). Furthermore, the
difference in „exercise-induced anorexia‟ between males and females may not be of any
importance regarding ensuing EI as well. Further work is needed to examine the
potential interactive effects between „exercise-induced anorexia‟ and subsequent EI.
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In summary, the available literature suggests:


An acute bout of moderate or high intensity exercise does not alter subjective
appetite responses in a direction expected to stimulate energy intake in lean or
obese men and women.



High intensity exercise temporarily suppresses subjective perceptions of
hunger post-exercise.



Men, compared to women, have lower hunger and desire to eat rating after
exercise.

Effect of short-term exercise on energy intake
The relationship between exercise-induced energy deficits and EI was once
subject to scrutiny. The classic work frequently referred to is that of Edholm et al. (25);
where they reported, after accurate measurement of EE and EI, a positive relationship
with EE one day and EI two days later. Edholm et al. (25) eventually concluded there
was a two day lag in energy compensation after producing an energy deficit. In fact,
similar findings were reported by Mayer et al. (82), who showed that rats exercising on a
treadmill (< 1hr/day) did not increase their EI, but showed a significant decrease in EI.
However, after subsequent attempts in human subjects by Edholm (26), the results were
unable to be replicated. Therefore at the time, the popular belief was exercise induces an
automatic physiological drive in hunger and food intake. This intuition possibly persisted
as a result of Lawton et al. (69) findings‟, which alluded to the body‟s sensitive
compensatory mechanism to oppose energy deficit induced by food restriction or
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substantial energy differentials between two meals. Nevertheless, Hubert et al. (43)
evaluated the method of inducing energy deficit via food restriction to an exerciseinduced energy deficit in the same subjects. The results confirmed that food deprivation
significantly increased hunger and EI, whereas the exercise-induced energy deficit did
not. This suggests the physiological responses to food deprivation are quite different
from the physiological responses induced by an acute bout of exercise.
Mixed results have been reported on the effect of short-term exercise on actual EI.
Some of these discrepancies to show a beneficial effect of acute exercise on EB may
reflect substantial differences in experimental protocol (e.g. type of exercise, intensity,
duration, interval between exercise and test meal, nutritional state prior to exercise,
macronutrient composition of test meal, accurate and precise measurement of food intake
and exercise-induced EE and environmental and social factors) as well as basic biological
(e.g. species, sex, weight classification, and eating behavior) characteristics of the
subjects. For example, some studies found that an acute bout of exercise between 70 and
80% HRmax led to a compensatory increase in EI in the short-term (68, 120), whereas
others found a decrease in absolute EI subsequent to an acute bout of exercise at
moderate intensities (59, 116, 117, 125). However, the majority of studies (2, 45, 52, 5456, 77, 78, 80, 81, 85, 114, 119) found no significant difference in either subsequent EI or
24-hr EI. The most consistent methodological limitation within the literature derived
from the fact that some investigators did not account for the energy cost associated with
exercise (i.e. the energy deficit induced by exercise-induced EE).
To overcome this limitation and assure results were not interpreted in a way that
suggests that exercise is not a modulator of EI; the concept of relative EI (EI – net energy
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cost of exercise) was created by King et al. (56). Therefore, after further examination,
the majority of evidence (2, 14, 45, 52-56, 59, 77, 78, 80, 81, 85, 92, 114, 116, 117, 119,
125) suggests that a short-term energy deficit (produced by exercise) can be achieved
even in the presence of a compensatory increase in absolute EI; given EE during exercise
is greater than the increase in EI. However, energy deficits created by exercise can be
abolished if a high-fat (energy dense) food is selected after completing an exercise
session. For example, after an acute bout of both high- and moderate-intensity exercise,
relative energy intake was considerably increased when subjects were exposed to a highfat lunch, compared to a low-fat lunch, despite the total weight of food consumed being
lower (55, 77). This finding seems to be well documented and has been termed the „fat
paradox‟ (8). Interestingly, meal palatability for both meals (high-fat and low-fat) were
equivocal, thus the effect cannot be attributed to the high-fat lunch being more palatable
than low-fat lunch.
In general, men do not increase energy intake in response to exercise (108),
whereas women at least partially compensate by increasing energy intake to meet the new
higher energy expenditure (109). In an indirect comparison of three similar studies (i.e.
exercise at intensity of ~70 VO2max and exercise-induced EE of ~350 kcal), normalweight men (56, 114) showed no compensatory increase in absolute EI. On the other
hand normal-weight women (92) increased their EI about 125 kcal when compared to the
control group. These findings seem to be consistent amongst both dietary restrained (77)
and unrestrained (57) women. Nevertheless, after taking into account the net cost of
exercise, both men (56, 114) and women (92) had created an energy deficit. These
findings suggest there may be an interaction with an acute bout of high-intensity exercise
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and sex in determining post-exercise EI in the short-term. Further studies will need direct
comparison of the two sexes to reveal any true relationship, if one exists.
Similar differences have been noted when comparing obese to non-obese.
Klissileff et al. (59) and Unick et al. (119) reported obese women had no significant
change in absolute EI following an acute bout of moderate-intensity exercise when
compared to other obese women. However, there was a significant decrease in relative
EI, when the energy cost of exercise was taken into account. In contrast, compared to the
resting condition, Ueda et al. (117) and Weterterp-Plantenga et al. (125) showed that
obese men have a significant decrease in both absolute and relative EI after an acute bout
of moderate-intensity exercise. These findings suggest obese women may be inclined to
maintain their body weight as opposed to their obese male counterparts.

In summary, the available literature suggests:


Increased EE due to exercise of moderate- to high-intensity does not increase
EI in men. But women have a partial compensation to increase energy intake
in response to exercise.



Selecting high-fat (energy dense) foods after exercise can jeopardize the
energy deficit created by exercise.



In obese men and women, large energy deficits induced by exercise do not
lead to acute compensatory responses to EI.
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Potential short-term homeostatic mechanisms
Even though the reason for absences in compensatory effects in response to an
acute bout of exercise is not clearly understood, it is of note to mention the potential
mechanisms. Clearly certain factors associated with exercise have some limit to the
extent which subjects compensate EI in the short-term (1-3 days). In a review by
Blundell et al. (9), it was suggested the priority to defend fluid balance (in the short-term)
exceed the body‟s need to restore EB in response to the exercise-induced energy deficit in
the short-term. This suggests water balance is more tightly guarded than EB (106, 107),
thus it may play a part in the slow response of EI.
Woods (132) suggests for homeostatic reasons, increased endogenous energy
should have an inhibitory effect on food intake. In Woods‟ „eating paradox theory‟, he
states although necessary for energy replenishment, eating can be disruptive to energy
homeostasis, due to the increased levels of digested glucose and fatty acids absorbed into
the blood. On a chronic basis, elevated glucose and fatty acids in the blood are associated
with metabolic abnormalities including, obesity, metabolic syndrome, type 2 diabetes,
and cardiovascular disorders. Hence, the body will temporarily inhibit food intake (132).
Researchers have shown exercise is associated with the mobilization of endogenous fuels
(99, 100), therefore feeding should be simultaneously inhibited to prevent higher levels in
the blood. According to Woods (132), the suppression of food intake post-exercise
creates “a metabolically „safe‟ interval when the impact of the meal is likely to be
minimal”. However, the predominant hypothesis that has recently been gaining
consideration seems that exercise suppresses orexigenic (e.g. acylated ghrelin) (11, 11,
54) hormones and increases anorexigenic hormones (e.g. GLP-1, insulin and PYY3-36)
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(54, 117). Collectively, these appetite-regulating hormones act in a manner to suppress
energy intake.

Impact of exercise on weight control
The usefulness of exercise as a means to control body weight has been questioned
by some investigators (34). However, this could be a consequence of failure to comply
with the prescribed exercise regimen. The effects of regular exercise on weight
management (130, 131) are beneficial if the exercise program is adhered to. In fact,
Stubbs et al. (110) demonstrated a 7 day sedentary routine does not induce a
compensatory decrease in EI, subsequently leading to an energy surplus. These findings
only reinforce the importance of regular exercise. Actually, in the short-term compared
to dieting, exercise may be more effective in producing an energy deficit, since exercise
fails to induce any significant changes in neither hunger nor EI (43). Furthermore, longer
interventions (≤ 7 days) have shown exercise is able to produce an energy deficit, with no
compensatory increase in men and partial compensation (108), about 30%, in women
(109).
The weak coupling between EE and EI (in the short- and long-term) can have
positive implications for weight management in obese populations as well. In a longterm (i.e. 8 weeks) study, Woo et al. (130) reported exercise-induced EE led to no
significant changes in average EI and subsequent body mass loss ranging from 5.7 - 6.84
kg (with the majority coming from fat). These findings suggest that in a state of energy
surplus, there is a possible uncoupling of EI from EE over longer periods. Ultimately,
regardless of exercise regimen, sex or weight status, the system must return to

15

equilibrium. However, the combination of exercise and energy restriction (via a low-fat
diet could) could be used advantageously to control appetite, prevent overconsumption
and protect against the development or progression of obesity.

