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ABSTRACT

Background: To understand the pathophysiology of obesity, the role of hedonic eating
needs to be considered. Neuroimaging research has suggested that activity in brain
reward systems is modulated by the rewarding properties of food, nutritional state, and
individual differences in eating behaviour. The interaction between these factors and the
influence of gut hormones, such as the stomach-derived orexigenic hormone ghrelin, on

these systems remains unclear.

Methods: In the first study, 20 non-obese subjects were either fasted or ate a filling
breakfast of their choice (fed). In the second study, 18 non-obese subjects were either
fasted or given a fixed breakfast and received a subcutaneous saline or ghrelin injection.
Subjects underwent functional MRI scanning while viewing and rating the appeal of food

and object pictures and completed appetite and psychological questionnaires.

Results: The first fMRI study showed that fasting increased activation to pictures of high-
calorie over low-calorie foods in the ventral striatum, amygdala, anterior insula, medial
and lateral orbitofrontal cortex (OFC). Fasting also biased the appeal towards high-calorie
foods. Dietary restraint positively correlated with activation in executive systems when
viewing high-calorie compared to low-calorie foods, but negatively correlated with
activation in affective systems. Reward drive positively correlated with activation in the
ventral striatum to high-calorie foods.

In the second fMRI study activation to high-calorie foods in the insula and/or OFC
when fasted and fed was shown to correlate with hunger and predict subsequent food
intake. Administration of ghrelin was shown to mimic fasting to increase the appeal of

high-calorie, especially sweet foods, and OFC activation to high-calorie foods.

Conclusion: The results suggest an interaction between homeostatic and hedonic aspects
of eating behaviour, with fasting and ghrelin biasing brain reward systems towards high-

calorie foods.
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INTRODUCTION
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1.1. Epidemiology of obesity

“We must do nothing less than transform the environment in which we all live” promoted
the former prime minister Gordon Brown in the “Healthy Weight, Healthy Lives” report for
England (Cross-Government Obesity Unit, 2008). Paradoxically, the Department of Health
reports that in 2006, 24% of adults (aged over 16 years) and 16% of the children in
England were classified as obese (NHS-Information-Centre, 2006). The World Health
Organisation now estimates that 1.6 billion people are overweight (Body Mass Index, BMI,
between 25 and 30 kg/m?) and 400 million are obese (BMI above 30 kg/m?) (WHO,
2006). Overweight and obesity are major contributors to cardiovascular disease, type Il
diabetes mellitus, musculoskeletal disorders and some cancers (WHO, 2006). In 2003,
annual U.S. obesity attributable medical expenditure was estimated at $75 billion
(Finkelstein et al., 2004) and surgical treatments such as bariatric surgery are associated
with potential significant risks (le Roux CW, 2005). Other non-surgical therapies have
proven effective at causing weight loss, but the magnitude and maintenance desired by
many patients and physicians cannot yet be delivered, and many drugs have been
withdrawn because of significant side effects (Bray, 2005; Christensen et al., 2007; Perrio

et al., 2007; Johansson et al., 2009; Sayburn, 2010).

The epidemiology of obesity is complex. The fundamental cause of obesity and overweight
is an energy imbalance between calories consumed and calories expended, a global shift
in diet towards high-calorie, high palatable energy-dense foods that are high in fat and
sugars and a trend towards decreased physical activity due to the increasingly sedentary
nature of many forms of work, changing modes of transportation, and increasing
urbanization (WHO, 2006). However, for some of the populations it is not as simple as
“eating less” and “walking more” in order to lose or maintain body weight. We need to
better understand what appetite means, the underlying mechanisms and individual
differences in the regulation of human eating behaviour with the aim to develop new

strategies to tackle the obesity epidemic.

24



1.2. Appetite and eating behaviour

The etymology of “Appetite” is as follows: Old English appetite, French appétit, Latin

(113

appetitus, appetere (“‘to strive after, long for’”); ad + petere (“‘to seek’). Appetite is

described as an instinctive and physical strong desire; an eagerness or longing of, food or
drink; hunger; the desire for some personal gratification, either of the body or of the mind
(Davis and Faulds, 1996; FDA, 1997; Bray, 2005; Harper, 2009; Johansson et al., 2009;

Sayburn, 2010).

Appetite control seems to be complex (Figure 1.1.) and the evolution of a physiological
system that facilitates weight-gain in times of nutritional plenty, with little capacity to lose
this again easily, and food seeking behaviour in times of food depriviation challenges the

ability of researchers to find therapeutic targets to combat obesity.

Anti-obesity drugs such as Orlistat, Dexfenfluramine, Sibutramine and Rimonabant
combined with exercise and diet decrease body weight by 5-15% but a regain of weight is
often seen after 4-12 months (Pi-Sunyer et al., 1999, Thearle and Aronne, 2003, Curioni
and Andre, 2006). The anorexigenic drugs produce dangerous side-effects and have
therefore been withdrawn from the market (FDA, 1997; Bray, 2005; Christensen et al.,
2007; Perrio et al., 2007; Sayburn, 2010). As a result of this, just one obesity drug
treatment option is left, Orlistat, a drug that reduces intestinal fat absorption (Hartmann
et al., 1993). The limited efficacy of pharmacological interventions means it is even more
vital for scientists to study the body’s own psychological and physiological signals for
therapeutic purposes (Figure 1.1.). Furthermore, it is important to consider in addition to
brain systems that control our eating behaviour, the role of food hedonics, individual food
preference, nutritional state, gender, BMI, genetic factors and psychological cues and

traits that influence these systems (Figure 1.1., Figure 1.5.).
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Figure 1.1. Appetite control systems

Psychological
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External
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Peripheral
signals
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Nutritional state

Food intake Wil
Adiposity signals

Internal cues

The effect of external cues (smell, vision, taste, and imagination of food), internal cues (nutritional state, hormones, BMI and genetic polymorphisms) and psychological cues

(eating behaviour, reward sensitivity and food preference) on brain reward systems.
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1.2.1. Peripheral signals

1.2.1.1. Adiposity signals

The discovery of leptin (Greek: thin) and its receptor (Ob-R) in 1994 opened a new era in
obesity research (Figure 1.2.). This anorexigenic hormone is a 167-amino acid protein
encoded by the ob gene and released from adipose tissue in proportion to fat stores
(Zhang et al., 1994, Campfield et al., 1995, Halaas et al., 1995, Sinha et al., 1996).
Crossing the blood-brain barrier into the central nervous system, it acts at the level of the
hypothalamus (activates POMC/CART neurons, inhibit NPY/AgRP neurons) by binding to its
receptor and activating secondary signals that inhibit food intake and increase energy
expenditure in 0b/ob mice and diet-induced obese mice (Campfield et al., 1995, Golden et
al., 1997).

Restriction of food intake, over a period of days, results in a suppression of leptin
levels, which can be reversed by refeeding. Exogenous leptin replacement decreases fast-
induced hyperphagia, and chronic peripheral administration of leptin to wild-type rodents
results in reduced food intake, loss of body weight and fat mass (Wynne et al., 2005).

Although a small subset of obese human subjects have a relative leptin deficiency,
the majority of obese animals and humans have a proportionally high circulating leptin
(Maffei et al., 1995, Considine et al., 1996), suggesting possible leptin resistance. Leptin
administered subcutaneously to obese human subjects has only shown a modest effect on

body weight (Heymsfield et al. 1999, Fogteloo et al. 2003).

Plasma insulin was first described in 1992 (Schwartz et al., 1992). It is released from the
pancreas and increases at times of positive energy balance and decreases at times of
negative energy balance (Woods et al., 1974) (Figure 1.2.). Unlike leptin, insulin secretion
increases rapidly after a meal (Polonsky et al., 1988). Insulin penetrates the blood—brain
barrier and acts in the brain as an anorexigenic signal, decreasing food intake and body
weight in rodents (Baura et al., 1993, Wynne et al., 2005b). There are several insulin

receptor substrates (IRSs) including IRS-1 and IRS-2, both identified in neurons (Baskin
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et al., 1994, Burks et al., 2000). The phenotype of IRS-2-knockout mice is associated with
an increase in food intake, increased fat stores and infertility (Burks et al., 2000). Insulin
receptors are widely distributed in the brain, with highest concentrations found in the
olfactory bulbs, hypothalamus and ventral tegmental area (VTA) (Marks et al., 1990;
Iniguez et al., 2008). The mechanisms by which insulin acts as an adiposity signal remain

to be fully elucidated (Wynne et al., 2005b).

Figure 1.2. Peripheral control of appetite

Sight/

vision/

| taste

of food/
macronutrients

Adiposity
signals:
Leptin
Insulin

Adiponectin Vagus nerve

Anorexigenic and orexigenic gut hormone signals and adiposity signals influencing homeostatic and hedonic brain

systems.
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1.2.1.2. Gastrointestinal (GI) signals

The GI tract is the largest endocrine organ in the body. Gut hormones have a key role in
signaling nutrient intake. Together with metabolic and neural signals they regulate
appetite and energy expenditure. After entering the gut lumen, nutrients trigger the
secretion of several peptides which activate the central nervous system via different
pathways. Apart from ghrelin (orexigenic), which stimulates appetite and food intake, all
other gut hormones have anorexigenic effects: they promote satiation (cause meal
termination) and/or satiety (postponing the initiation of the next meal) (Moran et al.,

2005).

Orexigenic hormones

Ghrelin

History

Ghrelin was discovered after the identification of its receptor, the growth hormone (GH)
secretagogue receptor la (GHSR-1a) (Kojima et al., 1999; Howard et al. 1996) (Figure
1.2.). The name is based on its role as a GH-releasing peptide, with reference to the

Proto-Indo-European root ghre, meaning to grow.

Synthesis and forms

It is primarily synthesized as a pre-prohormone consisting of 117 amino acids. Cleavage
of preproghrelin results in two mature ghrelin molecules, a 28 amino acid form (C-
terminal Arg) or 27 amino acid form (C-terminal Pro) (Hosoda et al., 2003). Ghrelin is
released from X/A-like cells of the gastric oxyntic glands, with lower levels also expressed
in the small intestine and the hypothalamus (Kojima et al., 1999; Tschop et al., 2001). In
order to be biologically active, ghrelin requires post-translational modification in which the
third amino acid residue (serine) is acylated with n-octanoid acid or n-decanoic acid
(Kojima et al., 1999) (Figure 1.3.). The enzyme responsible for this acylation, ghrelin O-

acyl transferase (GOAT), was recently identified (Yang et al., 2008).
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Figure 1.3. Post-translational modification of ghrelin.

o
| + o=C-(CH,,,s-CH3
H

1) N-Octanoic acid (C8) (or C(10) or C(6))
H

O=|C—(CH2)6,8—CH3

ACYLATED HUMAN GHRELIN (active form, M.W=3.370,91 Dalton)

Cleaved amino acid in ghrelin [1-27]

m Amino acids differing between human and rodent ghrelin (M.W.=3.314,84 Dalton);

Argl1-Vall2 in human ghrelin are replaced by Lys11-Alal2 in rodents

Post-translational modification of ghrelin: the third amino acid residue (serine) is acylated with n-octanoid acid or

n-decanoic acid via GOAT (ghrelin O-acyl transferase).

GOAT

The highest expression of GOAT occurs in the pancreas and stomach in humans and
stomach and intestine in mice (Yang et al., 2008, Sakata et al., 2009). New research
suggests that the ghrelin-GOAT ‘lipid-sensor’ system informs the central nervous system
about availability, rather than absence, of calories (Kirchner et al., 2009). Using murine
genetic models with specific loss (GOAT-null) or gain (mice overexpressing both human
GOAT and human ghrelin) of GOAT function, they show that GOAT is necessary and
sufficient to mediate the impact of certain dietary lipids on body adiposity. Using mass
spectrometry and gene expression profiling, they also find that activation of the GOAT-
ghrelin system is triggered by a specific lipid-rich environment rather than by caloric

deprivation (Kirchner et al., 2009).
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Mechanism of ghrelin action

The acylated peptides are widely believed to be the biologically active forms of ghrelin
based upon only their capability to bind and activate the only identified ghrelin receptor
GHSR-1a and the fact that their administration triggers both GH secretion and food intake
(Bednarek et al., 2000, Banks et al., 2002, Hosoda and Kangawa, 2003). Ghrelin is the
only orexigenic gut hormone which stimulates acute food intake after peripheral and
central administration of ghrelin in rats (Wren et al., 2001) and over a 7-day period, this
also results in weight gain (Tschop et al., 2000). Recent data also reported that transgenic
mice overexpressing the non-octanylated form (des-acyl ghrelin) have lower body weight
and body length when compared with control mice (Ariyasu et al., 2005). Inhoff and
colleagues suggested that the biological role of des-acyl ghrelin is paradoxically to
decrease food intake (Inhoff et al., 2009).

Neary et al. demonstrated that only 30 minutes after intravenous infusion of
5.0pmol/kg/min of ghrelin, energy intake is increased by 28 percent in cancer patients
with anorexia compared to infusion of saline (Neary et al., 2004). Druce et al. showed that
subcutaneous ghrelin injection (3.6 nmol/kg) increases food intake in obese as well as
lean healthy subjects by 20 percent after only 30 minutes compared to injection of saline
(Druce et al., 2005; Druce et al., 2006). Other studies demonstrated that subcutaneous
ghrelin injection (3.6 nmol/kg) to malnourished dialysis patients increases food intake by
25 percent after only 30 minutes compared to injection of saline (Wynne et al., 2005b;
Ashby et al., 2009). Wren and colleagues showed that an intravenous infusion of
5.0pmol/kg/min of ghrelin to non-obese volunteers increased energy intake by 28%
compared to infusion of saline (Wren et al., 2001).

Ghrelin is broken down by various enzymes including butyrylcholinesterase and
isophospholipase (De Vriese et al., 2004). Ghrelin plasma levels rise before the start of a
meal and fall again rapidly after the meal (Cummings et al., 2001). The suppression is
proportional to the caloric load of the meal (Callahan et al., 2004). Studies employing
exogenous ghrelin administration show that the half-life of total ghrelin is between 10 and

31 minutes in the bloodstream (Akamizu et al., 2004). A steady-state level of total ghrelin

31



(acylated and des-acylated ghrelin) was reached within 60-90 minutes after intravenous
infusion in humans (Vestergaard et al., 2007). Suppression of acyl-ghrelin and total
ghrelin (acylated and des-acylated) is strongly stimulated by ingested proteins and weakly
by lipids (Foster-Schubert et al., 2008). However, the timing of ghrelin spikes differ
depending on individual eating habits; someone who does not eat breakfast would not
exhibit the usual morning ghrelin spike, for example (Drazen et al., 2006). Recent data
suggested that acyl-ghrelin levels decline with longterm fasting (61.5 hours), whereas
des-acyl ghrelin levels are increased (Liu et al., 2008). Thus, increased appetite occurs
during short-term fasting but wanes over time; this may relate to the lowering of acyl-
ghrelin (Liu et al., 2008). Acylation may be regulated independently of secretion by
nutrient availability in the gut or by esterases that cleave the acyl group. The new ‘lipid-
sensor’ GOAT, which is essential for ghrelin acylation, is regulated by nutrient availability,
depending on specific dietary lipids as acylation substrates (Kirchner et al., 2009).

A recent study demonstrated that GOAT KO mice which lack acylated ghrelin and
therefore GH decreased blood glucose levels after prolonged fasting (Zhao et al., 2010).
Therefore, the body’s response to hypoglycemia is to mount a stress response, including
the release of corticotropin and GH that act to raise blood glucose. This study suggests
that the ghrelin-producing cell senses glucose to regulate ghrelin release. A GOAT
antagonist GO-CoA-Tat potently inhibits GOAT in vitro, in cultured cells, and in mice and
therefore acylated ghrelin which results in an increase in insulin and reduction in blood
glucose. This study further showed that GO-CoA-Tat prevents weight gain in mice through

the same mechanism (Barnett et al., 2010).

Ghrelin’s action on the homeostatic regulation of metabolism

Studies suggest that the appetite-stimulating effects of ghrelin are centrally mediated, in
part by neurons within the arcuate nucleus (ARC) of the hypothalamus, the brainstem and
the vagus nerve (Nakazato et al., 2001, Tamura et al., 2002, Williams et al., 2003, le
Roux et al., 2005). The brainstem also seems to have separate hyperphagic effects;

administration of ghrelin to the hindbrain ventricle induced hyperphagia and c-fos
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expression in the nucleus solitary tract (NTS), but not hypothalamus (Faulconbridge et al.,
2008). Ghrelin is able to increase growth hormone (GH) secretion through the
phospholipase C —protein kinase C (PLC-PKC) pathway via activation of the GHSR-1la
(Chen et al., 1996), which in turn promotes nutrient incorporation into muscle and other
tissue. The highest density of the classic G-protein-coupled receptors GHS-1a in the CNS
is found in the hypothalamus and the pituitary gland; with lower expression in the
hippocampus, midbrain and hindbrain (Zigman et al., 2006; Cummings et al., 2007; Kuo
et al., 2007). Peripheral ghrelin may also act in the gut, relaying on information to the
brain via the vagus nerve (Date et al., 2002).

Specifically, GHSR-1a is expressed in the ARC of the hypothalamus predominantly
on orexigenic Neuropeptide Y (NPY) and Agouti-related petide (AGRP) neurons (Hahn et
al., 1998, Willesen et al., 1999, Nakazato et al., 2001). NPY/AGRP neurons project directly
and indirectly via the lateral hypothalamus to the ventral tegmental aera (VTA) and
amygdala (Saper et al., 2002, Kelley, 2004). Functional activation of this neuronal
NPY/AGRP population by ghrelin has been demonstrated electrophysiologically (Cowley et
al., 2003), by induction of early gene expression (Hewson and Dickson, 2000), and by
increased expression of the peptides themselves (Kamegai et al., 2001; Nakazato et al.,
2001). When GHSR-1a expression is diminished in the ARC, rats exhibit decreased body
weight, lower adipose tissue and reduced food intake. Further, administration of ghrelin to
rats with lower GHSR-1la expression fails to stimulate either feeding or GH secretion
(Shuto et al., 2002; Castaneda et al., 2010).

Kuo and colleagues introduced a new imaging technique in rodents to show the
effect of ghrelin on the hypothalamus. Using the manganese ion (Mn2+) as an activity-
dependent magnetic resonance imaging (MRI) contrast agent, they showed a dose-
dependant increase in signal intensity in the hypothalamus, including the arcuate,
paraventricular, and ventromedial nuclei, after peripheral injection of the orexigenic
peptide ghrelin (Kuo et al., 2007).

In rodents, intracerebroventricular administration of ghrelin induced c-fos

expression, a marker of neuronal activation, in orexin-producing neurons in the lateral
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hypothalamus. Ghrelin-induced feeding is also suppressed in orexin knockout mice. This
study identifies a novel hypothalamic pathway that links ghrelin and orexin in the
regulation of feeding behavior and energy homeostasis (Toshinai et al., 2003). Orexin
neurons can project to brain reward centres especially the VTA which will be discussed in

more detail later (see 1.2.2.1.).

