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Abstract 

Hypothalamic control of food intake may be overridden by cortical and limbic brain regions 

that process reward and the hedonic aspect of food, affecting the ability to discriminate between 

homeostatic and hedonic feeding. Women, in particular may be affected since cognition and 

perception of reward change during the menstrual cycle. Changes in estrogen and progesterone 

levels during the menstrual cycle induce changes in appetite and eating behavior. Food intake 

declines in the peri-ovulatory period when estrogen levels peak, but increases in the luteal phase 

when progesterone levels increase. In this novel study we introduce a different context in which 

to study appetite regulation; the menstrual cycle. 

The two main study objectives were: 1) to compare the BOLD response between the peri-

ovulatory and luteal phases of the menstrual cycle and 2) to compare the BOLD response 

between women in a negative and positive affect state in response to visual food stimuli using 

functional magnetic resonance imaging. Pictures of food, regardless of their caloric content 

stimulated greater activation during the follicular phase compared to the luteal phase in the 

orbitofrontal cortex, fusiform, amygdala and inferior operculum. Activity was present in the 

hippocampus, ventral tegmental area and nucleus accumbens in response to high calorie images 

but not low calorie images during the follicular phase. The insula showed selective activity 

responding to high calorie pictures in the luteal phase and low calorie pictures in the follicular 

phase.  

High calorie food cues elicited greater BOLD signal for women reporting negative affect in 

the putamen, amygdala, pulvinar, prefrontal cortex, pallidum, fusiform and ventral tegmental 

area.  

In summary, visual food cues produced a more robust response during the follicular phase of 

the menstrual cycle and during a negative mood state in brain regions modulating the rewarding 
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and motivational effects of food images. An increased understanding of how appetite-regulating 

brain regions respond during the menstrual cycle and in different mood states may facilitate the 

development of new therapies to reduce the incidence of obesity.  
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Chapter 1 

Introduction 

1.1 Obesity 

Obesity occurs when energy expenditure is less than consumption and the excess energy is 

stored in the form of adipose tissue. Body mass index (BMI), a World Health Organization 

accepted index, defined as the individual’s body weight (kg) divided by the square of their height 

(m2). A BMI of 19-24.9 kg/m2 indicates normal weight, while a BMI between 25-29.9 kg/m2 

indicates a person is overweight, a BMI ranging from 30-39.9 kg/m2 classifies a person as obese 

and a BMI greater than or equal to 40 kg/m2 indicates a person is morbidly obese (Colditz G.A, 

1999;Trakas et al., 2001). According to Statistics Canada the Canadian obesity epidemic is 

reaching alarming rates, with 23% of the adult population in 2004 regarded as obese; this 

percentage is based on average obesity rates for men and women. The rising prevalence of 

overweight and obese individuals in Canada is not restricted to adults as data for children mirror 

the trend (Dehghan et al., 2005;Hedley et al., 2004). This growing public health problem is 

associated with various co-morbidities, particularly cardiovascular diseases, type 2 diabetes, 

hypertension and osteoarthritis (Mokdad et al., 2003). Women of reproductive age are 

particularly affected as increased adiposity has significant consequences on the reproductive 

system, contributing to reduced fertility rates (Pasquali et al., 2003). Obese women are also at risk 

of suffering from complications, such as preeclampsia and gestational diabetes during pregnancy 

(Weiss et al., 2004) and delivering a child with cardiac, pulmonary and neural tube defects 

(Waller et al., 2007;Watkins et al., 2003).  

The obesity epidemic is not only coupled with major health implications but also economic 

consequences. The economic burden on the Canadian health system, including the direct cost of 
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necessary medical care and indirect expenses for lost resources, was estimated to be 

approximately 4.3 billion dollars in 2001 (Katzmarzyk & Janssen, 2004).  

1.2 Homeostatic control of food intake 

The homeostatic control of food intake is regulated by an impressive number of central and 

peripheral factors all working in concert to meet the body’s energy demands. The gastrointestinal 

tract is a primary source of several hormones that affect appetite, digestion and energy 

expenditure. The gut hormones peptide YY (PYY) (an appetite-inhibitor) and ghrelin (an 

appetite-stimulator) both act as short-term signals. In addition to these hormones having opposing 

effects on food intake, their secretion pattern is divergent. Plasma levels of PYY decline in 

advance of meals whereas ghrelin levels rise shortly before meals. The opposite occurs following 

a meal: PYY levels are elevated and ghrelin levels decrease. As well, leptin, secreted by adipose 

tissue, is among the most potent inhibitors of food intake (Arora & Anubhuti, 2006;Berthoud, 

2006). Studies in leptin-deficient mice and leptin-deficient humans have shown that leptin 

treatment dramatically reduces food intake (Berthoud, 2006;Arora & Anubhuti, 2006;Berthoud, 

2006). Leptin studies in humans have demonstrated that obese individuals have high circulating 

levels of leptin and very few respond to exogenous leptin, suggesting leptin resistance. In 

addition, obese rats (resulting from a high fat diet) also develop resistance to insulin, another 

appetite-suppressing peptide {Berthoud, 2006 2 /id}). In contrast to studies demonstrating insulin 

and leptin resistance associated with obesity, PYY sensitivity is nonetheless maintained. 

Batterham et al. (2003) showed that caloric intake decreases significantly two hours after PYY 

infusion in obese subjects while also significantly affecting the cumulative caloric intake in this 

group.  

Neural signals also regulate feeding. The vagus nerve and spinal sensory nerves, for example, 

suppress feeding by sending information related to tension, stretch and volume of the stomach 
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(Cummings & Overduin, 2007;Powley & Phillips, 2004;Ritter, 2004;Schwartz et al., 1999). 

Peripheral peptides, such as PYY, leptin, insulin and ghrelin also influence the brain by altering 

feelings of hunger and satiation.  

One of the main brain areas responding to neural and hormonal inputs and known for its role 

in feeding and satiety is the hypothalamus. Hypothalamic neuropeptides act as mediators of the 

peripheral peptide signals, thereby exerting similar effects on appetite. The arcuate nucleus 

(ARC), within the hypothalamus, is particularly responsible for integrating neurochemical signals 

that inhibit and stimulate food intake (Cone et al., 2001). For example, ARC neurons co-express 

the orexigenic peptides (appetite stimulators), neuropeptide Y (NPY) and agouti-related peptide 

(AGRP) and co-express the anorexigenic substances (appetite inhibitors) pro-opiomelancortin 

(POMC) and cocaine-amphetamine regulated transcript (CART). NPY/AGRP neurons are 

inhibited by leptin and PYY and stimulated by ghrelin, whereas POMC/CART neurons are 

stimulated by leptin and PYY and inhibited by ghrelin (Baskin et al., 1999;Cowley et al., 

2001;Halatchev et al., 2004). These two populations of neurons are essential for detecting the 

body’s energy status and thereby regulating food intake.  

Research to date has focused primarily on homeostatic mechanisms influencing food intake. 

However, with the rapid growth in obesity rates it is important to consider other factors. Obesity 

is complex and multi-factorial in its etiology, making it unlikely that peptide therapy will reduce 

its incidence. In fact, pharmacological therapies for obesity have been largely ineffective. For 

instance, trials of leptin administration in obese patients have shown no benefit in terms of weight 

reduction with high doses resulting only in variable weight loss (Heymsfield et al., 1999). 

Invasive and high risk gastric bypass surgery is currently the most effective treatment of obesity 

(Sugerman et al., 1992).  
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1.3 Hedonic eating 

Additional factors, such as cognitive and emotional aspects of food regulation have to be taken 

into account. Individuals are vulnerable to the abundant food cues and availability of palatable 

foods endorsed by the modern environment. The intake of such foods is considered rewarding 

when the taste, smell and texture induce pleasurable sensations and prolong ingestion despite 

peripheral hormones indicating a positive energy state. This type of ingestive behavior, leading to 

poor appetite control and increases in energy intake is referred to as hedonic eating (Lutter & 

Nestler, 2009;Harrold & Williams, 2003;Lutter & Nestler, 2009;Mela, 2006).  

1.3.1 Corticolimbic brain regions influencing hedonic eating 

Limbic and cortical brain regions are highly interconnected with the hypothalamus, 

establishing a means by which cognitive and emotional processes can manipulate ingestive 

behavior (Berthoud, 2006) (Figure 1). For instance, Petrovich et al. (2005) demonstrated that 

learned cues that stimulate eating (auditory stimulus paired with food delivery) in sated rats 

activate pathways from the prefrontal cortex (PFC) and amygdala to the hypothalamic system.  

The limbic system, which is commonly designated as the emotion center, is comprised of the 

cingulate gyrus, parahippocampal gyrus, hippocampus, amygdala, thalamus and hypothalamus 

(Campbell, 1999;Esch & Stefano, 2004). The amygdala, cingulate, thalamus and hypothalamus 

are involved in the processing and memory of appetitive and aversive motivations (Campbell, 

1999;Esch & Stefano, 2004;Lane et al., 1997) while learning and memory formation is governed 

by hippocampal and parahippocampal activity. Appetitive motivation involves behaviors 

associated with pleasurable processes and rewarding outcomes. These include beneficial 

biological behaviors such as eating and sex. On the other hand, aversive motivation is associated 

with unpleasant conditions that may threaten survival (Esch & Stefano, 2004).  
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Figure 1: Schematic representation of the interacting central and peripheral factors 
influencing ingestive behavior. Information on nutritional status is sent from peripheral sites, 
such as the gastrointestinal tract and adipose tissue to hypothalamic, limbic and cortical structures 
by neural and hormonal signals. These regulatory pathways are highly interconnected and have 
inhibitory and stimulatory affects on food intake (Modified from Alonso-Alonso, 2007).  

 

 

 

 

 

 

 

 

 



 

 6 

Hedonic and emotion-related processes extend beyond the regions designated as the limbic 

system to areas such as, the PFC, insular cortex, caudate/putamen and the ventral pallidum. The 

PFC is responsible for integrating cognitive and emotional information (Cardinal et al., 2002), 

and is often divided into the dorsolateral and ventromedial regions based on distinct functional 

roles. The ventromedial PFC region contributes to emotional processing, memory and higher-

order sensory processing, while the dorsolateral PFC is associated with motor tasks (Wood & 

Grafman, 2003). The ventromedial region plays a particular role in representing the emotional 

value of stimuli (Kawasaki et al., 2001). For instance, Lane et al. (1997) demonstrated that 

ventromedial PFC damage disrupts the capacity to experience emotion and to utilize information 

in executive decision-making processes. The orbitofrontal cortex (OFC), an area located above 

the orbits of the eyes, makes up part of the ventromedial PFC. It is another area implicated in 

emotion-related learning and behavior. Studies have further subdivided the OFC into the medial 

and lateral regions (Elliott et al., 2000). The medial OFC is involved in processing reward, 

whereas the lateral OFC is associated with the processing of punishing outcomes (O'Doherty et 

al., 2001). In addition, the insula/operculum is regarded as the primary taste cortex receiving 

gustatory information from the nucleus tractus solitarius and conveying the input to multiple sites, 

such as the parabrachial nucleus, ventral tegmental area (VTA), nucleus accumbens (NAc), 

amygdala, striatum and OFC (Baylis et al., 1995;Kelley et al., 2005;Rolls, 2005). These areas 

collectively sense and discriminate different tastes and textures as well as assign reward value to 

them. Like the hippocampus, the dorsal striatum (caudate/putamen) is also involved in learning, 

specifically, the associations among sensory cues, appropriate behaviors and resulting rewards 

(Haruno & Kawato, 2006). The ventral pallidum is another important substrate for hedonic 

reward (Smith & Berridge, 2005;Tindell et al., 2004), receiving dopaminergic projections from 
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the NAc (Heimer et al., 1991) and sending output projections to limbic structures, such as the 

PFC and insular cortex (Groenewegen, 1993).   

Neural connections exist between the hypothalamus and higher corticolimbic regions and 

communication between these areas is mediated by the NAc (Berthoud, 2006). The NAc, located 

within the ventromedial striatum, acts as an interface between the corticolimbic and motor 

systems, converting affective and motivational information into motor actions (Maldonado-

Irizarry et al., 1995;Stratford & Kelley, 1999;Zheng et al., 2003). This pathway may be the link 

connecting metabolic and non-metabolic systems. In addition, information related to reward value 

is relayed to the NAc from VTA, an area implicated in the natural reward circuitry of the brain, 

via dopaminergic neurons (Berthoud, 2006;Esch & Stefano, 2004). The intricate neural network 

involved in reward and affective processing may ultimately be overriding the hypothalamic 

regulation of food intake (Berthoud, 2006). 

1.4 Functional imaging of networks affecting appetite 

1.4.1 Positron emission tomography 

i. PET Technique 

Functional neuroimaging is a relatively new field that has developed immensely during the 

last three decades. Mapping of functional activity within the brain was first conducted with 

positron emission tomography (PET). PET is a nuclear imaging technique which relies on the 

detection of radioactive isotopes introduced into the body, ultimately producing three dimensional 

images as well as maps of functional processes. When combined with a radiolabeled glucose 

analog, PET measures cerebral metabolism of glucose, which may reflect local neuronal activity, 

allowing researchers to identify brain regions that are metabolically associated with a given 

perceptual, motor, or cognitive function (Huettel et al., 2004).  
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ii. PET studies investigating the effect of corticolimbic processes on appetite 

Because little was known about the neuroanatomical correlates of eating behavior, PET 

studies were utilized to explore how eating behavior is influenced by various cortical processes. 

The first PET study compared the regional cerebral blood flow (rCBF) responses to food cues 

between obese and normal-weight women. The obese group showed greater rCBF in the right 

parietal and temporal cortices to food pictures (Karhunen et al., 1997). Wang et al. (2004) also 

focused on the way sensory inputs determine eating behavior with the use of visual food cues. 

Differences in PET signal were observed in response to food and non-food pictures, with greater 

signal present in various limbic structures, such as the superior temporal cortex, anterior insula 

and OFC.  

Another study outlined the effects of corticolimbic networks on the modulation of 

hypothalamic activity by generating functional brain maps of the regions involved in hunger 

(after a 36 hour fast) and satiation (after oral administration of a liquid formula meal). They found 

that the hungry state was associated with increased rCBF in the hypothalamus, insula, OFC, 

anterior cingulate, hippocampus, thalamus, caudate, putamen, precuneus and cerebellum. The 

satiated state, on the other hand was associated with fewer activated regions including the PFC 

and inferior parietal lobe (Del Parigi et al., 2002;Gautier et al., 1999;Tataranni et al., 1999). As 

well, Hinton et al. (2004) studied the neural mechanisms involved in the motivational control of 

appetite by imaging participants in a fasted and satiated state. Subjects were instructed to imagine 

themselves in a restaurant while considering a number of items on a menu (items consisted of 

high-incentive food and low-incentive foods) and selecting the most desired foods. The hungry 

state induced activation in areas such as the hypothalamus, amygdala, insular cortex, striatum and 

cingular cortex, whereas the satiated state was associated with increased activation in the lateral 

orbitofrontal and temporal cortex. These studies demonstrate that brain regions exhibiting 



 

 9 

increased rCBF change as the internal state of the individual shifts from a state of hunger to 

satiety.  

Although results from PET studies are deemed valid, the technique suffers from several 

disadvantages, including the invasiveness of radioactive injections, the expense of generating 

isotopes and the slow speed at which images are acquired (Huettel et al., 2004). 