Neuronal Response to Food Cues
Eating is a complex behavior that is not simply turned on and off by signals of
energy state. In a review by Kringlebach and Stein (64), it was reported that human‟s
nutritional homeostasis is not the only motivation to consume food. Other motivations to
feed can be traced to rewarding features of highly palatable food, temporal factors (e.g.
time of day), emotion and cognition (e.g. learning, memory, environmental and social
cues) (7). Ultimately, the decision to initiate food intake, how much to consume and
when a meal is terminated is influenced by the interaction between homeostatic
regulation of EI and “non-homeostatic” EI (62), also known as hedonic eating – a type of
eating that can override the satiety signals of energy surplus, in certain subjects (62).
Taken as a whole, the decision to eat is finally determined after the brain has processed
both the internal and external stimuli.
The ability to study neural networks that influence eating behavior in humans has
improved considerably with significant advances in neuroimaging technology, for
example positron emission tomography (PET) scans and fMRI. The detection of regional
cerebral blood flow (rCBF) and BOLD signals (both indicators of neural activity) have
helped identify the neural systems regulating human feeding. In recent years, the
technology has been applied to study appetite by using food cues to elicit a neuronal
response that is associated with specific patterns of rCBF or BOLD signals. Food-related
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visual cues such as taste, smell, texture, and appearance all influence motivation to eat
(95). However, environmental visual cues are one of the initial and key inputs that signal
the potential availability of food, which affect the motivation to initiate a meal (72).
Hence, the following discussion will summarize the current literature of neuronal
responses of both visual food stimuli and eating in obese-resistant (e.g. normal-weight
persons) – individuals who “adapt” effectively to periods of energy surplus (7), and the
obese-prone (e.g. overweight, reduced obese, obese persons) – individuals who do not
“adapt” effectively to periods of energy surplus (7), in various energy states (e.g. fasted,
eucaloric state and overfeed state). However, to date no other study has examined the
brain‟s response to exercise, since in essence, exercise, is another way to induce a change
in energy states by creating an energy deficit.

Neuronal response in normal-weight individuals

Figure 2.1 Brain regions (Stoeckel et al., 2008)
Traditionally, the hypothalamus is considered the major homeostatic control
center. Recent evidence suggests (133) projections of the hypothalamus may influence
hedonic-corticolimbic regions that evaluate the emotional, memory, taste and reward
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aspects of food. The corticolimbic brain regions that are consistently activated by visual
food cues include the prefrontal cortex (PFC), lateral and medial orbitofrontal cortex
(OFC), inferior temporal cortex, parietal cortex, somatosensory cortex, amygdala,
hippocampus, parahippocampus gyrus, anterior cingulate, insula, hypothalamus, striatum,
pallidum, ventral tegmental area, and the fusiform gyrus (16, 17, 29, 33, 37, 38, 47-50,
65, 83, 90, 96, 98, 101, 102, 105, 118, 120-122). Collectively these data show brain
regions involved in processing attention, emotion, cognition and reward are activated
when humans are exposed to visual food cues. While there are considerable differences
in regions of activation, they can be attributed to experimental variables such as, stimulus
paradigms, gender, hunger level and adiposity. These highly interconnected regions of
the corticolimbic brain (86) have been associated with executive functioning, inhibitory
and stimulatory behavior, learning and memory, attention, emotion and reward
processing in hedonic eating and energy homeostasis (38, 50, 90, 102). The differential
neuronal responses of these regions among obese-resistant and obese-prone individuals
under fasted or fed conditions can provide insight into control of eating behavior.
In a pioneering fMRI study, Kilgore et al. (50) showed food of different
motivational salience (i.e. high-calorie, low-calorie, and non-food related images)
resulted in activation of cortical and subcortical brain regions among normal-weight
individuals. LaBar et al. (65) showed significant activation in the amygdala, inferior
temporal cortex, parahippocampus gyrus, and the anterior fusiform gyrus, in response to
food-related visual stimuli in a fasted condition. Analogous findings have been reported
in primates (94) and humans (16, 18, 33, 102). However, Kilgore et al. (50) did report
similar findings in who had not eaten at least 90 minutes prior to their scan. Taken
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collectively, these findings suggest the amygdala, inferior temporal cortex,
parahippocampus gyrus, parietal cortex and fusiform gyrus play critical roles in
identifying and processing of visual presented food stimuli. Moreover, it suggests food
pictures have greater salience in the fasted state and evoke a stronger BOLD response in
normal-weight individuals. In two well controlled studies, Cornier et al. (16, 17) reported
food pictures presented during a fMRI session to normal-weight men and women that
were maintained on a eucaloric diet for 2 days prior, compared to an overfeed diet (30%
above EB), showed consistent activation of the insula, inferior temporal cortex, premotor
cortex, ventral striatum, OFC, posterior hippocampus and the hypothalamus. This
suggests that these regions are associated with visual processing and attention of food
images, reward evaluation and regulation of EI. These findings indicate normal-weight
individuals are sensitive to the energy surplus associated with overfeeding and thus
attenuate their neuronal response to visual food cues. Furthermore, in a review by
Cornier (18), it was noted the attenuation of the hypothalamus and insula in response to
overfeeding may reflect interactions between visual cues and energy homeostasis in
obese-resistant individuals. In fact, the interaction may be a key component which
stimulates a return to EB subsequent to a state of energy surplus.
Reduced activation to homeostatic structures coupled with increased activation to
PFC regions implicated in the inhibition of inappropriate behavior (e.g. left dorsolateral
PFC) (50, 70, 71, 111) could also be a “normal” response to meal induced satiation. In
corroboration, feeding studies using PET have reported reductions in rCBF in
homeostatic regions amongst sated, normal-weight subjects (22, 111). In line with the
presented evidence, Del Parigi et al. (89) postulated that the hypothalamus, thalamus,
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limbic/paralimbic areas, and basal ganglia represent a central orexigenic network. In
addition, regions of the PFC have efferent inhibitory projections (61) to this central
orexigenic network (especially the lateral hypothalamus) that inhibit effects on eating by
suppressing the neuronal activity implicated in the orexigenic network.
Recent evidence suggests an interaction between internal homeostatic processes
and reward processes (63, 102). Kringelbach et al. (63) showed that feeding subjects to
satiety has a negative effect on reported subjective pleasantness of specific taste – a
phenomenon referred to as sensory specific satiety. Interestingly, the decrease in
pleasantness of food is highly correlated with a reduction in OFC activity (63) an
observation that had previously been observed in primates (93). However, recent
neuroimaging studies (33, 38, 101, 102) have showed hunger, being the opposite of
satiety, increases food reward activity in the OFC of normal-weight adults. In summary,
these studies suggest the OFC plays a critical role in the integration of hunger and the
incentive salience of food and may also be affected by the stimuli being presented.
Kilgore et al. (50) reported presentation of high-calorie foods compared to lowcalorie foods yielded significantly greater BOLD signal change in bilateral activation
within the medial and dorsolateral PFC and thalamus and lateralized activation (i.e. right
side) in the cerebellum, medulla, and middle occipital gyrus; regions Kilgore et al. (50)
suggests are associated with emotion, motivation, response selection and behavioral
regulation. Similar findings have been reported in normal-weight individuals, in addition
to the ventral striatum, amygdala, OFC, and the insular cortex (29, 33, 38). These
findings suggest normal-weight individual‟s attention and motivation to eat is heightened
by highly palatable and calorically dense food. Furthermore, significant activation of the
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hypothalamus in response to the highly-palatable visual cues (50, 101), suggest an
important interaction between external sensory inputs and homeostatic regions of the
brain.

In summary, the literature suggests:


Both cortical and subcortical regions of the brain are activated in response to
visual food stimuli.



Regions of the brain associated with the identification and processing of
visual stimuli are activated in response to food cues in normal-weight
individuals.



Food images have greater salience in the fasted state compared to sated or
overfeed state in normal-weight individuals.