Ghrelin’s action on brain reward systems

Circulating ghrelin may also act directly on the corticolimbic reward and memory systems,
involving the VTA, ventral striatum, amygdala, orbitofrontal cortex (OFC), insula and
hippocampus (Abizaid et al., 2006; Zigman et al., 2006; Cummings et al., 2007; Malik et
al., 2008). New research suggests that peripheral ghrelin enhances the intake of
rewarding foods in rodents (Egecioglu et al., 2010), especially sweet taste consumption
and preference regardless of its caloric content (Disse et al., 2010). Ghrelin has been
shown to increase sweet food palatability in humans: in previous ghrelin feeding studies in
healthy volunteers, researchers used sweet foods, e.g. Madeira cake, cinnamon and raisin
loaf or sweet brioche rolls, as the ad libitum meal to demonstrate its ability to increase
food intake (Druce et al., 2005; Wynne et al., 2005a). Some of the previous ghrelin
studies on food intake in humans, using savoury ham sandwiches, curry, spaghetti
bolognese or pasta as test meals were still able to see an increase in food intake in cancer
cachexia and renal dialysis patients (Neary et al., 2004; Goldstone et al., 2005; le Roux et
al., 2005b; Ashby et al., 2009), though interestingly one using a savoury test meal in
vagotomised but otherwise healthy patients did not see any orexigenic effect of ghrelin (le

Roux et al., 2005b).

Ghrelin and obesity

Although ghrelin has been reported to increase food intake and body weight in rodents
and humans (Tschop et al., 2000; Castaneda et al., 2010), circulating plasma ghrelin
levels in obese people, both children and adults, are lower than in matched lean controls

(Goldstone et al., 2001; Shiiya et al., 2002; le Roux et al., 2005a; Castaneda et al.,
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2010). In binge eating patients (i.e. compulsive overeating) (Tanaka et al., 2003) and in
hyperphagic patients with Prader-Willi syndrome (Cummings et al., 2002; Goldstone et
al., 2005) plasma ghrelin levels are high, suggesting that peripheral hyperghrelinaemia
might be involved in the pathophysiology of compulsive eating and therefore obesity.
Interestingly, gastric by-pass surgery patients experience a 72% reduction in 24 hour
ghrelin levels and a profound reduction in hunger (Cummings et al., 2004). Furthermore,
12 months following surgery, the average ghrelin levels increase by 62% whereas the BMI
decreased by 30% (Holdstock et al., 2003). However, while decreases in circulating
ghrelin have been reported after such surgery, in other studies ghrelin levels
inappropriately remain unchanged despite weight loss, and additional studies have found
appropriate increases after surgery (le Roux et al., 2007, Pournaras and leRoux, 2010).
One recent study measured both acylated and deacylated ghrelin at fasting levels after
bypass surgery and found that immediately after surgery acylated ghrelin significantly
decreased when total ghrelin remained unchanged (Isbell et al., 2010). To date, most
research studies measured fasting ghrelin levels after bariatric surgery and and only few
studies have measured postprandial ghrelin levels (Pournaras and leRoux, 2010).
Although the role of ghrelin in the aetiology of obesity is not fully understood, it is
considered as a vital target because of its capacity to induce a positive energy balance
state (Castaneda et al., 2010). Recent studies show that the absence of both ghrelin and
its receptor GHSR-1a protects mice against diet induced obesity (Wortley et al., 2005;
Zigman et al., 2005). However, ghrelin immunization to reduce body weight has failed
(Zorrilla et al., 2006) and some studies with knockout for ghrelin or ghrelin receptor with
mice from a pure C57BL/6 background found only small differences in food intake and
body weight under caloric restriction or high fat diet compared with wild-type control mice
(Sun et al., 2008). Investigators are now looking at GHSR-1a antagonists (BIM-28163, L-
NOX-B11) to reduce food intake and body weight but results are controversial and more
research, and also long-term studies are needed to determine whether these antagonists

could be used in the treatment of obesity (Neary et al., 2009). The antagonist GO-CoA-Tat
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potently inhibits GOAT and has been demonstrated to prevent weight gain in mice
(Barnett et al., 2010).

More work is required to understand whether surgical or pharmacological
manipulations of ghrelin levels will be a useful way to treat obesity (Castaneda et al.,
2010). In the last couple of years researchers have also begun to focus not only on
traditional homeostatic systems but also the effect of ghrelin and other internal signals on

brain reward systems (see Section 1.2.2.2).

Anorexigenic hormones

Cholecystokinin (CCK) was the first gut hormone identified to have satiety effects
(Gibbs et al., 1973). CCK is secreted by the I-cells in the proximal part of the small
intestine, inhibits gastric emptying, and is thought to play a role in meal termination
(Figure 1.2.). Fat and protein-rich foods stimulate CCK release (Polak et al., 1975, Liddle
et al., 1985). Previous studies suggest that the CCK-1 receptor is responsible for the
ability of CCK to reduce food intake in rats (Gibbs et al., 1973), and humans (Kissileff et
al., 1981, Pi-Sunyer et al., 1982, Lieverse et al., 1994, Lieverse et al., 1995). CCK-
induced satiation is mediated by binding CCK-1 receptors on the vagus nerve (MaclLean,
1985, Ritter and Ladenheim, 1985, Moran et al., 1997, Kopin et al., 1999, Beglinger et al.,
2001), brainstem (Edwards et al., 1986) and hypothalamus (Blevins et al., 2000).
Morbidly obese individuals showed lower fasting CCK levels than obese and lean
individuals (Zwirska-Korczala et al., 2007). CCK gene and CCK-1 receptor gene variations
may increase predeposition to obesity (Arya et al., 2004, de Krom et al., 2007).

However, the usefulness of CCK as an obesity therapeutic target may be limited by
side effects such as vomiting, nausea and taste aversion (Swerdlow et al., 1983). CCK
may also be limited by its short term effect on satiety. CCK does not reduce feeding when

injected more than 30 minutes before a meal in rats (Gibbs et al., 1973).
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Peptide Tyrosine Tyrosine or Peptide YY (PYY) is related to the pancreatic peptide
family (Figure 1.2.). PYY1-36 is synthesised by endocrine L cells throughout the distal gut
(Adrian et al., 1985). Amino acids tyrosine and proline, are cleaved from the N-terminus
of PYY1-36 by the enzyme di-peptidyl peptidase IV (DPP-1V), which produces PYY3-36, the
major circulating form of the hormone in the fed and fasted state (Batterham et al., 2006,
le Roux et al., 2006). PYY is important in postponing initiation of the next meal rather
than acting as a meal terminator. Peak concentrations of PYY correlate with caloric
content, macronutrient composition and consistency of the meal (Adrian et al., 1985,
Batterham et al., 2006, Helou et al., 2008). The effects of PYY are mediated by the Y2-
receptor, found in the central nervous system, nodose ganglion and vagal afferents
(Batterham et al., 2002, Abbott et al., 2005a, Koda et al., 2005). Kuo and colleagues
showed that the effect of PYY on food intake is regulated via the hypothalamus, including
the arcuate, paraventricular, and ventromedial nuclei, after peripheral injection of peptide
YY(3-36) caused a reduction in signal intensity in those areas imaged using Maganese
Enhanced MRI (Kuo et al., 2007).

Pyy knockout mice display hyperphagia and increased subcutaneous and visceral
adiposity with the phenotype reversed after exogenous replacement (Batterham et al.,
2006). Researchers demonstrated how combination therapy could increase the potency of
PYY3-36 when co-administration of PYY3-36 and GLP-1 (Neary et al., 2005) and PYY3-36
and oxyntomodulin (Field et al., 2010) in humans and rodents resulted in greater

reductions of food intake.

Pancreatic polypeptide (PP) belongs to the polypeptide-fold family, like NPY and PYY.
PP is produced in the pancreatic islets of Langerhans (Adrian et al., 1976) (Figure 1.2.).
PP concentrations remain elevated for up to 6 hours after food ingestions and PP
concentrations reflect the caloric content of the meal (Adrian et al., 1976). Anorexigenic
actions of the hormone are thought to be mediated by the brainstem, parventricular
nucleus (PVN) and ARC of the hypothalamus with highest affinity for Y4-receptors,

followed by Yl-and Y5-receptors (Berglund et al., 2003). PP reduced food intake after
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repeated peripheral administration in rodents (Asakawa et al., 1999, Asakawa et al.,
2003). Over-expression of PP in the pancreatic islets of mice resulted in a lean phenotype
with reduced food intake (Ueno et al., 1999). Chronic administration of PP to ob/ob mice
decreases body weight (Asakawa et al., 2003). In humans, intravenous infusion of PP in
normal-weight volunteers resulted in a 25% reduction in food intake, lasting 24 hours
after the infusion stopped (Batterham et al., 2003). PP also reduces food intake in

patients with the genetic obesity Prader-Willi syndrome (Berntson et al., 1993).

Glucagon-like peptide (GLP-1) belongs to the family of incretins (gut-derived
hormones that increase insulin secretion) (Figure 1.2.). GLP-1 is produced from pre-
proglucagon in the pancreas, intestine and CNS. Prohormones convertase 1 and 2 direct
the cleavage of pre-proglucagon resulting in a specific balance of hormones (GLP-1 and
Oxyntomodulin, see next paragraph). The main stimulus to GLP-1 secretion is food intake.
Fast absorbable proteins, such as whey-protein, evoke greater GLP-1 responses than slow
proteins, like caseins (Tessari et al., 2007). GLP-1 acts mainly via the vagus nerve and
the brainstem (Abbott et al., 2005a). GLP-1 acts on the GLP-1 receptor, which is widely
expressed throughout the CNS including hypothalamus and amygdala (Turton et al.,
1996), brainstem (area postrema and nucleus of the solitary tract (NTS)) (Tang-
Christensen et al., 2001; Baggio et al., 2004) and peripheral tissues such as pancreatic R-
cells (Bullock et al., 1996, Naslund et al., 1999). Administration of GLP-1 reduces food
intake in rats when administered peripherally or centrally (Tang-Christensen et al., 1996,
Turton et al., 1996). GLP-1 also has an anorectic effect in both lean and obese humans
with gastric emptying and dose-dependent reduction in food intake (Verdich et al., 2001).
After 5 days of subcutaneous GLP-1 injections, obese subjects lost 0.55 kg in weight
(Naslund et al., 2004). The peptide exendin-4 has proved a useful tool in determining the
mechanisms by which the actions of GLP-1 on appetite are mediated. Exendin-4 is a 39-
amino acid peptide extracted from the saliva of the Gila monster. It is structurally related
to GLP-1 and is a potent agonist at GLP-1 receptors. This GLP-1 agonist, called Exenatide,

has been recently licensed as a drug for diabetes mellitus type 2 as it effectively controls
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blood glucose without producing dangerous side effects (Chaudhri et al., 2006;
Chakraborti, 2010). Simultanously, Exenatide significantly reduces weight in patients with
type 2 diabetes mellitus (Diamant et al., 2010). Exenatide, like other GLP-1 targeting
drugs can have side effects, like nausea. Therefore therapy could be ameliorated by
combining lower doses of two or more gut hormones in order to achieve the desired

reduction in weight loss (Chaudhri et al., 2006).

Oxyntomodulin (OXM) also belongs to the family of incretins (Figure 1.2.). OXM is
released from the intestinal L-cells in proportion to caloric intake, remaining elevated for
several hours (Ghatei et al., 1983, Le Quellec et al., 1992). The downstream anorectic
effects of OXM appear to be mediated by GLP-1 receptor since these effects were
abolished in GLP-1 receptor null mice (Cohen et al., 2003; Baggio et al., 2004; Dakin et
al., 2004). Compared to GLP-1, OXM has an equal potency for inhibiting food intake and
reducing body weight in rodents and humans (Fehmann et al., 1994; Dakin et al., 2001;
Dakin et al., 2002; Cohen et al., 2003; Baggio et al., 2004; Wynne et al., 2006).
Peripheral OXM administration altered activity in the hypothalamic ARC, PVN and supra-
optic nuclei using manganese-enhanced magnetic resonance imaging (MEMRI) in fasted
mice. In contrast, peripheral GLP-1 injection modulated activity in the PVN and VMN
suggesting that they may have differential effects (Chaudhri et al., 2006, Parkinson et al.,

2009).

There are more than 50 other gut hormones and peptides, but only a few have been

investigated for their potential as anti-obesity agents.
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1.2.2. Appetite control systems

1.2.2.1. Homeostatic brain systems

The hypothalamus regulates many aspects of energy homeostatis, is implicated in the
process of balancing food intake and maintaining body weight (Figure 1.4.). The ARC in
particular, is thought to play a key role in the integration of signals regulating appetite.
The ARC encloses the third ventricle and is located near the median eminence, a region

with an incomplete blood brain barrier (Broadwell and Brightman, 1976).

Figure 1.4. Central control of appetite.
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Complex homeostatic control of feeding: Internal signals enter the hypothalamus via the median eminence or
the brainstem via the vagus nerve. First order neurons in the arcuate nucleus (ARC) project to second order
neurons such as the lateral hypothalamus (LH) which then sends orexigenic signals to brain reward systems

(ventral tegemental area — VTA). All abbreviations can be found in the “Abbreviations” — list on page 7.
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Primary neurons within ARC
There are two primary populations of neurons within the ARC which influence energy
homeostasis (Cone et al., 2001). One neuronal circuit reduces food intake, via the
expression of the neuropeptides pro-opiomelanocortin (POMC) and cocaine- and
amphetamine-regulated transccript (CART) (Elias et al., 1998a, Kristensen et al.,
1998, Wynne et al., 2005b). Another neuronal circuit stimulates food intake, via the
expression of NPY and AGRP (Broberger et al., 1998, Hahn et al., 1998) (Figure 1.4.).
NPY and AgRP neurons are inhibited by leptin, insulin, PYY3-36 and GLP-1 which
inhibit food intake while they are stimulated by ghrelin which stimulates food (Mercer et
al., 1996, Christophe, 1998, Nakazato et al., 2001, Flier, 2004, Zigman et al., 2006).
POMC/CART neurons are stimulated by leptin, PYY3-36, GLP-1 and insulin but inhibited by
neighbouring NPY/AgRP neurons and ghrelin (Mercer et al., 1996, Christophe, 1998,

Cowley et al., 2001, Nakazato et al., 2001, Zigman et al., 2006) (Figure 1.4.).

Secondary neurons within ARC
Hypothalamic second order nuclei receive neuronal projections from the axons of
NPY/AgRP and POMC/CART neurons in the ARC (Elias et al., 1998b, EImquist et al., 1998,
Kalra et al., 1999) (Figure 1.4.). NPY/AgRP and POMC/CART can project to the
paraventricular nucleus (PVN), where the anorexigenic neuropeptides thyrotropin-
releasing hormone (TRH), corticotropin-releasing hormone (CRH) and oxytocin are
synthesised (Sawchenko and Swanson, 1983, Verbalis et al., 1993, Richard et al., 2000).
Projections from first order neurons to the lateral hypothalamic area (LHA) and
perifornical area (PFA), where the orexigenic molecules melanin-concentrating
hormone (MCH) and orexins A and B are produced, can lead to increased food intake and
body weight (Qu et al., 1996, Elias et al., 1998b, Sweet et al., 1999, Nahon, 2006).
Sakurai et al. characterised two individual receptors for the orexin system, OxR1
and OxR2 (Sakurai et al., 1998). Orexin neurons can project to brain reward centres
especially the VTA; and in circumstances of starvation, the orexin peptide may mediate

both arousal and feeding responses in order to initiate food-seeking behaviour (Chemelli
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et al., 1999). Administration of orexin has been shown to stimulate food consumption, and
orexin signaling in VTA has been implicated in intake of high-fat food.

Recent studies have shown that orexin is involved in motivated behavior for drugs
of abuse as well as natural rewards. In self-administration studies, the OxR1 antagonist
SB-334867 (SB) reduced the reponse to high-fat pellets, sucrose pellets and ethanol, but
not cocaine, demonstrating that signalling at orexin receptors is necessary for
reinforcement of specific rewards (Cason et al., 2010).

First order axons NPY/AgRP and POMC/CART can also project to the ventromedial
hypothalamus (VMH) and dorsomedial hypothalamus (DMH). The DMH expresses NPY
cells whose activation leads to hyperphagia in rats (Kalra et al., 1999, Chen et al., 2004).

Lesions in the VMH produce hyperphagia and obesity (King et al., 1978).

Brainstem feeding pathways

In addition to hypothalamic circuits, the brainstem, in particular the NTS, also plays a
vital role in the regulation of energy homeostasis (Ricardo and Koh, 1978) (Figure 1.4.). It
can respond to peripheral signaling and also receives vagal afferents from the
gastrointestinal tract, and from here information can be transferred to the ARC (Kalia and

Sullivan, 1982, Sawchenko and Swanson, 1983).

The architecture and functioning of the opposing hypothalamic circuits enables rapid
control over energy homeostasis because the brain can simultaneously turn up and down
anabolic or catabolic systems in order to control feeding. Yet, it is important to understand
that the pleasure of eating derives from the taste, smell and texture of food and that each
individual shows different eating behaviour and food perception. We therefore need to
include study of the links between homeostatic and hedonic control of appetite. Hedonic
eating is thought to be able to override the satiety effect of positive energy balance
signals (Saper et al., 2002, Harrold and Williams, 2003, Kringelbach, 2004, Mela, 2006,
Lowe et al., 2009), but the hedonic systems may also be responsive to negative energy

balance states.
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1.2.2.2. Hedonic brain reward systems

Mesocorticolimbic brain regions are involved in reward and emotional processing, learning
and memory, and have been implicated in hedonic eating. These include the prefrontal
cortex (dorsolateral PFC), orbitofrontal cortex (OFC), anterior cingulate cortex (ACC),
insula, amygdala, nucleus accumbens (NAc, ventral striatum) and VTA (midbrain) (Van

Vugt, 2009) (Figure 1.5., Table 1.1.).