1.4.2 fMRI  

i. fMRI Technique 

The development of functional magnetic resonance imaging (fMRI) within the past decade has 

sparked major interest in the field of functional neuroimaging. The indirect technique of 

measuring brain activation is based on hemodynamics. The assumption is that increased neuronal 

activity increases cerebral blood flow in order to meet energy demands of active tissues (Ogawa 

& Lee, 1990;Ogawa et al., 1990). Most fMRI studies measure the relative changes in blood 

oxygenation over time specifically by detecting differences in the paramagnetic property of 

deoxyhemoglobin in metabolically active tissues (Figure 2). There are three phases associated 

with the hemodynamic response function (HRF) (Figure 3). The initial dip in the HRF is related 

to the increase in normal oxygen metabolism thereby increasing the local deoxyhemoglobin 

content. The second phase, represented by the peak, is associated with the exaggerated increase in 

cerebral blood flow ultimately causing a decrease in deoxyhemoglobin. The last phase, marked 

by a prolonged dip, is the result of a drop in cerebral blood flow and local increase in 

deoxyhemoglobin. The dramatic change in deoxyhemoglobin (specifically, in the second phase) 

is detected in the form of a BOLD (blood oxygen level dependent) signal. Since blood 

oxygenation levels change rapidly following activity of neurons in a brain region, fMRI allows 

researchers to localize the brain’s metabolic demand on a second-to-second basis and with a 

resolution of millimeters. As well, since the change in blood oxygenation occurs as part of normal  
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Figure 2: Change in relative concentrations of oxyhemoglobin and deoxyhemoglobin over 
time following neuronal stimulation. The increase in neuronal activity causes an initial increase 
in deoxygenated hemoglobin in the local active area (peaking at approximately 2 seconds) 
(signified by the dark green shading) while oxygenated hemoglobin begins rising shortly after 
stimulus onset. The subsequent increase in oxygenated blood to the active tissue (peaking at 
approximately 5 seconds) reduces deoxygenated hemoglobin within the region. After 
approximately 10 seconds oxyhemoglobin and deoxyhemoglobin return to baseline levels 
(Modified from Huettel et al., 2004). 
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Figure 3: BOLD signal change over time. Phase 1 represents the initial increase in normal 
oxygen metabolism. Phase 2 represents the increase in cerebral blood flow and volume. Phase 3 
represents the reduction in cerebral blood flow.  
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brain physiology, fMRI provides a means of measuring brain metabolism in a noninvasive 

manner (Huettel et al., 2004).  

ii. Visual Stimulus Protocol  

Given the increased interest in the reward and hedonic aspects of food intake, as well as the 

cortical processes involved, use of fMRI in determining the influence of the brain on eating 

behavior has grown exponentially in recent years. In this field the most common stimulus 

presented to subjects is in the form of visual stimuli, specifically comparing the response between 

food and non-food pictures. Numerous studies have reported activation of cortical and limbic 

brain regions in response to visual food cues (Table 1, Figure 4).  

St-Onge et al., (2005) compared the brain’s response to either visual or tactile food and non-

food items. Food and non-food items were either placed in a clear container (visual stimulus) or 

placed in the right hand of blindfolded subjects (tactile stimulus). Their findings support the 

conclusion that the presence of food (either seen or felt) elicits a significant cortical response that 

is differentiated from non-food items. Killgore et al. (2003) demonstrated that the response in 

subjects also varies depending on the caloric content of the visual stimulus. For instance, the 

presentation of high and low calorie food pictures resulted in activation of differing limbic 

structures. Visual presentation of high calorie foods yielded greater activation in the PFC, 

thalamus, hypothalamus, corpus callosum and cerebellum, whereas low calorie images elicited 

greater activation in the OFC, lingual gyrus and temporal gyrus. They suggested that the 

differential response to high and low calorie food cues is due to prior conditioning with each food 

category. 

iii. Influence of appetite regulating hormones on the BOLD signal 

As noted before, circulating peptides influence food intake through actions on the 

hypothalamus. Recent fMRI studies have focused on the modulating effects of such peptides as 
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Table 1 Regions activated in response to visual food cues  

Region References 

PFC 
(Stoeckel et al., 2008;Killgore et al., 2003;Holsen et al., 2006;Malik 
et al., 2008) 

OFC 

 (Killgore et al., 2003;Killgore & Yurgelun-Todd, 2005;Killgore & 
Yurgelun-Todd, 2006;Stoeckel et al., 2008;Malik et al., 2008;Wang 
et al., 2004;Porubska et al., 2006) 

Amygdala 
 (Stoeckel et al., 2008;Killgore et al., 2003;LaBar et al., 
2001;Holsen et al., 2006;Beaver et al., 2006;Tataranni et al., 1999) 

Insula 

 (St-Onge et al., 2005;Stoeckel et al., 2008;Killgore et al., 
2003;Holsen et al., 2006;Baicy et al., 2007;Pelchat et al., 
2004;Wang et al., 2004;Porubska et al., 2006) 

Hippocampus 

 (Stoeckel et al., 2008;St-Onge et al., 2005;Rothemund et al., 
2007;Cornier et al., 2007;Malik et al., 2008;Pelchat et al., 
2004;Tataranni et al., 1999;Killgore & Yurgelun-Todd, 2005) 

Parahippocampus 
 (St-Onge et al., 2005;LaBar et al., 2001;Malik et al., 
2008;Tataranni et al., 1999) 

Cingulate 
 (St-Onge et al., 2005;Stoeckel et al., 2008;Malik et al., 
2008;Tataranni et al., 1999;Fuhrer et al., 2008;Santel et al., 2006) 

Pallidum 
 (Stoeckel et al., 2008;Farooqi et al., 2007;Beaver et al., 2006;Malik 
et al., 2008) 

Striatum 

 (Stoeckel et al., 2008;Farooqi et al., 2007;Beaver et al., 2006;Malik 
et al., 2008;Rothemund et al., 2007;Pelchat et al., 2004;Tataranni et 
al., 1999;Porubska et al., 2006) 

VTA  (Stoeckel et al., 2008;Beaver et al., 2006) 

Fusiform 

(Cornier et al., 2007;LaBar et al., 2001;Malik et al., 
2008;Rothemund et al., 2007;Killgore & Yurgelun-Todd, 
2005;Santel et al., 2006) 

Hypothalamus  (Cornier et al., 2007;Killgore et al., 2003;Tataranni et al., 1999) 
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Figure 4: Brain areas thought to play a role in the regulation of food intake.  (A) Coronal 
slice of the brain highlighting some of the corticolimbic brain regions influencing hedonic eating 
(in red). (B) Sagittal slice of the brain showing additional corticolimbic brain regions (in red) 
influencing hedonic eating and the homeostatic center of the brain (in green) (Modified from 
Tataranni, 2003). 
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 leptin, PYY and ghrelin on corticolimbic and hypothalamic brain areas. Batterham et al. (2007) 

studied the effects of infused PYY on specific brain regions and subsequent caloric intake. PYY 

administration was associated with increased BOLD signal in the caudolateral OFC and reduced 

food intake subsequent to the scan session. The magnitude of the BOLD response was negatively 

correlated with calories consumed. In contrast, while PYY also increased hypothalamic activity, 

the response did not correlate with subsequent food intake. They concluded that the presence of 

PYY, a postprandial satiety factor, may inhibit eating by activating a hedonic brain region (OFC) 

rather than the homeostatic brain center (hypothalamus).  

Baicy et al. (2007) measured the effect of leptin replacement on the response to food cues in 

leptin-deficient adults. The insula, parietal and temporal cortex, areas related to hunger, exhibited 

reduced BOLD signal with leptin replacement during the presentation of food images. However, 

in areas associated with inhibition and satiety, such as the PFC, BOLD signal was enhanced, 

suggesting that leptin modulates feeding behavior by influencing higher cortical structures. 

Rosenbaum, 2008 examined the effect of weight loss and leptin administration on the response in 

areas involved in the emotional and cognitive control of eating behavior. The purpose of this 

study was to determine if leptin reverses the changes in brain activity induced by weight loss. The 

BOLD response pattern following leptin administration in subjects with reduced weight was 

similar to the pattern mapped when subjects were at their initial weight. For example, some of the 

overlapping areas of activation included the hypothalamus, cingulate gyrus, and middle frontal 

gyrus. Hypoleptinemia following weight loss activated the insula, cingulate gyrus, medial frontal 

gyrus, precuneus, middle occipital gyrus, superior frontal gyrus and superior temporal gyrus. It 

was concluded that the weight-reduced state is comparable to a leptin-deficient state and the brain 

areas activated may affect the ability to maintain weight loss.  



 

 16 

Malik et al. (2008) measured the effect of ghrelin administration on the BOLD response to 

food pictures in twenty healthy volunteers. The bilateral amygdala and insula, right hippocampus 

and left pulvinar responded more to food images in the ghrelin condition compared to the control 

group. They also observed a positive correlation between the BOLD effect (due to ghrelin 

administration) and hunger within the bilateral amygdala, left OFC and left pulvinar. 

Collectively, these studies demonstrate a means by which peripheral signals interact with cortical 

structures to modulate appetite. 

iv. Impact of BMI, hunger and personality on the BOLD signal 

fMRI research has been used to explore different issues associated with the influence of 

ingestive behavior on obesity by studying individuals with varying BMI as well as varying energy 

states. For instance, brain responses were compared between twelve normal weight and twelve 

obese individuals. Subjects viewed images of high calorie (sweet and savory foods), low calorie 

and control pictures while in the scanner. Differential effects were measurable with the obese 

subjects in this study experiencing greater activation in the medial and lateral OFC, amygdala, 

nucleus accumbens/ventral striatum, medial prefrontal cortex, insula, anterior cingulate cortex, 

ventral pallidum, caudate, putamen and hippocampus in response to high calorie food images 

(Stoeckel et al., 2008).  As well, BOLD activation during fasted and satiated conditions was 

compared in normal weight male and female subjects. Greater response was observed in the 

amygdala, parahippocampus and anterior fusiform when scanned in a fasted state (LaBar et al., 

2001). In a study conducted by Cornier et al. (2007) lean individuals were compared after two 

days of eucaloric energy intake and after two days of 30% overfeeding in a counterbalanced 

design. fMRI was performed while the subjects were presented with visual stimuli in three 

different categories: control objects, foods of neutral hedonic value and foods of high hedonic 

value. They found that in the eucaloric state, pictures of foods of high hedonic value elicited 
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greater BOLD signal in the posterior parietal cortex, inferior temporal visual cortex, premotor 

cortex, hippocampus and hypothalamus. Two days of overfeeding significantly attenuated 

activation of these brain regions. They concluded that major interactions exist between visual 

sensory inputs, energy balance status and brain regions regulating food intake.  

Personality is another factor which influences eating habits. Passamonti et al. (2009) focused 

on the effects of personality on appetite circuits and how this factor may predispose individuals to 

obesity. They assessed how external cues, such as sight or smell of appetizing foods, can induce 

food cravings in the absence of hunger. This characteristic is termed external food sensitivity 

(EFS). Results revealed that specific connections between reward-related brain regions were 

differentially affected by the EFS factor, while viewing appetizing visual cues; specifically, the 

ventral striatum, amygdala, anterior cingulate and premotor cortex. Furthermore, Beaver et al. 

(2006) examined the relationship between an individual’s sensitivity to reward as measured by 

the Behavioral Activation Scale and BOLD response to appetizing food images. Activation in the 

right ventral striatum, left amygdala, substania nigra/VTA, left OFC and left ventral pallidum 

correlated with reward sensitivity. Studies have made it apparent that additional features that vary 

between individuals, such as personality, may influence the perception of food as a reward, 

thereby contributing to the complex nature of appetite regulation.  

v. Imaging Anorexia Nervosa and Prader-Willi Syndrome  

fMRI studies have been used to examine how the brain responds to visual food cues in 

subjects with extreme attitudes and behaviors toward food, namely anorexia nervosa and Prader-

Willi syndrome. Patients with anorexia nervosa were compared to healthy individuals to 

determine the differences in corticolimbic response to sweet and savory high calorie pictures.  

Comparing the satiated to the hungry state, patients showed greater activation in the right 

occipital region whereas the controls showed greater activation in the left lateral OFC, right 
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anterior cingulate and left temporal gyrus. As well, compared to controls patients showed 

decreased activation in the left inferior parietal cortex as a result of viewing food pictures during 

satiety and reduced activation in the right visual occipital cortex during the hungry state (Santel et 

al., 2006). They concluded that decreased activation in brain regions associated with 

somatosensory processing during satiation and decreased activation in areas associated with 

visual attention during hunger may facilitate restricted eating in anorexia nervosa. 

A major symptom of Prader-Willi syndrome is hyperphagia. Holsen et al. (2006) compared 

activation in individuals with Prader-Willi syndrome to healthy controls before and after eating a 

standardized meal. Greater BOLD signal was observed in the control group during the pre-meal 

condition in the amygdala, OFC, medial PFC and frontal operculum. Subjects with Prader-Willi 

syndrome however showed greater activation during the post meal condition in similar regions; 

the OFC, medial PFC, insula, hippocampus and parahippocampus. As well, the comparison 

between subjects with Prader-Willi syndrome and control subjects revealed an increased response 

in the right amygdala, right OFC, bilateral medial PFC and insula, left parahippocampus and right 

fusiform (Holsen et al., 2006). The activation patterns observed in individuals with Prader-Willi 

syndrome suggest that satiation mechanisms are disrupted contributing to the characteristic 

overeating.  

1.5 Menstrual cycle  

1.5.1 Fluctuations in appetite 

The observation that women have a higher obesity rate than men (Popkin & Doak, 1998) may 

be related to the hormonal fluctuations that occur throughout the menstrual cycle, fluctuations 

implicated in affecting women’s behavioral, cognitive, and emotional states (Farage et al., 2008). 

Various human and non-human primate studies have demonstrated that the hormonal fluctuations 
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associated with the menstrual cycle influence food intake (Czaja, 1978;Dye & Blundell, 1997) 

(Figure 5). Food consumption reaches a nadir during the periovulatory phase when estrogen was 

elevated and increased intake during the luteal phase when progesterone was prominent 

(Rosenblatt et al., 1980;Dalvit, 1981;Dye & Blundell, 1997;Kemnitz et al., 1989). This suggests 

that estrogen’s appetite-suppressing effects preceding ovulation are inhibited by progesterone, 

contributing to the increased ingestion. The fluctuation in food intake across the menstrual cycle 

has been previously described in rodents showing similar fluctuations across the estrous cycle. 

Ovariectomized rats experience increases in food intake and body weight; however the effects are 

reversed when treated with estrogen. Progesterone administration yet again blocks the 

anorexigenic effect of estrogen (Wade, 1975;Tarttelin & Gorski, 1973;Blaustein & Wade, 1976). 

Menstrual cycle-related hormones, estrogen and progesterone not only have varying effects on 

appetite but also cognitive and emotion-related processes. Few fMRI studies have investigated 

the influence of estrogen and progesterone on corticolimbic activation.  

1.5.2 Imaging studies during the menstrual cycle phases 

Previous neuroimaging studies have considered whether activation in reward and emotion-

related brain areas varies during the menstrual cycle. Dreher and colleagues (2007) found that 

anticipation of monetary reward resulted in a greater BOLD signal in the OFC and amygdala, 

during the mid-follicular phase compared to the luteal phase. Receipt of monetary reward 

activated the striatum in the follicular phase more than the luteal phase. They suggested that the 

menstrual cycle-dependant response is responsible for producing vulnerability among women to 

certain circumstances, for example, drug abuse and mood disorders. Another fMRI study 

investigated how subjects responded to an emotional linguistic go/no go task that was developed 

to determine the neural network underlying the interaction between emotion and motor function 

across the menstrual cycle. Increased medial OFC activity was observed in response to negative  
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Figure 5: Influence of circulating ovarian steroids on food intake in rhesus monkeys (n=6). 
Increases in progesterone during the luteal phase (days 14-28) is associated with significant 
increases in food intake. Day 1-13 is defined as the follicular phase. A peak in estrogen toward 
the end of the follicular phase (peri-ovulatory period) is associated with a 40% reduction in food 
intake (Modified from Czaja, 1978).  
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words (rape, assault, death etc.) vs. neutral words (bookcase, clarinet, rotate) in the luteal vs. 

follicular phase of the menstrual cycle, whereas the lateral OFC showed decreased activity in 

response to the negative vs. neutral words in the luteal phase vs. follicular phase (Protopopescu et 

al., 2005). These studies demonstrate that menstrual phase is an important determinant in how 

neural circuits representing affective behavior respond. Researchers have yet to investigate 

whether food images specifically trigger differential responses in reward-related brain cortices 

during the different phases of the menstrual cycle. Such studies can help enhance our 

understanding of the neuronal substrates influencing eating behavior in women. 