Normal-weight individuals promptly and appropriately sense periods of
energy surplus associated with overfeeding, resulting in reduce activation of
brain regions important in attention, motivation and reward for foods of high
salience.



An interaction between regions implicated in EI and external visual food cues
amongst obese-resistant individuals.



Normal-weight individuals‟ attention and motivation to eat is heightened by
high-calorie foods compared to low-calorie foods.
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Neuronal response in obese individuals
Recent fMRI studies suggest obese and normal-weight individuals differ
substantially in their neural activation in response to visual food cues (17, 83, 96, 105).
Cornier et al. (17) demonstrated that overfeed (30% above EB), overweight individuals
did not provoke an attenuation of BOLD signal activation of the right insula, right
inferior visual cortex and hypothalamus like in the thin cohort (16, 17). Two feeding
studies (21, 22) did describe similar regions of activation, specifically the insular cortex
of sated obese individuals compared to sated lean individuals. In conjunction with
previous findings, two recent fMRI studies reported greater BOLD signal activation in
identical areas of obese women compared to lean women in response to high-calorie
against low-calorie food images (96, 105). Furthermore, nearly identical to regions
reported by Cornier et al. (17), both studies (96, 105) reported greater activation in the
lateral OFC, insula, hippocampus, anterior cingulate and dorsal striatum in response to
high-calorie foods versus low-calorie foods. In contrast, Gautier et al. (35, 36) reported
no significant changes amongst obese and lean individuals in prefrontal cortices and
limbic/paralimbic areas after eating a satiating meal. However, these findings could have
potentially been influenced since subjects were not in an energy surplus state.
Strengthening Cornier‟s et al. (16, 17) findings, BMI was positively correlated with
degree of activation elicited by the high calorie food pictures specifically in the (medial
and lateral) OFC. Contrary, Kilgore & Todd-Yurgelun (47) reported BMI was negatively
correlated with BOLD activity in the inferior OFC gyri. Taken collectively, these
findings suggest obese subjects exhibit a different activation pattern in regions associated
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with attention, assigning salience value to food stimuli and EI regulation compared to
normal-weight individuals.
In addition, differences have been reported in brain regions associated with
emotional, memory, and reward aspects of food in obese and normal-weight individuals
(99, 108). Stoeckel et al. (104) recently postulated the mechanism for heightened
motivational salience of obese individuals may be a hyperactive reward system that
includes the nucleus accumbens/ventral striatum, amygdala and the OFC. Stimuli
associated with high-calorie foods may trigger excessive motivation for hedonic eating
within this reward network that is modulated via the mesocorticolimbic dopamine system
(6). Stoeckel et al. (105) showed obese women compared to normal-weight women
produced significantly greater activation in the medial and lateral OFC, amygdala,
nucleus accumbens/ventral striatum, medial PFC, insula, anterior cingulate cortex,
ventral pallidum, caudate, putamen, and hippocampus in response to high-calorie food
pictures. Subsequent path analyses (104) revealed an effective connection model
amongst the amygdala, OFC and the nucleus accumbens/ventral striatum. Other fMRI
studies (96) and PET studies (21, 36) have shown greater activation in similar regions of
obese women compared to normal-weight women. Collectively, these findings suggest
the motivational salience of high-calorie food may be amplified by a hyperactive reward
system in obese populations.
Regions of the PFC (i.e. bilaterally the superior prefrontal region and middle
frontal gyri and the left dorsolateral PFC) have been implicated in inhibitory control of
food intake (20, 70, 71, 83). Recently, McCaffery et al. (83) demonstrated successful
weight loss maintainers exhibited greater BOLD activity in the left superior frontal region
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and middle frontal gyri in response to food cues relative to normal-weight and obese
women. Comparable findings were reported by Del Parigi et al. (20) in successful dieters
compared to non-dieters. In line with these findings, Le et al. reported obese men (70)
and women (71) compared to lean and formerly obese participants elicited a significant
decrease in rCBF to the left dorsolateral PFC following a satiating meal. In contrast,
when comparing obese men to lean men Gautier et al. (35) reported obese men had
greater increase in rCBF to the right dorsolateral and ventromedial PFC. Hence, the
inhibitory effect of the PFC may be lateralized, at least in the dorsolateral PFC of men.
Moreover, no information was reported on the subject‟s dietary restraint or previous
dieting habits, so the findings could be attributed to this group of obese men attempting to
suppress the rewarding signals of food (e.g. similar to that of successful dieters). These
findings indicate obese subjects exhibit less activation in regions associated with
inhibitory control in response to food cues. Of noteworthy, similar inhibitory control has
been reported in smokers (46), thus providing further insight to the mechanism that
enables cognitive strategies to modulate cravings.

In summary, the available literature suggests:


Sated and overfed obese and overweight adults exhibit increased
activation compared to lean adults in regions associated with attention,
reward evaluation, and indigestive behavior.



In response to hedonic food, obese subjects compared to normal-weight
subjects elicit greater neuronal activation in regions implicated in the
reward network.
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Compared to successful dieters and obese-resistant adults, obese subjects
show less activation in regions responsible for inhibitory control of EI.

Sex differences in neuronal response
Satiation seems to influence the motivational salience and processing of food
images in a different way amongst men and women (15, 29). In a recent study, Frank et
al. (29) showed women observing high-calorie food pictures elicited significantly less
activation in the superior medial frontal lobe, left middle frontal lobe, left anterior
cingulum, right olfactory and bilaterally in the fusiform gyrus when sated compared to
being hungry. Under the same experimental conditions, men showed no different
activation patterns between the hungry and satiated state. In line with these findings,
Cornier et al. (15) reported after 3 days of eucaloric feeding, fasted women showed
significantly greater neuronal activation in the dorsolateral PFC, parietal cortex and
fusiform gyrus compared to fasted men. Taken collectively, these findings suggest fasted
women are more sensitive (or reactive) to hedonic food stimuli than men.
Recent works have yield significantly greater activation in prefrontal (15, 29, 49)
and parieto-temporal (15, 29, 118) regions in women compared to men. In the whole
brain analysis for the high-calorie versus low-calorie food contrast, Kilgore et al. (49)
demonstrated women exhibit significantly greater activation compared to men in the
orbitofrontal cortices and the dorsolateral PFC, in addition to other limbic/paralimbic
areas. In corroboration, Frank et al. (29) and Cornier et al. (15) reported greater
activation in women in analogous regions after observing highly palatable food images.
Collectively, these finding suggest women have greater attention (parieto-temporal

25

response) and cognitive processing (prefrontal response) related to food stimuli. Of
noteworthy, Wang et al. (122) did report men were more effective than women at
deliberately inhibiting activation in the amygdala, right striatum, left OFC, hippocampus
and other regions associated with reward and appetite regulation when viewing highly
salient food.

In summary, the available literature suggests:


Fasting women, compared to men, have a more robust neuronal activation
in response to high-calorie foods.



Women, compared to men, have greater activation in regions associated
with attention, decision-making, salience attribution and inhibitory control
in response to hedonic food.