Figure 1.5. Hedonic brain reward systems
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Sagittal view of the brain showing those areas involved in the hedonic control of eating behaviour: VTA (ventral
tegmental area) — dopaminergic projections to corticolimibic brain areas; ventral striatum — motivation, reward
expectancy, novelty processing; insular cortex — taste processing; amygdala — emotional processing; ACC
(anterior cingulate cortex) — descision making; PFC (prefrontal cortex) — translation of external and internal cues
into behavioural responses; DLPFC (dorsolateral prefrontal cortex) — self-control; OFC (orbitofrontal cortex) —

encoding of reward value.
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Table 1.1. Brain reward areas involved in eating behaviour

Brain reward area

Midbrain / VTA

NAc / ventral stritum

Insula

Amygdala

OFC

ACC

PFC / DLPFC

Function

Dopaminergic projections to limbic areas (NAc (ventral striatum), PFC, amygdala, LH and hippocampus), implicated in motivation and positive
reinforcement, expression of GHS-R receptors and receives input from the hypotahalmus (e.g. orexin)

Expression of D1-, D2- and D3 receptors and endogenous opioids, projection to the midbrain (VTA, substantia nigra), incentive motivational
role in food intake and activation of this reward system enables behavioural responses necessary for obtaining a goal object, aimed at
anticipated food receipt

Primary gustatory cortex involved in taste aversion as well as in sensory and rewarding aspects of taste processing, sends efferent projections
to the anterior cingulate cortex (ACC), OFC, LH and NAc, and innervates the amygdala

Emotional processing particularly positive and negative affect, reward processing, and behaviour, projections to the OFC, PFC, NAc and ACC

Role in encoding taste, flavour, and food reward; medial OFC is related to the monitoring, learning and memory of the incentive salience of
reward value of reinforcers, whereas lateral OFC is related to encoding reward value supported by the decrease in activation seen during taste
of a food repeatedly consumed to a state of aversion (‘sensory-specific satiety’), close contact with the amygdala, insula and hippocamous

The ventral affective subdivision: assessment of the salience of emotional and motivational information, connected to the amygdala, NAc,
hypothalamus, anterior insula, hippocampus and OFC

The dorsal cognitive subdivision: Modulation of attention or executive function, influence on response selection, motivation, conflict monitoring
and cost/benefit or reward/risk assessment, influenced by anxiety and fearful situations, reciprocal interconnected with the lateral PFC and
motor areas

PFC: Executive control, translates homeostatic and environmental information into adaptive behavioural responses making choices, decisions
DLPFC: goal-directed decisions and exercising self-control, reduce conflict
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The VTA is located medial to the substantia nigra in the midbrain (Fields et al., 2007)
(Figure 1.5.). Although the VTA is positioned strategically between the caudal
hypothalamus and brainstem its physiological function was largely ignored until the
discovery that it includes dopaminergic neurons (Dahlstroem and Fuxe, 1964) and that
these neurons project widely to limbic areas implicated in motivation and positive
reinforcement (Fallon and Moore, 1978, Swanson, 1982). This conclusion was supported
by the observation that destruction of midbrain dopamine system produced profound
motivational deficits (Ungerstedt, 1971). Previous studies have showed that VTA neurons
fire when animals receive an unexpected reward (Schultz et al., 1993). Approximately
60% of VTA neurons in the rat are dopaminergic (Swanson, 1982) and a large number are
indentified as GABAergic neurons (Van Bockstaele and Pickel, 1995, Fields et al., 2007).
The VTA receives input from many brain areas. It receives glutamatergic projections from
the prefrontal cortex (PFC) (Sesack and Pickel, 1992), amygdala (Semba and Fibiger,
1992) and lateral hypothalamus (Rosin et al., 2003). The input from the LH also includes
afferents that contain the peptides orexin (Fadel and Deutch, 2002) or MCH (Semba and
Fibiger, 1992, Fields et al., 2007). The VTA sends dopaminergic projections to the NAc

(ventral striatum), PFC, amygdala, LH and hippocampus (Fields et al., 2007).

The NAc comprises the ventral components of the striatum (Figure 1.5.). There are two
major fuctional components of the NAc, the core and the shell, which are characterized by
differential inputs and outputs (Carlezon and Thomas, 2009). The NAc contains GABAergic
neurons, cholinergic neurons and GABA-containing medium spine neurons (Meredith,
1999). These neurons express D1-, D2- and D3-like receptors and endogenous opioids
and project back to the midbrain (VTA, subtantia nigra) (Carlezon and Thomas, 2009).

It is well established that the NAc plays a key role in reward. The ventral striatum
plays an incentive motivational role in food intake and activation of this reward system
enables behavioural responses necessary for obtaining a goal object, aimed at anticipated
food receipt (Berridge, 1996, Kelley, 2004). Imaging work in humans has shown that

fasting increases the activation of the ventral striatum when viewing visual food stimuli
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(Hinton et al., 2004, Beaver et al., 2006, Farooqi et al., 2007, Fuhrer et al., 2008,
Stoeckel et al., 2008, Goldstone et al., 2009, Passamonti et al., 2009, Schur et al., 2009,
Wang et al., 2009). Drugs of abuse and natural rewards have the common action of
elevating extracellular concentrations of dopamine in the NAc (Kelley, 2004). Moreover,
lesions of the NAc reduce the rewarding effects of stimulants (i.e. cocaine) and opiates
(Kelsey et al., 1989). Pharmacological studies in the rat and monkeys suggest that D2-
and D3 receptors play a critical role in reward (Caine et al., 1999, Caine et al., 2000).
Mice lacking dopamine D2-receptors have reduced sensitivity to the rewarding effects of
cocaine (Welter et al., 2007) and morphine (Maldonado et al., 1997). D3 receptor
antagonists have been shown to reduce cocaine-seeking behaviour and nicotine self-
administration in rats (Heidebreder et al., 2005). These data suggests that the D2/D3
receptors and therefore the NAc/ventral striatum play an essential role in reward

expectations (Volkow et al., 2007).

The insula cortex is a cerebral cortex structure within the temporal lobe and the frontal
lobe, and is divided into two parts: the larger anterior insula and the smaller posterior
insula (Figure 1.5.). The insula is considered to be the primary gustatory cortex involved
in taste aversion as well as in sensory and rewarding aspects of taste processing (Welzl et
al., 2001, James et al., 2009). Previous studies suggest that representations of experience
with food (colour, taste, flavour, reward value) are generated in the insula (de Araujo et
al., 2003). Functional MRI studies in humans show a role for the insula in taste processing
but also increased insula activation after smell or sight of food stimuli (Gordon et al.,
2000, Small et al., 2001, Wang et al., 2004, DelParigi et al., 2005, Holsen et al., 2005,
Simmons et al., 2005, St-Onge et al., 2005, Porubska et al., 2006, Fuhrer et al., 2008,
Stice et al., 2008, Cornier et al., 2009, James et al., 2009, Schienle et al., 2009, Schur et
al., 2009, Siep et al., 2009, Wang et al., 2009). The insula receives visceral information
by way of afferent inputs from the NTS and lateral parabrachial nucleus, and sends

efferent projections to the ACC, OFC, LH, NAc, and amygdala (Van Vugt, 2009).
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The amygdala is a part of the telencephalon, appears almond shaped and lies in the
anterior temporal lobe (Murray, 2007) (Figure 1.5.). The amygdala contains an enormous
diversity of nuclei and cell types. According to current thinking, the amygdala contributes
to emotion, reward, motivation, learning, memory and attention (Murray, 2007). The
amygdala is involved in emotional processing and particularly responds to positive and
negative affect (Pessoa and Ungerleider, 2004). Bilateral damage of the amygdala
disrupts emotional responses (Murray, 2007) and monkeys with amygdala lesions are
fearless, have impairments in emotional learning, deficits in the perception of emotion,
and impaired memory for emotional events (Cardinal et al., 2002). Recent functional
imaging research has shown that the amygdala is activated when viewing or tasting a
food (LaBar et al., 2001; Gottfried et al., 2003; Killgore et al., 2003; Hinton et al., 2004;
Holsen et al., 2005; Fuhrer et al., 2008; Stoeckel et al., 2008; Goldstone et al., 2009;
James et al., 2009; Passamonti et al., 2009; Schur et al., 2009; Wang et al., 2009). The
amygdala receives projections from the insula, fusiforum (visual cortex) and VTA (Van
Vugt, 2009) and usually returns them to the OFC, PFC, NAc and ACC (Amaral and Price,
1984, Morgane et al., 2005). Some amygdala functions are carried out in concert with the
OFC, such as updating the values of expected outcomes stored in the OFC (Holland and

Gallagher, 2004).

The OFC occupies the ventral surface of the frontal part of the brain (Kringelbach, 2005)
(Figure 1.5.). The human OFC plays an important role in encoding taste, flavour, and food
reward (Small et al., 2007). Olfactory, visual, gustatory, and somatosensory information
(e.g crunchiness) are determinants for the palatability of food and such signals reach the
OFC through different sensory brain pathways (de Araujo et al., 2003, Rolls et al., 2003,
Verhagen and Engelen, 2006, Verhagen, 2007). It is important to distinguish between the
lateral and the medial OFC (Kringelbach and Rolls, 2004). A large meta-analysis of the
existing neuroimaging data was used to show that activity in the medial OFC is related to
the monitoring, learning and memory of the reward value of reinforcers, whereas activity

in the lateral OFC is related to the evaluation of punishers that can lead to a change in
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behaviour (Kringelbach & Rolls, 2005). This meta-analysis further showed that a
posterior—anterior OFC distinction was shown, with more complex or abstract reinforcers
(such as monetary gain and loss) being represented more anteriorly in the OFC than less
complex reinforcers such as taste.

A large number of functional imaging studies have implicated the OFC in processing
of reward value when fasting and viewing visual food stimuli (O'Doherty et al., 2000,
Small et al., 2001, Gottfried et al., 2003, Hinton et al., 2004, Wang et al., 2004, DelParigi
et al., 2005, Holsen et al., 2005, Simmons et al., 2005, Killgore and Yurgelun-Todd, 2006,
Porubska et al., 2006, DelParigi et al., 2007, Fuhrer et al., 2008, Stoeckel et al., 2008,
Schienle et al., 2009, Schur et al., 2009, Wang et al., 2009). The proposed primary role
for the OFC in encoding reward value is further supported by the decrease in activation
seen during taste of a food repeatedly consumed to a state of aversion (‘sensory-specific
satiety’) (Kringelbach & Rolls, 2004). Small and colleagues further showed that the OFC
also encodes retronasal olfaction and oral somatosensation as during eating, distinct
sensory inputs fuse into a unitary flavor percept, and there is evidence that this percept is
encoded in the OFC (Small et al., 2007). One fMRI study found that activation in the mid-
anterior parts of the OFC correlate with subjective pleasantness ratings of liquid foods
when eaten to satiety providing a neural correlate of sensory-specific satiety to a liquid
whole food (Kringelbach et al., 2003). The posterior parts of the OFC process the sensory
information for further multimodal intergration (Kringelbach, 2005). The OFC is in close

contact with the amygdala, insula and hippocampus (Verhagen and Engelen, 2006).

The cingulate cortex is one of the largest parts of the limbic system. The anterior
cingulated cortex (ACC) can be differentiated from the posterior cingulate cortex (PCC)
on the basis of cytoarchitecture and patterns of projections, as well as function (Figure
1.5.). The ACC has been characterized as ‘executive’ in function, whereas the PCC is
characterized as ‘evaluative’ (Devinsky et al., 1995). The two major subdivisions of the
ACC include the dorsal cognitive ACC and the ventral affective ACC (Bush et al., 2000).

Functional imaging techniques have shown activation of the ACC when presented with
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food stimuli (Bohon et al., 2009, Martin et al., 2009, Passamonti et al., 2009, Schienle et
al., 2009). Activity in the ACC is seen during the delay period before the outcome of
reward-related decisions, and is modulated by both outcome risk and anticipatory arousal
(Critchley et al., 2001). The affective ventral ACC subdivision is primarly involved in
assessing the salience of emotional and motivational information and the regulation of
emotional responses (Devinsky et al., 1995, Whalen et al., 1998, Bush et al., 2000,
Passamonti et al., 2008). It is connected to the amygdala, NAc, hypothalamus, anterior
insula, hippocampus and OFC (Devinsky et al., 1995). The dorsal ACC, by contrast, is able
to modulate attention or executive function, influencing response selection, motivation,
conflict monitoring and cost/benefit or reward/risk assessment, and is influenced by
anxiety and fearful situations (Devinsky et al., 1995, Carter et al., 1999, Bush et al.,
2000, Carter and van Veen, 2007). It is reciprocally interconnected with the lateral PFC

and motor areas (Devinsky et al., 1995).

Cortico-limbic reward systems of reward appear to be under executive control of the
prefrontal cortex (PFC) (Figure 1.5.). The PFC receives internal and external sensory
information, emotional and cognitive information from the limbic system, and motor and
executive information from the cortical areas. It is thus able to translate homeostatic and
environmental information into adaptive behavioural responses making choices and
decisions (Kringelbach, 2005; Lenard and Berthoud, 2008; Piech et al., 2010). The
dorsolateral PFC (DLPFC) is especially crucial for cognitive regulation of behaviour,
goal-directed decisions and exercising self-control (Heekeren et al., 2004; Rorie and
Newsome, 2005; Hare et al., 2009; Kable and Glimcher, 2009; Piech et al., 2010) (Figure
1.5.). Self-reported dieters show greater activation in the left DLPFC during a food picture
choice paradigm using fMRI (Hare et al., 2009). Activation of the DLPFC has been reported
when subjects view high-calorie compared to low-calorie foods especially when fasted
(Davids et al. 2010, Killgore et al., 2003, Goldstone et al., 2009, Schur et al., 2009).
Interestingly, compared with lean men, obese men have less postprandial activation in the

left DLPFC, irrespective of meal size (Le et al., 2006). Since top-down control appears to
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be mostly implemented in the DLPFC, it is suggested that following detection of conflict by
the ACC, the lateral areas of the dorsal PFC are engaged to reduce conflict (Carter & van

Veen, 2007).

In the following section techniques on how to image brain reward systems will be

discussed.

1.3. Neuroimaging techniques

Imaging studies have shown that peripheral signals, central brain systems, and individual
differences in food preference, nutritional state, gender, BMI, genetic polymorphisms as
well as eating behaviour, reward sensitivity and mood have an influence on brain reward
systems. The ability to study the neural networks that influence ingestive behaviour in
humans has improved immensely with significant advances in imaging technology in the
past 15 years. The physical principle of PET, MRI and fMRI are described in this

paragraph.

1.3.1. Positron-emission-tomography (PET)

PET is a powerful functional imaging technique that has been used to study the
relationship between energy consumption and neuronal activity (Bacharach et al., 2000;
Huettel, 2004; Catana et al., 2008). PET uses positron-emitting radioactive tracers that
are attached to molecules that enter biological pathways of interest. For example, °F, a
radioactive isotope of fluorine, can be attached to glucose, creating the molecule fluoro-2-
desoxy-D-glucose, or FDG. The fluorine tracer does not prevent FDG from entering into
the normal pathways for glucose metabolism. Thus, researchers can inject a bolus of FDG
into an artery and then use imaging to determine where it is taken up in the cells. As the
radioactive isotope decays, it emits a positron (the antimatter counterpart of an electron).
When the emitted positron collides with a nearby electron, they are mutually annihilated
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and produce two gamma rays that take path 180° apart and are subsequently detected by
their near simultaneous impact on opposite sides of a ring of scintillation crystals that
surround the subject’s head. A computer algorithm then evaluates the number and timing
of impact at all of the crystals surrounding head and traces the path taken by the gamma
rays back to their origins. Through this method, the distribution of glucose uptake in the
brain can be measured, and changes in glucose uptake in different brain regions caused
by sensory, motor, or cognitive activity can be determined. PET imaging can also study
cerebral blood flow using *°0, a radioactive isotope of oxygen. Certain neurotransmitters
can be similarly labeled. For example '®F can be attached to L-DOPA to study its

distribution of uptake in the human brain.

1.3.1.1. Limitations

PET scanning is very expensive. The spatial resolution of PET is limited by physical factors
associated with positron physics and by the difficulty of acquiring sufficient counting
statistics. Furthermore, PET images often lack definitive anatomical information, making
interpretation of the precise location of radiotracer accumulation difficult (Catana et al.,
2008). Also radiation exposure in human research is carefully regulated, and subjects can

participate in only a few PET scans (Huettel, 2004).

1.3.2. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRl or MR scanning) was developed in the 1970s by
researchers including Peter Mansfield and Paul Lauterbur. It is a non-invasive and non-
ionising imaging technique for creating 3D-images of the soft tissues of the human body.
MRI is based on the physical phenomenon of nuclear magnetic resonance (NMR)

(Westbrook, 2005).
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1.3.2.1. Prinicple

The human body is made of atoms (electrons, protons and neutrons) (Figure 1.6.). Nuclei
that have an odd number of protons and neutrons both possess a magnetic moment.
These are MR active nuclei (hydrogen, oxygen etc.). Thus, hydrogen nuclei are utilised in
MRI as they consist of single protons that move. Hydrogen nuclei have a magnetic field
induced around them, and act as small magnets. The north/south axis of each nucleus is
represented by a magnetic moment (My) and is used as the classical principle of MRI. The
magnetic moments of the hydrogen nuclei are randomly orientated. Hydrogen nuclei
possess energy in two discrete quantities or populations termed low (+1/2) and high (-
1/2) states. Low-energy nuclei align their magnetic moment parallel to the external
magnetic field and are termed spin-up nuclei. High-energy nuclei align their magnetic
moments in the anti-parallel direction and are termed spin-down nuclei. As soon as a
magnetic field is applied, the hydrogen nucleus will tend to align with the external
magnetic field (By) causing the magnetic moment to follow a circular path around By
(precession). This path is called the precessional path and the speed at which they wobble
around By is called precessional frequency. The unit of precessional frequency is
megahertz (MHz) whereby one Hz is one cycle per second and one MHz is 1 million cycles

per second. The value of the precessional frequency is governed by the Lamor equation:

Wo = precessional frequency

wo = — YBo

Bo = magnetic field strength of the magnet

Y = gyro-magnetic ratio in MHz/T (relationship between angular moment and magnetic

moment of each active nucleus

Thus, Larmor precession (named after Joseph Larmor) is the precession of the magnetic
moments of electrons, atomic nuclei, and atoms about an external magnetic field.
Applying a radio frequency (RF) pulse (with same energy as Lamor frequency of
hydrogen), causes an increase in the number of the spin-down hydrogen nuclei as some
spin-up nuclei gain energy via resonance and become high-energy nuclei. The result of

the resonance is that the magnetic moment moves out of alignment away from By, from
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the longitudinal to the transverse plane. The angle through which a magnetic moment
moves out of alignment is the flip angle. The magnetic moment rotates then in the
transverse plane at Lamor frequency. After the RF pulse is switched off the magnetic
moment is again influenced by By and tries to realign with it. Spins return to the low
energy state by releasing absorbed energy gained from the RF pulse. The process by
which hydrogen loses energy is called T1 relaxation. The recovery of longitudinal
magnetization is caused by the process termed T1 recovery (= nuclei are giving up their
energy to the surrounding environment). The decay of transverse magnetization is caused
by a process termed T2 decay (= nuclei exchange energy with neighbouring nuclei). As
the magnitude of the transverse magnetization decreases, so does the magnitude of the
voltage induced in the receiver coil. Thus, the released energy or MR signal can be
measured by the receiver coil. The induction of reduced signal is called the free induction
decay (FID) signal. The signal is Fourier transformed and converted into images (from

signals to transverse slices) (Westbrook, 2005) (Figure 1.6.).

Figure 1.6. Physical principle of MRI.
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Physical principle of MRI: applying a radio frequency (RF) pulse causes the magnetic moment (My) to move out
of alignment (away from the magnetic field By) from the longitudinal to the transverse plane. After the RF pulse
is switched off, My is again influenced by B, and tries to realign with it. The released energy from the RF pulse or

MR signal can be measured by the receiver coil. The signal is Fourier transformed and converted into images.