1.6 Effect of mood on appetite 

Another factor that influences appetite is mood. Many individuals experiencing emotional 

distress eat excessively. Individuals who are overweight are more likely to report eating when 

depressed or anxious (Rogers, 1995). Anger and sadness was associated with increased ratings of 

impulsive eating. Hunger was reported to be higher during emotions of anger and joy than during 

fear and sadness. The tendency to engage in impulsive eating was also higher in women 

compared to men during anger and sadness (Macht, 1999).  

Food cravings correlate with emotion-related eating and with an individual’s susceptibility to 

hunger (Hill et al., 1991). For instance, ratings of craving intensity were positively correlated with 

a variety of negative mood states, such as anxiety, fatigue, hunger and depression, in self-

identified carbohydrate cravers (Christensen & Pettijohn, 2001). High-carbohydrate foods are 

thought to enhance mood by increasing the plasma concentration of the amino acid, tryptophan, 

which is a precursor to the brain neurotransmitter serotonin (Wurtman, 1987;Wurtman & 

Wurtman, 1986). Decreased serotonin signaling has been proposed to play a key role in the onset 

of depression (Schloss & Williams, 1998). Calorie-dense foods have the ability to alter mood 
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state; therefore, individuals who are more susceptible to negative emotions may also be more 

vulnerable to developing obesity.  

Stress is another factor affecting food choice and appetite. Biological changes resulting from 

stress, such as slowed gastric emptying, shunting of blood from the gut to the musculature and 

activation of the hypothalamic-pituitary-adrenal axis might be expected to decrease food intake 

(Johnson et al., 1992;Tsigos & Chrousos, 2002). However, experimental results from animal and 

human studies have demonstrated inconsistent results (McCann et al., 1990;Wardle et al., 

2000a;Michaud et al., 2000). Varying results may be related to the extent of the stressor, for 

example, a mild stressor may be associated with hyperphagia, whereas a more severe stressor 

may lead to hypophagia (Greeno & Wing, 1994;McCann et al., 1990;Wardle et al., 

2000b;Bellisle et al., 1990).  

Ingestive behavior was compared between stressed and non-stressed subjects, consisting of 

men and women. An ad libitum meal, including sweet, salty, bland, high and low fat foods, was 

provided prior to exposing subjects to either condition. Stress did not alter overall food 

consumption or intake of the differing foods offered. However, stressed, emotional eaters 

consumed more sweet, high-fat foods and more energy-dense foods than unstressed, 

nonemotional eaters. As well, emotional eating was reported to be higher in women than men 

(Oliver et al., 2000). Therefore, stress-induced eating varies depending on individuals’ emotional 

eating tendencies, which are reported to be greater in women.  

Furthermore, as shown by Killgore et al. (2006), affect influences how the brain responds to 

pictures of high and low calorie foods. They reported an increased BOLD response in the lateral 

OFC to the presentation of high calorie images in a state of positive affect and the lateral OFC 

and anterior insula to low calorie images in a state of negative affect. On the other hand, the 

medial OFC and posterior insula were activated in response to low calorie images during a 
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positive affective state but to high calorie images in a negative affective state. The results suggest 

that mood influences higher brain centers, thereby affecting one’s motivation to select calorie 

dense or calorie light foods.   

1.7 Thesis Objectives 

1.7.1 Corticolimbic BOLD response to visual food cues during the menstrual cycle 

Our goal is to investigate whether corticolimbic structures associated with reward and 

cognition respond differently to food cues during the menstrual cycle and if these regions affect 

ingestive behavior. This will be studied using fMRI to compare brain activation in response to 

visual food cues during the peri-ovulatory (late-follicular) and luteal phases of the menstrual 

cycle, when the greatest differences in food intake are evident. We predict that greater BOLD 

signal will be observed during the luteal phase, paralleling the activations reported in obese 

subjects. We propose that the difference in activation observed between the phases is a result of 

the opposite effects exerted by estrogen and progesterone appetite circuits. 

We originally intended to study the menstrual cycle-dependent BOLD responses in both 

normal weight and obese women in order to determine if there was an interaction with adiposity. 

However, we were unable to recruit enough obese subjects to adequately address the question. 

Instead, we noted that some subjects reported negative affect on the day they were scanned. 

Therefore, it was decided to include mood as a study objective. 

1.7.2 Effect of mood on the corticolimbic BOLD response to visual food cues 

Our goal is to establish if mood affects corticolimbic brain areas that may influence hedonic 

eating. This was determined by comparing the BOLD response measured between subjects 

scanned in a negative mood state to subjects scanned in a positive mood state. We hypothesize 

that subjects in a negative mood state will exhibit greater activation of the corticolimbic neural 
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network to high calorie food pictures than subjects in a positive mood state, corresponding to 

findings demonstrating that individuals eat excessively when experiencing negative emotions.  

Conversely, we predict that women in the positive affect group will exhibit greater corticolimbic 

activity in response to low calorie food pictures. 
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Chapter 2 

Methods 

fMRI was utilized to compare the BOLD response to visual food cues in lean women. 

Participants were scanned twice in a counterbalanced order; six women were scanned first during 

the peri-ovulatory phase of the menstrual cycle and six were scanned first during the second week 

(between day 6 and 10) of the luteal phase to control for a possible order effect.  

2.1 Subjects 

Twelve, right-handed, normal weight (BMI: 21.6 kg/m² ± 1.9 kg/m²) female subjects (mean 

age: 22.0 years, range: 18-35 years) were recruited through poster advertisements placed around 

Queen’s University, Kingston General Hospital and local doctors’ offices. Individuals were 

excluded if any of the following applied: were on hormonal contraceptives, were left handed, did 

not have normal or corrected-normal vision (i.e. with contact lenses), had irregular menstrual 

cycles, were cigarette smokers, had an unhealthy attitude toward food and eating, were attempting 

to lose weight, had not maintained a stable weight for the past year, were claustrophobic, were 

trying to get pregnant, or were on any prescribed medication. Participants received $100 upon 

completion of the study. 

2.2 Procedure 

The subjects completed a phone screening session and an in-person screening to ensure they 

met the inclusion criteria; as part of this process all subjects were screened for eating disorders by 

assessing their eating behaviors and attitude towards food with the Eating Attitudes Test (EAT-

26) (Garner & Garfinkel, 1979;Garner et al., 1982) (Appendix A). During the in-person 

orientation, participants were familiarized with the Queen’s University imaging center, were 

placed into the sham scanner and were given thorough instructions as to what they can expect the 
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day of the scan. Subjects were also briefed on the use of the food diary (Appendix B) and the 

ovulation kit. To conclude this session written informed consent was obtained from all subjects. 

Subjects recorded the dates of their previous 3 menstrual cycles prior to entering the study. Two 

fMRI scanning sessions were booked based on the appropriate phase of their menstrual cycle.  

Each subject was asked to begin recording their daily food intake (broken down into 

breakfast, lunch, dinner and snacks) in the provided food diary three days before the scheduled 

scanning session and to continue recording the day of the scan and for three days following the 

scan (total of seven days). This was carried out for both scanning sessions. Subjects were also 

instructed to begin using the ovulation kit the day before the scan or the morning of the scan. This 

was dependent on the onset date of their last menses and was carried out prior to the follicular 

scan. Experimenters provided email reminders the day before subjects were to begin using the 

ovulation kit, recording food intake in the food diary as well as the day before their scheduled 

scans to remind them of the following instructions: do not consume alcohol and do not exercise in 

the twenty-four hour period before the scan and have a proper amount of sleep.  

Subjects were instructed to eat a normal breakfast before 0900 h on the day of a scan but to 

skip lunch and consume only water so that they were fasted for approximately 6 hours before 

being scanned between 1500 and 1700 h. Before subjects were scanned they filled out the 

Queen’s University fMRI facility safety checklist (Appendix C) as well as the pre-scanning 

questionnaire that consisted of the following questions: 1) how well do you feel right now? 2) 

how hungry do you feel right now? 3) how sleepy do you feel right now? 4) how pleasant would 

it be to eat right now? 5) how warm do you feel right now? 6) how anxious do you feel right 

now? 7) how dizzy do you feel right now? 8) how thirsty do you feel right now 9) how content do 

you feel right now? (Appendix D) The responses to this questionnaire were based on ratings on a 

1-10 Likert scale, where 1 represented “not at all” and 10 represented “extremely”.  
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Prior to entering the scanner subjects were reminded of the communication system between 

the technician and volunteer, the sounds of the MR scanner, the head coil, earphones and 

microphone as well as the importance of remaining still while in the scanner. Subjects were asked 

to remain alert and attentive while viewing pictures. We also requested that the subjects think 

about the appeal of each picture.   

Subjects were in the scanner for approximately 30 minutes. Following an eight minute 

structural scan, T2* images were collected (functional scans) at which time subjects were 

exposed to the visual stimulus protocol over a 24 minute period.  The visual stimuli were 

presented in a block design manner, with a single run comprising of 9 condition blocks (3 high 

calorie, 3 low calorie and 3 control) and 10 rest blocks (Figure 6). Four different pictures from the 

same category were presented in a 20 second block. Each picture was presented for 4.5 seconds 

interspersed with a fixation cross for 0.5 seconds. The 20 second condition blocks were separated 

by 10 seconds of a blank screen with a central fixation cross (“rest”). Each of the three conditions 

was presented three times in pseudorandom order to ensure the same condition blocks did not fall 

back-to-back during the run. The scanning session consisted of a total of four runs, lasting 280 

seconds each, generating 360 volumes per session.  

Following the scan, subjects filled out a questionnaire that consisted of the same questions in 

the pre-scanning questionnaire to determine if the visual stimuli induced changes in appetite 

(Appendix D). As well, subjects completed a positive and negative affect schedule (PANAS) to 

ensure there were no differences in emotional states between menstrual cycle phase as it has been 

shown that mood influences the BOLD response and appetite (Killgore, 2006) (Appendix E). 

Items were rated on a scale of 1-5 based on the strength of emotion experienced that day from 1= 

very slightly or not at all, to 5= extremely. This scale includes 10 positive emotions, such as 

excited and enthusiastic, as well as 10 negative emotions, such as hostile and guilty. Subjects also  
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Figure 6: Example of the experimental design. A single run consisted of 9 condition blocks (3 
high calorie blocks, 3 low calorie blocks, and 3control blocks), each lasting 20 seconds. Four 
different pictures from the same category were presented for 4.5 seconds interspersed with a 0.5 
second fixation cross.  Between each condition block there was a 10 second rest block at which 
time a blank screen with a fixation cross was presented. The conditions were presented in a 
pseudorandomized manner.  
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completed a recognition test that was set up on Queen’s WebCT to ensure that the subjects did 

not differ in their attention to the images while in the scanner. The test consisted of 24 pictures; 4 

images that were seen during the scan and 4 novel images in each of the three categories (high 

calorie, low calorie and control pictures). All procedures were reviewed and approved by the 

Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board. 

2.3 Stimuli 

The stimuli consisted of 144 standardized color pictures selected from the internet. The 

images were divided into three conditions; 48 high calorie food pictures, 48 low calorie food 

pictures and 48 control pictures. High calorie food images consisted of high fat savory foods, 

such as pasta, red meat, pizza or high fat sweet foods such as cake, cookies and ice cream. Low 

calorie foods consisted of low fat items, such as steamed vegetables, fruit, and grilled fish. 

Control images were of similar color and complexity and included recognizable objects not 

associated with eating, such as landscapes, flowers and seashells. Stimuli were presented using 

MATLAB v.7.2 2006 software (The Mathworks, Inc., Natick, MA) and were projected onto a 

screen placed at the head of the scanner bed. The stimuli were viewed through a mirror mounted 

on the head coil.  

2.4 Appropriate timing of menstrual cycle phase 

Subjects scanned during the peri-ovulatory phase were given a urinary luteinizing hormone 

(LH) monitoring kit (Unipath Ltd., Bedford, MK44 3UP, UK) and asked to test for seven days or 

until they detected a positive result (confirmed LH surge) or finished all the sticks provided in the 

kit. Appropriate timing of the peri-ovulatory scan was confirmed if an LH surge was detected 

within 4 days of the follicular phase scan (Figure 7). Subjects scanned during the luteal phase of 

the cycle were instructed to inform us of the onset date of their subsequent menses. Appropriate  
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Figure 7: Study protocol. Subjects were scanned at the end of the follicular phase (pre-ovulatory 
period) and during the second week of the luteal phase. Subjects monitored for an LH surge 
beginning the day of or day before the scan and continued for 7 days or until a positive response 
was detected.  
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timing to the luteal phase was confirmed if a period ensued within 5 – 10 days after their luteal 

phase scan. Data were excluded from the analysis if either the LH measurement or the onset of 

the subsequent period did not confirm appropriate timing of the scan. We attempted to complete 

both scans within a 6 week period.  

2.5 Analysis of behavioral data 

2.5.1 Hunger scores 

The pre and post ratings based on the two hunger-related questions (how hungry do you feel 

right now? and how pleasant would it be to eat right now?) were averaged and a mean score 

calculated for the follicular and luteal phases. A paired two-tailed t-test was used to compare the 

mean pre and post scores. Hunger effects for each subject were calculated by subtracting the pre-

hunger score from the post-hunger score. The differences between the pre and post ratings from 

the follicular and luteal phases were compared by conducting a paired two-tailed t-test to 

determine if there was a menstrual cycle-dependent difference in hunger effect. All statistical 

analyses were performed on Microsoft Excel 2007 (Data Analysis Package). 

2.5.2 Recall test 

A correct response was defined as a subject’s correct identification of the viewed and non-

viewed pictures during the scanning session. The correct responses for high calorie, low calorie 

and control images were determined and totaled to represent a total score out of twenty-four. This 

was reported as a percentage. The mean recall scores for the follicular and luteal phases were 

compared via paired two-tailed t-test.  
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2.5.3 PANAS score 

After each scan, subjects indicated on a scale of 1-5 how the ten positive and ten negative 

words on the PANAS apply to them that day. The sum for the negative word ratings (minimum 

score of 10 and a maximum score of 50) was subtracted from the sum of the positive word ratings 

(minimum score of 10 and a maximum score of 50). The result of this calculation was defined as 

the PANAS score. The mean PANAS scores were compared between the follicular and luteal 

phases using a paired two-tailed t-test. The scores were also used to determine whether subjects 

were in a negative affect or a positive affect state at the time of the scan. Subjects with the most 

negative scores were grouped and those with the most positive scores were grouped. Mean 

positive and negative PANAS scores were compared by an unpaired two-tailed t-test.  

2.5.4 Food diary 

Caloric intake documented by subjects in the food diary was assessed using the Diet Analysis 

Plus program version 7.0.1 (Brooks/Cole Pub Co., Pacific Grove, CA). The caloric values for 

each food item were entered into a Microsoft Excel 2007 spreadsheet for each subject. Total 

calories consumed for breakfast, lunch, dinner and snacks were calculated as well as the daily 

caloric intake and total caloric intake for each session (period of seven days). Experimenters were 

blinded to the specific phase in which food intake recordings were completed by subjects when 

calculating calories consumed. Means of food intake during the follicular and luteal phases were 

compared via paired two-sample t-test.  

2.6 MRI acquisition  

Functional scans were acquired with the Queen’s University 3T Siemens Trio scanner using a 

T2*-weighted gradient-recalled echo-planar imager. Specific parameters that were applied 

include: repeat time, 3000 msec; echo time, 30 msec; flip angle, 84 degrees; field of view, 
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240*240 mm; axial slices, 3 mm thick. Whole-brain functional volumes were acquired in 3000 

msec in an interleaved acquisition pattern. A seven minute structural scan was carried out as well, 

with T1 weighted images acquired. The specific parameters applied for structural scans include: 

repeat time, 1760 msec; echo time, 2.6 msec; flip angle, 9 degrees; field of view, 256*256 mm; 

and slice thickness, 1mm.  