Neuronal Response to Exercise
To our knowledge, there are no published studies that have assessed the impact of
exercise on brain responses to visual food cues. However, neuroimaging studies have
been used to investigate the brain‟s response to exercise, but for only short periods of
time (< 30 min). Liu et al. (75) demonstrated a fatiguing handgrip muscle contraction
elicited significant neural activity in motor-function cortices such as the primary
sensorimotor cortex, supplementary motor area, and associate cortices (i.e. prefrontal
cortex and the cingulate gyrus). The findings were reproduced in a similar study (76), in
addition to the primary visual cortex (5). In line with the abovementioned, Benwell et al.
(3, 4) showed reduced activation in the same regions during the period of recovery (6-12
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min) after a fatiguing handgrip exercise. Taken together, these results suggest that
although the reduced functional activation during the recovery period after fatiguing
exercise is more marked in motor areas, it also extends to non-motor areas such as the
visual cortex.
There is growing evidence that exercise-induced reduction in neural activity
within specific regions may be involved in modulation of various physiological (66, 129)
and behavioral responses (46). The insular cortex has been implicated as an important
site of cardiovascular regulation (97) that elicits a neuronal response during exercise
(128). In a well-controlled study to determine whether there were differences in the
magnitude of insular cortex activation across varying intensities of static (e.g. sustained
handgrip exercise at 25% subjects maximal voluntary contraction) and dynamic (e.g.
cycling ergometer at 80-90 bpm and 150-160 bpm) exercises, Williamson et al. (126)
concluded during both cycling intensities, that rCBF to the right insular cortex was
related to individual blood pressure changes. Of note, percent change from rest in rCBF
to the right insular cortex was greatest after the high-intensity cycling (13.0 ± 4.5%).
Furthermore, activation in the insula and anterior cingulate cortices may be independent
of muscle metaboreflex activation, which modulates the arterial baroreflex response (44),
and blood pressure elevation (127). However, after moderate exercise (60-70% heart rate
reserve), Williamson et al. (127, 129) reported an attenuation in rCBF to a network of
cortical structures (which includes the insula and anterior cortices) (19) that modulates
the cardiovascular response during post-exercise hypotension. Deactivation was also
observed in the thalamus and sensorimotor regions, which is in line with previous
findings (3, 4). Taken together, the data suggest cortical and subcortical regions are
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involved in the regulation of cardiovascular responses both during and immediately after
(at least 30 minutes) exercise.
Evidence from animal research indicates exercise may influence neurological
processes that modulate drug use and responses to contextual cues, specifically through
dopaminergic pathways (84). Interestingly, exercise-induced alterations in regional brain
activation have been identified in humans viewing smoking-related stimuli (46). This is
of note, since previous evidence has shown short (30-40 min) moderate-intensity (6085% heart rate reserve) exercise reduces self-reported cravings in response to cigarette
cues and increases the time (up to 50 min) between ad libitum smoking (112, 113). In a
randomized crossover study, Janse Van Rensburg et al. (46) demonstrated a single bout
of exercise (for 10 min at an RPE between 11-13) not only reduced self-reported cigarette
cravings but shifted regional brain activation from areas associated with reward
processing and visuo-spatial attention to regions related to “default mode network” or
normal resting state of the brain (i.e. the brains neural pattern during a non-cognitive
task) (40). Janse Van Rensburg et al. (46) findings are in line with Dietrich‟s (23, 24)
„transient hypofrontality‟ hypothesis that postulates exercise limits PFC-dependent
cognition. Taken collectively, these studies suggests exercise may act as a tool to limit
(or even deactivate) frontal cortex regions involved in reward processing of cigarette
cravings.
In light of the neuroimaging and behavioral evidence, exercise may have a role in
modulating brain activity associated with EI.
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In summary, the available literature suggests:


There are more widespread changes in cerebral hemodynamic responses to
fatiguing hand-grip exercise.



Exercise-induced reduced functional activation may not be limited to
primary motor areas.



Exercise-induced modifications in cortical and subcortical activity may be
a significant factor contributing to cardiovascular regulation.



A single bout of exercise can modulate an individual‟s response to an
external cue by limiting frontal cortex activation.
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Chapter 3
Methods and Procedures

Overview
The purpose of this study was to determine whether a single bout of exercise
alters food reward, visual attention, and inhibitory control regions in the brain assessed
by fMRI and subjective appetite responses. A counterbalanced, crossover study design,
in which subjects serve as their own control, was used. BOLD in response to rewarding
food images was measured after 2 conditions: 1) 60 minutes of aerobic exercise; and 2)
No-exercise (60 minutes of rest). See Figure 3.1 for study overview.

Figure 3.1 Study overview.

Subjects
Thirty healthy, active (> 2 hours of physical activity/week), right handed college
students, ages 18-34 were recruited from the local community of San Luis Obispo, CA
(see Table 3-1 for subject characteristics). Subjects were recruited through
advertisement, fliers and personal announcements. All volunteers were free of any
metabolic or chronic disease, non-smoking and physically capable of performing one
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hour of exercise on a stationary cycle ergometer, assessed by Health and Fitness History
and Physical Activity Readiness questionnaires (PAR-Q). Exclusion criteria included,
standard MRI contraindications (e.g. metal and/or electronic implants, claustrophobia,
and pregnancy), neurologic or psychiatric conditions, unsafe dieting practices, a body
mass index (BMI) >30 kg/m2, body fat >30%, peak oxygen consumption (VO2peak) < 35
ml/kg-min and any orthopedic or health problem that may have prohibited physical
activity. The study was approved by the Human Subjects Committee at California
Polytechnic State University, and verbal and written consent were obtained from all
subjects.

Variable
N (M,F)
Age (years)

Mean ± SD
17, 13
22.0 ± 3.8

BMI (kg/m2)
% BF
Max Power (W)
VO2max (mL/kg-min)
HRmax (bpm)

23.6 ± 2.4
16.7 ± 7.1
250.9 ± 65.2
44.3 ± 8.3
189.4 ± 11.3
Table 3-1. Subject characteristics

Preliminary Test
Subjects completed a Health and Fitness History questionnaire and PAR-Q prior
to starting the study. In addition, menstrual cycle phase and any hormonal birth control
or estrogen replacement were collected via the Health and Fitness History questionnaire.
Total daily energy expenditure (TDEE) for both men and women was predicted from
equations developed by Harris and Benedict (41) as described below. This data was used
to estimate and determine the percentage of TDEE the exercise bout was.
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Males: TDEE = [66.47 + 13.75 (weight in kg) + 5.0 (height in cm) - 6.76 (age in
years)]*(activity factor)
Females: TDEE = [655.1 + 9.56 (weight in kg) + 1.85 (height in cm) - 4.68 (age in
years)]*(activity factor)

The activity factor (1.2 – 1.9) was dependent on subject‟s regular physical activity habits
as self-reported. Height was measured by stadiometer (Ellard Instrumentation LTD.,
Monroe, WA) and weight by balance scale (Continental Scale Corporation, Bridgeview,
IL). BMI (kg/m2) was calculated from weight and height and body fat percentage was
assessed by bioelectrical impedance (Omron body fat analyzer HBF-301, Vernon Hills,
IL) all prior to testing. Demographic information like age and gender was also collected.
Peak oxygen consumption (VO2peak) was assessed using the Astrand Bicycle
Ergometer Maximal Test Protocol (42). The protocol consisted of one 3-minute rest
stage followed by 3-minute continuous stages of increasing resistance on the stationary
cycle ergometer (Lode Corival 400, Groningen, Nederland); with a constant cadence of
50 rpm. The initial power output was 50W for women and 100W for men. After the
initial stage, 30W and 50W was added to each subsequent stage for women and men
respectively. The test continued until 3 of the following 4 conditions were met: 1) Pedal
cadence < 50 rpm; 2) respiratory exchange ratio > 1.15; 3) the subject‟s heart rate was
within 10 beats of age predicted max; and 4) subject voluntarily stopped the test. During
the VO2peak test, expired air was collected through a two-way breathing valve that was
connected to an online metabolic system (ParvoMedics Truemax 2400, Salt Lake City,
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UT) that was calibrated before each test. VO2peak was determined by the highest 30second value obtained and maximum wattage was calculated as the proportion of
completed stage time over total time of stage achieved (3 minutes per stage) multiplied
by the expected wattage for that given stage. For example, a female subject completes
only 2 min (120s) of the 3 min (180s) stage, the percentage of the stage completed
(120s/180s x 100%= 66%) will be multiplied by the total wattage of the stage (30W) to
determine the wattage of her final stage (.66*30W=20W). Throughout the VO2peak test,
heart rate (HR) was continuously monitored using a HR monitor (Polar Electro, Lake
Success, NY). VO2peak, peak watts and HR was used to determine the appropriate level
of physical work during the exercise condition.