In brief, the MR images are generated by a complex coordinated series (pulse sequences)
of radio frequencies (RF) pulses and magnetic field gradient oscillations in a strong

background static magnetic field. A pulse sequence is a combination of RF pulse, gradients
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and intervening periods of recovery. The main components of a pulse sequence are
repetition time (TR) and echo time (TE). The TR is the time from the application of one RF
pulse to the application of the next RF pulse for each slice and is measured in milliseconds
(ms). The TR reflects the amount of T1 relaxation that occurrs when the signal is read.
The TE is the time from the application of the RF pulse to the peak of the signal induced in
the coil and is also measured in ms. The TE determines how much decay of transverse

magnetization is allowed to occur.

MRI images are obtained from volumes, so pixels in an MR image are more accurately
referred to as voxels. The signal intensity of a voxel within a given pulse sequence can
reliably be predicted by knowing three parameters of the region of the object from which
the voxel was acquired - the T1l, T2 and T2* relaxation times. Most sequences do not
isolate an individual parameter, but are instead weighted to being affected by one more
than others (McRobbie, 2003). One method, using T2-weighted echo-planar images (uses
rapid gradient switching following a single exication to fill the entire k-space) is functional

MRI.

1.3.3. Functional MRI (fMRI)

In the early 1980s, MRI was introduced clinically, and during the 1980s a veritable
explosion of technical refinements and diagnostic MR applications to study the brain took
place. Scientists soon learned that the large blood flow changes measured by PET could
also be imaged by the correct type of MRI. Functional magnetic resonance imaging (fMRI)
was born, and since the 1990s, fMRI has come to dominate the brain mapping field due to
its low invasiveness, lack of radiation exposure, reduced costs and relatively wide
availability. Functional MRI refers to a rapidly developing technology that enables the
creation of images which reveal localized neural activity in human brains during sensory,

motor, and cognitive activity (Savoy, 1999; Huettel, 2004).
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1.3.3.1 Blood Oxygenation Level Dependant (BOLD) signal

The BOLD effect is based on the fact that there are local blood flow and blood oxygenation
changes in response to neuronal activity. Applying a sensory, motor, or cognitive stimulus
increases neuronal activity. This neuronal activity requires energy in form of adenosine
triphosphate, or ATP. Because the brain is able to store limited amounts of energy, it must
create the ATP energy through the oxidation of glucose. Both oxygen and glucose are
supplied by increased blood flow. Through the increase in blood flow, volume and oxygen,
deoxyhaemoglobin flushes from the capillaries, and small veins. Since deoxyhaemoglobin
molecules are paramagnetic this alters the spins of nearby diffusing hydrogen nuclei, the
presence of deoxyhaemoglobin reduces the MRI signal intensity. By displacing the
deoxyhaemoglobin with oxygenated haemoglobin, the increase in blood flow results in a
local increase in MRI signal. The magnetic properties and the change of the ratio of
oxygenated and deoxygenated haemoglobin can be therefore used to construct images
based upon blood-oxygenation-level dependant (BOLD) contrast. In brief, BOLD-fMRI
detects a change in the concentration of a paramagnetic molecule (deoxyhaemoglobin)
whose levels are correlated with neuronal activity through neurovascular-coupling

(Huettel, 2004).

Principle of fMRI preprocessing
After the MRI signal has been recorded, the images need to be reconstructed and quality
control assured.

Each imaged slice is acquired at slightly different time points within the TR (e.g. in
my studies 44 slices within 3 seconds). Thus correction for slice timing is necessary
and consistency can be achieved by shifting and then interpolating the data, or including
temporal derivatives in the analysis.

Motion correction is important to adjust the time series of images so that the
brain is in the same position in every image. For motion correction, image volumes in the

same time series are coregistered to a single reference volume by a combination of three
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translation (moving the entire image volume along the x-, y-, z-axes) and three rotations
(rotating the entire image volume through the roll, yaw and tilt planes).

Geometric distortions caused by inhomogenities in the magnetic field can lead to
loss or compression of signal in important brain reward areas such as the OFC as well as
temporal cortex due to vicinity to air-filled sinuses. It is possible to correct to some extent
for the effects of these inhomogenities by using field maps acquiring two images of
signal phase with slightly different echo times. The differences between the two images
results in an image of the intensity of the magnetic field across space (at any given
location) which can be registered with the EPI (echo planar imaging) image and therefore
correct geometric distortions, though not recover EPI signal drop-out (Huettel, 2004).

Spatial filtering or smoothing is used to increase the signal to noise-ratio. Each
voxel intensity is replaced by a weighted average of neighbouring intensities. As a result
the image looks as if it is viewed through a blurred glass and the rate of false-positives is
reduced. The image can be smoothed by using a Gaussian kernel (Spatial filter width for
fMRI) expressed in millimeters at Full Width Half Maximum (FWHM). Thus, by using this
filter, is is possible to average the data over adjacent voxels, reducing the likelihood that
a cluster of voxels will pass the same threshold (Huettel, 2004).

Time series from each voxel contain low frequency drifts and high-frequency noise.
Drifts are scanner-related and physiological (cardiac cycle, breating, etc.). Both high and
low frequency noise hide activation. Using temporal filtering, high frequencies, low
frequencies or both can be removed without removing signals of interest. For example
low-pass filters are used to remove high frequencies.

The differences between functional and structural images of the same brain region
are striking. High-resolutional T1 structural brain images appear remarkely detailed with
clear boundaries between grey and white matter whereas in functional EPlI images
boundaries are difficult to visualise. Human brains also have remarkably variable
morphology and shape. Normalisation or registration to standard space is used to
compensate for differences in brain shape. Normalisation of data within a study allows

combination of data (brain areas) across individuals. A commonly used standard space
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was created by the Monreal Neurological Insitute and consists of an average of 152 T1-
weighted brain images. Therefore, the EPl image must first be registered with the
individual’s T1 image using 6 degrees of freedom which in turn must be registered within
standard space using 12 degrees of freedom registration which may be linear or non-

linear, and these warping parameters applied to the T1-registered EPI image.

fMRI experimental analysis

Each acquired voxel in an EPI scan contains a time-varying signal (BOLD signal). It is
important to model the stimulus-induced changes in BOLD signal (predicted response) in
order to find which voxels have signals that match the model. A good match implies
activation related to a particular stimulus. The haemodynamic response to a stimulus is
blurred and delayed. In order to compare the BOLD signal, the process can be modeled by
convolving the activity curve with a haemodynamic response function (HRF), giving the
predicted response. A standard General Linear Model (GLM) allows multiple comparisons
and correlates the model (predicted response) with each voxel separately. For example,
time-series statistical analysis can be carried out using autocorrelation correction including
picture onsets (e.g. in my study high-calorie and low-calorie food, object and blurred
pictures), with temporal derivatives (to correct for slice timing variation and differences in
time of onset of brain activation relative to stimulus in different brain regions) and motion
parameters (to deweight scans which may be subject to motion artifact) as co-variates.
This gives parameter estimates (beta) and under the null hyothesis beta is 0. If the ‘null
hypothesis testing’ results in a small p-value, the null hypothesis is unlikely and then the
voxel would be active. In this way it is possible to create group mean statistical
parametric maps for the whole brain or for each region of interest (ROI) to see which
voxel in which brain region is significantly activated by one particular stimulus compared

to another.
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1.4. Signalling in brain reward systems

Although there has been a tremendous progress describing the central homeostatic
control of food intake, this system does not work very well in an environment where little
effort is necessary to obtain palatable foods with high-calorie density. During the past 40
years, there has been 42% per capita increase in the consumption of added fats in foods
and a 162% increase in cheese relatively to only a 20% increase in fruits and vegetabales
(Frazao and Allshouse, 2003). Reduced costs of sugar and vegetable oils worldwide have
also contributed to the production of highly palatable processed foods (Drewnowski,
2000). There is also a “portion-distorted embarassment of food” in today’s supermarkets
and restaurants (Wansink and van Ittersum, 2007). Evidence in rodents and humans now
supports the theory that both drugs of abuse and the consumption of highly palatable
foods converge on a shared addiction pathway within brain reward systems to mediate
motivated behaviour (Nestler, 2001, Wang et al., 2004, Nestler, 2005). Much of the

previous work has focused on the mesocorticolimbic dopamine pathway.

1.4.1. Dopamine

Synthesis

Dopamine is produced in several areas of the brain, including the substantia nigra and the
ventral tegmental area of the midbrain. Dopamine signaling on feeding is thought to be
mediated by D; and D, receptors (G protein-coupled receptors) (Schneider, 1989, Kuo,
2002). Tyrosine hydroxylase or tyrosine 3-monooxygenase is the enzyme responsible for
catalyzing the conversion of the amino acid L-tyrosine to dihydroxyphenylalanine (DOPA)
(Kaufman, 1995, Nagatsu, 1995). DOPA is a precursor for dopamine, which, in turn, is a
precursor for noradrenaline and adrenaline. In humans, tyrosine hydroxylase is encoded

by the TH gene (Nagatsu, 1995).

Function
Mice which lack dopamine, due to the absence of the TH gene, have fatal hypophagia.
Dopamine replacement into the caudate putamen (dorsal striatum) restores feeding,
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whereas replacement into the nucleus accumbens restores preference for a palatable diet
(Szczypka et al., 2001). The exact role of dopamine in the process of reward has been
vigorously debated in recent years. Berridge has argued that dopamine fosters the
motivation to engage in rewarding behaviours - the so called “wanting” of reward, rather
than “liking” of reward (Berridge, 2007). In other words, dopamine may not be central to
the normal pleasure or hedonic reactions to food or drugs. Dopamine has been
hypothesised to encode reward prediction error and would act to shape future behaviour
to maximize reward (Montague et al., 2004). Because a reward prediction error forms the
basis of Pavlovian learning theories, it has been postulated that dopamine neurons provide

an error signal for the learning of stimulus-reward association (Schultz, 2002).

Hypo-dopaminergic functioning

A key focus in research of addiction disorders and obesity is that hypo-dopaminergic
functioning (Reward Deficiency Syndrome - RDS) in brain reward pathways is a key risk
factor for their development (Blum et al., 2000). The premise is that addictive substances,
which increase brain dopamine levels, are used as a form of “self-medication” to boost a
sluggish dopamine system and increase hedonic capacity and promote excessive
behaviour. The same arguments have been recently extended to the risk for obesity;
focusing on dopamine D2 receptors. There is reasonable evidence that individuals with the
TaqlA+ allele (polymorphism of D2 receptor) have reduced brain dopamine function in
the dorsal stritum due to a 30-40% reduction in D2 receptor density in the striatal region
(Davis et al., 2008, Stice et al., 2008). Stice and colleagues performed an fMRI study
after subjects received a chocolate milkshake or a tasteless solution. Obese individuals,
relative to lean individuals, showed a blunted dorsal striatal response to milkshake receipt,
and this effect was amplified in those with the Al allele. Thus, the dorsal striatum was less
responsive to food reward in obese, relative to lean, individuals, potentially because obese
are suggested to have reduced D2 receptor density and compromised dopamine signaling,
which may prompt them to overeat in an effort to compensate for this reward deficit

(Stice et al., 2008).
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Hyper-sensitivity to reward

The counter argument is that hyper-sensitivity to reward contributes to increased risk of
obesity because of enhanced motivation to approach pleasurable activities such as eating
(Beaver et al., 2006, Davis et al., 2007). Addictive drugs and food could also share a
tolerance of their rewarding properties by the downregulation of dopamine receptors in
the striatum (Volkow et al., 2002), and a decrease in the function of the amygdala, which
produces negative affect and anxiety associated with abstinence (Koob, 2006). There is
now evidence that highly palatable foods cause the same neuroadaptions which increase
strong cravings, and contribute to the symptoms of withdrawl (Grigson, 2002, Pelchat,
2002).

Davis and Carter suggest a dual vulnerability to addictions whereby both hypo-
dopaminergic functioning and hyper-sensitivity to reward can confer risk, albeit in

different individuals and perhaps with different levels of severity (Davis and Carter, 2009).

Dopamine signalling

All common drugs of abuse increase dopamine signaling from the VTA to the NAc, the
prefrontal cortex, the hippocampus, and the amygdala. Increasd dopaminergic
transmissions occur either by direct action on dopaminergic neurons (cocaine, nicotine) or
indirectly through inhibition of GABAergic interneurons in the VTA (alcohol, opiates)
(Nestler, 2001, 2005). Natural rewards such as presentation and ingestion of palatable
food induces potent release of dopamine into the nucleus accumbens (Nestler, 2001). The
mechanism by which food stimulates dopamine signaling is unclear. It does not appear
that taste receptors are required, as mice lacking sweet receptors are still able to develop
a strong preference for sucrose solutions (de Araujo et al., 2008).

A new concept is that hormones such as leptin, insulin and ghrelin directly affect
the dopamine reward pathways. These hormones activate receptors on VTA dopamine
neurons, thereby either stimulating (ghrelin) or inhibiting (leptin and insulin) dopamine
signaling in the NAc, which is described later in more detail. Other neurotransmitters such

as GABA, opioids and serotonin are also integral to reward process and will be described
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later (Wang et al., 2004). NPY has been shown to enhance the extracellular levels of
accumbal dopamine (Salin et al., 1990). There is also evidence that orexin receptors are
located on dopamine neurons, where they couple to the same receptor as ghrelin and
microinjection of orexin into the VTA increases the levels of dopamine in the NAc (Narita
et al., 2006). Endogenous cannabinoids are an important player in the reward circuits,
since they interact with opioid and dopaminergic systems to enhance satisfaction coming

from the ingestion of palatable food (Pagotto et al., 2006).

1.4.2. Endocannabinoids
Endocannabinoid receptor CB1 is localised in high concentrations in the hippocamous,
cerebellum, prefrontal cortex and striatum, but in low concentrations in the VTA
(Herkenham et al., 1990, Tsou et al., 1998). Previous research has shown that CB1l
receptor antagonists reduces intake of food and sweet solutions (Arnone et al., 1997;
Simiand et al., 1998). CB1-null mice, however, do not show dramatic changes in body
weight and food consumption, suggesting that CB1 receptors rather modulate than
mediate basic reward functions or other systems compensate for their absence (Ledent et
al., 1999, Zimmer et al., 1999, Marsicano et al., 2002). The anti-obesity drug,
rimonabant, a CB1l-receptor blocker has been shown to inhibit the effect of ghrelin (Kola
et al., 2008). In this study, ghrelin was unable to induce an orexigenic effect in CB1-
knockout mice suggesting that the endocannabinoid system may mediate ghrelin’s actions
(Kola et al., 2008).

Exposure to food increases dopamine levels in the NAc and activation of dopamine
D2 receptors in this region increases extracellular levels of the endocannabinoid
anandamide (Giuffrida et al., 1999, Di Chiara et al., 2004). The endocannabinoids
anandamide and 2-arachidonoylglycerol (2-AG) appear to increase the palatability of food,
indicating that they are more important for hedonic aspects than consumatory aspects of

food reward (Kirkham et al., 2002, Mahler et al., 2007).

61



1.4.3. Opiates

Opioids, especially the mu-opioids, also regulate the “hedonics of feeding” — what Berridge
calls the “liking” — by their modulation of the palatability of food (Berridge, 1996, 2007).
In humans, opiate antagonists are found to reduce food palatability without reducing
subjective hunger (Yeomans et al., 1990, Drewnowski et al., 1992). Recent studies have
demonstrated a major role for mu-opioid receptors (OPRML1), especially in the ventral
striatum and amygdala where their activation enhances positive hedonic reactions to
sweet and fatty foods (Olszewski and Levine, 2007). Particularly in the midbrain, mu-
opioid receptors are localized on gamma-amino butyric acid neurons (GABAergic
signaling) that normally inhibit the dopamine system; mu-opioids inhibit this input, thus
disinhibiting the dopamine release in the nucleus NAc and related regions (MacDonald et

al., 2004).

1.4.4. Leptin

Early studies showed that leptin receptors are expressed in the VTA (Figlewicz et al.,
2003). Co-expression of the leptin receptor with tyrosine hydroxylase, a marker of
dopamine neurons has also been demonstrated (Figlewicz et al., 2003, Fulton et al., 2006,
Hommel et al., 2006).

The observation that the transcription factor STAT3, is phosphorylated (pSTAT3) in
dopamine neurons in response to leptin treatment provides evidence that leptin receptors
on dopamine neurons are functional (Fulton et al., 2006, Hommel et al., 2006). In
anaesthetized rats, the firing rate of dopamine neurons decreased by —40% following
intravenous infusion of leptin (Hommel et al., 2006), and leptin inhibited dopamine neuron
firing when applied to slices containing VTA neurons (Korotkova et al., 2006).

Leptin is also suggested to affect hedonic aspects of feeding behaviour as infusion
into the 3™ ventricle and subcutaneous injection reduced sucrose self administration,
suppressed the conditional place preference (CPP) for sucrose pellets and reversed CPP for
high-fat foods (Figlewicz et al., 2001, Figlewicz et al., 2004). CPP measures the ability of
an animal to associate the rewarding aspects of food (or a drug) with a particular
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environment. Thus, a reduction in CPP by suggests an interference with subjective reward
value and associated learning. Another animal study has shown that inactivation of leptin
receptors in the VTA increased feeding, but the mice did not gain weight (Hommel et al.,
2006).

A functional MRI study measured brain responses in two human patients with
congenital leptin deficiency (Farooqi et al., 2007). They showed images of food before and
after 7 days of leptin replacement therapy. Leptin was found to reduce neural activation in
key striatal regions (accumbens-caudate and putamen—globus pallidus) in both subjects,
suggesting that the hormone acts on neural circuits governing food intake to diminish the
perception of food reward. After leptin treatment, hunger ratings in the fasted state
decreased, and satiety following a meal also increased (Farooqi et al., 2007). Baicy et al.
further reported an fMRI study where leptin-deficient patients (missense mutation in the
OB gene) with leptin replacement had reduced hunger ratings and reduced activation in
brain reward areas (insula, parietal lobe and temporal cortex) when viewing food pictures,
but increased activation in self-control areas (prefrontal cortex) (Baicy et al., 2007). A
third leptin study measured brain responses to visual food cues in (non-leptin deficient)
obese patients who had achieved a 10% reduction in body weight through food restriction
(Rosenbaum et al., 2008). Five weeks of twice-daily subcutanous injection of leptin
(0.08mg/kg fat mass), following weight-loss (during which leptin levels would naturally
decline), increased activation in brain areas known to be involved in the emotional and
cognitive control of food intake (brainstem, culmen, parahippocampal gyrus, inferior and
middle frontal gyri, middle temporal gyrus, and lingual gyrus) and decreased activation in
the hypothalamus, cingulate gyrus, and middle frontal gyrus. Thus, circulating leptin
seems to inhibit dopamine signaling in brain reward systems and influence the subjective

reward value of food and hence motivation to eat (Palmiter, 2007).
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1.4.5. Insulin

Early studies also showed that insulin receptors are co-expressed with tyrosine
hydroxylase, a marker of dopamine neurons, in the VTA (Figlewicz, 2003). Downstream
substrates of insulin receptors, such as insulin receptor substrate 2 and
phosphatidylinositol (3,4,5)-triphosphate, are expressed in dopamine neurons (Pardini et
al., 2006). Figlewicz and colleagues showed that intravenous administration of insulin
increased the mRNA levels and the functional activity of dopamine transporters; this
increase would be expected to facilitate clearing dopamine from synapses and hence
reduce dopamine signaling (Figlewicz et al., 1994, Figlewicz et al., 2003).