2.7 Pre-processing 

The brain scans were analyzed using Statistical Parametric Mapping (SPM5) (Wellcome 

Department of Cognitive Neurology, London, U.K.) software in MATLAB v.7.2 2006 (The 

Mathworks, Inc., Natick, MA). Images acquired by the MR scanner (DICOM images) were 

converted into NIFTI format (a format recognized by SPM) before pre-processing. The specific 

pre-processing techniques include realignment, coregistration, segmentation, normalization and 

smoothing.  

The functional images were first realigned to correct for movement artifacts during scanning. 

This was achieved by aligning the functional scans to the first functional image, ultimately 

generating a mean functional image. The first three functional images from each were discarded 

to reduce non-steady state effects. The next step involved coregistration during which the mean 

functional image was overlayed onto the anatomical image. The structural image was then 

segmented into its different tissue components; gray matter, white matter and cerebral spinal 

fluid. Subsequently, the images were normalized by warping the specific tissue components to fit 

the standard anatomical template. Scans were normalized to the Montreal Neurological Institute 

(MNI) standard template since the subjects within this study were selected from a normal 

population. The last step entailed smoothing the images, a process that increases the signal-to-

noise ratio. A Gaussian kernel of 6 mm full-width-half-maximum (FWHM) was used for spatial 

smoothing. This smoothing parameter was chosen because specific regions of interest are 
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relatively small. Therefore, a FWHM of 6 mm increased our chance of observing significant 

activation without sacrificing too much spatial resolution.  

2.8 fMRI Analysis 

The data were analyzed within the context of the General Linear Model and brain activation 

was modeled with a boxcar function convolved with the canonical hemodynamic response 

function. First level (fixed-effects) analyses were carried out on each subject’s individual brain 

scans. This analysis yielded parameter estimates for contrasts of interest. The parameter estimates 

were derived from subtracting the response to one condition from another condition. The 

following contrasts were applied for the follicular and luteal phases: 1) high calorie foods vs. 

control, 2) low calorie foods vs. control, 3) high calorie foods vs. low calorie foods, 4) low calorie 

foods vs. high calorie foods, 5) food (high calorie + low calorie) vs. control. These contrasts 

(parameter estimates) were entered into a second level (random-effects) group analyses to 

compare the BOLD response across subjects. This analysis produces t values for each contrast.  

Whole-brain t-maps were generated and analyzed the extent of the response. Subsequently, a 

region of interest (ROI) analysis was carried out to improve statistical power. The a priori ROIs 

were based on previous reports showing activation in areas involved in the homeostatic and 

hedonic control of appetite. These ROIs included the following: hypothalamus, pulvinar, 

amygdala, orbitofrontal cortex, prefrontal cortex, insula, hippocampus, fusiform gyrus, cingulate 

gyrus, caudate, putamen, substantia nigra, VTA and NAc. WFU Pickatlas was used to create the 

masks for the ROI analysis. All the ROIs except the VTA and NAc are contained within WFU 

Pickatlas. The VTA (0, -16 -10) and NAc (-10, 0 -10) masks were generated by creating a sphere 

with a radius of 5mm around the specified coordinates. The coordinates for the VTA and NAc 

were determined by taking an average of the x, y and z coordinates reported for these regions in 



 

 35 

previous studies (Stoeckel et al., 2008;Beaver et al., 2006). Activation foci were reported if the 

following criteria were met: threshold of p<0.001, uncorrected and cluster sizes of five voxels.  
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Chapter 3 

Results 

 

3.1 Behavioral measures 

3.1.1 Hunger ratings 

Post scan hunger and pleasantness to eat scores were significantly higher compared to pre scan 

scores for both the follicular and luteal phases of the menstrual cycle (n=12) (Table 2). A 

significant difference was not evident when comparing the pre and post hunger score difference 

and pleasantness to eat score difference between the follicular and luteal phases.   

3.1.2 Recall test 

Table 2 outlines the mean recall scores ± SD for pictures correctly identified as viewed or not 

viewed. Differences in recall of high calorie, low calorie and control pictures between women 

scanned during the follicular phase compared to the luteal phase were not statistically different 

(n=12).  

3.1.3 PANAS score 

Subjects rated on a scale of 1-5 how each word on the PANAS test related to how they felt the 

day of the scan. Each subject completed two PANAS tests; one after the follicular scan and one 

after the luteal scan. The positive word ratings and negative word ratings were totaled to 

determine each subject’s total positive and negative score. There was no significant difference 

between the mean follicular and mean luteal phase PANAS scores (Figure 8).  
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Table 2 Means and standard deviations for hunger scores and recall scores compared between the 
follicular and luteal phases 

Follicular Mean ±SD Luteal Mean ±SD 
Pre-hunger score  7.1 ±2.3 Pre-hunger score  7.8 ±1.8 
Post-hunger score   8.8 ±1.2 a Post-hunger score   9.3 ±0.6 b 
Pre-pleasantness to eat 
score 8.4 ±1.3 

Pre-pleasantness to eat 
score 8.6 ±1.2 

Post-pleasantness to eat 
score   9.2 ±1.3 c 

Post-pleasantness to eat 
score   9.5 ±1.2 d 

Recall test (% correct):   Recall test (% correct):   

Total  87.0 ±8.1 Total  81.0 ±9.5 

Control  78.1 ±14.2 Control  68.8 ±22.3 

High calorie  90.6 ±10.8 High calorie  87.5 ±14.1 

Low calorie  90.6 ±12.3 Low calorie  87.5 ±18.5 
Significantly different from pre-scan score: a p= 0.009; b p= 0.006; c p= 0.05; d p= 0.005 
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Figure 8: Mean PANAS scores for the follicular and luteal phases. No significant difference 
was observed between the follicular and luteal phase PANAS scores (p value displayed within the 
figure).  

 

 

 

 

 

 

 

 

 

 

P=0.93 
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3.1.4 Food diary 

Subjects recorded food intake for a period of seven days during the follicular phase and during 

the luteal phase (n=10). Caloric intake measures were based on ten food diaries since two 

subjects submitted incomplete food diaries. The total number of calories consumed during the 

seven days was compared between the follicular and luteal phase (Figure 9). Seven women 

consumed more calories during the luteal phase compared to the follicular phase. The remaining 

three women displayed the opposite pattern, having consumed more calories during the follicular 

phase compared to the luteal phase. The total number of calories consumed during the three days 

prior to scanning was also compared between the follicular and luteal phase (Figure 10). As well, 

the calories consumed during the three days prior to scanning and three days post scanning were 

totaled and compared between the menstrual cycle phases (Figure 11). No significant difference 

was detected between the follicular and luteal phases for any of these food intake measures. 

3.2 Menstrual cycle effect 

3.2.1 Timing of menstrual cycle phase  

Two of the twelve female subjects had three scans completed as a result of the inaccurate 

timing of their follicular scan. This was determined based on a negative LH test and the 

subsequent menses onset. Appropriate timing of the 24 scans (2 scans x 12 female subjects) 

included in the analysis was confirmed with the positive LH surge detected by nine women and 

with the onset date of their subsequent menses for all twelve women. All subjects were scanned 

during the second week of the follicular phase and second week of the luteal phase. Timing of 

follicular and luteal phase scans was further characterized by determining the number of 

intervening days between the day of the scan and the subsequent LH surge (based on the nine 

subjects who detected a positive LH test) or subsequent menses onset respectively. Menstrual  
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Figure 9: Individual subject’s and mean caloric intakes for the follicular and luteal  phases 
based on 7 days (n=10). Individual subject’s caloric intake (red circles) based on calories 
consumed over 7 days (3 days prior to scanning, the day of the scan and 3 days post scanning). 
There was no significant difference between mean caloric intake (blue squares) during the 
follicular (fol) and luteal (lut) phases (paired two-tailed t-test p=0.37). The y-axis scale is 
different compared to Figure 10 and Figure 11. The error bars represent the standard error of the 
mean caloric intake during the follicular and luteal phases (blue squares).  
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Figure 10: Individual subject’s and mean caloric intakes for the follicular and luteal phases 
based on 3 days (n=10). Individual subject’s caloric intake (red circles) based on calories 
consumed over 3 days prior to scanning. There was no significant difference between mean 
caloric intake (blue squares) during the follicular (fol) and luteal (lut) phases (paired two-tailed t-
test p=0.49). The y-axis scale is different compared to Figure 9 and Figure 11. The error bars 
represent the standard error of the mean caloric intake during the follicular and luteal phases (blue 
squares). 
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Figure 11: Individual subject’s and mean caloric intakes for the follicular and luteal phases 
based on 6 days (n=10). Individual subject’s caloric intake (red circles) based on calories 
consumed over 6 days (3 days prior to scanning and 3 days post scanning). There was no 
significant difference between mean caloric intake (blue squares) during the follicular (fol) and 
luteal (lut) phases (paired two-tailed t-test p=0.16). The y-axis scale is different compared to 
Figure 9 and Figure 10. The error bars represent the standard error of the mean caloric intake 
during the follicular and luteal phases (blue squares). 
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cycle length was assessed by counting the number of days between consecutive menses onsets. 

The length of the luteal phase was also determined by calculating the number of days from the 

LH surge to subsequent menses onset. Follicular phase length was based on the number of days 

from menses onset to the LH surge. These results are summarized in Table 3.  

3.2.2 BOLD response to visual food cues in hungry women 

The data were first analyzed irrespective of menstrual cycle phase to determine if the visual 

stimuli elicited a BOLD response in a priori ROIs. The scans from both the follicular and luteal 

phases were combined to determine the response to the food vs. control, high calorie vs. control 

and low calorie vs. control contrasts. A similar response was observed with a number of 

overlapping regions activated in response to food, high calorie and low calorie images (Figure 12, 

Table 4). Activation maps for the food vs. control contrast are shown in Figure 13. Cluster size 

for the activated regions, the t-value and coordinate for the voxel of maximum activation are 

displayed in Table 5. The t-value is defined as the difference between the mean contrast values 

divided by the variability (standard error) of the mean difference. Therefore, a higher t-value does 

not necessarily indicate greater activation, rather a more significant response due to less 

variability. For instance, the difference between the mean contrast values (represented by the 

numerator) could be the same between two conditions but with less variability (denominator) the 

resulting t-value is greater, whereas with greater variability, the resulting t-value is lower.  

3.2.3 fMRI analysis of the menstrual cycle phase-dependent response to visual food cues 

The results were then assessed to determine significant cycle dependent effects. In response to 

food vs. control pictures the left OFC, bilateral fusiform, pulvinar, substantia nigra, hippocampus 

and amygdala, left inferior operculum, left putamen, right caudate, NAc and VTA were activated 

during the follicular phase. The left OFC, fusiform and pulvinar were the only regions activated  
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Table 3 Mean number of days ±SD for menstrual cycle length, follicular and luteal phase lengths and 
timing of scan during each phase 
 

  Mean ±SD 
Cycle Length 27.5 ±2.7  

Follicular scan relative to LH surge 3.4 ±1.6 

Luteal scan relative to menses  4.7 ±2.9 

Length of Follicular Phase 14.6 ±2.2 

Length of Luteal Phase 13.0 ±2.0 
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Figure 12: SPM5 glass brains displaying a similar response to the food vs. control, high 
calorie (HC) vs. control and low calorie (LC) vs. control contrasts (n=12). For each contrast 
the sagittal (top left), coronal (top right) and axial (bottom) views are presented. Activations were 
significant at p<0.001 (uncorrected) with a minimum cluster size of 5 voxels. 
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Table 4 Regions activated in response to the food vs. control, HC vs. control and LC vs. control 
images irrespective of menstrual cycle phase 

  Combined Phases   

Region Food vs. control HC vs. control LC vs. control 

OFC B B L 

Fusiform B B B 

Pulvinar L L L 

Hippocampus B B B 

Amygdala L L  

PFC L  R 

Caudate R R  

Inf. Oper  L  

NAc R R  

VTA B B   
Activation of the right or left (R,L) hemisphere or bilateral (B) activation is indicated for each 
region in response to the food vs. control, high calorie (HC) vs. control and low calorie (LC) vs. 
control contrasts.  
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Figure 13: BOLD response to food vs. control pictures irrespective of menstrual cycle phase 
(n=12). Activations are displayed on the SPM5 canonical T1 brain. The color bar represents the 
associated t-score of the voxels activated in the figures. The maximum and minimum values vary 
between the color bars. X is the MNI x-coordinate of the sagittal slice, Z is the MNI z-coordinate 
of the axial slice. (A) Axial sections show activation of the orbitofrontal cortex (OFC), amygdala 
(amyg), fusiform (fusi), hippocampus (hippo), caudate (caud), pulvinar (pulv) and prefrontal 
cortex (PFC). R and L denote right or left activation. All regions were significant at a threshold of 
p<0.001 (uncorrected) with a minimum cluster size of 5 voxels. (B) Sagittal (upper) and axial 
(lower) views on the left show activation of the ventral tegmental area (VTA) and on the right 
show activation of the nucleus accumbens, (NAc). Activations were significant at p<0.01 
(uncorrected) for the VTA and p<0.005 (uncorrected) for the NAc with a minimum cluster size of 
5 voxels. 
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Table 5 Regions activated by the food vs. control pictures irrespective of menstrual cycle phase 
 

Combined phases (food vs. control) 
Region Hem Cluster t stat Coordinates 

OFC L 34 8.36  -21 30 -15 
 R 8 4.38 27 27 -18 
Fusiform L 187 8.27  -30 -72 -18 
 R 82 6.27 33 -54 -21 
Pulvinar L 49 7.15  -24 -30 6 
     
Hippocampus L 18 6.77 27 -27 -6 
 R 18 5.91  -18 -33 0 
Amygdala L 7 5.89  -21 -6 -12 
     
PFC L 5 5.65  -48 42 15 
Caudate R 5 4.47 9 9 -3 
NAc a R 5 6.16  9 -3 -6 
VTA b  6 3.88 0 -21 -12 

 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) except where indicated (a p<0.005; b p<0.01) with a minimum cluster size of 5 
voxels. The maximum voxel within a cluster is listed for each region.  
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during the luteal phase. Figure 14 displays activation maps and Table 6 indicates the cluster size 

for the activated regions, the t-value and coordinate for the voxel of maximum activation.  

The response to high and low calorie images were analyzed separately in order to determine 

whether there was a differential BOLD response to foods of varying caloric content. The contrast 

high calorie vs. control pictures elicited a greater response in the bilateral fusiform, pulvinar, 

hippocampus, and amygdala, left OFC, inferior operculum, right NAC and VTA during the 

follicular phase. The response during the luteal phase included activation in the bilateral fusiform 

and the left OFC, insula (Figure 15, Table 7). 

Low calorie vs. control images activated the bilateral fusiform, insula, left OFC, inferior 

operculum, and right PFC during the follicular phase. The insula was also activated bilaterally in 

the follicular phase but not the luteal phase. Increased BOLD response was evident in the left 

OFC, fusiform and pulvinar during the luteal phase (Figure 16, Table 8).  

The high calorie vs. low calorie contrast was also assessed between the menstrual cycle 

phases. Activation was present in the bilateral fusiform for both the follicular and luteal phases. 

The reverse contrast was also applied to determine the response to low calorie vs. high calorie 

pictures. The bilateral PFC and right OFC showed an increased BOLD response during the 

follicular phase. No activation was present during the luteal phase for the same contrast (Table 9).   

The follicular vs. luteal phase interaction analysis showed a greater number of regions 

activated in response to food cues (Table 10). Activated areas included the bilateral pulvinar, 

putamen, inferior operculum and fusiform, left hippocampus, and right SNr, amygdala and OFC. 

These areas were not activated for the reverse contrast, luteal vs. follicular phase.   