Experimental Design
Subjects were asked to refrain from exercise, alcohol, and caffeine for the
previous 24hrs before all trials. After an overnight fast (8 -12hrs), all subjects reported to
Templeton Imaging Medical Corporation (Templeton, CA) for fMRI scans and all other
data collection.
Upon arrival, subjects reviewed a protocol checklist, to check compliance of all
pre-trial procedures. Afterward each subject completed an appetite questionnaire to
assess subjective appetite responses using a visual analog scale (VAS) (28). Subjects
then either rested for 60 minutes or exercised for 60 minutes above 75% their HRmax on a
cycle ergometer (See Figure 3.1). The order of the exercise or no-exercise condition was
organized in a non-randomized counterbalanced order. HR was continuously monitored
and recorded throughout the duration of the exercise protocol. During the first ten

33

minutes of the exercise protocol, subjects were ramped to a wattage that elicited > 75%
their HRmax, which was determined from subject‟s VO2peak test. Average HR (bpm),
power output (W) was recorded and relative oxygen consumption (ml/kg-min) was
calculated from last 30 minutes of steady-state cycling. Relative oxygen costs of cycle
ergometry were predicted from a previously validated equation provided by Latin et al.
(67) as described below:

VO2 (mL/min) = (kgm/min*1.9 mL/kgm) + (3.5 mL/kg*kg of body weight) + (260
mL/min)

Total energy expenditure (kcal) was calculated for the entire 60 minute exercise bout.
Immediately following the rest or exercise portion of the trial, subjects proceeded
to the magnetic resonance (MR) machine after completing another appetite questionnaire.
Subjects were then instructed to lie supine on the MR scanner table to be fitted with
headphones and head coil by the MRI technician. Visual stimuli were presented from a
laptop computer (Dell Latitude E5410) onto a 32” monitor (Vizio, Irvine, CA) outside the
scanner room using E-Prime software (Psychology Software Tools Inc., Pittsburgh, PA).
Changes in BOLD signals to high- and low-calorie food pictures using fMRI were
assessed. Subjects saw images on monitor through a mirror mounted to the head coil.
After the scan, subjects were given a final appetite questionnaire and completed a 24hr
dietary recall. There was a one week washout between all trials.
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Visual Food Cue Paradigm
The food cue paradigm was adapted from Kilgore et al. (55) by using the high
quality photographs obtained from the authors. During the fMRI scan subjects completed
two stimulation paradigms over two scanning runs in a counterbalanced order: 1) control
images and low-calorie foods (see Figure 3.2) and 2) control images and high-calorie
foods (see figure 3.3). Control images consisted of non-food objects with similar visual
complexity, texture and color (e.g. trees, shrubs and flowers). Low-energy photographs
included images depicting fresh fruits and vegetables, whole-grain cereal and garden
salads. High-energy photographs included images depicting cheeseburgers, hotdogs,
french fries, ice cream sundaes, chocolate chip cookies, barbequed chicken and pasta
with meat sauce, etc. Each paradigm lasted for 180s and consisted of three 30s control
blocks which alternated with three 30s stimulation blocks. Each block consisted of 10
images (2 dummy + 8 control/stimulation) being presented for 3s each. The two dummy
images (i.e. images of forks) were used to provide transition from control to stimulation
images.

Condition
Control
images
Low-energy
food pictures

Time in 30s blocks of 10 images

Figure 3.2 Food cue paradigm - Control/Low-energy
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Condition
Control
images
High-energy
food
pictures

Time in 30s blocks of 10 images

Figure 3.3 Food cue paradigm - Control/High-energy

MRI Data Acquisition
Functional neuroimaging data was acquired in two runs on a 1.5-T Siemens
Symphony MRI scanner (Siemens, New York, NY) equipped with a standard head coil.
Functional imaging was collected by using a whole-brain imaging sequence (TR =
3000ms, TE = 56ms, field of view = 200 mm2, 642 acquisition matrix, 30 axial slices, and
3.5-mm slice thickness). BOLD data was collected during 12 blocks in one 12-minute
session (see Figure 3.2 and 3.3). For anatomical localization, matched T1-weighted highresolution images was collected of the entire brain (256 · 256 matrix, field of view = 256
mm, 1-mm slice thickness) in the sagittal plane as a reference.

fMRI Data Processing and Statistical Analysis
Functional imaging data was processed and analyzed in SPM8 (Wellcome Trust
Centre for Neuroimaging, UK) within the context of the General Linear Model on a voxel
by voxel basis (32). Images were corrected for motion using an intrarun realignment
algorithm, convolved into the standard Montreal Neurological Institute (MNI) space
(using the EPI template found within SPM8) (31) and smoothed using an isotropic
Gaussian kernel (full width half-maximum = 7mm) and resliced to 2 x 2 x 2 mm.
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As adapted from Stoeckel et al. (105), a two-stage procedure was used for the
statistical analysis of a mixed-effects design. At the first level (fixed effects), the fMRI
data from each subject was used to generate statistical contrasts maps to compare brain
activation to: 1) control vs. high-calorie foods; 2) control vs. low-calorie foods; 3) highcalorie foods vs. low-calorie foods. These contrasts were then entered into a second level
(random effects) analysis to compare the exercise and no-exercise conditions along with
both sexes. A ROI approach used to address the a priori hypotheses. Given no previous
study has examined the brain response of normal-weight or over-weight individuals to
visual food cues after a single bout of exercise, a priori ROI that have previously been
reported in the regulation of food intake were used (e.g. dorsolateral PFC, OFC, insula
and the hypothalamus) (16, 17, 50, 83).
ROI clusters were created using the Wake Forest University PickAtlas (66) and
the MarsBaR toolbox (10) in addition to the Anatomic Automatically Labeling toolbox
(115) to determine the anatomical location of each locus. As activation within these
search territories was predicted to differ between exercise vs. no-exercise and men and
women, the ROI analysis was conducted using the MarsBaR toolbox (10). An α < 0.05
was considered significant. To correct for multiple comparisons in the ROI approach, a
Bonferroni correction was applied. Finally, due to the novelty of the study, exploratory
voxel-wise group contrasts was performed to identify differences in brain activity outside
a priori ROI. The rationale for this analysis was to avoid the possibility of missing any
unforeseen condition effects. Therefore, brain activation was evaluated at a threshold of
P value of less than 0.005 (uncorrected), with an extent threshold of 5 contiguous voxels,
which is standard for exploratory fMRI studies given the relatively novel approach (50).
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An ANOVA was used to determine differences between the exercise and no-exercise
conditions.
Minitab 16 Statistical Software (Minitab Inc., State College, PA) was used for
statistical analysis of the appetite response. A General Linear Model was used to
determine differences in mean hunger, satiety, fullness and prospective food consumption
between the exercise and no-exercise conditions. An α < 0.05 was considered significant.

Sample Size Calculation
Since no previous study has evaluated the effects of exercise on brain activation
in response to visual food cues, results from McCaffrey et al. (83) were used, based on
mean changes in the BOLD signal of healthy normal-weight subjects in the superior
frontal region. A sample size calculation was conducted using a paired t-test at an α =
0.05 with power of 0.8, which required a sample size of at least 21 subjects.

Power Curve for BOLD Signal
1.0

Sample
Size
21

0.8

A ssumptions
A lpha
0.05
S tD ev
0.212
A lternativ e N ot =

Power

0.6

0.4

0.2

0.0

-0.2

-0.1

0.0
0.1
Difference (BOLD signal)

0.2

Figure 3.4 Power curve for BOLD Signal
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Chapter 4
Results

Assessment of Recruitment and Compliance
Thirty two subjects were originally recruited to the study. Of the 49 people who
responded to the initial request for volunteers, 46 were screened and 32 met the inclusion
criteria. Two female patients withdrew due to personal reasons. One patient did not
adhere to all the study protocol (i.e. consumed one cup of coffee, the morning of the noexercise trial), however his data was still included in the final analysis since it didn‟t
affect the final results. The final analysis included 30 subjects (17 M, 13 F).

Responses to Exercise
Exercise characteristics are presented in Table 4-1. All subjects completed 60
minutes of high-intensity exercise.

Variable

Mean ± SD

Duration (min)
60
% HRmax
82.9 ± 5.7
Power (W)
139.7 ± 37.7
VO2 (mL/kg-min)
29.3 ± 5.0
Energy Expenditure (kcal)
640 ± 141.5
23.4 ± 2.8
% TDEE
Table 4-1. Exercise characteristics

39

ROI Analysis
The ROI approach to test our a priori hypotheses revealed no structures that were
significantly active across both conditions for each condition. A complete list of the ROI
analysis can be found in Table 4-2.

Whole Brain Analysis
Clusters (i.e. contiguous voxels) of significant activation and their mass center
coordinates are presented in Table 4-3. Originally, the repeated-measures ANOVA did
not show an interaction between the exercise and no-exercise conditions, therefore each
condition and food cue was analyzed separately using a one-factor ANOVA. The
exploratory analysis revealed significantly active peak clusters (p < 0.005, uncorrected)
mainly after the exercise condition, compared to the no-exercise condition. For example,
post-exercise scans displayed greater activation in prefrontal and visuo-spatial areas such
as the superior frontal gyrus (medial surface), medial OFC the precuneus, superior
temporal, middle temporal gyrus and the fusiform gyrus. In contrast, the no-exercise
condition displayed greater activation in the fusiform gyrus and other subcortical regions.

Sex Differences
Whole brain analysis revealed a number of significantly active clusters (p < 0.005,
uncorrected) that differed between males and females for the exercise condition. Males
showed greater activation in the medial OFC, cuneus and the posterior cerebellum,
compared to females who exhibited greater activation in the precuneus and middle
temporal gyrus. However, analogous activation was observed in the superior frontal
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gyrus (medial surface) following the exercise condition. In response to the no-exercise
condition, males showed greater activation in the lingual gyrus, compared to females who
revealed greater activation in the caudate body, fusiform gyrus and the midbrain.