Insulin is also suggested to affect feeding behaviour as infusion into the 3™
ventricle reversed CPP for high-fat foods (Figlewicz et al., 2004).

Functional MRI research demonstrated the important role of insulin in the
modulation of food hedonic responses and related information processing. Guthoff and
colleagues showed that activation of brain reward areas (fusiforum gyrus, hippocampus,
temporal superior cortex, and frontal middle cortex) by food pictures is down-regulated by
intranasal insulin (Guthoff et al., 2009). Thus, circulating insulin also seems to inhibit
dopamine signaling in ‘reward circuits’ and influence the subjective reward value of food

and hence motivation to eat (Palmiter, 2007).

1.4.6. PYY3.36

Recent research has also suggested an influence of the gut hormone PYY3.3 on ‘reward
circuits’ (Batterham et al., 2007). Unlike the previous described fMRI studies, this study
did not use visual food cues. Infusion of PYY3 36 to fasted subjects that mimicked post-
prandial concentrations of PYY increased the resting BOLD signal in the caudolateral OFC
and significantly reduced the number of calories consumed at a subsequent meal. The
magnitude of activation in the OFC was inversely correlated with the number of calories
eaten; suggesting that PYY-induced activation of the OFC was in part responsible for the

reduced appetite. This suggests an inhibiting role of PYY on brain ‘reward circuits’ but not
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traditional homeostatic hypothalamic centres. On the fasted day, saline-induced
hypothalamic activation correlated with subsequent caloric intake (Batterham et al.,

2007).

1.4.7. Ghrelin

An important novel player in the mesocorticolimbic dopamine reward system is the
stomach-derived orexigenic hormone ghrelin. The hypothalamus has the highest
concentration of GHS-R in the brain but other regions such as the VTA express this
receptor in relatively high concentrations (60-70%) (Abizaid et al., 2006, Zigman et al.,
2006). Pharmacological blockade of GHS-R in the VTA decreases feeding in fasted mice
(Abizaid et al., 2006). Behavioural data in animals showed that ghrelin injection enhances
the willingness to work harder to obtain food (Keen-Rhinehart and Bartness, 2005).

New research suggests that peripheral ghrelin enhances the intake of rewarding
food in rodents (Egecioglu et al., 2010), especially sweet taste consumption and
preference regardless of its caloric content (Disse et al., 2010). Rats can develop CPP to
high fat food after being injected subcutaneously with ghrelin (Jerlhag, 2008, Quarta et
al., 2009). Intracerebroventricular administration of ghrelin increases locomotor activity
and extracellular levels of accumbal dopamine in mice (Jerlhag et al., 2006). These effects
of ghrelin are mediated via central nicotine receptors, suggesting that ghrelin can activate
the acetylcholine-dopamine reward link. This reward link consists of cholinergic input from
the laterodorsal tegmental area (LDTA) to the mesolimbic dopamine system that
originates in the VTA and projects to the nucleus accumbens. Other studies have
confirmed that local ghrelin administration into the VTA activates dopamine neurons,
subsequently increases dopamine in the nucleus accumbens and locomotor activity, and
directly stimulates food intake (Naleid et al., 2005, Jerlhag et al., 2007, Quarta et al.,
2009). GHSR-1A is suggested to be expressed in the VTA and LDTA (Jerlhag et al., 2007).
Local administration of ghrelin into the LDTA caused a locomotor stimulation and an

increase in the extracellular levels of accumbal dopamine (Jerlhag et al., 2007). Taken
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together, this indicates that ghrelin might, via activation of GHSR-1A in the VTA and
LDTA, stimulate the acetylcholine-dopamine reward link.

Ghrelin does indeed bind to the VTA when directly delivered to these regions
(Abizaid et al., 2006). It is important to note that approximately 30% of GABA neurons in
the VTA have ghrelin receptors, yet it is unclear how they are affected by ghrelin (Abizaid,
2009). Similarly, ghrelin infusions into brain regions targeted by dopamine cells in the
VTA, such as the NAc, amygdala, and hippocampus, produce alterations in feeding
responses suggesting that ghrelin acts mostly like a neuromodulator and enhances
dopamine release in the synapse (Cowley et al., 2003, Carlini et al., 2004, Naleid et al.,
2005, Toth et al., 2008). The possibility must be considered that the effects of ghrelin on
the activity and neurotransmitter of the VTA dopamine neurons may be produced
indirectly through the actions of ghrelin on afferent systems connected to the VTA (Geisler
and Zahm, 2005). Also implicated in activation of VTA dopamine neurons is the peptide
neurotransmitter orexin, which is expressed by a population of lateral hypothalamic
neurons (Perello et al., 2010).

The presence of GHS-R had already been identified in the hippocampal formation
even before ghrelin and its functions were discovered (Guan et al., 1997). Peripheral
ghrelin has a robust impact on hippocampal synaptology (Diano et al., 2006). Ghrelin
enters the hippocampus and binds to neurons of the hippocampal formation, where it
promotes dendritic spine synapse formation and generation of long-term potentiation.
Ghrelin enhances learning and memory, whereas the absence of ghrelin due to targeted
gene disruption causes impairment of these functions (Diano et al., 2006).

The effect of ghrelin on the amygdala could be also direct, as the amygdala
contains ghrelin-positive axon terminals (Cowley et al., 2003), or indirect via the
hypothalamus or the VTA, which send dopaminergic projections to the amygdala (Carlini
et al., 2004). However, injection of ghrelin into the amygdala failed to increase food
intake in one study (Carlini et al., 2004).

A recent study showed that substantia negra pars compacta (SNpc), a brain region

where dopamine cell degeneration leads to Parkinson disease, expresses GHS-R. Thus
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ghrelin binds to SNpc, activates dopamine neurons, increases tyrosine hydroxylase mRNA
and dopamine concentration in the dorsal striatum (Andrews et al., 2009).

One study in humans showed that an i.v. single injection of ghrelin increased the
imagination of individual preferred foods (Schmid et al., 2005). Malik and colleagues
recently showed that administration of ghrelin, in comparison to saline, produced greater
activation in brain reward centres such as the OFC, PFC, amygdala, and anterior insula
when subjects viewed food pictures (Malik et al., 2008). Furthermore the magnitude of
activation in the OFC and amygdala correlated with increased self-rated hunger levels
elicited by ghrelin, suggesting that behavioural effects and BOLD effects of ghrelin were

related.

The next paragraph will discuss various factors other then internal hormonal signals such
as food preference, nutritional state, gender, obesity and psychological cues and how

these factors influence brain reward systems (Figure 1.1., Figure 1.5.).

1.5. Other cues effecting brain reward systems (Table 1.1.-1.8.)

1.5.1. Food preference

The sensory properties of food play a very important role in the way people select their
food and how much they eat (Sorensen et al., 2003). The palatability of food is often
measured by using visual analogue scales where subjects are asked questions like ‘how
pleasant was the food’ (van Strien, 1986).

Generally, people prefer high-fat over low-fat foods (Mizushige et al., 2007). One
study compared the taste of high-fat foods, high-protein foods, and high-carbohydrate
foods using 13 strains of mice (Smith et al., 2000). Ten strains of mice preferred the high-
fat food over the other selections.

Sweetness is also a major contributor to palatability, although there is an individual

difference in optimal level of sweetness. In two studies, the palatability of a test food was
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manipulated by using yoghurt with different concentrations of the intense sweetener,
aspartame, and sucrose (Monneuse et al., 1991, Perez et al., 1994). In both studies,
yoghurt intake was greater at the individual subject’s most preferred concentration than
at all the other concentrations. Sugars are reinforcing, indicating a high incentive salience
(McCaughey, 2008). Rats will run towards a known source of sugar rapidly and will work
hard to obtain them (Guttman, 1954, Young and Shuford, 1955). Access to sugar can
condition a place preference (Agmo and Marroquin, 1997). There is widespread
assumption that sugar consumption can lead to addiction (Benton, 2009). A study by Rolls
et al. revealed that pleasantness ratings of chocolate and chocolate-related stimuli had
higher positive correlations with fMRI activation in the pregenual cingulate cortex and
medial OFC in chocolate cravers than in non-cravers (Rolls and McCabe, 2007).
Furthermore a picture of chocolate with chocolate in the mouth produced greater
activation in the medial OFC and pregenual cingulate cortex in cravers than non-cravers.

Access to fat can also condition a place preference. One previous study showed
that CPP to high-fat diet was blocked in ad-lib fed rats given intraventricular insulin or
leptin (Figlewicz et al., 2004).

Thus, does the evolutionary effect of eating high-calorie foods in times of plenty in
order to store more energy for times without food, lead to a preference for high-calorie,
fatty and sugary foods? Obese people might also prefer high-calorie, highly palatable
foods in order to compensate for a reduced dopamine signaling in the brain reward
circuitry. More research is needed to understand the association between taste preference

and development of obesity.

1.5.2. The effect of food stimuli on the human brain (Table 1.2.-1.8.)

Brain activation varies depending on which food stimuli are presented (e.g. high-calorie or
low-calorie) and how they are presented (taste, smell, pictures). With the help of new
functional imaging research it is now possible to determine the effect of different food

types on brain reward systems. Indeed, exposure to highly appetizing food cues can
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override satiety signals and promote overeating (Cornell et al., 1989; Bender et al., 2009;

Frank et al., 2010).

1.5.2.1. Food versus non-food

PET and BOLD imaging research has shown, in non-obese healthy volunteers, that
compared to non-food pictures, visual food stimuli induce greater activity in the amygdala,
ACC, hippocampus, insula and OFC, DLPFC and striatum (Gordon et al., 2000, LaBar et
al., 2001, Morris and Dolan, 2001, Wang et al., 2004, Holsen et al., 2005, Simmons et al.,
2005, St-Onge et al., 2005, Porubska et al., 2006, Fuhrer et al., 2008, Schur et al.,
2009). Similar areas are activated when subjects have to smell and/or taste food

(O'Doherty et al., 2000, Small et al., 2001, Gottfried et al., 2003).

1.5.2.2. Appetizing versus bland or disgusting foods

Imaging studies also demonstrated that activity is greater in the ventral striatum, OFC,
amygdala and insula when viewing appetizing compared with bland or disgusting foods
(Beaver et al., 2006, Calder et al., 2007). Activity is also greater in the amygdala and OFC
when chosing highly preferred foods from a menu (Hinton et al., 2004; Piech et al.,

2009).

1.5.2.3. High-calorie versus low-calorie foods

Compared to low-calorie food pictures, viewing high-calorie food stimuli induced a greater
activity in the insula, medial OFC, medial and dorsolateral PFC, when using functional MRI
(Goldstone et al., 2009; Gordon et al., 2000; Killgore et al., 2003; Siep et al., 2009;

Frank et al., 2010).

1.5.3. Nutritional states (Table 1.2.-1.8.)
Although there are significant variations in the regions reported to be activated by food

cues in the individual studies, it is likely that experimental variables such as stimulus
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paradigms, gender, BMI, and individual differences in eating behaviour, reward sensitivity
and mood, but also hunger and satiety levels may contribute to these differences. Thus,
the sensation of reward is influenced by energy status, as the subject’s palatability of food

is altered in the fed, compared with the fasting states (Berridge, 1991).

1.5.3.1. Hunger

Food-deprived rats show even larger intake of sugars than do those that are non-deprived
(Smith and Duffy, 1957). A human study by Stoeckel and colloeagues found that women
(though not men) have enhanced valence of food images when fasted. No evidence was
found of hunger-induced enhancement of hedonic ratings of non-foods (Stoeckel et al.,
2007; Haase et al., 2009b). In normal weight subjects in a fasted hungry state, visual
food versus non-food stimuli is reported to produce greater activation in regions including
the amygdala, insula, OFC, striatum, and DLPFC using functional neuroimaging techniques
(Gordon et al., 2000, LaBar et al., 2001, Hinton et al., 2004, Wang et al., 2004, Holsen et
al., 2005, Simmons et al., 2005, St-Onge et al., 2005, Porubska et al., 2006, Fuhrer et
al., 2008, Goldstone et al., 2009, Schur et al., 2009). These areas are also implicated in
the neural response to smell and taste (Small et al., 2001; Gottfried et al., 2003;
DelParigi et al., 2005; Small et al., 2007; Haase et al., 2009b; Grabenhorst et al., 2010;
Smeets et al., 2010).

Brain activity at rest in the insula and OFC also increased under conditions of
prolonged fasting (Del Parigi, 2002). The subjective rating of hunger when fasted for at
least 5 hours has been shown to correlate with activation in the insula to food pictures
(Porubska et al., 2006). Activity in the amgydala and OFC has also been associated with
enhanced memory of food stimuli when fasted (Morris and Dolan, 2001).

Another neuroimaging stuy demonstrated that 10% weight loss during a period of
maximal 62 days resulted in increased activation in the brainstem and parahippocampal
gyrus and pallidum as well as middle temporal gyrus, inferior frontal gyrus, middle frontal
gyrus, and lingual gyrus when when viewing food vs. non-food. These areas are involved

in reward and decision-making functions (Rosenbaum et al., 2008).
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1.5.3.2. Sensory-specific satiety

Interestingly, when a food is repeatedly viewed, smelled or consumed, it drops in ratings
of pleasantness relative to foods that have not been eaten and this phenomenon is
referred to as sensory-specific satiety (Rolls et al., 1981). Kringelbach et al. showed that a
sensory-specific reduction in activation of the OFC correlates with subjective pleasantness
when repeatedly eating a liquid food to satiety (Kringelbach et al., 2003). Similar imaging
investigations have shown that activation of the OFC is decreased to the odour of a food
eaten to satiety (O'Doherty et al., 2000, Small et al., 2001).

Cornier et al. has shown that in the state of positive energy balance (30%
overfeeding for two days) activation in brain areas such as the insula and the
hypothalamus when viewing foods of neutral hedonic value were reduced in lean
individuals. This pattern was reversed in obese individuals and thus no reduced activation

in the hypothalamus after two days of overfeeding was observed (Cornier et al., 2009).

1.5.3.3. Hunger versus satiety

A large numer of functional imaging studies using BOLD fMRI or PET have shown
differences in neuronal activation in brain reward system when comparing hungry (fasted)
and satiated (fed) states in humans. Acute fasting increased activity in the ventral
striatum, amygdala, insula and medial OFC in response to food versus non-food stimuli
compared with when fed (LaBar et al., 2001, Hinton et al., 2004, Holsen et al., 2005, Uher

et al., 2006, Faroogi et al., 2007, Fuhrer et al., 2008, Goldstone et al., 2009).

1.5.4. Gender (Table 1.2.-1.8.)

The prevalence in obesity is higher in women than in men in most countries around the
world (Lovejoy and Sainsbury, 2009). The factors driving the greater propensity for
excess body weight in women are not well understood. Research has focused on
evolution, gonadal hormones, pregnancy, behavioural differences and environment, and

their influences on peripheral and central mechanisms that control appetite and body
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weight. Women have lower energy expenditure than men (Tooze et al., 2007). Rodent
studies have shown that oestrogen treatment in mice increases lipolysis in abdominal fat
cells (D'Eon et al., 2005) but differences in eating behaviour might also be important.

Oestrogen deficiency in female animals is associated with hyperphagia and
increased body weight and adiposity (Asarian and Geary, 2006, Clegg et al., 2006).
Similarly, in women some studies report that menopause is associated with weight gain
independent of age (Aloia et al., 1995).

It is also important to note that menstrual cycle is associated with changes in food
intake (Davidsen et al., 2007). Functional imaging research has shown that, in women,
activation of brain reward system (midbrain, striatum, amygdala, OFC) is increased in the
follicular phase compared to the luteal phase (Van Vugt, 2009; Frank et al., 2010).

Using [*°O]H,O PET, Del Parigi and colleagues demonstrated that, in response to
hunger, men tended to have greater resting activity in frontotemporal lobe than women
(Del Parigi, 2002). In response to satiation (liquid meal), women tended to have greater
activation in occipital and parietal sensory association areas and DLPFC than did the men;
in contrast, the men tended to have greater activation in the ventromedial PFC than did
the women.

An fMRI study showed that gender predicts activation in brain reward centres after
chocolate satiation (Smeets et al., 2006). In men, chocolate satiation was associated with
increased activation in the ventral striatum, insula, and medial OFC and with decreased
activation in somatosensory areas. Women showed increased activation in the precentral
gyrus, superior temporal gyrus, and putamen and decreased activation in the
hypothalamus and amygdala. Sex differences in the effect of chocolate satiation were
found in the hypothalamus, ventral striatum, and medial PFC. A recent study showed that
voluntary inhibition of hunger during food stimulation (smelling, viewing and tasting food)
in men decreased activation in the amygdala, hippocampus, insula, OFC, and striatum,
but not in women, using PET and *®FDG (Wang et al., 2009).

Several fMRI studies have also found that women are more likely to be emotional

eaters and have greater activation in brain reward centres such as the amygdala, OFC,
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insula, ACC and hippocampus (Born et al. 2010, Koch et al., 2007, Bohon et al., 2009,
Schienle et al., 2009). Interestingly, food cravings appear to be a rewarding experience in
response to negative feelings in women, and men’s food craving appears to be more
related to a positive mood (Lafay et al., 2001). Nevertheless, women are more interested

in health and taste aspects of foods than are men (Roininen et al., 1999).

1.5.5. Obesity (Table 1.6., 1.7.)

In obese individuals, stimuli associated with high-incentive foods, such as those high in fat
and energy density, may possess greater than normal potency for activating reward
systems and, as a result, trigger excessive motivation for non-homeostatic eating
(Berthoud, 2004). In obese subjects, but not in control subjects, dopamine D2 receptors
abundance, is inversely correlated to BMI, suggesting the dopamine system is involved in
compulsive food intake (Volkow and Wise, 2005). In humans, imaging studies show
reduction in dopamine D2 receptors in the striatum of obese vs. non-obese individuals
(Wang et al., 2001). When tasting or viewing food stimuli (food vs. non-food or high-
calorie vs. low-calorie food), activation of brain reward centres (DLPFC, medial and ventral
PFC, hippocampus, insula, amygdala, medial and lateral OFC, NAc, dorsal striatum) is
increased in obese subjects compared to lean subjects (Gautier et al., 2000; Gautier et
al., 2001; DelParigi et al., 2004; DelParigi et al., 2005; Holsen et al., 2005; Stoeckel et
al., 2008; Cornier, 2009; Martin et al., 2009; Stoeckel et al., 2009; Davids et al., 2010).
BMI predicts activation in the OFC and insula when viewing high-calorie vs. neutral stimuli
in obese compared to control individuals (Killgore and Yurgelun-Todd, 2005, Rothemund
et al., 2007).

Meanwhile other studies have shown decreased activation in the DLPFC in obese
compared to lean men (Le et al., 2006, Le et al., 2007). Lean subjects also show greater
activation in the hippocampus, ACC and insula compared to obese subjects (Cornier et al.,
2009; Martin et al., 2009; Davids et al., 2010). DLPFC, hippocampus and insula were

found to be activated in both lean and obese subjects, and the ACC was only activated in
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lean individuals which might be explained by the executive function of the ACC. The
discrepancy of these results could arise from using different methods (i.e. PET or fMRI) in
each study, but also from different protocols and stimuli paradigms.