Studies have indicated that estrogen enhances cerebral perfusion (Funk et al., 1991;Farhat et 

al., 1996;Wang et al., 1999); therefore, to ensure that the differences observed between the 

A 
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Figure 14: Increased BOLD response in the follicular phase compared to the luteal phase in 
response to food vs. control pictures (n=12). Activations are displayed on the SPM5 canonical 
T1 brain. The color bar represents the associated t-score of the voxels activated in the figures. The 
maximum and minimum values vary between the color bars. X is the MNI x-coordinate of the 
sagittal slice, Z is the MNI z-coordinate of the axial slice. (A) Axial sections show activation of 
the orbitofrontal cortex (OFC), amygdala (amyg), substantia nigra (SNr), fusiform (fusi), 
hippocampus (hippo), putamen (put), pulvinar (pulv), prefrontal cortex (PFC), caudate (caud) and 
inferior operculum (inf oper) in the follicular phase of the menstrual cycle. R and L denote right 
or left activation. Axial sections show activation of the OFC, fusiform and pulvinar during the 
luteal phase. All regions were significant at a threshold of p<0.001 (uncorrected) with a minimum 
cluster size of 5 voxels. (B) Sagittal (upper) and axial (lower) views on the left show activation of 
the ventral tegmental area (VTA) in the follicular phase and on the right show activation of the 
nucleus accumbens (NAc) in the follicular phase. Activations were significant at p<0.01 
(uncorrected) for the VTA and p<0.005 (uncorrected) for the NAc with a minimum cluster size of 
5 voxels. 

B 
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Table 6 Regions showing a differential BOLD response to food vs. control pictures in the 
follicular and luteal phases of the menstrual cycle 
 

 Food vs. control Follicular phase  Luteal phase 
Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates 

OFC L 33 8.56  -21 30 -18    L 11 5.08 -21 30 -15 
Fusiform L 200 7.77  -33 -54 -15   L 42 6.60  -36 -57 -21 
  R 97 6.06  33 -54 -18            
Hippocampus L 23 6.07  -21 -27 -6      
 R 21 7.44 21 -27 -6      
Pulvinar L 53 6.03  -15 -33 3   L 7 4.84  -24 -30 6 
  R 27 5.91 15 -24 9           
Amygdala L  13 5.37  -21 -6 -12           
  R  12 4.85  24 -3 -12           
SNr L 6 5.13  -9 -21 -12      
 R 5 4.60 12 -18 -12           
Inf. Oper L 12 5.03 -48 6 27           
PFC L 7 4.84 -45 36 21           
  R 5 4.88 42 36 18        

Putamen L 7 4.83 -18 9 -3       

Caudate R 5 4.46 18 -18 21           
NAc a R 10 4.26  12 -3 -6           
VTA b L 8 3.80  -3 -18 -12      
 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) except where indicated (a p<0.005; b p<0.01) with a minimum cluster size of 5 
voxels. The maximum voxel within a cluster is listed for each region.  
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Figure 15: Increased BOLD response in the follicular phase compared to the luteal phase in 
response to high calorie vs. control pictures (n=12). Activations are displayed on the SPM5 
canonical T1 brain. The color bar represents the associated t-score of the voxels activated in the 
figures. The maximum and minimum values vary between the color bars. X is the MNI x-
coordinate of the sagittal slice, Z is the MNI z-coordinate of the axial slice. (A) Axial sections 
show activation of the orbitofrontal cortex (OFC), amygdala (amyg), fusiform (fusi), 
hippocampus (hippo), pulvinar (pulv), inferior operculum (inf oper) in the follicular phase of the 
menstrual cycle. R and L denote right or left activation. Axial sections show activation of the 
OFC, fusiform, insula (ins) during the luteal phase. All regions were significant at a threshold of 
p<0.001 (uncorrected) with a minimum cluster size of 5 voxels. (B) Sagittal (upper) and axial 
(lower) views on the left show activation of the ventral tegmental area (VTA) in the follicular 
phase and on the right show activation of the nucleus accumbens (NAc) in the follicular phase. 
Activations were significant at p<0.01 (uncorrected) for the VTA and p<0.005 (uncorrected) for 
the NAc with a minimum cluster size of 5 voxels. 
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Table 7 Regions showing a differential BOLD response to high calorie (HC) vs. control pictures 
in the follicular and luteal phases of the menstrual cycle 

                   

 HC vs. control Follicular phase  Luteal phase 
Region Hem Cluster t stat Coordinates  Hem Cluster t stat Coordinates 

Fusiform L 248 9.55  -30 -69 -6  L 67 6.49  -24 -72 -6 
  R 170 7.79  30 -75 -3   R 7 4.26  33 -45 -15 
Pulvinar L 47 7.79 -15 -33 6           
  R 14 6.46 18 -30 3            
OFC L 44 6.39  -21 30 -18    L 15 5.03 -27 33 -12 
Hippocampus L 40 6.00  -33 -24 -9           
  R 19 7.26 24 -24 -9           
Amygdala L 8 5.85  -21 -6 -12           
  R 9 4.41  27 -6 -12           
Inf. Oper L 5 4.58 -48 6 27           
Insula           L  10 5.38  -39 -6 3  
NAc a R 14 5.27  9 -3 -9           
VTA b R 6 2.98 3 -18 -12      
 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) except where indicated (a p<0.005; b p<0.01) with a minimum cluster size of 5 
voxels.  
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Figure 16: Increased BOLD response in the follicular phase compared to the luteal phase in 
response to low calorie vs. control pictures (n=12). Activations are displayed on the SPM5 
canonical T1 brain. The color bar represents the associated t-score of the voxels activated in the 
figures. The maximum and minimum values vary between the color bars. X is the MNI x-
coordinate of the sagittal slice, Z is the MNI z-coordinate of the axial slice. Axial sections show 
activation of the orbitofrontal cortex (OFC), fusiform (fusi), insula (ins), putamen (put), 
prefrontal cortex (PFC) and inferior operculum (inf oper) in the follicular phase of the menstrual 
cycle. Axial sections show activation of the OFC, fusiform and pulvinar during the luteal phase. 
R and L denote right or left activation. All regions were significant at a threshold of p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels.  
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Table 8 Regions showing a differential BOLD response to low calorie (LC) vs. control pictures in 
the follicular and luteal phases of the menstrual cycle 

                   

 LC vs. control Follicular phase  Luteal phase 
Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates 

OFC L 19 8.22  -21 30 -15    L 7 5.35 -18 30 -15 
PFC R 21 7.56 39 36 18           
Fusiform L 46 5.93  -33 -54 -12   L 29 6.80  -33 -57 -21 
  R 16 5.13 30 -51 -18           
Inferior 
Operculum 

L 9 5.06 -48 6 27           
                  

Insula L 17 4.91 -39 -6 3           
  R 5 4.79  42 -3 0            
Pulvinar           L 13 6.96 -24 -30 6 

 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels. 
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Table 9 Regions showing a differential BOLD response to the contrasts high calorie (HC) vs. low 
calorie (LC) pictures and low calorie vs. high calorie pictures in the follicular and luteal phases of 
the menstrual cycle 
 
HC vs. LC Follicular phase  Luteal phase 

Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates
Fusiform L 25 5.24  -30 -63 -12   L 103 11.84  -39 -51 -12 
  R 9 4.9  30 -42 -18   R 76 7.56  30 -45 -18 

LC vs. HC      
Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates

OFC R 5 4.86  18 42 -18           
PFC L 5 4.54  -39 27 33           
  R 17 5.63  39 24 39           

 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels. 
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Table 10 Menstrual cycle phase interaction analysis 

Food vs. Control Follicular Phase vs. Luteal Phase Luteal Phase vs. Follicular Phase 

Region Hem Cluster t stat Coordinates  Hem Cluster t stat Coordinates 
Pulvinar L 22 3.14  12 -30 3      
 R 34 3.85  -9 -27 3      
SNr R 6 3.13 36 -39 -15      
OFC R 54 3.07 39 42 -12      
Amygdala R 26 3.07 30 3 -18      
Hippocampus L 25 2.64  -21 -15 -12      
Putamen L 19 2.49 36 -12 -6      
 R 11 2.91  -33 -3 -3      
Inf. Oper L 8 2.38 54 15 6      
 R 5 2.39  -60 9 6      
Fusiform L 16 2.38 30 -33 -24      
 R 63 3.29  -33 -45 -15      

Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.05 
(uncorrected) with a minimum cluster size of 5 voxels. 
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 phases are not merely due to estrogen’s effect on cerebral perfusion, the BOLD response was 

assessed for the control vs. rest contrast. The follicular phase response included activation within 

three ROIs: the bilateral fusiform, right hippocampus and right PFC, whereas the luteal phase 

response included activation within four ROIs: the bilateral OFC, right PFC, amygdala, and left 

putamen (Table 11). These results indicate that the response to food pictures during the follicular 

phase is not due to an affect of estrogen on cerebral perfusion.  

3.3 Mood effect 

3.3.1 PANAS measures 

As previously mentioned, there was no significant difference between the follicular and luteal 

phase PANAS scores. However, we did observe that a number of the scan days were defined by 

negative mood states based on the difference between the total positive and total negative 

PANAS scores (Figure 17). A total of twenty-eight scans were included in this analysis. Twenty-

four scans were derived from scanning twelve normal weight subjects twice and four scans were 

derived from scanning two obese subjects twice. These findings led us to group subjects 

according to positive and negative affect so as to determine whether varying mood states affect 

the BOLD response. The negative mood and positive mood groups were matched for BMI and 

menstrual cycle phase. Both groups consisted of six scans completed in normal weight women 

and two scans completed in obese women. As well, both groups consisted of four scans 

completed during the follicular phase and four scans completed during the luteal phase. There 

was a significant difference between the negative and positive mean PANAS scores, whereas the 

PANAS scores were not significantly different when compared between the follicular and luteal 

phase (Figure 18).  

 

A 
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Table 11 Regions showing a differential BOLD response to the control pictures vs. rest condition 
in the follicular and luteal phases of the menstrual cycle 

Control vs. 
rest Follicular phase  Luteal phase 

Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates 
Fusiform L 432 9.53  -27 -78 -12   L 531 14.31  -21 -48 -12 
  R 492 11.31  27 -78 -6   R 639 19.33  30 -72 -9 
PFC R 7 7.08  51 36 21   R 10 6.82  51 39 21 
Hippocampus R 8 5.86  36 -18 -15           
OFC           L 33 6.83  -33 30 -6 
            R 35 6.80  48 48 -9 
Amygdala           R 29 6.15  33 0 -21 
Putamen           L 6 4.75  -21 12 3 

 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels. 
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Figure 17: Individual subject’s total positive rating (red column), total negative rating (blue 
column) and PANAS score (green column). The PANAS score is the difference between the 
total positive rating and total negative rating. Subjects 1-8 displayed the most negative PANAS 
scores and were therefore regarded as the negative mood group. Subjects 21-28 displayed the 
most positive scores and were therefore regarded as the positive mood group.  
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Figure 18: Mean PANAS scores for subjects grouped based on affective state compared to 
the PANAS scores for subjects grouped based on menstrual cycle phase. There was a 
significant difference between the negative and positive group’s mean PANAS score. A 
significant difference was not observed between the follicular and luteal phase PANAS scores (p 
values displayed within the figure).  
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3.3.2 Hunger ratings 

Post scan-hunger and pleasantness to eat scores did not differ significantly compared to pre-

scan scores in women reporting negative affect. However, post scan hunger and pleasantness to 

eat scores were significantly higher compared to pre scan scores for the positive mood group 

(Table 12). A significant difference was not evident when comparing the pre and post hunger 

score difference and pleasantness to eat score difference between the follicular and luteal phases. 

The positive group’s mean pre hunger rating was significantly lower than the negative group’s 

pre hunger rating (p=0.05).  

3.3.3 Recall test 

Recall of the high calorie and low calorie pictures did not differ significantly between subjects 

in a negative mood state compared to subjects in a positive mood state.  

3.3.4 fMRI analysis of the mood-dependent response to visual food cues 

The negative mood group displayed greater BOLD activity in response to high calorie pictures 

compared to low calorie pictures bilaterally in the amygdala, fusiform, putamen and pallidum, left 

pulvinar and PFC. These regions, except for the bilateral fusiform, were not activated in the 

positive mood group (Figure 19, Table 13). On the other hand, the reverse contrast, low calorie 

vs. high calorie images, showed no activation in the negative or positive mood groups.  

The activation patterns were also assessed for the high calorie vs. control contrast and the low 

calorie vs. control contrast. The BOLD response to high calorie vs. control images was similar in 

the negative and positive mood groups. The negative group showed activation in the left pulvinar, 

OFC, hippocampus, the bilateral fusiform and right amygdala. The similarities observed in the 

positive mood group included activation of the left pulvinar, hippocampus and bilateral fusiform. 

As well, the inferior operculum was activated in the positive mood group (Table 14). The low  
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Table 12 Means ±SD for hunger scores and recall scores compared between the negative and 
positive mood groups 

A. Negative Mood Mean ±SD Positive Mood Mean ±SD 
Pre-hunger score  8.3 ±1.6 Pre-hunger score   6.1 ±2.3 a 
Post-hunger score 8.9 ±1.6 Post-hunger score   8.5 ±0.5 b 
Pre-pleasantness to eat 
score 8.5 ±1.6 

Pre-pleasantness to eat 
score 7.9 ±2.8 

Post-pleasantness to eat 
score  8.9 ±1.6 

Post-pleasantness to eat 
score   8.9 ±1.0 c 

B. Recall test (% correct):   Recall test (% correct):   
Total  82.3 ±10.4 Total  80.0 ±8.3 
Control  65.1 ±19.5 Control  80.4 ±12.2 
High calorie  89.1 ±10.4 High calorie  82.4 ±15.9 
Low calorie  92.2 ±11.5 Low calorie 76.2 22.3 

Significantly different from the pre-scan hunger score in the negative mood group: a p=0.05 

Significantly different from the pre-scan scores in the positive mood group: b p= 0.02; c p= 0.007  
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Figure 19: High calorie vs. low calorie images elicited a greater BOLD response in the 
negative mood state compared to the positive mood state (n=8). Activations are displayed on 
the SPM5 canonical T1 brain. The color bar represents the associated t-score of the voxels 
activated in the figures. The maximum and minimum values vary between the color bars. X is the 
MNI x-coordinate of the sagittal slice, Z is the MNI z-coordinate of the axial slice. (A) Axial 
sections show activation of the amygdala (amyg), fusiform (fusi), putamen (put), pallidum (palli), 
pulvinar (pulv), prefrontal cortex (PFC) in the negative mood state. R and L denote right or left 
activation. Axial sections show activation of the fusiform in the positive mood state. All regions 
were significant at a threshold of p<0.001 (uncorrected) with a minimum cluster size of 5 voxels. 
(B) Sagittal (upper) and axial (lower) views on the left show activation of the ventral tegmental 
area (VTA) for the negative mood group. VTA activation was not present in the positive mood 
group. Activations were significant at p<0.005 (uncorrected) with a minimum cluster size of 5 
voxels. 

B 
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Table 13 Regions showing a differential BOLD response to high calorie (HC) vs. low calorie 
(LC) pictures in the negative and positive mood groups 

                   

 HC vs. LC Negative Mood  Positive Mood 
Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates 

Putamen  L 60 11.70  -21 9 0           
  R 14 12.01  30 -6 -6           
Amygdala  L 25 11.31  -24 -3 -18           
  R 7 7.65 27 0 -15           
Pulvinar L 27 10.87  -12 -24 9           
PFC L 7 8.98  -27 0 48           
Pallidum  L 6 6.37  -18 6 -3           
  R 6 11.48  27 -12 -3           
Fusiform L 5 5.80  -30 -60 -12   L 47 10.55  -36 -48 -12 
  R 52 11.55 24 -54 -15   R 11 5.74 30 -75 -12 
VTA a   12 6.24 0 -15 -6           
 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) except where indicated (a p<0.005) with a minimum cluster size of 5 voxels. 
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Table 14 Regions showing a differential BOLD response to high calorie (HC) vs. control pictures 
in the negative and positive mood groups 

HC vs. 
control Negative Mood  Positive Mood 

Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates 
Pulvinar L 39 11.85  -15 -27 -9   L 34 6.28  -21 -30 9 
Fusiform L 105 11.84  -33 -75 -12   L 109 9.96  -39 -54 -18 
  R 73 7.61  33 -54 -15   R 5 6.79  27 -84 -15 
OFC L 15 9.39  -21 30 -18           
Amygdala R 5 6.74  21 -6 -12           
Hippocampus L 11 6.25  -18 -6 -12   L 6 16.40  -33 -12 -15 
Inf. Oper           L 5 6.04  -48 9 27 

 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels.  
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 



 

 67 

calorie pictures produced a greater BOLD response in the positive mood group in the left PFC, 

thalamus, fusiform, right caudate and hippocampus, whereas the negative mood group showed a 

greater BOLD response in the left pulvinar (Table 15).  