Appetite Scores
The response plots for hunger, satiety, fullness and prospective food consumption
are presented for both conditions in Figure 4.3. A General Linear Model revealed a main
effect of condition (P = 0.023), time (P < 0.001), person (P = 0.002) and a condition x
time (P = 0.002) interaction effect for hunger, indicating that responses differed over time
between the exercise and no-exercise conditions. Post hoc analysis, using Tukey‟s
Simultaneous test for multiple comparisons indicated hunger decreased significantly
immediately after exercise (P = 0.0006) and remained suppressed following the fMRI
scan (P < 0.0001), compared to the no-exercise condition. Furthermore, we observed a
main effect for condition (P = 0.022; P = 0.015), time (P < 0.001; P = 0.001), and person
(P < 0.001; P < 0.001) for both satiety and fullness, respectively. However, a condition x
time interaction effect, only reached significance for satiety responses (P = 0.020),
indicating satiety responses differed over time between the exercise and no-exercise
conditions. Post hoc analysis, revealed subjects were more satiated following the fMRI
scan after the exercise condition (P < 0.0001), compared to the no-exercise condition.
Finally, a main effect of condition (P = 0.009), time (P = 0.004), person (P < 0.001) and a
condition x time (P = 0.048) interaction effect for prospective food consumption,
signifying that responses differed over time between the exercise and no-exercise
conditions. Tukey‟s post hoc analysis, revealed subjects were less likely to consume
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food following exercise (P = 0.0071) and the fMRI scan (P = 0.0002), compared to the
no-exercise condition.

Condition

ROI

tP-value
statistic

Exercise
Hi vs. Con
DLPFC
Hypothalamus
Insula
OFC

0.47
0.23
-0.98
-0.65

0.788
0.878
0.999
0.995

DLPFC
Hypothalamus
Insula
OFC

-1.51
-0.18
-2.28
-1.91

1.000
0.967
1.000
1.000

DLPFC
Hypothalamus
Insula
OFC

1.41
0.20
0.18
1.01

0.297
0.889
0.895
0.505

DLPFC
Hypothalamus
Insula
OFC

0.41
-0.87
-0.25
-0.95

0.814
0.999
0.974
0.999

DLPFC
Hypothalamus
Insula
OFC

-0.54
-1.49
-1.40
-0.60

0.992
1.000
1.000
0.994

DLPFC
Hypothalamus
Insula
OFC

-0.86
-0.57
0.96
-0.71

0.998
0.993
0.530
0.997

Low vs. Con

Hi vs. Low

No Exercise
Hi vs. Con

Low vs. Con

Hi vs. Low

Table 4-2. ROI analsysis in response visual food cues
after exercise and no exercise conditions. Note: P-values
have been corrected for the multiple regions in the
analysis using the Bonferroni method
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Condition

tCluster
statistic
Size

Region

MNI Coordinate

Medial OFC

12 47 -2

3.98

476

Precuneus*

6 -58 37

6.37

1938

Fusiform gyrus

45 -58 22

4.02

371

Superior Temporal
gyrus

45 -58 22

4.29

1065

Middle Temporal
gyrus

-48 2 -32

4.45

427

Precuneus*

-12 -52 28

6.05

1272

Superior Frontal
gyrus

0 62 28

4.11

919

Fusiform gyrus

21 -79 -5

4.59

992

Midbrain

12 -13 -11

4.65

363

Exercise
Hi vs. Con

Low vs. Con

Hi vs. Low

No Exercise
Hi vs. Low

Table 4-3. Foci of significantly active clusters (P < 0.005, uncorrected) in response to visual
food cues after exercise or no exercise conditions
*Regions that survived whole-brain corrections for multiple comparisons
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Figure 4.1. Significant clusters. Sagittal, coronal and axial slices of significant clusters (P < 0.005)
following exercise condition

Figure 4.2. Brain Activation of exercise vs. no-exercise. Sagittal, coronal and axial views of areas showing
activation in exercise condition (red) relative to no-exercise (yellow) condition
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Figure 4.3. Appetite Responses. Mean visual analogue scale scores for changes in hunger (A), satiety (B), fullness ( C) and
prospective food consumption between exercise and no exercise conditions. *Values significantly different (P < .05) than postexercise scores, after Tukey adjustments. Note: time points T1 (baseline), T2 (post-treatment), T3 (post-fMRI scan)
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Chapter 5
Discussion

The primary goal of this study was to determine whether a single bout of exercise
altered food reward, visual attention, and inhibitory control regions in the brain and
subjective appetite responses. The main findings in response to exercise were: 1) Greater
activation of an inhibitory region (superior frontal gyrus) and visual attention regions
(precuneus, superior temporal gyrus, middle temporal gyrus, fusiform gyrus); 2)
however, a food reward region (medial OFC) was activated; and 3) suppression of
hunger, satiety and prospective food consumption. The current findings confirm three of
our hypothesis, that exercise increases activation in food inhibitory control and visual
attention regions, and suppresses subjective appetite responses. However, we did not
observe an attenuation of food reward and energy regulating brain regions. Collectively,
these data suggest that exercise, at least partially, alters brain responses to food pictures
in a direction expected to decrease energy intake.
A novel finding in the current study is a clear effect of exercise on brain
activation. We showed that exercise increased brain activation in a food inhibitory region
(superior frontal gyrus). These regions within the prefrontal cortex (PFC) have a central
role in the inhibition of inappropriate behavior (61, 83), satiety (35), and meal
termination (70). To our knowledge, only one other study evaluated brain activation in
response to exercise using fMRI (46). Janse Van Rensberg et al. (46) found that 10
minutes of exercise increased neural activity in inhibitory regions (e.g. superior frontal
gyrus) in response to visual smoking pictures. Others have found that movement or
exercise during a fMRI scan increased brain activation in inhibitory control regions (74).
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Our findings are generally consistent with, and extend the results of, those previous
studies showing increased inhibitory control brain regions in response to exercise.
We also found that exercise increased activation in the precuneus, superior
temporal gyrus and middle temporal gyrus. Activation of these regions is consistent with
greater visual processing and visual attention of food cues following an exercise
condition, in contrast to no-exercise trial. These finding suggests that a single bout of
exercise may lead to a heightened awareness between external signals and energy
regulating centers of the brain, especially with the concomitant activation of prefrontal
regions. This is in line with previous findings (60) of neural connectivity between
associative centers, such as the precuneus and the PFC. These data, combined with our
finding that exercise increased activation in inhibitory control brain regions, are
consistent with previous studies (51, 54, 108) showing that energy intake is not increased
after exercise.
To our surprise, we did observe activation in a food reward region (medial OFC)
following exercise. This finding is in contrast to our hypothesis and the one other
exercise study using fMRI (46). Interestingly, Del Parigi et al. (20) suggested that, due to
the reciprocally interconnection between the OFC and the DLPFC (i.e. an inhibitory
region), there may be an inhibitory feedback circuit that links prefrontal and orbitofrontal
regions. The link may be under top-down control, meaning the inhibitory regions may
have a regulatory effect on the information processing of the OFC. Furthermore,
Plassmann et al. (91) suggested the OFC is an integral function of the goal valuation
system or the processing of signals that influence decision-making. Moreover, the
system‟s processing may have hemispheric specialization in the management of reward
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and aversive goals. In an fMRI study, O‟Doherty and colleagues (88) found voxels
activated in the right OFC were predominately correlated with aversive goal values as
opposed to the left OFC which was correlated with reward, following an emotion-related
visual reversal-learning task. In the present study, the right OFC was activated following
exercise. Hence, it is tempting to speculate the activation of the OFC after exercise was
in relation to assigning a goal value that was in opposition of the stimuli being presented,
considering it was activated while viewing highly palatable, energy dense food which can
lead to severe perturbations in energy balance and undesirable weight gain. Further
exploration will need to be conducted to determine the true effect of exercise on OFC
activation.
In general, exercise altered subjective appetite responses in a direction expected to
suppress energy intake. These results are consistent with previous studies (11, 54, 56) of
prolonged (≥ 60-min) exercise at high-intensities (≥ 70% VO2max) decreasing subjective
hunger responses. For example, Broom et al. (12) showed 11 lean, active males, who
exercised for 60 minutes at 70% of VO2max had significantly lower hunger scores during
and up to 4 hours after exercise, compared to the no-exercise condition. In the current
study, the suppressed appetite responses are in line with greater activation in inhibitory
control and visual attention brain regions. Taken together, the increased brain activation
and suppressed appetite responses provide a plausible explanation that energy intake is
not increased after exercise.
In our study energy intake was not measured, and to date only one other PET
study (21) has examined the effects of food intake on brain activation. However, it is still
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unclear how brain activation changes ad libitum food intake since the subjects only
consumed a satiating meal that was calculated based off their daily energy requirements.
Several methodological considerations in the current study must be mentioned.
First, we only observed significant activation in the fusiform gyrus and the midbrain
during the no-exercise condition. These results are in contrast to studies with similar
visual food cue paradigms (50, 83) and study designs (46). The differences may hinge on
numerous variables including subject characteristics (men vs. women), physical activity
levels, body composition, magnet strength, etc. In our study, subjects were healthy,
normal-weight and habitually active. In contrast, others used sedentary, overweight or
obese individuals (17, 71, 83) or did not report physical activity levels (50). Previous
studies have found that habitually active individuals have suppressed appetite hormones
and no increase in food intake after exercise (54, 116). Therefore, the habitually active
individuals in the current study may have improved energy homeostatic controls,
potentially explaining the attenuated brain responses observed in the no-exercise trial.
Second, the strength of the magnet, a 1.5-T, compared to a stronger 3-T, may have not
been robust enough to detect differences in homeostatic and hedonic control feeding
centers deep within the brain. Third, due to the novelty of brain mapping using fMRI, we
had limited ability to map the connectivity of the significantly activated brain regions,
and to determine the influence of the PFC on modulating other cortical and subcortical
regions. Finally, our study was under powered to detect sex differences in brain regions,
an observation that can have future implications in elucidating sex differences.
Our study has posed some interesting questions, hence there are areas future
studies still need to investigate, such as the role cardiorespiratory fitness plays on brain
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activation in response to visual food cues. Moreover, the lack of compensatory increase
in energy intake following acute bouts of exercise is short-lived (< 9 days) (108, 109),
thus it would be fascinating to determine how brain responses change as a result of
regular exercise training. Furthermore, recent neuroimaging studies (40) have been
focusing on the brains‟ „default mode‟, or brain activity during rest. It has been
suggested this network may have paramount implications on energy intake and
maintaining a healthy body weight (39). Therefore it would be appealing to see how the
brains‟ neural circuitry changes as individuals improve their fitness. Finally, it is critical
to reveal the therapeutic efficacy of exercise training on brain activation in obese
populations, since they are at greater risk of many weight-related chronic diseases.
In summary, our results suggest, at least partially, that exercise alters brain
activation in a direction expected to decrease energy intake. Increased activation in food
inhibitory centers and visual attention centers is consistent with a non-compensatory
increase in energy intake following an acute bout of exercise. From a practical
standpoint, these findings imply exercise may alter the physiological drive to eat, by
reducing the desire of food, culminating in the absence of increases in energy intake, at
least in the short-term. Therefore, increased brain activation may be a plausible
mechanism of why there is no compensatory increase in energy intake after exercise.
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Appendix A: Informed Consent
California Polytechnic State University