Previous fMRI research also revealed increased activation in the premotor area
(involved in planning and motor behaviour) on visual and auditory stimuli of binge type
foods in obese binge eaters (Geliebter et al., 2006). Another study showed that obese
binge eaters have stronger medial OFC activation on viewing food vs. neutral pictures
compared to normal weight and overweight controls, and normal weight patients with

bulimia nervosa (Schienle et al., 2009).

1.5.6. Psychological cues (Table 1.8.)

Eating behaviour can be triggered by internal signals of energy homeostatis such as
hunger and satiety. However, individual differences in reward sensitivity, dietary restraint,
emotional and external eating sensitivity, impulsivity and mood can override internal

signals of positive or negative energy balance.

1.5.6.1. Reward sensitivity
Obesity, food craving, overeating, binge eating and drug abuse are associated with
increased levels of reward drive and sensitivity (Davis et al., 2004, Dawe and Loxton,
2004, Schienle et al., 2009). Interestingly, individual differences in trait reward sensitivity
measures have been linked to alcohol and drug use in healthy and clinical populations
(Dawe and Loxton, 2004, Franken et al., 2006). The first connection between reward
sensitivity and overeating was supplied by questionnaire studies (Franken and Muris,
2005, Davis et al., 2007).

Reward sensitivity can be measured by using different psychological
questionnaires, such as the Behavioural Activation Scale (BAS) (Carver and White, 1994;
Beaver et al., 2006) (Appendix 4). The BAS scale measures individual’'s tendency to

actively pursue reward. The BAS consists of three BAS questionnaires that measure
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personality traits related to reward sensitivity. First, goal drive describes persistence in
obtaining desired goals (e.g. “I go out of my way to get things | want”). Secondly, fun
seeking describes willingness to seek out and spontaneously approach potentially
rewarding experiences (e.g. “I'm always willing to try something new if | think it will be
fun”). Thirdly, reward responsiveness measures anticipation and positive response
towards reward (e.g. “When | get something 1 want, | feel excited and energized”). A
number of functional imaging studies have analysed the correlation between individual
differences in reward drive and neural responses to images of food. Healthy volunteers
and binge eating disorder patients with hightened reward sensitivity and reward
responsiveness showed increased activation in the ventral striatum, VTA, OFC, and ACC
when viewing appetizing vs. bland food or food vs. non-food stimuli (Beaver et al., 2006;

Geliebter et al., 2006; Schienle et al., 2009).

1.5.6.2. Eating behaviour

Identifying the neural pathways that regulate cognitive, emotional and appetitive
responses to different foods is particularly relevant to understand individual differences in
eating behaviour. Adult eating behaviour is strongly correlated with weight gain and BMI
(Hays et al., 2002, Drapeau et al., 2003). Three recognized eating behaviour constructs
are “dietary restraint”, “disinhibition or emotional eating”, and “external food sensitivity”
which are commonly assessed by using psychometric questionnaires such as the Dutch
Eating Behaviour Questionnaire (DEBQ) (Appendix 5) or the Three-Factor-Eating

Questionnaire (TEFQ) (Stunkard and Messick, 1985, van Strien, 1986).

Dietary restraint is a psychological trait that assesses cognitive self-control of food
intake and conscious avoidance of consumption of fattening foods and weight gain (DEBQ
restraint: e.g. “I deliberately eat foods that are slimming”, “I take into account my weight
with what | eat”) (Wing and Hill, 2001). Dietary restraint is associated with healthier
eating habits and long-term weight loss (Wing and Hill, 2001, Moreira et al., 2005, Savage

et al., 2009). Psychological programs that emphasize dietary restraint appear to be more
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effective interventions for preventing weight gain (Shaw et al., 2005). Altered neural
activity in executive control and/or affective reward systems (dorsal PFC and OFC) to food
stimuli has been reported in previously obese subjects who are successful dieters, and
individuals concerned about the healthiness of food and exerting self-control (DelParigi et
al., 2007; Hare et al., 2009; McCaffery et al., 2009). Activation in executive systems
(ACC) has also been reported in patients recovered from compared to ongoing anorexia
nervosa, where conflict between increased desire to eat and fear of weight gain would be

hypothesized to be greater (Uher et al., 2003).

Disinhibition or emotional eating is the tendency to overeat in response to different
stimuli, and can occur in a variety of circumstances such as when an individual is
presented with an array of palatable foods or is under emotional distress (DEBQ-
emotional: e.g. “Do you have a desire to eat when you are depressed or discouraged?”).
Disinhibition or emotional eating has been associated with BMI or weight change (Hill et
al., 1991, Lindroos et al., 1997, Hays et al., 2002, Drapeau et al., 2003, Provencher et al.,
2003). Recent fMRI studies showed that self-reported measures of disinhibition (as
measured by the TFEQ) negatively correlated with executive self-control sytem activation
(ACC) on viewing food vs. non-food pictures in obese, compared to healthy weight
individuals (Martin et al., 2009). Bohon and colleagues demonstrated that female
emotional eaters (as measured by the DEBQ) who underwent fMRI showed greater
activation in the parahippocampal gyrus and ACC in response to anticipated receipt of
milkshake compared to non-emotional eaters (Bohon et al., 2009). Thus, emotional eaters
appear to have increased neural response to anticipatory and consumatory food reward,

but this effect was only found in the negative mood state.

External cues such as the sight of appetizing foods can also evoke a desire to eat, even in
the absence of hunger. This external food sensitivity (as measured by the DEBQ-
external: e.g. “If food tastes good, | eat more than usual” or “If you walk past the baker I

have the desire to buy something delicious™) varies across individuals, and high sensitivity
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to external eating has been associated with increased risk of overeating, food craving and
obesity when exposed to a food-rich environment (Braet and Van Strien, 1997, Horchner
et al., 2002, Burton et al., 2007, Elfhag et al., 2007). An fMRI study by Passamonti and
colleagues revealed that individuals with high external food sensitivity show altered brain
connectivity to the sight of appetizing food (Passamonti et al., 2009). External food
sensitivity (as measured by the DEBQ-external) correlated with changes in connectivity
between brain regions implicated in motivational aspects of food processing and in
emotional regulation (ventral striatum, amygdala, ACC) on viewing appetizing compared
with bland foods. These results are particularly pertinent to recent concerns regarding the

power of food advertisements to promote food intake and prefernces.

1.5.6.2. Mood

Fluctuations in emotions or mood can influence the human appetite (Macht, 1999) and
food cravings correlate with emotional-related eating (Hill et al., 1991). Substantial
individual differences exist in the level of activation of the affective valence system, which
are related to an individual’s propensity to experience either positive or negative affect in
response to emotionally relevant stimuli (Tomarken et al., 1992, Davidson, 2003). For
example, since food and drugs can distract from emotional distress, negative emotions are
major triggers for both eating and substance use (Macht, 1999). For example, craving
intensity is positively correlated with a variety of negative mood states in self-described
carbohydrate cravers (Christensen and Pettijohn, 2001). The Positive and Negative Affect
Schedule (PANAS) measures the tendency to experience positive and negative affect
(Watson et al., 1988, Killgore and Yurgelun-Todd, 2006) (Appendix 6). Research proposes
that affect in the human brain is primarily controlled by the PFC (Davidson and Irwin,
1999, Tataranni et al., 1999). Recent evidence suggests that these systems within the
PFC may regulate both excitatory and inhibitory reactions to appetitive stimuli (Berthoud
and Morrison, 2008). Using fMRI, one study demonstrated that when viewing high-calorie
foods, positive affect (as measured by the PANAS) was associated with increased activity
in the lateral OFC (Killgore and Yurgelun-Todd, 2006). However, when viewing low-calorie
foods, positive affect was associated with increased activity in the medial OFC and the
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insula. The opposite pattern was observed for negative affect. This suggests that mood-
dependent changes in appetite are directly associated with changes in brain reward

activation.

1.5.6.4. Impulsivity

Impulsivity typically refers to behvaiour that incoperates a component of rashness, lack of
foresight or planning or as a behaviour that occurs without reflection or carful
deliberation. Impulsivity can be measured by using psychological questionnaires like the
Barret Impulsivhess Scale which describes a tendency to act rashly and without
consideration of consequences and assesses frequency of impulsive-related behaviour or
cognitions (Patton et al., 1995). The trait of impulsiveness may be another important
individual difference variable in identifying those most vulnerable to overating and weight
gain (Guerrieri et al., 2007, Lowe et al., 2009). A relationship between obesity and
impulsivity has also been frequently described (Nederkoorn et al., 2006b, Lowe et al.,
2009). In a study by of obese children with and without binge eating, it was confirmed
that the binge eaters were more impulsive on a reward based measure of this personality
trait (Nederkoorn et al., 2006b). Several brain areas (ACC, PFC, OFC) have been
described as associated with different types of impulsivity (Winstanley et al., 2004,
Torregrossa et al., 2008). There is growthing evidence that different measures of
impulsivity correlate with food intake and weight gain (Guerrieri et al., 2009, Nederkoorn

et al., 2009).
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Table 1.2. Human neuroimaging studies in non-obese FASTED POPULATIONS (classified by food stimulus).

Author/ year

Fuhrer et al. 2008
Holsen et al. 2005
La Bar et al. 2001

Morris et al. 2001

Porubska et al.
2006

St-Onge et al. 2005

Gordon et al. 2000

Killgore et al. 2003

Siep et al. 2009

Schur et al. 2009

Frank et al. 2010

Goldstone et al.
2009

Simmons et al.
2005

Passamonti et al.
2009

Beaver et al. 2006

Type
fMRI
fMRI
fMRI

H,*°0
PET

fMRI
fMRI
159

CO»
PET

fMRI

fMRI

fMRI

fMRI
fMRI
fMRI
fMRI

fMRI

Subjects?
(n, sex)

12; male
9; 4 male

17; 9 male

10; 9 male

12; 7 male
12; 6 male

8; female

13, female

12; female

10; female

12; 6 male
20; male

9; 3 male
21; 11 male

12; 5 males

BMI

Non-obese

non-obese,
Children

Non-obese,
healthy
Non-obese
Non-obese

Non-obese

Non-obese,
healthy

None-obese

Non-obese

Non-obese

Non-obese, men
Vvs. women

Non-obese
Non-obese ,
healthy

Non-obese

Non-obese

Food stimulus

Viewing food vs. non-food
Viewing food vs. non-food

Viewing food vs. non-food

Viewing food vs. non-food

Viewing food vs. non-food
Food vs. non-food

Viewing High-calorie food vs.
non-food

Viwing high-and low-calorie and
non-foods

Viewing food (high-and low-
calorie) vs. non-food (objects)

Viewing of food (fattening and
non-fattening) vs. non-food

Viewing high- vs low-calorie
foods

Viewing high-calorie vs. low-
calorie food

Viewing of appetizing food vs.
non-food

Viewing of appetizing or bland
food

Viewing appetizing, disgusting,
bland foods and objects

Nutritional
state

Fasted (14h)
Fasted (4h)

Fasted (8h)

Fasted (16h)

Fasted (5h)
Fasted (12h)

Fasted overnight

Fasted for 1.6-
6.8h)

Fasted (18h)

Fasted (2-4h)

Fasted (3h)
Overnight fast
(1.6h)

Fasted ?

Fasted (2h)

Fasted (2h)

Brain reward activity (increased if not other indicated)

Left and right anterior OFC
Medial and lateral OFC

Amygdala

OFC, amygdale, insula

Insula, OFC

Cingulate gyrus, superior temporal gyrus, hippocampus, parahippocampal
gyrus, insula

Decreased insula activation

High-calorie foods: Frontal, temporal and occipital gyrus, amygdala,
parahippocampus, thalamus, vmPFC, DLPFC, hypothalamus

Low-calorie foods: Temporal and lingual gyrus, parahipocampus, OFC,
amygdala, vmPFC

Non-foods: Frontal and occipital gyrus

High > Low:Frontal, temporal and occipital gyrus, thalamus

Low > high: temporal, lingual and frontal gyrus

H>O0: PCC, lateral and medial OFC, insula, caudate putamen, fusiforum
gyrus

L>0: medial and lateral OFC

H>L: medial OFC, fusiforum gyrus

Food > Objects: Hypothalamus, DLPFC, insula, putamen, ventral striatum,
thalamus, occipital lobe

Fatteneing > Objects: Hypothalamus, ventral striatum, thalamus, occipital
lobe

Objects > Fattening: Occipital lobe

High-calorie > Low-calorie: OFC, insula

Women > men: fusiforum gyrus when hungry

Ventral striatum, amygdala, anterior insula, medial and lateral OFC

Appetizing > Objects: Insula, OFC, ACC, inferior temporal, fusiforum gyrus
Objects > Appetizing: Fusiforum

Viewing appetizing > bland foods:

VACC, DLPFC, frontal and temporal gyrus, pCC, ventral striatum, amygdala
Appetizing > Objects: insula, DLPFC, OFC, Parahippocampus

Appetizing > Disgusting: OFC, Parahippocampus, DLPFC

Appetizing > Bland: ventral striatum, insula, parahippocampus, DLPFC
Disgusting > Bland: OFC, ventral striatum, insula

Disgusting > Appetizing: insula, OFC

Disgusting > Objects: insula, OFC

& Adult unless other indicated
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Table 1.2. (CONTINUED). Human neuroimaging studies in non-obese FASTED POPULATIONS (classified by food stimulus).

Author/ year

Uher et al. 2006

Hinton et a. 2004

Piech et al. 2009

O’Doherty et al.
2000

Gottfried et al.
2003

Wang et al. 2004

Koch et al 2007

Wang et al. 2009

Grabenhorst et al.
2010

Haase et al. 2009

Rolls et al. 2007

Small et al. 2001

Bender et al. 2009

Del Parigi et al.
2002

Type

fMRI

H,*°0
PET
fMRI
fMRI

fMRI

PET+
BrEpG

fMRI

PET+
¥EDG

fMRI

fMRI

H,'°0
PET

fMRI

H.50
PET

Subjects?
(n, sex)

18; 8 male

12; male

8; 5 male

No info
given

14; gender?
12; 5 male

40; 21 male

23; 10 men

12; 9 male

18; 9 male

16; female

9; 4 male

15; 6 male

BMI

Non-obese men
and women

Non-obese

Non-obese

Non-obese
Non-obese

Non-obese

Non-obese,
women vs. men

Non-obese , men
VS. women

Non-obese

Non-obese

Non-obese
cravers vs. non
cravers

Non-obese,
chocolate lovers
vs. non-lovers

Non-obese

Non-obese, men
VS women

Food stimulus

Viewing food vs. non-food, and
tasting chocolate and chicken

Imagining of restaurant menu
(high and low-incentive foods)
Imagining + choosing written
food items from restaurant
menu (high and low attractive)
Food-related odours (banana)

Visual stimuli before + after
odor stimui (Vanilla)
Viewing, smelling and tasting
food vs. non-food

Positive or negative olfactory
stimuli

Viewing, smelling and tasting
food with cognitive inhibition
task

Tasting pleasant vanilla drink +
unpleasant strawberry drink

Tasting caffeine, citric acid,
GMP, saccharin, sucrose, NaCl

Taste and sight of chocolate

Tasting chocolate

Tasting sweet, sour, salty or
tasteless solution

Tasting liquid meal

Nutritional
state

Overnight fast
(23h)

Fasted (18h) and
Fed comined

Fasted (6h)
Fasted (?)
Fasted (6h)

Fasted (17-19h)

Overnight fast
(17-19h)

Fasted (3h)

Fasted (12h)

Fasted

Fasted (3-4h)

Fasted ?

Fasted (36h)
before tasting

Brain reward activity (increased if not other indicated)

Food > Non food:

Fusiforum gyrus, insula

Tasting chocolate:

Hippocampus, precentral sulcus and caudate

Taste chicken:

Hypothalamus, thalamus, insula, frontal gyrus, precentral sulcus
Fasting > Fed:

Visula foods: None; taste chocolate: DLPFC; taste chicken: mPFC
Gender: Insula (stronger in women) for visual food stimul

All food categories combined: Amygdala and OFC

Fasted (Food > Non-food): Thalamus, Insula, lateral PFC,
Fasted and Fed combined H>L: Amygdala

OFC (Olfactory sensory-specific satiety)
After odor: amygdala, OFC

Food > Non-food: Postcentral gyrus, superior temporal cortex, insula, OFC

Negative olfactory stimuli in women > men: Insula, frontal and temporal
gyrus.

When cognitive inhibition in men (not women): decreased amygdala,
hippocampus, insula, OFC, striatum -> inhibition correlated with decreased
self-reports of hunger

Ventral PFC correlates with subjective pleasantness ratings

For all tastes: Hunger: increased insula, thalamus, and substantia nigra
Satiety: decreased parahippocampus, hippocampus, amygdala, ACC,
Activation varies when tasting sucrose only

Sight chocolate in cravers > non-cravers: medial OFC, ventral striatum;
sight+taste in cravers > non-cravers: medial OFC, pregenual cingulated
cortex

Cravers > non-cravers: Positive correlation of pleasantness ratings of
chocolate with activation in the pregenual cingulated cortex and medial
orbitofrontal cortex

Insula, medial OFC, striatum

Taste vs tasteless: Insula and operculum

Hunger: men > women: DLPFC, middle tempiral gyrus, posterior cingulated
and parahippocampal gryus

& Adult unless other indicated
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Table 1.3. Human neuroimaging studies in non-obese FED POPULATIONS (classified by food stimulus).