The negative vs. positive mood interaction analysis showed a greater number of regions 

activated in response to food cues (Table 16). Activated areas included the bilateral putamen and 

pallidum and left pulvinar and PFC. These areas were not activated for the reverse contrast, luteal 

vs. follicular phase although activation was present in the anterior (ant) cingulum and left OFC.   
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Table 15 Regions showing a differential BOLD response to low calorie (LC) vs. control pictures 
in the negative and positive mood groups 
 
LC vs. 
control Negative Mood  Positive Mood 

Region Hem Cluster t stat Coordinates   Hem Cluster t stat Coordinates
Pulvinar L 9 9.38  -15 -24 9           
PFC           L 5 8.37  -48 39 18 
Caudate           R 5 7.95  9 18 6 
Hippocampus           R 5 7.71 33 -36 0 
Thalamus           L 8 6.40  -18 -33 0 
Fusiform           L 16 6.26  -33 -57 -12 

 
Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels.  
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Table 16 Mood state interaction analysis 
HC>LC Negative Mood>Positive Mood Positive Mood>Negative Mood 

Region Hem Cluster t stat Coordinates  Hem Cluster t stat Coordinates 
Putamen L 15 4.75  -30 -12 -6      
 R 8 4.28  30 -3 -9      
Pulvinar L 68 4.64  -12 -24 9      
PFC L 9 4.51  -27 0 48      
Pallidum L 10 4.19  -24 -12 0      
 R 7 3.79 15 6 0      
Ant. Cingulum       20 4.23 0 21 -9 
OFC      L 5 4.19  -33 45 -15 

Activation of the right or left (R,L) hemisphere (hem) is indicated for each region. Cluster size, t-
score and MNI coordinates are displayed. All regions were significant at a threshold of p<0.01 
(uncorrected) with a minimum cluster size of 5 voxels. 
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Chapter 4 

Discussion 

fMRI has been used to study the effects of hunger, adiposity, appetite regulating hormones 

and food-related psychological and genetic disorders on the corticolimbic neural system that may 

influence ingestive behavior. Studies conducted in male and female subjects have provided 

insight about the various brain regions involved in motivational, emotional and rewarding aspects 

of food intake. An area of investigation that is lacking is an understanding of menstrual cycle-

related fluctuations in food intake. Food consumption is approximately 40% less during the 

second week of the follicular phase (peri-ovulatory period) and then rises during the luteal phase. 

The menstrual cycle hormones, estrogen and progesterone, are the main factors influencing these 

changes in food intake. The peri-ovulatory nadir has been attributed to increased estrogen 

secretion prior to ovulation. The luteal phase increase in food intake is likely due to elevated 

levels of progesterone, perhaps as a result of progesterone inhibiting the action of estrogen. The 

current study is the first to examine whether menstrual cycle phase modulates the corticolimbic 

response to visual food cues.    

4.1 Brain responses to food pictures in women 

A number of brain regions involved in cognition, reward and emotion were activated by 

pictures of food. Food pictures elicited a greater response in the fusiform, OFC, pulvinar, 

hippocampus, PFC, amygdala, caudate, NAc and VTA irrespective of menstrual cycle phase. 

Previous neuroimaging studies conducted in normal weight women measured BOLD responses to 

visual food cues in similar corticolimbic areas. However, it is difficult to compare results between 

studies since a standard threshold was not applied when analyzing the BOLD response. Killgore 
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et al. (2003) explored cerebral responses as normal weight women viewed comparable stimuli of 

high calorie and low calorie foods and control pictures. An increased BOLD response to images 

of food was present in the amygdala, hippocampus, insula, PFC, posterior cingulate, fusiform, 

cerebellum, temporal and post-central gyri. Similarly, we observed activation in the amygdala, 

hippocampus, PFC and fusiform. However, women in our study did not display activation in the 

posterior cingulate, cerebellum, temporal and post-central gyri. Methodological differences may 

account for some of the non- overlapping activated regions. For instance, we tested hungry 

women (6-7 hours fasted) whereas Killgore et al. (2003) scanned subjects after a ninety minute 

fast. Another fMRI study examined the response in normal weight women. They reported that 

high calorie pictures yielded no significant activation. The low calorie stimulus elicited activation 

in the right inferior temporal gyrus. Rothemund et al. 2007 also scanned women after a ninety 

minute fast. Women may have been more responsive to the visual food cues in the present study 

because they were hungrier at the time of the scan.  

Stoeckel et al. (2008) explored how normal weight women respond to food pictures. High 

calorie images induced activation in the OFC, PFC, hippocampus and caudate, just as they did in 

our study. However, they did not observe activation in fusiform, pulvinar and NAc, whereas we 

did. The low calorie images presented by Stoeckel et al., (2008) elicited a response in the OFC, 

PFC, anterior cingulate, insula and hippocampus. We also observed a BOLD signal in similar 

areas. Activation in the fusiform, pulvinar, inferior operculum and caudate was exclusive to our 

study. They used a similar protocol and presented a similar experimental design. This may have 

contributed to the numerous overlapping activations to both the high and low calorie conditions. 

Nevertheless, methodological differences may account for the few variations. For instance, they 

scanned women during the early follicular phase of the menstrual cycle: day 6.8 vs. day 11.2 of 

the follicular phase. As well, their control images consisted of cars, whereas the control pictures 
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in our study included images of scenery. Different categories of control images may be associated 

with different reward and emotion-related properties, thus affecting the results when comparing 

food pictures to control pictures.  

4.2 Menstrual cycle influence on the corticolimbic response 

The primary goal of our fMRI study was to explore which corticolimbic brain regions respond 

to visual food cues and whether the differences may be responsible for the menstrual cycle-

dependent changes in food intake. Few fMRI studies have investigated if menstrual cycle phase 

modulates cognitive and emotion-related processing. Whereas our study looked at the response to 

visual food cues during the two menstrual cycle phases, Dreher et al., (2007) examined cerebral 

response to a monetary reward task. They showed that anticipation of a monetary reward 

increased the BOLD response in the OFC and amygdala to a greater extent in the follicular 

compared to the luteal phase. Delivery of a monetary reward increased striatal activation in the 

follicular phase but not the luteal phase. It is likely that rewards associated with money or food 

activate overlapping corticolimbic brain regions and is supported by our observation of amygdala 

and OFC activation by food pictures during the follicular phase but not the luteal phase. Although 

their study was designed to measure the differential response between the follicular and luteal 

phases, the timing of their follicular scan on average was 5 days earlier than our study. Therefore, 

care must be taken when comparing results of the two studies. 

We hypothesized that female subjects would be more responsive to food pictures, particularly 

high calorie images, during the luteal phase of the menstrual cycle. Our hypothesis was founded 

on the substantial amount of data from animal (Czaja, 1978;Czaja, 1975;Rosenblatt et al., 

1980;Krohn & Zuckerman, 1938;Gilbert & Gillman, 1956) and human (Dalvit, 1981;Gong et al., 

1989;Lyons et al., 1989;Barr et al., 1995;Lissner et al., 1988;Tarasuk & Beaton, 1991;Johnson et 

al., 1994) studies demonstrating that the luteal phase of the menstrual cycle is associated with 
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significant increases in food intake. Because obese women display greater corticolimbic 

activation in response to food pictures compared to normal weight women (Stoeckel et al., 2008) 

we postulated that corticolimbic activity would be greater during the luteal phase compared to the 

late follicular phase, and that differences in activation would provide insight into neural networks 

responsible for menstrual cycle-dependent ingestive behavior. Contrary to what we predicted, we 

saw greater activation by food pictures during the follicular phase within brain regions implicated 

in the motivational and emotional processing of food cues. Furthermore, we saw a differential 

response to high calorie and low calorie pictures during the follicular phase. High calorie images 

elicited a greater BOLD signal in the fusiform, pulvinar, OFC, amygdala, hippocampus and 

inferior operculum during the follicular phase. The low calorie condition elicited a greater BOLD 

signal in the OFC, PFC, fusiform, inferior operculum and insula during the follicular phase.  

A number of studies have established that the OFC and amygdala are relevant for coding the 

reward value of food (Rolls, 2000;Kringelbach, 2005). Electrophysiological and lesion studies 

suggest that the amygdala codes for the emotional significance of the stimuli (Parkinson et al., 

2001;Balleine et al., 2003) while the OFC evaluates the reward value of stimuli according to the 

current needs of the individual (Pickens et al., 2003;Baxter & Murray, 2002;Tremblay & Schultz, 

1999). Studies in primates also suggest that OFC and amygdala play a role in the visual 

evaluation of food stimuli (Rolls, 1984;Wilson & Rolls, 1993). The amygdala and OFC were 

activated in response to high calorie foods while low calorie foods activated the OFC but not the 

amygdala during the follicular phase. The OFC and amygdala may be interacting in response to 

high calorie images to characterize the reward value of the stimuli, whereas emotion-related 

processing of low calorie images is not achieved since the interaction between the OFC and 

amygdala is not present. 
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The PFC and the OFC have been implicated in the cognitive and regulatory control of 

ingestive behavior (Alonso-Alonso & Pascual-Leone, 2007;DelParigi et al., 2006;Uher & 

Treasure, 2005), involved primarily with the inhibition of responses. We observed PFC and OFC 

activity for the low calorie vs. control contrast and OFC but not PFC activity for the high calorie 

vs. control contrast during the follicular phase. We also detected OFC activity in response to the 

same contrasts during the luteal phase. It is important to note that subjects were hungry when 

scanned yet regions involved in the inhibitory control of food intake were activated. Stoeckel et 

al. (2008) proposed that abnormalities in regions involved in inhibitory control may contribute to 

obesity. Therefore, it is possible that normal weight subjects often exhibit some inhibitory control 

so as to oppose the stimulatory effects of other regions, ultimately to maintain homeostasis.  

Activation in the hippocampus has been associated with food cravings and with viewing 

reward-related stimuli (Pelchat et al., 2004;Wittmann et al., 2005) perhaps by evoking memories 

of pleasurable experiences (Esch & Stefano, 2004). Interestingly, in the current study the 

hippocampus was activated by high calorie pictures but not low calorie pictures during the 

follicular phase.  

The insula displayed selective activation to the high and low calorie food cues depending on 

menstrual cycle phase. Low calorie images, but not high calorie images activated the insula 

during the follicular phase, whereas high calorie, but not low calorie images activated the insula 

during the luteal phase (Table 7 and 8). This selective effect of high and low calorie food cues on 

the insula was also observed by Killgore et al. (2006) depending on mood as opposed to 

menstrual cycle phase. The insula was stimulated by low calorie foods when women were in a 

positive affect state, corresponding to the peri-ovulatory phase but was activated by high calorie 

images when women reported negative affect, corresponding to the luteal phase. Recent fMRI 

studies have indicated that the insula is involved in coding the motivational value of nutritionally 
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relevant stimuli (Porubska et al., 2006;Balleine & Dickinson, 2000). It is possible that ovarian 

steroids influence a preference for specific foods depending on the menstrual cycle phase. This 

effect may also be influenced by varying mood states.  

The pulvinar, an area located within the thalamus, also exhibited a selective response to high 

and low calorie images depending on menstrual cycle phase but opposite to that observed for the 

insula. The pulvinar was activated by low but not high calorie pictures in the luteal phase and by 

high but not low calorie images in the follicular phase. This effect has not been reported in any 

study to date; however, Malik et al., (2008) showed that ghrelin increased the response to food 

pictures in the pulvinar, an area implicated in focused visual attention (Kastner et al., 

2004;Petersen et al., 1985). Ghrelin is an orexigenic peptide which is elevated prior to a meal 

(Cummings et al., 2001). It is possible that after several days of increased food consumption in 

the luteal phase, ghrelin levels are lower relative to the follicular phase, thus decreasing the 

salience of high calorie food cues during the luteal phase and increasing the salience of high 

calorie food cues during the peri-ovulatory phase. The fusiform is another area involved in 

focused visual attention; however unlike the pulvinar, the fusiform was activated by high and low 

calorie images during the follicular and luteal phases of the menstrual cycle. fMRI studies have 

shown that the increased salience of behaviorally relevant or emotionally arousing stimuli is 

mediated by an interaction between the amygdala, fusiform and pulvinar (Vuilleumier & Driver, 

2007;Morris et al., 1997). This notion is particularly interesting since these three regions were 

activated in response to high calorie foods during the follicular phase.  

Another interesting finding in the current study was activation of the NAc and VTA in 

response to high calorie food cues during the follicular phase. The NAc may play a role in 

mediating reward and energy balance mechanisms by acting as an interface between the 

hypothalamus and corticolimbic regions, such as the VTA, hippocampus, OFC and ventral 
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pallidum (Berthoud, 2006;Kelley, 2004;O'Doherty et al., 2006). Interestingly, all the 

aforementioned brain areas were activated in addition to the NAc during the follicular phase. 

Furthermore, animal studies have demonstrated that pharmacological manipulations of the NAc 

stimulated food intake (Kelley, 2004;Smith & Berridge, 2007). This effect may be mediated by 

orexin and NPY-containing neurons and deactivation of POMC neurons within the hypothalamus 

(Zheng et al., 2003). In, the current study, we detected NAc activation at a lower threshold of 

p<0.005. Stoeckel et al., (2008) also showed activation of the NAc but in obese women. Because 

we included normal weight women in the present study, NAc activation may not have been as 

robust as that observed in obese women. The lack of hypothalamic activation in the present study 

may be due to the 6 mm spatial resolution utilized in this study, which limited our ability to detect 

the BOLD signal in this small region.  

Another study investigated how the BOLD response to food pictures in male and female 

subjects on a eucaloric diet compared to subjects on a hypercaloric diet (two days after 30% 

overfeeding; similar in difference between follicular and luteal phases) (Cornier et al., 2007). 

Images of high hedonic value foods were more salient in the eucaloric state compared to the 

overfed state, stimulating regions such as, the inferior temporal visual cortices, right posterior 

parietal cortex, premotor cortex and the hippocampus. This robust differential effect between the 

eucaloric state and overfed state parallels what we saw between the follicular and luteal phases of 

the menstrual cycle, when food consumption is reduced and subsequently increased. Women in 

the luteal phase may display a diminished response because they were in a short-term positive 

energy balance as a result of overeating during the days prior to being scanned. However, food 

intake measures from our study did not corroborate this notion. There was no significant 

difference between calories consumed during the follicular and luteal phases of the menstrual 

cycle. However, there may have been a difference in energy state prior to being scanned. This 
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will be discussed in a later section. A major methodological difference that needs to be 

considered when comparing results was that Cornier et al. (2007) included male and female 

subjects. This is particularly noteworthy since brain responses during hungry and satiated states 

differ between men and women (Smeets et al., 2006). As in our study, subjects were fasted before 

scanning (overnight fast vs. breakfast but no lunch). As well, menstrual cycle phase was 

controlled for; i.e. women were scanned in the follicular phase. 