INFORMED CONSENT TO PARTICIPATE IN A RESEARCH PROJECT ON THE
EFFECTS OF EXERCISE ON BRAIN RESPONSES TO FOOD PICTURES

INVESTIGATORS: A research project on brain activity is being conducted by Todd Hagobian,
Ph.D. (thagobia@calpoly.edu) and graduate student Nero Evero (oevero@calpoly.edu) in the
Kinesiology Department at Cal Poly, San Luis Obispo. The purpose of the study is to determine
the effect of exercise on brain regions known to alter appetite. To do that, you will undergo a
functional magnetic resonance imaging (fMRI) scan at Templeton Imaging Medical Corporation,
Inc., on two separate visits.

PURPOSE: You are being asked to participate in a research study. Your participation is
voluntary. If you are a student, your decision whether or not to participate will not have any affect
on your academic status. Please feel free to ask questions at any time if there is anything you do
not understand. The goal of this study is to determine the effects of exercise on brain regions that
alter appetite. A single exercise session has been shown to decrease food intake, but it remains
unclear whether brain imaging may differ after exercise. Your participation will include 4 visits
(see below) and will take approximately 6 hours total. On two of these visits you will be asked to
exercise. Your brain activity will be measured with a fMRI scanner at Templeton Imaging Medical
Corporation, Inc. Careful measurements of your responses will be used to relate brain activity to
appetite. You are being asked to participate because you are a normal, healthy man or woman
and are 18 to 40 years old and right-handed. Up to 30 subjects will participate in this study. Your
participation allows us to determine basic principles of brain organization and how exercise may
be used as a tool to alter appetite. Please be aware that you are not required to participate in this
research and you may discontinue your participation at any time without penalty or loss of
benefits.

OVERVIEW OF STUDY:
Visit 1: Informed consent, and measurement of physical characteristics, and health history,
appetite and physical activity questionnaire (approximately 1 hour)
Visit 2: Maximal oxygen consumption exercise test (approximately 1 hour)
Visit 3 and 4: Exercise, MRI scan, appetite questionnaire (approximately 4 hours total)
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STUDY PROCEDURES:
Visit 1: You will be provided with a full description of the study and have the opportunity to ask
any questions. At this time you should inform the investigators of any other studies that you are
participating in. If you are interested in participating in the study, you will be familiarized with the
exercise procedures and equipment, and your body height, body weight, and body fat will be
measured. Body fat will be measured by bioelectrical impedance. You will wear no metal
objects, and lay down comfortably on a table. You will hold the bioelectrical impedance with your
two hands, and your body fat will be measured. Also, you will be asked to complete a
questionnaire about your health, appetite, and your physical activity levels. This testing will
happen in the Human Performance laboratory at Cal Poly San Luis Obispo.

Visit 2: Maximal oxygen consumption will be determined by exercising on a stationary bicycle.
You will be wearing a heart rate monitor and breathe into a mouthpiece and tube. A clip will be
placed on your nose so that you can only breathe through your mouth. You will begin pedaling at
a very easy workload as a warm-up. You will continue to pedal at the same rate while the
workload is increased slightly every 2 minutes. It will become more and more difficult to maintain
your pedaling rate as the test progresses. The test will be stopped when you no longer wish to
continue (test usually lasts a total of 8-15 minutes). This test is physically demanding and you
may feel fatigued after the test. The results of this standard test will be used to set the
appropriate level of physical work during the exercise test.

Visit 3 and 4: Visit 3 and 4 both will occur at Templeton Imaging Medical Corporation in the
morning after 8-10 hours of having not eaten food. On both visits you will undergo an fMRI scan.
On one of these visits you will exercise for 1 hour prior to the scan and on the other visit you will
sit quietly in a chair for 1 hour prior to the scan.

fMRI: This is a special three-dimensional picture of the brain using magnetic waves. You will lie
inside a narrow tube for up to one hour. Throughout the study you will be visible to the
experimenter by means of a window and you will be in direct verbal communication with fMRI
personnel at all times. You will view pictures of different types of food on a computer screen
specially designed to work with the fMRI machine. During the scan it is very important to remain
as still a possible since the brain imaging is very sensitive to movement. You will not have to hold
still for the entire hour, only up to 10 minutes at a time during the actual data collection. You will
be given breaks so you can move your head and body while you are in the MRI. You will be
given specific instructions as to when the scan will start and stop through a headset that you will
wear. There is a panic button that will allow the technician or researchers to stop the scan and
for you to immediately exit the fMRI machine. Please ask the experimenter any questions that
may arise.

Please Note: fMRI is commonly used in medicine for the purpose of diagnosing abnormalities of
the brain. The procedures that are to be used in this study are different from fMRI scanning used
in medicine. There is no intention to make any medical diagnosis with the fMRI as used in this
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research setting. Although unlikely, it is not uncommon that a brain abnormality will be suspected.
If this is the case, your scan will be forwarded to your doctor and you will be excluded from
participating in the rest of the study.

Each scanning session will last approximately 60 minutes. Several types of brain image data may
be collected as part of this investigation. Some of the scans may involve investigational
sequences provided by the scanner manufacturer for research purposes. The scans will include
one or more of the following:





A scout image for use in aligning the scanner’s field of view
A quick anatomical image of your brain structure for use in data processing
Series of brain images collected over time that track brain function in response to
visual pictures
A high-quality image of your brain structure for use in the display of results

Also, at the end of the study you will be given a DVD with your brain photos.