Author/ year Type
Fuhrer et al. 2008 fMRI
Holsen et al. 2005 fMRI
La Bar et al. 2001 fMRI
Morris et al. 2001 H,%0
PET
Siep et al. 2009 fMRI
Frank et al. 2010 fMRI
Goldstone et al. 2009 fMRI
Piech et al. 2009 fMRI
Kringelbach et al. fMRI
2003
Haase et al. 2009
Small et al. 2001 H,*%0
PET
Smeets et al. 2006 fMRI
Smeets et al. 2010 fMRI
Del Parigi et al. 2002 H,%0
PET

Subjects?
(n, sex)

12; male
9; 4 male

17; 9 male
10; 9 male

12; female

12; 6 male
20; male

8; 5 male

10; male

18; 9 male

9; 4 male

24; 12 male

10; male

BMI

Non-obese

non-obese,
Children

Non-obese, healthy
Non-obese

Non-obese

Non-obese, men
Vs. women

Non-obese

Non-obese

Non-obese

Non-obese

Non-obese,
chocolate lovers vs.
non-lovers
None-obese men
Vs. women

None-obese,
healthy

Non-obese, men vs
women

Food stimulus

Viewing food vs. non-food
Viewing food vs. non-food

Viewing food vs. non-food
Viewing food and non-food

Viewing food (high-and low-
calorie) vs. non-food
(objects)

Viewing high- vs low-calorie
foods

Viewing high-calorie vs. low-
calorie food

Imagining + choosing written
food items from restaurant
menu (high and low
attractive)

Tasting food vs neutral
solution

Tasting caffeine, citric acid,
GMP, saccharin, sucrose,
NacCl

Tasting chocolate

Tasting chocolate milk

Tasting of orangeade

Tasting liquid meal

Nutritional state
Fed (1h)

Fed

Fed

Fed during scanning

Fed (lunch)

Fed
Fed

Fed

Fed with solution

Fed

Fed (3-4h)

Fed (Senosry-specific
satiety)

Fed (caloric or non-
caloric orangeade)

Fed after liquid meal

Brain reward activity

Parietal lobe, posterior middle temporal gyrus
None

None
Reduced insula activation

L>0: PCC, lateral and medial OFC, insula, caudate putamen, fusiforum

gyrus
L>H: PCC, medial and lateral OFC

None
None

Food > Non-food: Caudate, lateral PFC

Pleasantness ratings correlated negatively with activation in the OFC
(sensory specific satiety)

For all tastes: (Satiety) decreased parahippocampus, hippocampus,
amygdala, ACC, Activation varies when tasting sucrose only

Parahippocampus gyrus, lateral OFC, PFC (sensory-specific satiety)

Men: increased in ventral striatum, insula, and medial OFC and
decreased somatosensory areas

Women: increased in precentral gyrus, superior temporal gyrus, and
putamen and decreased in hypothalamus and amygdala

Men vs women: hypothalamus, ventral striatum, and medial PFC
Amygdala more activated by non-caloric vs. caloric orangeade; Striatum
more activated by caloric vs. non-caloric orangeade

Satiety women > men: DLPFC, precuneus

Satiety men > women: ventromedial PFC

& Adult unless other indicated
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Table 1.4. Human neuroimaging studies in non-obese FASTED > FED POPULATIONS (classified by food stimulus).

Author/ year Type Subjects? BMI Food stimulus Nutritional state Brain reward activity
(n, sex)
Fuhrer et al. 2008 fMRI 12; male Non-obese Viewing food vs. non-food Fasted > Fed Amygdala, ACC
Holsen et al. 2005 fMRI 9; 4 male non-obese, Viewing food vs. non-food Fasted > Fed Amygdala, medial and lateral OFC, medial frontal cortex, basal
Children operculum/insula, parahippocampal gyrus, cingulate and fusiform gyrus
La Bar et al. 2001 fMRI 17; 9 male Non-obese, healthy | Viewing food vs. non-food Fasted > Fed Parahippocampal gyrus, anterior fusiform gyrus
Hinton et a. 2004 H,'°0 12; male Non-obese Imagining of restaurant menu = Fasted (18h) and Fed All fod categories combined: hypothalamus, amygdala, insula
PET (high and low-incentive High > Low incentive: OFC
foods)

& Adult unless other indicated

Table 1.5. Human neuroimaging studies in non-obese FED > FASTED POPULATIONS (classified by food stimulus).

Author/ year Type Subjects? BMI Food stimulus Nutritional state Brain reward activity (increased if not other indicated)
(n, sex)
La Bar et al. 2001 fMRI 17; 9 male Non-obese, healthy | Viewing food vs. non-food Fed v> Fasted None
Hinton et a. 2004 H,'%0 12; male Non-obese Imagining of restaurant menu | Fasted (18h) and Fed All fod categories combined: OFC
PET (high and low-incentive
foods)

@ Adult unless other indicated
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Table 1.6. Human functional neuroimaging studies in non-obese vs. obese (FASTED AND FED) populations (classified by food stimulus).

Author/ Type
year

Davids et al. fMRI
2009

Martin et al. fMRI
2009

Geliebter et fMRI
al. 2006

Rothemund fMRI
et al. 2007

Stice et al. fMRI
2009

Stoeckel et fMRI
al. 2008

Stoeckel et fMRI
al. 2009

Subjects? (n, sex)

22 obese; 7 male
22 NW*; 10 male

10 in each group, 5
male in each group

10 in each group;
female

13 obese, 13 lean;
female

33; female*

12 obese, 12 lean;
female

12 obese + 12 NW*;
female

BMI

Obese vs. non-
obese children

Obese vs. lean

Obese and lean,
binge eaters vs.
non-binge reaters

Obese vs. Non-
obese

Obese vs. Non-
obese adolescents

Obese vs. lean

Obese vs. lean

Food stimulus

Viewing food pictures

Viewing of food vs. non-food

Viewing binge eating and none
binge eating foods and non-
foods

Viewing food pictures (high-
calorie and low-calorie)

Anticipation and tasting of
milkshake and tastless solution
Viewing high-calorie +low-
calorie food and objects

Viewing of food (high-vs low-
calorie) vs. non-food

Nutritional
state

Fasted (2h)

Fasted (4h)
Fed
(500kcal)

Fasted (3h)

Fasted (3-
4h)

Fasted (4-
6h)
Fasted (8-
9h)

Fasted (8-
9h)

Brain reward activity (increased if not other indicated)

Obese > NW: DLPFC

Nw > Obese: Fusiforum gyrus, ACC, caudate, hippocampus,
parahippocampus gyrus, thalamus

Fasted:

Obese > lean: mPFC, frontal gryus, ACC, fusiforum gyrus,

Lean > Obese: Temporal gryus

Fed:

Obese > Lean: mPFC, frontal + temporal gyrus, hippocampus,
precuneus

Lean > Obese: None

Viewing binge eating foods:

Obese binge eaters: ventral premotor cortex, precentral gyrus, frontal
and fusiforum gyrus, lingual gyrus

Obese non-bingers: None

Lean bingers: None

Lean non-bingers: occipital gyrus and lingual gyrus

Viewing none-binge eating foods:

Obese binge eaters: fusiforum and frontal gyrus

Obese non-bingers: None

Lean bingers: None

Lean non-bingers: occipital, lingual and temporal gyrus

Non-food stimuli: None

BMI correlated with activation in putamen, caudate, insula, cingulate
cortex, pallidum, lateral OFC

Obese > control

HC: putamen, caudate, insula, hippocampus

LC: Frontal and temporal gyrus

Objects: Frontal gyrus and parietal lobe

H>L: Putamen

Control > Obese:

HC and LC: None

Objects: Caudate

Obese > lean: Anticipation and tasting of milkshake > tasteless: insula
increased, caudate decreased

Obese > controls:

H>O: Medial/ lateral OFC, amygdala, ventral striatum, mPFC insula,
ACC, hippocampus

L>0: Putamen, caudate

Controls > obese:

H>0O: mPFC

L>0: lateral OFC, mPFC, ACC

Obese > non-obese for all food categories:

Reduced connectivity from amygdala to OFC and NAc;

Increased connectivity from OFC to NAc

Controls but not obese:

Greater connectivity between amygdala and OFC when viewing high-
calorie foods

2 Adult unless other indicated, *normal weight
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Table 1.6. (CONTINUED). Human functional neuroimaging studies in non-obese vs. obese (FASTED AND FED) populations (classified by food

stimulus).
Author/ Type Subjects?® (n, sex) BMI Food stimulus Nutritional @ Brain reward activity (increased if not other indicated)
year state
Schienle et fMRI 67; female Overweight bingers = Viewing high-caloric, distgust- ? Food > Non-food
al. 2008 (BED), bulemics inducing and non-foods All groups: Occipital, ACC, OFC, insula
and overweight and BED > Bulemics: lateral and medial OFC
lean controls BED > overweight/ lean: medial OFC
Bulemics > BED/ overweight/lean: insula, ACC
Disgusting > Non-food:
All groups: amygdala, insula, lateral OFC
Bulemics > overweight controls: insula
Lean > BED: insula and lateral OFC
Killgore et al. | fMRI 13; female Non-obese Viewing low-calorie, high-calorie = ? High-calorie: BMI negatively related with ACC, OFC; Low-calorie: BMI
2005 and non-food negatively related with OFC; Non-food: BMI positively related with OFC
MccCaffery et fMRI ~17 in each group, ~ 2 Obese, weightloss Viewing food pictures (high and Fasted for High-and low calorie foods > non-foods:
al. 2009 male in each group maintainers (SWLs) = low-calorie) and non-foods 4h SWLs > NW/ obese: frontal and temporal regions
vs. normal weight Obese > SWLs, NW: precentral gyrus
Viewing high-calorie foods only:
NW > Obese: Frontal gyrus, precuneus
NW > SWLs: cingulate gyrus
SWLs > Obese: occipital, lingual, frontal gyrus, pre- and postcentral,
insula, cuneus
Obese > SWLs: ACC
Del Parigi et H,'®0 23 obese; 11 male Post-obese, obese, Tasting liquid meal after 36h Fed Obese and postobese: greater insula + lower hippocampus;
al. 2004 PET 11 postobese; 3 male; lean fast Obese > lean: insula, amygdala, posterior CC, hippocampus
21INW*; 11 male
Del Parigi et H,°0 21 obese; 10 male Obese vs. lean Tasting liquid meal Fasted Obese > Lean:
al. 2005 PET 20 lean; 10 male (36h) Increase: insula, midbrain
Decrease: OFC, posterior cingulate gyrus and temporal gyrus
Lean > Obese:
None
Gautier et al. H,'®0 11 obese, 1llean; male Obese vs lean, men | Taste of liquid after fasting Fed Satiation in both obese and lean:
2000 PET Increase in vmPFC and DLPFC and decrease in striatum, hippocamous,
temporal lobe, precuneus;
Satiation in obese > lean:
In crease in PFC, hypothamaus and thalamus
Gautier et al. H,*%0 12 obese, 10 lean; Obese vs lean, Taste of liquid after fasting Fed Lean and obese:
2001 PET female women Increase PFC and decreased thalamus, insula, parahippocampus and
temporal cortex
Obese only:
Decreased hypopthalamus, cingulate, ventral striatum and amygdala
Obese > lean:
Increased ventral PFC and decreased frontal and temporal cortex
Le et al. PET 9 obese, 9 lean; male Obese vs. Non- Tasting liquid meal after fasting Fed Obese > Lean: Less DLPFC activation
2006 obese
Le et al. PET 9 obese, 10 lean, 8 Lean, obese and Tasting liquid meal after fasting Fed Obese > lean and post-obese: less DLPFC
2007 postobese; female postobese

& Adult unless other indicated, *normal weight
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Table 1.7. Human functional neuroimaging studies with experimental hormonal or dietary manipulation (classified by hormone).

Author/ Type Subjects? (n, sex) Manipulation and BMI Food stimulus Nutritional Brain reward activity (increased if not other indicated)
year state
Baicy et al. fMRI 3 ; gender ? Leptin-deficient subjects; Viewing of food (high and Fed (3h) Leptin supplementation:
2007 Leptin supplementation low-calorie) vs. non-food Decreased: insula, parietal and temporal cortex
Increased: PFC
Farroqui et fMRI 1 male, 1 female Leptin-deficient subjects, Viewing food vs. non-food Fasted Leptin-deficient state > leptin-repleaced state: ventral striatum
al. 2007 before + 7 days after leptin Fed Leptin-deficient state: Positive correalation of Food Liking Ratings and
treatment activation in the ventral striatum when fasted and fed

Leptin-replaced state: Positive correalation of Food Liking Ratings and
activation in the ventral striatum only when fasted

Rosenbaum fMRI 6; 2 male Obese > 10% weight loss; Viewing of food vs. non-food ? Weight loss > Weight Baseline:
et al. 2008 Leptin > saline injection after Frontal and temporal gryus, parahippocampus gyrus
weight loss Weight Baseline > Weight loss:

Amygdala, ACC, CC, fusiforum gyrus, hypothalamus, frontal grysu,
parahippocampal gryus
Weight loss leptin > Weight Baseline placebo:
CC, hypothalamus, frontal gyrus, temporal gyrus, putamen,
precuneus, thalamus
Weight Baseline placebo >Weight loss leptin:
Frontal gyrus, insula, parahippocampal gyrus, precuneus
Batterham et fMRI 8; male Non-obese, PYY and Saline Viewing of food vs. non-food Overnight PYY infusion:
al. 2007 infusion fast increased activation in VTA , insula, ACC and OFC
Correlation analysis:
After PYY infusion OFC predicts food intake at lunch; After Saline
infusion hypothalamus predicts food intake at lunch

Malik et al. fMRI 20 ; male Non-obese, Ghrelin iv. Viewing food vs. scenery Fasted (3h) Amygdala, OFC, anterior insula
2008 infusion Effect of ghrelin on the amygdala and OFC response correlated
with self-rated hunger ratings
Cornier et al. fMRI 25; 1 men Eucaloric diet (2 days) and Viewing foods (high (H) and Fasted Eucaloric diet:
2007 30% overfeeding (2 days) neutral (N) hedonic value) overnight N=>NF: Insula and DLPFC
and non-foods (NF) H>N: Hypothalamus, hippocampus and parietal lobe

Overfeeding:

H>N: Decreased hypothalamus
Eucaloric diet > Overfeeding:
H>N: Hypothalamus; N>NF: None

Cornier et al. fMRI 22 thin; 12 male Thin vs reduced obese, Viewing high-calorie food, Overnight Lean:
2009 19 reduced weight; eucaloric or 30% overfeeding neutral food and non-food fast Eucaloric: HC > non-food - insula, OFC, ventral striatum,
9 male diet hippocampus

Eucaloric >Overfeeding: HC >non-food >decrease insula and
hypothalamus

Overfeeding > Eucaloric: None

Reduced Obese:

Eucaloric >Overfeeding: high-calorie > non-food: None
Reduced Obese > Thin:

Eucaloric: High-calorie > non-food: Only visual cortex

Thin > Reduced Obese:

Eucaloric: High-calorie > non-food: None

Eucaloric >Overfeeding: High-calorie food >non-food >decrease in
visual cortex, insula and hypothalamus

@ Adult unless other indicated
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Table 1.8. Human functional neuroimaging studies with individual differences in psychological traits (classified by co-variable).

Author/ Type Subjects?® (n, BMI Food stimulus Nutritional @ Co-variable Brain reward activity (increased if not other indicated)
year sex) state
Born et al. fMRI 9; females Non-obese, Visual food stimuli Fasted and Stressed vs. When Fasted and stressed: Redcued amygdala, hippocamous and
2009 Fed rest ACC activation

When Fed and stressed: Reduced Putamen activation
Calder et al. fMRI 12; 5 male Non-obese Viewing disgusting, Fasted ? Disgust Correlation with disgust sensitivity questionnaire:
2007 appetizing + bland foods sensitivity Disgusting > Non-food: insula, ventral pallidum

questionnaire Disgusting > Bland: ventral pallidum
Disgusting > Appetizing: insula, pre-and postcentral gyrus

Martin et al. fMRI 10 in each Obese vs. lean Viewing of food vs. non- Fasted (4h) TEFQ - Fasted:
2009 group, 5 male food Fed disinhibition Obese > lean: mPFC, frontal gryus, ACC, fusiforum gyrus,
in each group (500kcal) Lean > Obese: Temporal gryus
Fed:
Obese > Lean: mPFC, frontal + temporal gyrus, hippocampus,
precuneus

Lean > Obese: None
Correlations with questionnaire scoers:
disinhibition correlated negatively with ACC

Del Parigi et H,'*0 21 obese; 10 Obese vs. lean Tasting liquid meal Fasted TEFQ - Obese > Lean:
al. 2005 PET male (36h) disinhibition Increase: insula, midbrain
20 lean; 10 Decrease: OFC, posterior cingulate gyrus and temporal gyrus
male Correlations: TEFQ correlates with insula
Lean > Obese:
None
Del Parigi et H,'*0 9 dieters, 20 Sucessful dieters Resting scan or after Overnight TEFQ - Solution > Fasted:Dieters > non-dieters = none
al. 2007 PET non-dieters; (non-obese) vs. non- tasting meal or solution fast, Fed restraint Non-dieters > Dieters - Hippocampus
female dieters (obese) Meal > Fasted: Dieters > non-dieters - DLPC, dorsal striatum,
Non dieters > Dieters >OFC
Correlations: Restraint positively coorelated with
DPFC and negatively correlated with OFC
Bohon et al. fMRI 21; female Non-obese, emotional taste of chocolate milk vs. Fasted 4-6h | DEBQ — Negative > neutral mood:
2009 VS. non-emotional tasteless solution, and emotional, Anticipated receipt of milkshake:
eaters anticipated receipt of PANAS: Emotional eaters > Parahippocampal gyrus, ACC
milkshake Non-emotional eaters > all ROIs decreased

Receipt of milkshake:
Emotional eaters - ACC, pallidum, thalamus

Passamonti fMRI 21; 11 male Non-obese Viewing of appetizing or Fasted (2h) DEBQ - Viewing appetizing > bland foods:
et al. 2009 bland food external VACC, DLPFC, frontal pole, temporal gyrus, pCC, ventral striatum,
amygdala

Correleations when vieing appetizing > bland foods:
External food sensitivity correlates with ventral striatum, amygdala,
and ACC

& Adult unless other indicated
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Table 1.8. (CONTINUED). Human functional neuroimaging studies with individual differences in psychological traits (classified by co-

variable).
Author/ Type
year

Beaver et al. fMRI
2006

Schienle et fMRI
al. 2008

Killgore et.al. fMRI
2006

Uher et al. fMRI
2004

Hare et al. fMRI
2009

Subjects?® (n,
sex)

12; 5 males

67; female

13; female

19; female

18 self-
controllers, 19
non-self-
controlers

BMI

Non-obese

Overweight bingers

(BED), bulemics and
overweight and lean
controls

Non-obese

Healthy, anorexic and
bulimic pateints (ED)

Self-controllers vs.
non self-controllers

Food stimulus

Viewing appetizing,
disgusting + bland food

Viewing high-caloric,
distgust-inducing and non-
foods

Viewing of high-calorie and
low-calorie

Viewing food and non-food

Choosing tasty vs. healthy
foods

Nutritional = Co-variable

state

Fasted (2h) BAS — reward
sensitivity

? BAS/ BIS
without
subscales,
BED scales

? PANAS - mood

Fasted min. ?
3h

Brain reward activity (Increased if not other indicated)

Appetizing > Objects: insula, DLPFC, OFC, Parahippocampus
Appetizing > Disgusting: OFC, Parahippocampus, DLPFC
Appetizing > Bland: ventral striatum, insula, parahippocampus,
DLPFC

Disgusting > Bland: OFC, ventral striatum, insula
Disgusting > Appetizing: insula, OFC

Disgusting > Objects: insula, OFC

Correleations:

Correlates for appetizing food > bland foods/ non-foods s in ventral
striatum, OFC, amygdala + midbrain (VTA), ventral pallidum
Food > Non-food

All groups: Occipital, ACC, OFC, insula

BED > Bulemics: lateral and medial OFC

BED > overweight/ lean: medial OFC

Bulemics > BED/ overweight/lean: insula, ACC
Correleations with reward sensitivity:

BED: ACC and medial OFC

Bulemics: ACC, medial OFC, insula

Correlations with BED:

Insula

Disgusting > Non-food:

All groups: amygdala, insula, lateral OFC

Bulemics > overweight controls: insula

Lean > BED: insula and lateral OFC

Viewing high-calorie foods:

Positive affect: lateral OFC

Negative affect: medial OFC, ACC and insula

Viewing low-calorie foods:

Positive affect: medial OFC, insula

Negative affect: lateral and medial OFC, and insula

Food > Non-food:

ED > Healthy: vmPFC

Healthy > ED:DLPFC

Annorexia > Healthy: vmPFC

Healthy > Annorexia: Parietal lobe

Bulemic > Healthy: vmPFC

Healthy > Bulemic: DLPFC

Annorexia > Bulemic: PFC

Bulemic > Annorexia: None

Self-controllers when choosing tasty > healthy foods: vmPFC, DLPFC

& Adult unless other indicated

87



1.6. Summary introduction

Evidence is accumulating that brain reward systems can interact with peripheral and
central appetite signals that encode energy balance. Functional neuroimaging studies have
established that brain activity, as measured by BOLD fMRI or PET, is increased in reward
systems in response to imagining, smelling, tasting and viewing food cues. Differences are
seen under fed or fasted (nutritional state) conditions in normal weight and obese
subjects that provide new insights into the control of ingestive behaviour. Altered activity
in reward systems is also associated with gender and individual differences in eating
behaviours. Primarily pre-clinical studies have demonstrated that circulating insulin, leptin
and PYY are able to inhibit and ghrelin to stimulate dopamine signaling in reward systems
and thus influence the subjective reward value of food and hence motivation to eat.
However, it is still unclear how nutritional state, circulating hormones and different food

stimuli interact in humans (Van Vugt, 2009).
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1.7. Hypotheses of thesis

1.7.1.