We also analyzed the activation maps comparing the BOLD response to high calorie vs. low 

calorie pictures as well as the response to low calorie vs. high calorie pictures to confirm if there 

was a differential response to calorie-specific food cues. High calorie vs. low calorie pictures 

elicited activity in the fusiform during both the follicular and luteal phases (Table 9). Based on 

this finding, we infer that the high calorie stimulus was not necessarily more salient than the low 

calorie stimulus in both phases. On the other hand, low calorie pictures induced activation in the 

PFC and OFC during the follicular phase but not the luteal phase (Table 9). Hence, we propose 

that the low calorie stimulus was more salient than the high calorie stimulus but only in women 

scanned during the follicular phase. As previously stated, the pre-frontal regions have been 

implicated in evaluating the reward value of stimuli according to the current needs of the 

individual (Rolls, 2000;Kringelbach, 2005). Furthermore, this area plays a role in the subjective 

pleasantness of food (Tataranni et al., 1999;Wang et al., 2004;Morris & Dolan, 2001). Therefore, 

activation of these regions in response to low calorie vs. high calorie foods during the follicular 

phase may indicate that the reward value of low calorie foods is heightened during the follicular 

but not the luteal phase. As well, the OFC and PFC have been implicated in suppressing food 

intake perhaps by sending inhibitory inputs to limbic areas, thus suppressing hunger (Tataranni & 

Del Parigi, 2003). Because OFC and PFC activity were restricted to the follicular phase, this may 

influence the reduction in food intake reported during the peri-ovulatory phase of the menstrual 
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cycle. Based on the food intake measures from women in the current study there was no 

significant difference between calories consumed during the follicular and luteal phases. 

However, women may have been in a different energy state prior to the follicular scan compared 

to the luteal scan.  

The interaction analysis revealed that there were more corticolimbic brain areas activated 

during the follicular phase compared to the luteal phase. However, the interaction analysis was 

conducted using an exploratory threshold of p<0.05. We are confident that increasing the number 

of subjects will increase the power of the design and therefore, make it feasible to detect small 

differences in the BOLD signal between the follicular and luteal phases.    

4.2.1 Energy status 

Numerous neuroimaging studies have demonstrated that corticolimbic activity is greater in 

hungry individuals compared to sated individuals (Morris & Dolan, 2001;Tataranni et al., 

1999;Fuhrer et al., 2008;LaBar et al., 2001;Small et al., 2001). Therefore, we expected subjects 

to display greater activation during the luteal phase compared to the follicular phase since studies 

have demonstrated women increase food intake in the luteal phase. Subjects in the current study 

recorded food intake for a week during the follicular and luteal phases to determine if differences 

in ingestive behavior confirmed previous findings. Based on the food diaries, no significant 

difference was observed in food intake between the follicular and luteal phases of the menstrual 

cycle.  

We were interested in determining if there was a difference between caloric intake the day of 

the follicular scan compared to the day of the luteal scan. Caloric intake on scan day was defined 

as the amount eaten for breakfast on scan day as a percent of breakfast plus lunch (average of six 

days). Follicular phase subjects consumed significantly fewer calories prior to scanning compared 

to luteal phase subjects (Figure 20).  
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Figure 20: Mean percent caloric intake for the follicular phase vs. luteal phase. Percent 
caloric intake is represented as the total calories consumed during breakfast (BKF) on scanning 
day as a percent of the average calories consumed for BKF and lunch (based on the three days 
prior to scanning and three days post-scanning). The p value comparing mean percent caloric 
intake between the follicular phase and the luteal phase is based on a paired one-tailed t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

p= 0.04 



 

 80 

The difference in percent caloric intake between the follicular and luteal phases may account 

for the increased corticolimbic response observed in follicular phase subjects. In order to 

determine if acute energy state affected the BOLD response, a second level analysis was 

conducted after subjects were grouped according to those who compensated by eating more than 

normal the morning of the scan and those who did not compensate. Each group included ten 

scans; the non-compensators consisted of seven scans completed during the follicular phase and 

three scans completed during the luteal phase. The compensators consisted of seven luteal phase 

scans and three follicular phase scans. The mean percent caloric intake was approximately double 

in the compensators relative to the non-compensators (Figure 21).  

The hunger ratings, pleasantness to eat ratings and the recall test data were grouped according 

to non-compensators versus compensators (Table 17). The results showed a similar pattern as the 

follicular versus luteal data. The recall scores also followed the same pattern as the follicular 

versus luteal data. The differences between the compensators and non-compensators were not 

significant.  

We then analyzed the BOLD response for the non-compensators and compensators. In 

general, the results were similar to menstrual cycle phase-dependent findings with some notable 

differences. The non-compensators displayed activation to high calorie pictures in the fusiform, 

OFC, PFC, pulvinar, dorsal striatum, hippocampus, amygdala, inferior operculum and NAc, 

whereas the compensators showed activation in the fusiform, pulvinar, caudate and inferior 

operculum but not the OFC, PFC, hippocampus, amygdala, putamen and NAc (Figure 22, Table 

18). The OFC and amygdala have been associated with increased motivation to eat and high 

perceived reward value from food (Hinton et al., 2004;Del Parigi et al., 2002;Tataranni et al., 

1999;Morris & Dolan, 2001). Hippocampal activation is associated with increased food cravings. 

The pulvinar and fusiform are involved in focused visual attention. Since the non-compensators  
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Figure 21: Mean percent caloric intake for the compensators vs. non-compensators and 
follicular vs. luteal groups. Percent caloric intake is represented as the total calories consumed 
during breakfast (BKF) on scanning day as a percent of the average calories consumed for BKF 
and lunch (based on the three days prior to scanning and three days post scanning). The p value 
comparing mean percent caloric intake between compensators (comp.) versus non-compensators 
(non-comp.) is based on an unpaired two-tailed t-test. The p value comparing mean percent 
caloric intake between the follicular phase and the luteal phase is based on a paired one-tailed t-
test. 

 

 

 

 

 

 

 

 

 

 

p= 2.59 x 10-5 p= 0.04 
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Table 17 Means ±SD for hunger scores and recall scores compared between the non-
compensators and compensators  

Non-compensators Mean ±SD Compensators Mean ±SD 
Pre-hunger score  6.7 ±1.8 Pre-hunger score  8.4 ±2.1 
Post-hunger score 8.5 ±1.1a Post-hunger score 9.4 ±1.0 
Pre-pleasantness to eat 
score 8.2 ±1.0 

Pre-pleasantness to eat 
score 8.9 ±1.3 

Post-pleasantness to eat 
score  9.0 ±1.2b 

Post-pleasantness to eat 
score 9.7 ±1.0c 

Recall test (% correct):   Recall test (% correct):   

Total  85.4 ±8.9 Total  80.6 ±8.9 
Control  76.3 ±18.1 Control  70.0 ±18.8 
High calorie  91.3 ±10.3 High calorie  83.8 ±14.5 
Low calorie 88.8 ±12.4 Low calorie  87.5 ±19.5 

Significantly different from the pre-scan score: a p=0.008; b p=0.05; c p=0.02 
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Figure 22: High calorie vs. control images elicited a greater BOLD response in the non-
compensators compared to the compensators (n=10). Activations are displayed on the SPM5 
canonical T1 brain. The color bar represents the associated t-score of the voxels activated in the 
figures. The maximum and minimum values vary between the color bars. X is the MNI x-
coordinate of the sagittal slice, Z is the MNI z-coordinate of the axial slice. (A) Axial sections 
show activation of the orbitofrontal cortex (OFC), amygdala (amyg), fusiform (fusi), putamen 
(put), caudate (caud), pulvinar (pulv) and prefrontal cortex (PFC) in the non-compensators. Axial 
sections show activation of the fusiform, caudate, pulvinar and inferior operculum (inf oper) in 
the compensators. R and L denote right or left activation. All regions were significant at a 
threshold of p<0.001 (uncorrected) with a minimum cluster size of 5 voxels. (B) Sagittal (upper) 
and axial (lower) views show activation of the nucleus accumbens (NAc) for the non-
compensators. Activations were significant at p<0.01 (uncorrected) with a minimum cluster size 
of 5 voxels. NAc activation was not present in the compensators. 

B 

A 
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Table 18 Regions showing a differential BOLD response to high calorie (HC) vs. control pictures 
in the non-compensators and compensators 

                   

HC vs. Control Non-compensators  Compensators 
Region Hem Cluster t stat Coordinates  Hem Cluster t stat Coordinates

Fusiform L 183 10.61  -33 -75 -15   L 189 9.50  -42 -57 -12 

  R 157 9.48 30 -75 -3   R 89 6.55 33 -63 -12 

OFC L 62 9.02  -21 30 -15           

  R 7 6.65 33 33 -12           
Pulvinar L 104 8.45  -21 -30 3   L 11 5.10  -18 -30 6 
  R 46 7.99 18 -30 3           
Caudate  L 8 8.28  -12 12 3   R 6 6.26 33 -27 -6 

 R 6 3.71 15 12 3      

Hippocampus  L 38 7.91  -18 -33 0      

 R 20 11.78  21 -27 -6      
Putamen  L 45 7.33  -27 9 -9           
Amygdala L 19 6.25  -21 -3 -12           
PFC L 6 5.63  -3 21 42          

Inf. Oper          L 8 5.97  -48 6 27 

NAc a R 10 4.48  9 -3 -6      
 
For each region activation of the right or left (R,L) hemisphere (hem) is indicated. Cluster size, t-
score and MNI coordinates are displayed. All activations are considered significant at p<0.001 
(uncorrected) except a p<0.01 (uncorrected) with a minimum cluster size of 5 voxels.    
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consumed less food compared to the compensators, by definition, activation of these regions in 

the non-compensators may be a result of increased hunger. 

As previously described, pulvinar activity may be affected by increased circulating levels of 

ghrelin. We observed increased BOLD response to high calorie foods in both the non-

compensators and compensators, although non-compensators exhibited bilateral activation of the 

pulvinar and the compensators exhibited activation of the left pulvinar. However, low calorie 

images induced activation in the pulvinar of non-compensators but not the compensators. This 

suggests that in a state of hunger (increased ghrelin) non-compensators may be more responsive 

to low calorie images than compensators. The dorsal striatum has been implicated in habit 

learning and craving in addiction (O'Doherty, 2004;Volkow et al., 2006). This may account for 

the greater response observed to high calorie pictures in the non-compensators. Because non-

compensators did not eat, by definition, as much in preparation for the fast, the motivational value 

of high calorie foods is enhanced to provide the necessary energy needs.  

Low calorie images elicited a BOLD response in the OFC, fusiform, putamen, hippocampus, 

pulvinar, insula and PFC of non-compensators. The fusiform was the single region activated by 

the low calorie stimulus in compensators (Figure 23, Table 19). The insula is sensitive to 

appetitive status (Del Parigi et al., 2002) and monitors the body`s internal state (Craig, 

2003;Critchley et al., 2004), thereby enhancing the motivational value of cues. Insular activity 

was restricted to the non-compensators 

in response to low calorie images indicating that although subjects were hungry the motivational 

value of low calorie foods was enhanced.  

Activation of the OFC was present in the non-compensators but lacking in the compensators, 

whereas OFC activity was observed during both the luteal and follicular phases of the menstrual  
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Figure 23: Low calorie vs. control images elicited a greater BOLD response in the non-
compensators compared to the compensators (n=10). Activations are displayed on the SPM5 
canonical T1 brain. The color bar represents the associated t-score of the voxels activated in the 
figures. The maximum and minimum values vary between the color bars. X is the MNI x-
coordinate of the sagittal slice, Z is the MNI z-coordinate of the axial slice. Axial sections show 
activation of the orbitofrontal cortex (OFC), amygdala (amyg), fusiform (fusi), putamen (put), 
caudate (caud), pulvinar (pulv) and prefrontal cortex (PFC) in the negative energy stnon-
compensatorsate. Axial sections show activation of the fusiform in the compensators. R and L 
denote right or left activation. All regions were significant at a threshold of p<0.001 (uncorrected) 
with a minimum cluster size of 5 voxels. 
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Table 19 Regions showing a differential BOLD response to low calorie (LC) vs. control pictures 
in the non-compensators and compensators 

                   

LC vs. control Non-Compensators  Compensators 
Region Hem Cluster t stat Coordinates  Hem Cluster t stat Coordinates

OFC L 41 13.37  -21 30 -15           

Putamen L 91 7.79  -27 3 0           

  R 6 6.64 21 6 -6           

Fusiform L 40 6.54  -24 -60 -15   L 14 5.77  -33 -60 -15 

  R 24 6.09 33 -54 -18           

Pulvinar L 35 6.00  -18 -24 12           

  R 10 5.00 15 -24 12           

Hippocampus L 15 5.94  -24 -30 -6      

 R 9 6.64 24 -27 -6      

Insula R 5 4.87 45 0 -9           

PFC L 6 4.69  -6 24 39           

  R 5 6.00 42 36 18           
 
For each region activation of the right or left (R,L) hemisphere (hem) is indicated. Cluster size, t-
score and MNI coordinates are displayed. All activations are considered significant at p<0.001 
(uncorrected) with a minimum cluster size of 5 voxels. 
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cycle to the high and low calorie food conditions. We observed a similar pattern of activation 

between the non-compensators and follicular phase subjects as well as between the compensators 

and luteal phase subjects. The BOLD response in the compensators and non-compensators may 

have been even more pronounced with the addition of subjects. This was not feasible since two 

subjects returned incomplete food diaries.  

In summary, greater activation was observed in the non-compensators compared to the 

compensators. Non-compensators primarily comprised of scans completed during the follicular 

phase, whereas the compensators primarily consisted of scans completed in the luteal phase. 

Therefore, we propose that since most of the women scanned in the follicular phase did not 

consume compensatory calories before the fast, they may have been more responsive to the visual 

food cues.  

4.2.2 Influence of gonadal steroids on the dopamine system 

Animal studies have established that ovarian steroids have effects on the dopaminergic system 

with estrogen and progesterone receptors densely present along midbrain dopaminergic neurons 

and in other  reward-related brain areas such as the amygdala and striatum (Creutz & Kritzer, 

2004;Dluzen & Horstink, 2003). Ovariectomy reduces striatal dopamine release while estrogen 

replacement restores the dopamine levels to that of intact female rats (Becker, 1990). Our fMRI 

results are consistent with an effect of estrogen on the dopaminergic system. Food pictures 

elicited a BOLD signal in the VTA as well as the NAc, components of the mesolimbic 

dopaminergic pathway, during the follicular phase but not the luteal phase.  

Wang et al. (2001) reported interesting findings related to dopamine activity in obese 

individuals. Striatal dopamine receptor availability was lower in obese subjects compared to 

normal weight subjects. Furthermore, they showed that dopamine receptor levels negatively 
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correlated with BMI. They proposed that the reward circuits of obese individuals have fewer 

dopamine receptors and this in turn is compensated with increased ingestive behavior.  Reduced 

dopamine receptor levels were also reported in individuals addicted to substances other than food, 

such as alcohol (Hietala et al., 1994) and drugs such as nicotine, heroin and cocaine (Volkow et 

al., 1993;Wise & Bozarth, 1987;Nestler, 2001;Nestler & Malenka, 2004). These results are 

consistent with our neuroimaging results. It is conceivable that during the follicular phase 

estrogen stimulates dopamine release and increases receptor availability enhancing activation of 

the reward system. We observed VTA activation, the region where dopaminergic cell bodies 

originate, during the follicular phase. This area was not activated, using the same exploratory 

threshold, during the luteal phase. VTA dopaminergic neurons project to other areas implicated in 

reward processing such as the amygdala, hippocampus, NAc and prefrontal cortex (Kelley & 

Berridge, 2002). These areas were also activated in response to food cues during the follicular 

phase. Given that adequate amounts of dopamine are present during the follicular phase women 

may therefore consume less food. The absence of a BOLD response in the VTA and other ROIs 

during the luteal phase may be representative of the decrease in estrogen and consequently 

reduced dopamine. This in turn may influence the compensatory increase in food intake.   