Exercise: Before one of the fMRI scans, you will pedal on a stationary bicycle at a somewhat
hard pace for approximately 1 hour. You will be wearing a heart rate monitor during exercise.
The pedaling resistance or treadmill grade will be adjusted during the first 15 minutes of exercise
until the rate at which you are working is steady at the desired value. The exercise should feel
slightly difficult but not painful; you will probably feel fatigued near the end but will not be giving
an all-out effort.

Appetite Questionnaire: On visit 3 and 4, immediately before and after the MRI scan, you will
answer a few questions regarding your appetite.

ALTERNATIVES: There are no alternative techniques that can provide this type of information on
human structure and function. If you are a student subject, there are alternative experiments
available for you to participate in.

RISKS:
fMRI scans: The risks of participation in the MRI scanning procedure are minimal. There is no
measurable risk to being exposed to magnetic fields at the strength used in this experiment.
There is no long-term safety data available for exposure to multiple MRI scans. Special
considerations are made for the following:

1. Metal: The fMRI machine produces a constant, strong magnetic field, so if you have metal
implants and clips within your body they may be influenced by the magnetic field and shift in
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position. Thus, if you have such implants you must inform us and withdraw from the study.
Metal earrings and necklaces also must be removed prior to the study. If you have shrapnel,
surgical implants, or other pieces of metal in your body that cannot be removed, you may not
be able to participate in studies involving the fMRI scanner. In many cases, people having
dental appliances in their mouths can participate but should notify the investigator to be
certain. Clothing with metal cannot be worn in the scanner. We can provide suitable clothes
for the study as needed.

2. Women of child bearing potential: The risks of an fMRI scan to the unborn fetus are
unknown. By signing this informed consent form you are indicating to the best of your
knowledge that you are not pregnant or trying to become pregnant. If you are uncertain then
you will be excluded from the study.

3. Hearing: Functional fMRI scanning produces a loud high-frequency tone. To minimize this
sound, adequate hearing protection in the form of headset and foam earplugs will be
provided and required. The technician and/or researchers will be able to communicate to you
through the headset. If you have any hearing issues, you will be excluded from the study.

4. Claustrophobia: The functional scanning coil fits closely around your head, so if you
feel anxious in confined spaces, you may not want to participate. If you decide to
participate, and then at a later time decide to discontinue, just let us know and we will
stop the experiment.

BENEFITS: There are no direct benefits to you in participating in an fMRI study of brain function.
These data are collected purely for the purposes of research and do not have a clinical or
diagnostic value. However, these data may further our understanding of how exercise may be
used as a tool to alter brain activity and help identify the processes that may underlie obesity and
regulation of appetite.

CONFIDENTIALITY: We are required by law to protect your confidentiality. All records and
assessment data from this study will be treated as confidential. Your name and the fact that you
are in the study will be kept confidential. Information stored on our computer will be password
protected. Information on fMRI scans and questionnaires will be identified by participant ID and
decoded using a list kept in a locked cabinet. Only research staff and the principal investigator
will have access to the locked cabinet. All questionnaires and data collection material completed
in this study will be shredded within five years after the study’s completion.

COSTS/PAYMENTS: There are no costs to you for your participation in this study. You will be
paid a maximum of $40 for your participation using the following guidelines:
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Completion of Visits 1 and 2 = $5
Completion of all 4 Visits = $40

YOUR RIGHT TO WITHDRAW FROM THE STUDY: You may refuse to participate at any time.
You may change your mind about being in the study and quit after the study has started. If you
are a student your decision whether or not to participate will not have any effect on your
academic status. You may withdraw from the study at any time and for any reason. Your
decision whether or not to participate in this study, or a decision to withdraw will not involve any
penalty or loss of benefits to which you are entitled.

QUESTIONS: If you have questions regarding this study or would like to be informed of the
results when the study is completed, please feel free to contact Dr. Todd Hagobian
(thagobia@calpoly.edu; 805-756-7511) or Nero Evero (909-996-5130; oevero@calpoly.edu). If
you have questions or concerns regarding the manner in which the study is conducted, you may
contact Dr. Steve Davis, Chair of the Cal Poly Human Subjects Committee, at (805) 756-2754,
sdavis@calpoly.edu, or Dr. Susan Opava, Dean of Research and Graduate Programs, at (805)
756-1508, sopava@calpoly.edu.

If you agree to voluntarily participate in this research project as described, please indicate your
agreement by signing below. Please keep one copy of this form for your reference, and thank
you for your participation in this research.

____________________________________ ________________
Signature of Volunteer

Date

____________________________________ ________________
Signature of Researcher

Date

65

Appendix B: Health & Fitness History Questionnaire
Health & Fitness History

Subject #: ___________________

Date: _________________ Age: _______

Height (cm): ___________ Weight (kg): _____________ BMI (kg/m2): _____

1. Have you ever been diagnosed as having any of the following and if yes, how are you
currently treating the condition?
Y N

High Blood Pressure

Y N

High Cholesterol or High Triglycerides

Y N

Diabetes

Y N

Hypoglycemia (low blood sugar)

Y N

Asthma

2. Does anyone in your family (immediate family including your grandparents) have a
history of cardiovascular disease? (heart attacks, strokes, etc.) Please explain:

3. Does anyone in your family (immediate family including your grandparents) have a
history of type 2 diabetes? Please explain:

4. Have you ever had a glucose tolerance test?
If yes, what were the results?

Y

N
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5. Have you ever had a fasting blood sugar test?

Y N

If yes, what were the results?

6. For women:

- Are you pregnant or plan on becoming pregnant within the next year?

Y

N

- Are you on hormonal birth control (pill, patch, etc) or estrogen replacement?
Describe in detail (e.g. the type):

- What was the date of your last menstruation? Is your cycle regular?

- Do you know the phase of your current menstrual cycle?
please explain:

Y N

If yes,

7. Do you have any neurological problems including fainting, dizziness, headaches or
seizures; or diagnosed psychological disorders?

8. Do you have any orthopedic or other health problems that may affect your ability to
perform exercise? If yes, please explain.

9. Are you currently taking any medications, including over-the-counter drugs such as
aspirin, Tylenol or Ibuprofen? Please list:
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10. Do you smoke or use smokeless tobacco?

Y

N

11. Do you drink coffee or other caffeinated beverages? Y
and how often?

N

What kind, how much

12. Please list all vitamins, minerals and herbs and other nutritional supplements you’re
taking:

13. Do you have any food allergies or intolerances?

Y N

Please describe:

14. How would you describe the type of diet you currently eat? Have you recently been
on any special diets? What kinds of diets have you used to lose weight or lower
cholesterol? Please list and describe:

15. What changes have you made in your diet in the last 6 months? Have you gained
or lost more than 10lbs within the last year?

16. Do you exercise regularly?

How often?

Y

N

What kinds of exercise?
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Please describe how much walking you do on a daily basis:

17. How does your current exercise and physical activity compare to 6 months ago? 1
year ago?

18. How much did you weigh at birth (if known)?

19. Have you had a physical exam in the past two years?
your assessment of your overall health:

Y N

Please describe

20. Do you have any shrapnel, metal objects (plates, rods, screws, etc.), or electronic
devices implanted in your body, or wear braces?
Y N If yes, please describe:

21. Do you wear corrective eyeglasses?

Y N

22. Do you, or have you had any hearing issues?

Y N

If yes, please describe:
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23. Are you claustrophobic or have any issues being in small spaces?
please describe:

Y N

24. Are you: left-hand dominate___ right-hand dominate___ mixed dominate___
(Please check one)

Participant's Signature: _______________________________
Date: __________________

If yes,

70

Appendix C: Appetite Questionnaire
Appetite Questionnaire
Subject #:__________
Instructions:

Date:__________

0___ 1___ 2___

Please quantify your feel for the aspects mentioned below.
Consider the line as the extremes of your feeling.
Draw a vertical line at the level that best represents your feeling at that moment.

How hungry do you feel?

I have never
been more
hungry

I am not
hungry at all

How satisfied do you feel?

I am
completely
empty

I cannot eat
another bite

How full do you feel?

Not at all full

Totally full
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How much do you think you can eat?

A lot

Nothing at all

Would you like to eat something sweet?

Yes, very
much

No, not at all

Would you like to eat something salty?

Yes, very
much

No, not at all

Would you like to eat something savoury?

Yes, very
much

No, not at all
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Would you like to eat something fatty?

Yes, very
much

No, not at all