In summary, the neuroimaging data revealed that women were more responsive to food cues 

during the follicular phase. The corticolimbic areas stimulated have been implicated in reward 

and motivational processing. We propose that women showed a more robust corticolimbic 

response during the follicular phase because they did not compensate by eating more than usual 

for breakfast than usual in order to endure the 5-6 hour fast. It is possible that women during the 

follicular phase do not feel the need to eat beyond a homeostatic level because estrogen 

stimulates the dopaminergic system which in turn activates reward centers. However, during the 
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luteal phase, when estrogen levels are significantly lower women engage in hedonic-related 

ingestive behavior to compensate for the lack of dopamine stimulation.  

4.3 Influence of mood on the corticolimbic response 

A secondary objective in the present study was to determine if mood modulates the 

corticolimbic BOLD response to visual food cues. We hypothesized that women in a negative 

affective state would exhibit greater activation to food cues, particularly to high calorie images, 

than individuals reporting positive affect. This prediction was based on studies demonstrating that 

subjects increase carbohydrate consumption to self medicate their negative moods (Christensen, 

1993;Oliver et al., 2000).  

Most notably, the greatest activation was observed when subtracting low calorie images from 

high calorie images. Activation of the dorsal striatum, amygdala, thalamus, PFC, pallidum, 

fusiform and VTA were observed in the negative affect group but not the positive affect group. 

This indicates that the high calorie pictures were more salient in the negative mood group. One 

fMRI study reported the effect of mood on corticolimbic brain activity to images of food 

(Killgore & Yurgelun-Todd, 2006). Positive correlations were demonstrated between positive 

affect and the response to high calorie images in the lateral OFC and between positive affect and 

low calorie images in the medial OFC and posterior insula. On the other hand, negative affect was 

associated with activation in the medial OFC, anterior cingulate and posterior insula in response 

to high calorie food cues and associated with significant BOLD response in the lateral OFC and 

anterior insula to low calorie food pictures. Similar regions were activated in response to the 

stimuli presented in the current study; however, the BOLD response did not appear to be selective 

to the medial or lateral OFC in response to high or low calorie foods. Previous studies have 

distinguished between the functional roles of the medial and lateral OFC. The medial component 
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is often associated with the processing of rewarding stimuli and the lateral component associated 

with punishing stimuli (O'Doherty et al., 2001;Elliott et al., 2000). We did not detect the 

differential OFC pattern depending on calorie content of images. This may be due to the fact that 

women were hungry (after 5-6 hour fast) when scanned reducing the affective state-dependent 

OFC activity. As well, Killgore et al. (2006) did not control for menstrual cycle phase, which may 

have contributed to the different findings. However, we were able to show significant clusters of 

activation to the food stimuli while controlling for menstrual cycle phase since both the positive 

and negative mood groups included four scans obtained during the follicular phase and four scans 

carried out during the luteal phase.  

The response to high calorie images was also contrasted to the control pictures. This contrast 

revealed a similar response in the positive and negative affective states with the exception of the 

amygdala and OFC activity in the negative mood group. This suggests that high calorie pictures 

are not necessarily more salient than control images in stimulating a corticolimbic response in the 

positive or negative mood states; however, the results for the high calorie vs. low calorie and low 

calorie vs. high calorie contrasts confirm that the high calorie pictures were more salient than the 

low calorie pictures in the negative mood group (Figure 19). Low calorie images were contrasted 

to control images as well, and a more widespread response was observed in the positive mood 

group. This suggests that subjects experiencing positive affect are more responsive to low calorie 

images than control images, whereas subjects in a negative affect state are not as responsive.  

The interaction analysis showed that there were more corticolimbic brain areas activated 

during the negative mood state compared to the positive mood state. However, this interaction 

analysis was conducted using an exploratory threshold of p<0.01. Once again, we are confident 

that increasing the number of subjects will increase the power of the design and therefore, make it 

feasible to detect small differences in the BOLD signal between the different mood states.    
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The regions activated in the negative mood state included the amygdala, fusiform, putamen, 

pulvinar and PFC. These areas are involved in processing the rewarding and emotional aspects of 

food intake (Figure 19) as described in the previous section. In addition to these areas being 

activated, the pallidum exhibited activation in the negative mood state. The pallidum is involved 

in coding sensory pleasure. Specifically, lesions of the pallidum have resulted in hedonic liking 

reactions to be lost even to sucrose (Tindell  et al.,  2006).  

Findings from the present study are consistent with human behavioral studies demonstrating 

that food cravings, especially carbohydrate cravings, are positively correlated with negative mood 

states (Hill et al., 1991;Christensen & Pettijohn, 2001). Stress in emotional-eaters also affects 

food choice (Epel et al., 2001;Oliver et al., 2000;Wardle et al., 2000b). In fact, subjects who 

reported negative affect in the present study reported significantly greater hunger ratings prior to 

scanning compared to subjects reporting positive affect indicating that subjects may have been 

more responsive to the visual food cues because they were hungrier.  

In summary, negative and positive mood groups were matched for BMI and menstrual cycle 

phase; therefore, we believe these factors did not contribute to the differential BOLD response. It 

is possible that subjects were stressed on the day of the scan contributing to the effects. This is 

plausible considering our subject population consisted of mostly students and they were scanned 

during the school year.  We did not measure cortisol levels prior to scanning but it would have 

been interesting to determine if cortisol levels correlated with PANAS score.  

4.4 Limitations 

A caveat of the study relates to the food diaries since recordings of daily food intake are 

susceptible to subjectivity. The food diary did not show the periovulatory decrease in food intake. 

This may have been due to the subject demographic. Subjects were predominantly students; 
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therefore their daily food intake may have been dependent on availability of foods. We did not 

control what subjects ate for breakfast the day of the scan. Providing a standardized breakfast 

would have eliminated the differences observed in energy state prior to scanning. Also, to 

confirm menstrual cycle phase it would have been more valuable to take blood samples and 

measure gonadal steroid levels as opposed to primarily relying on the LH surge and date of 

menses onset.  

As well, mood was a significant confound in the menstrual cycle study. The differential 

response between positive and negative mood states was interesting; however it detracted from 

the original objective.  

The initial goal of the study was to compare the menstrual cycle related data between normal 

weight and obese individuals; however as a result of minimal recruitment this was not possible. 

Future studies should investigate the influence of BMI. As well, it is difficult to know whether the 

BOLD effect influences food intake or whether food intake affects the BOLD response. Actual 

measures of food intake pre and post-scanning rather than just rating hunger level would address 

this.  

Imaging the OFC presents challenges because of the signal dropout often associated with this 

area. Each subject’s mean functional image was assessed to ensure no major signal dropout was 

present. As well, the prefrontal regions are in close proximity to the sinuses, therefore increasing 

the possibility of missing activation or detecting artifacts as opposed to the significant BOLD 

signal. However, the results presented in our study were based on group analyses and because of 

the robust findings we can be relatively confident that the displayed activations represented the 

response to visual food cues.  
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4.5 Final remarks 

This brain imaging study revealed that visual food cues activate regions involved in the 

processing of reward and motivation. Furthermore, the BOLD signal elicited from food images 

was influenced by menstrual cycle phase and mood. The fact that corticolimbic activation was 

observed to a greater extent during the follicular phase compared to the luteal phase suggests that 

these neural networks are affected by fluctuating levels of ovarian steroids. A similar response 

was observed during the negative, but not the positive mood state. However, physiological factors 

that may have contributed to the women`s affective state were not measured. Nevertheless, 

activated corticolimbic regions may be influencing food intake based on the perception of reward 

during a given menstrual cycle phase or mood state. Our findings further demonstrate the 

complex nature of ingestive behavior and the various potential factors contributing to obesity. 

Future research should assess how gonadal steroid levels affect the BOLD signal to visual food 

cues in men as well as how the response to visual food cues is altered in obese women as well as 

women affected by pre-menstrual syndrome.   
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Appendix A 

Eating Attitudes Test (EAT-26) 

 
Age:        Current Weight:        Height:      

Highest Adult Weight:        Lowest Adult Weight:      

Please choose one response by 
marking 
the checkbox to the right for 
each of the following statements 

 
Always      Usually     Often      Some      Rarely       Never 
                                                     times  

 

Score

1.  Am terrified about being 
overweight. 

                                                              

2.  Avoid eating when I am 
hungry.   

                                                              

3.  Find myself preoccupied with 
food.   

                                                              

4.  Have gone on eating binges 
where I feel that I may not be able 
to stop. 

                                                              

5.  Cut my food into small pieces.                                                                

6.  Aware of the calorie content of 
foods that                              I eat.  

                                                              

7. Particularly avoid food with a 
high carbohydrate content (i.e. 
bread, potatoes, etc). 

                                                              

8. Feel that others would prefer if 
I ate more. 

                                                              

9. Vomit after I have eaten.                                                               

10. Feel extremely guilty after 
eating. 

                                                              

11. Am preoccupied with a desire 
to be thinner. 

                                                              

12. Think about burning up 
calories when I exercise. 

                                                              

13. Other people think that I am 
too thin. 

                                                              

14. Am preoccupied with the 
thought of having fat on my body. 

                                                              

15. Take longer then others to eat 
my meals. 

                                                              

16. Avoid food with sugar in 
them. 

                                                              

17. Eat diet foods.                                                               
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18. Feel that food controls my 
life. 

                                                              

19. Display self-control around 
food. 

                                                              

20. Feel that others pressure me to 
eat. 

                                                              

21. Give too much time and 
thought to food. 

                                                              

22. Feel uncomfortable after 
eating sweets. 

                                                              

23. Engage in dieting behavior.                                                               

24. Like my stomach to be empty.                                                               

25. Have the impulse to vomit 
after meals. 

                                                              

26. Enjoy trying new rich foods.                                                               

 

1) Have you gone on eating binges where you feel that you may not be able to stop? (Eating 
much more than most people would eat under the same circumstances). 

 No  Yes  How many times in the last 6 months?       

2) Have you ever made yourself sick (vomited) to control your weight or shape? 
 No  Yes  How many times in the last 6 months?       

3) Have you ever used laxatives, diet pills or diuretics (water pills) to control your weight or 
shape? 

 No  Yes  How many times in the last 6 months?       

4) Have you ever been treated for an eating disorder? 
 No  Yes  When?  
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Appendix B 

Food Diary 
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Appendix C 
 

Centre for Neuroscience Studies  

  
  

fMRI Facility  
  

MAGNETIC RESONANCE (MR) ENVIRONMENT SAFETY CHECKLIST FOR INDIVIDUALS  
This MR system has a very strong magnetic field (3 Tesla) that may be hazardous to individuals entering the 
magnet room if they have certain metallic, electronic, magnetic, or mechanical implants, devices or objects.  
Therefore, all individuals are required to fill out this form BEFORE entering the magnet room.  Be advised, 
the magnet is ALWAYS ON.  This questionnaire must be completed accurately to ensure safety.  An answer 
of “Yes” in a category may not necessarily exclude you from entry into the MRI or its vicinity.  
  
Please Circle  
Have you had prior surgery or an operation (e.g. athroscopy, endoscopy, etc) of any kind?    Yes   No  
Have you had an injury to the eye involving a metallic object (e.g. metallic slivers, foreign body)?  Yes   No  
Have you ever been injured by a metallic object or foreign body (e.g. BB, bullet, shrapnel, etc.)?  Yes   No  
Are you pregnant or suspect that you are pregnant?             Yes   No   
  
  
WARNING:  Certain implants, devices or objects may be hazardous to you in the MR environment or the 
magnet room.  DO NOT ENTER the MR environment or the magnet room if you have any questions or 
concern regarding an implant, device object.  
  
Please indicate if you have any of the following:  
  
Yes No  Aneurysm clip(s)  
Yes No  Cardiac pacemaker  
Yes  No  Implanted cardioverter defibrillator (ICD)  
Yes No  Electronic implant or device  
Yes No  Magnetically-activated implant or device  
Yes No  Neurostimulation system  
Yes No  Spinal cord stimulator  
Yes No  Cochlear implant or implanted hearing aid  
Yes No  Insulin or infusion pump  
Yes No  Implanted drug infusion device  
Yes No  Any type of prosthesis or implant  
Yes No  Artificial or prosthetic limb  
Yes No  Any metallic fragment or foreign body  
Yes No  Any external or internal metallic object (e.g. dentures, IUD, metal sutures)  
Yes No  Hearing Aid (Remove before entering the magnet room)   
Yes No  Tattoo   
Yes No  Body piercing  
Yes No  Other implant _______________________  
  
  
IMPORTANT INSTRUCTIONS:  Remove all metallic objects before entering the MR environment or magnet 
room including hearing aids, beeper, cell phone, keys, hairpins, barrettes, jewelry, watch, safety pins, 
paperclips, money clips, credit cards, bank cards, magnetic strip cards, coins, pens, pocket knife, nail 
clipper, steel-toed boots/shoes, and tools.  Loose metallic objects are especially prohibited in the magnet 
room and MR environment.  
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I attest that the above information is correct to the best of my knowledge.  I have read and understand the 
entire contents of this form and have had the opportunity to ask questions regarding the information on this 
form.  
  
Person Completing Form:  
  
  
Print Name        Signature         Date  
  
Form Reviewed By:  
  
Print Name        Signature         Date      Position  
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Appendix D 

Pre and Post Scanning Questionnaires 
 

Date: _______________     Code:_____________ 

Pre-Scanning Questionnaire 
What time did you eat breakfast this morning? 

 

 
What did you eat for breakfast? 

 

 
Did you consume any alcohol within the last 24 hours? 

 
 
Did you exercise within the last 24 hours? 

 

 
Have you taken any over the counter medications within the past 24 hours? 

 

 

How well do you feel right now?  
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10                      

 

How hungry do you feel right now?    
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10                           

How sleepy do you feel right now?                      
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10     

How pleasant would it be to eat right now?         
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10     
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How warm do you feel right now?                     
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10           

 

How anxious do you feel right now?               
Not at all            Extremely               

1              2              3              4               5               6               7               8               9               10             

 

How dizzy do you feel right now?              
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10             

 

How thirsty are you right now?                         
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10              

 

How content do you feel right now?     
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10           

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 



 

 116 

Date: _______________         Code:_____________ 

Post- Scanning Questionnaire 
 

How well do you feel right now? 
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10                      

 

How hungry do you feel right now?    
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10                           

 

How sleepy do you feel right now?                      
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10     

 

How pleasant would it be to eat right now?         
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10     

 

How warm do you feel right now?                      
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10           

 

How anxious do you feel right now?                
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10             

 

How dizzy do you feel right now?                 
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10             
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How thirsty are you right now?                       
Not at all           Extremely               

1              2              3              4               5               6               7               8               9               10              

 

How content do you feel right now?    
Not at all           Extremely               

1              2              3              4               5               6               7               8               9              10     
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Appendix E 

Positive and Negative Affect Schedule (PANAS)       
This scale consists of a number of words that describe different feelings and emotions.  Read each item and then circle 

the appropriate answer next to that word.  Indicate to what extent you have felt this way during the past  24 hours. 

Use the following scale to record your answers. 

(1) = Very 

slightly or 

not at all 

(2) = A little (3) = Moderately (4) = Quite a bit (5) = Extremely 

 Very slightly 

or not at all 

A little Moderately Quite a bit Extremely 

1. Interested 1 2 3 4 5 

2. Distressed 1 2 3 4 5 

3. Excited 1 2 3 4 5 

4. Upset 1 2 3 4 5 

5. Strong 1 2 3 4 5 

6. Guilty 1 2 3 4 5 

7. Scared 1 2 3 4 5 

8. Hostile 1 2 3 4 5 

9. Enthusiastic 1 2 3 4 5 

10. Proud 1 2 3 4 5 

11. Irritable 1 2 3 4 5 

12. Alert 1 2 3 4 5 

13. Ashamed 1 2 3 4 5 

14. Inspired 1 2 3 4 5 

15. Nervous 1 2 3 4 5 

16. Determined 1 2 3 4 5 

17. Attentive 1 2 3 4 5 

18. Jittery 1 2 3 4 5 

19. Active 1 2 3 4 5 

20. Afraid 1 2 3 4 5 

 