1.7.2.

Fed-fasted fMRI study
Fasting biases brain reward systems towards high-calorie foods in humans.
Individual differences in eating behaviour and reward sensitivity alter the response

of brain reward systems to high-calorie foods.

Ghrelin fMRI study
The bias in brain reward systems to high-calorie foods when fasted is mediated by

increases in circulating ghrelin.

1.8. Aims of thesis

1.8.1.

1.8.2.

Fed-fasted fMRI study

To investigate the interaction between nutritional state (fasted or fed) and caloric
value of food stimuli on the appeal of food and on activity within brain reward
systems using fMRI in healthy non-obese adults.

To investigate whether individual differences in activation in brain reward systems
to different food stimuli when fasted are influenced by individual differences in

eating behavior and reward sensitivity.

Ghrelin fMRI study

To investigate whether ghrelin administration to fed healthy non-obese adults

mimics the effect of fasting to bias brain reward system to high-calorie foods.
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Chapter 2

MATERIALS AND METHODS

90



2.1. Fed — fasted fMRI study

2.1.1. Participants
Twenty-five subjects (mainly PhD student working in the department) were recruited by
word-of mouth at the Robert Steiner MRI Unit, Hammersmith Hospital, London. To avoid
confounding factors and contraindications among participants in their response to
experimental stimuli, individuals were excluded based on the following criteria: a) a
positive eating disorder history by SCOFF questionnaire (Appendix 3) (Morgan et al.,
1999; Van Vugt, 2009; Born et al., 2010)), b) food preferences that were inconsistent
with our food images e.g. vegetarian, vegan, gluten or lactose intolerant, d) recent
change in weight (>5% change in the preceeding 3 months), e) smoking, f) left-
handedness, g) claustrophobia, h) pregnancy or breastfeeding, i) neurological or
psychiatric history, J) use of street drugs, k) any metallic objects in subject’s body
excluding MRI, e.g. pacemaker. Twenty healthy, non-obese volunteers with normal or
corrected to normal vision completed the study (10 male, 10 female, mean = SEM age 26
=+ 1 years, range 19-35; body mass index (BMI) 22.1 + 0.5 kg/m2, range 18.2-27.1, with
only one subject having BMI=>24.9).

The protocol was approved by the Local Research Ethics Committee (ethics
number: 06/Q0406/18), and was performed in accordance with the principles of the

Declaration of Helsinki. All participants provided written informed consent.

2.1.2. Protocol

Subjects were scanned after an overnight fast (15.9 * 0.3h since supper) and avoided
alcohol and vigorous exercise the day before and day of the study. They were told to eat
their normal meals the day before the study but eat or drink nothing after supper other
than water. On the day of the study, subjects were asked to continue fasting or eat a
filling breakfast of their choice and keep a detailed food diary including saving of food

packaging. Breakfast calorie content and macronutrient composition was determined using
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standard dietary calculators in DietPlan6 (Forestfield Software Ltd, West Sussex, UK).
Breakfast intake (mean = SEM) was 724 + 59 kCal (47 = 4% of estimated resting energy
expenditure using Schofield equation (Schofield, 1985) (age, weight-adjusted): RMR
(kcal/24hrs) = 239 x ((0.062 x weight (kg) + 2.036), if age 18-29, RMR (kcal/24hrs) =
239 x ((0.034 x weight (kg) + 3.538), if age 30-59, with macronutrient content: 51 + 4%

carbohydrate, 33 * 3% fat, 15 * 1% protein.

Before and after scanning, volunteers completed 10cm visual analogue scales of appetite
(VAS) containing the questions: “How hungry do you feel right now?” (hunger), “How full
do you feel right now?” (full), “How pleasant would it be to eat right now?”
(pleasantness), “How sick do you feel right now?” (nausea) and “How much do you think
you could eat right now?” (volume able to eat) (Flint et al., 2000) (Appendix 10). VAS
rating scores for before and after fMRI scanning were averaged for each subject to allow
for changes in ratings over the period of the scanning session. Subject’s height and weight

were also recorded.

2.1.2.1. Questionnaires

Subjects completed the Dutch Eating Behaviour Questionnaire (DEBQ) to measure eating
restraint or extent of dieting regime (DEBQ-restraint; e.g. “lI do deliberately eat less in
order not to become heavier”), and external influences on eating behaviour (DEBQ-
external; e.g. “If | walk pass the bakery I have the desire to buy something delicious”)
(van Strien, 1986) (Appendix 5). In addition, participants completed the Behavioural
Activation / Behavioural Inhibition Scales (BAS/BIS). This questionnaire consists of three
BAS scales that measure personality traits related to rewards sensitivity (goal drive, fun
seeking and reward responsiveness) and one BIS scale related to responsiveness to

punishment cues (Carver and White, 1994) (Appendix 4).
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2.1.3. MRI scanning protocol

In the MRI scanner subjects wore ear plugs and head phones to block of the hammering
noise of the MRI scanner, had a keypad in right hand to rate fMRI pictures (see in detail
below), and an alarm buzzer in left hand, while their head was padded with foam to avoid
excessive head movement.

At the beginning of each scanning session, the patient tested that each button on
the keypad worked and practiced rating the appeal of test animal and blurred pictures for
about 2 minutes.

Following this, four types of colour photographs were presented in a block design:
(1) 54 high-calorie foods (e.g. burgers, cakes and chocolate), (2) 54 low-calorie foods
(e.g. salads, fruits and vegetables, fish), (3) 54 non-food related household objects (e.g.
furniture, clothing, electrical equipment) and (4) 192 Gaussian blurred images of the high-
calorie foods, low-calorie foods and object pictures (Figure 2.1.). Pictures were obtained
from freely available websites and the International Affective Picture System (IAPS, NIMH
Center for the Study of Emotion and Attention, University of Florida, Gainesville, FL, USA).
Food and object pictures were of similar luminosity and resolution.

Food images were selected to represent familiar foods which are typical to the
modern Western diet. The total caloric load, caloric density and macronutrient composition
of the foods were determined using standard dietary calculators in DietPlan6 (Forestfield
Software Ltd, West Sussex, UK) and are as follows - high calorie foods: 855 *+ 108 kCal,
317 = 14 kCal/100g, 42 = 1 % fat, 48 &+ 2 % carbohydrate, 10 + 1 % protein; low-calorie
foods: 274 + 33 kCal, 87 + 9 kCal/100g, 35 + 3 % fat, 43 = 4 % carbohydrate, 23 + 3 %
protein; high-calorie vs. low-calorie foods: P<0.001 for energy content, density and %
protein; P=0.03 for % fat; but not for % carbohydrate (P=0.14).

Pictures of non-food household objects and blurred pictures were included as non-
specific control stimuli in order to examine the effect of nutritional state (fed or fasted) on
brain activation during other non-food related tasks.

Photographs were presented in 18 second blocks in a single run lasting

approximately 17 minutes. Each block contained 6 different images from the same
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category (high-calorie foods, low-calorie foods, household objects), with a total of 9 blocks
of each type shown in one of two pseudorandom block orders with a randomised picture
order within each block. Each high-calorie food block consisted of equal humbers of foods
containing chocolate, non-chocolate sweet and savoury non-sweet foods (n=2 of each).
Each image was displayed for 2500 ms, followed by a 500ms inter-stimulus interval of a
fixation cross. Each food and object block was followed by a similar duration block of 6
blurred pictures. The block of blurred pictures therefore allowed return of BOLD signal to
baseline after blocks of categorical stimuli.

Images were viewed via a mirror mounted above an 8 channel RF head coil which
displayed images from a projector using the IFIS image presentation system (In Vivo,
Wurzburg, Germany) and ePrime 1.1 software (Psychology Software Tools Inc, Pittsburgh,
PA, USA). Whilst each image was on display to subjects in the scanner, they were asked
to immediately rate how ‘appealing’ each picture was to them at that moment on a scale
of 1 to 5 using a hand-held keypad (1 = not at all, 2 = not really, 3 = neutral, 4 = a little,
5 = a lot). The appeal rating was thus made and recorded simultaneously with the
stimulus presentation used for fMRI activation (Figure 2.1.).

A 4Hz flashing visual checkerboard (alternating with a fixation cross in 5 blocks of
24 seconds each) was viewed at the end of each scanning session as a control visual
stimulus to look for non-specific changes in fMRI activation between fasted and fed states

(Figure 2.1.). This scan lasted around 5 minutes.
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Figure 2.1. functional MRI stimulation paradigm.

High-calorie chocolate High-calorie sweet non-chocolate High-calorie savoury
pictures pictures pictures

Blurred pictures

Sl e

"How appealing is this
picture t "

: 4Hz flashing Heutral

. Alitle 3 Picture appeal rating
1 visual checkerboard 4 o Mot really

Hot at all

Functional MRI stimulation paradigm showing blocks of high-calorie pictures (chocolate, sweet non-chocolate and
savoury pictures), low-calorie pictures, object- and blurred pictures in a pseudorandomised design. Subjects are
instructed to simultanously rate the appeal of each picure on a scale from 1-5. The 4Hz flashing checkerboard

was used as a control stimulus.

2.1.4. Imaging acquisition

Imaging was conducted on a 3T Philips Intera whole body scanner. Whole-brain data were
acquired with T2* weighted gradient-echo echoplanar imaging with an automated higher-
order shim procedure (44 ascending contiguous 3.25mm thick slices, 2 x 2 mm voxels;
SENSE factor 2 repetition time (TR) 3000 ms; echo time (TE) 30 ms; 90° flip angle; FOV
190x219, matrix 112x112), slice acquisition angle was -30° from AC-PC line to reduce
frontal lobe signal drop out due to the air sinuses, with a z-shim gradient correction to
compensate for through-plane susceptibility gradients (Deichmann et al., 2003). The first

5 volumes of each fMRI run were discarded to allow for equilibrium effects. No
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neuroanatomical abnormalities were seen on a high-resolution T1l-weighted turbo field
echo structural scan collected at each visit (TE 4.6 ms; TR 9.7 ms; flip angle 8°; FOV 240

mm; voxel dimensions, 0.94 x 0.94 x 1.2 mm).

2.1.5. Image pre-processing and statistical analysis
SPM5 (update 826, Wellcome Dept. of Imaging Neuroscience, UCL, UK) was used for
individual pre-processing. EPl images were corrected for slice timing as each slice is
acquired at different time points. ArtRepair (Mazaika, 2007) was used to quantify relative
head motion. A mean EPI image was created for each subject and registered to a standard
EPI template in stereotatctic space using MNI coordinates (Monreal Neurological Institute,
Quebec, Canada). The normalized images were smoothed with a three-dimensional
isotropic Gaussian kernel of 8 mm full-width half-maximum (FWHM). A general linear
model (GLM) was applied by convolution of the individual block onsets with the
haemodynamic response function including the motion parameters as a regressor, with
subsequent random effects contrast analysis (high-calorie vs. object, low-calorie vs.
object, high-calorie vs. low-calorie, object vs. blurred, and visual checkerboard vs. fixation
cross) (Beaver et al., 2006).

Since excessive head motion in general can produce artefactual brain activation, a
cut off for head motion in this study was less than 10% of scans having greater than 0.3
mm motion (average of all 6 directions) per scan. Two additional subjects were excluded
from the analysis because of excessive head movement or image artefacts during fMRI

scanning.

2.1.5.1. Second-level group analysis for the fed — fasted visit
Second level group random effects analysis was performed separately on the fasted and
fed scans. A statistical threshold of P<0.001 uncorrected and cluster extent > 5 voxels (2

X 2 X 2 mm) was used for activation using whole brain analysis with correction for multiple
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comparisons made using false discovery rate (FDR) and family-wise error rate (FWER) at
P<0.05. For a priori regions of interest (ROI) threshold was P<0.005 uncorrected with
cluster extent > 5 voxels, with small volume correction (SVC) for multiple comparisons
using FWR at P<0.05.

Anatomical labelling of activations was checked with reference to neuroanatomical
atlases (Duvernoy, 1995, 1999). For visualising activations, group maps were overlaid on
the average of the mean EPI scans for each subject, averaged separately for the 1st and
2nd visits, and then combined.

In a separate group analysis, BMI was also included as a co-variate in the second
level group random effects analysis to identify whether the activation in any of the ROIs
for the high-calorie vs. low-calorie food contrast was influenced by BMI when fasting.

Co-ordinates of peak voxel activation within each ROl were determined at the
group level for fasted and fed visits. The co-ordinates of peak voxel activation within each
ROl for the high-calorie vs. low-calorie foods contrast (or flashing checkerboard vs.
fixation cross) at the group level for the relevant visit (or at just the fasted visit if no
significant activation see at the fed visit) were then used to separately extract data on the
magnitude of activation (beta value BOLD contrast) at the fasted and fed visits for
individual subjects for the high-calorie vs. object, low-calorie vs. object, high-calorie vs.
low-calorie and object vs. blurred picture (or flashing checkerboard vs. fixation cross)
contrasts. Beta values were extracted separately for each hemisphere, and also combined
to give average bilateral activation.

Comparison between groups was performed using 2-way paired Student’s t-test
(fasted vs. fed). 2-way repeated measure ANOVA with post-hoc Student-Newman-Keuls
test was performed to look at the interaction of breakfast consumption (fasted vs. fed)
and food picture category (high-calorie vs. low-calorie) on BOLD activation in each ROI
and appeal ratings. Equal variance between groups was confirmed using the Levene
Median Test with a threshold P=0.01.

Linear regression analysis was used to examine the relationship (Pearson

correlation coefficient r) between the effect of breakfast consumption on brain activation
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in each ROI and the effect of breakfast consumption on appeal bias for high-calorie foods.
The dependent factor was the individual average bilateral BOLD contrast values for high-
calorie vs. low-calorie food contrasts in the fed state subtracted from values obtained in
the fasted state. The independent factor was the individual appeal rating difference
between high-calorie and low-calorie foods in the fed state subtracted from the rating
difference obtained in the fasted state.

Unpaired t-test, or 2-way repeated measures ANOVA was used to compare
between genders (male vs. female) and food category (high-calorie vs. low-calorie), the
appeal of food pictures and brain activation in each ROIl. The relationship between
appetite VAS ratings and food picture appeal was examined using linear regression
analysis.

Statistics was performed using SigmaStat 2.03 (SPSS, San Rafael, CA, USA). All
data is presented as mean =+ standard error of mean (SEM). Significance was taken as

P<0.05.

2.1.5.2. Brain activation correlation with questionnaire scores

Statistical parametric maps (for high-calorie greater than low-calorie food picture
contrast) were constructed to determine those voxels within each a priori ROl whose
activity was significantly correlated with individual questionnaire scores (BAS-Drive, BAS-
Fun Seeking, BAS-Reward Responsiveness, BIS, DEBQ-Restraint, DEBQ-External) by their
inclusion as covariates of interest in separate 2nd level group general linear models by
random effects analysis.

The a priori ROl threshold for this analysis was P<0.005 uncorrected with cluster
extent > 3 voxels, with small volume correction (SVC) for multiple comparisons using
FWR at P<0.05. For visualising activations, group maps were overlaid on the average
mean EPI scans for each subject. The co-ordinates of significant peak voxels for each
correlation in each ROl were used to extract the magnitude of activation (BOLD contrast)

for individual subjects for the high-calorie vs. low-calorie food contrast.
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Simple linear regression was used to correlate questionnaire scores with brain
activation in each ROIl. The dependent factor was the individual unilateral BOLD contrast
value for high-calorie vs. low-calorie food contrast and the independent factor was the
individual questionnaire score. These co-ordinates were also used to separately extract
data on the individual magnitude of activation for the object vs. blurred picture contrast
followed by simple linear regression to correlate questionnaire scores with brain activation
in each ROI for this contrast. Gender and visit number were also included as co-variates in
multiple linear regression analysis. Statistics were performed using SigmaStat 2.03 (SPSS,
San Rafael, CA, USA). All data is presented as mean = SEM. Significance was taken as

P<0.05.

2.1.5.3. Regions of interest
The following a priori ROls were choosen for the first analysis (Figure 2.2., 2.3.): ventral
striatum, anterior insula, amygdala, medial and lateral orbitofrontal cortex (OFC) for the
picture viewing; lingual gyrus, calcarine sulcus and lateral geniculate nucleus for the
flashing checkerboard.

The following a priori ROls were choosen for the second analysis (2.1.5.2.) (Figure
2.2.): ventral striatum, anterior insula, amygdala, medial and lateral OFC, dorsolateral
prefrontal cortex (DLPFC), dorsal and ventral anterior cingulate cortex (ACC) for the
picture viewing.

All ROIs were selected according to previous publications and standardized atlases.
ROIs for the amygdala, anterior insula, and medial and lateral OFC used masks generated
from the WFU Pickatlas (version 2.4), using the automated anatomical labeling atlas,
using only voxels with y > O to define the anterior insula, the medial section of the middle
orbital frontal cortex for the medial OFC, the inferior orbital frontal cortex for the lateral
OFC (Tzourio-Mazoyer et al., 2002, Maldjian et al., 2003). The OFC ROIs were also
masked with the overall EPlI mask for the whole group at second level analysis for all visits

to ensure that each voxel in the ROl was present for each subject at each visit to
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compensate for varying degrees of signal drop out in the OFC between subjects and visits.
The ventral striatum ROI used two 8mm diameter spheres centred at MNI co-ordinates x
+ 8 y 10 z -12 taken from a previous fMRI study of viewing appetizing vs. bland food
pictures (Beaver et al., 2006). The dorsolateral prefrontal cortex (DLPFC) ROl used two
10mm spheres centred at MNI co-ordinates x = 26 y 52 z 34 taken from a previous fMRI
study of viewing high-calorie vs. low-calorie food pictures (Killgore et al., 2003). The
dorsal ACC ROI used a 14mm sphere centred at MNI co-ordinates x -2 y 12 z 40 taken
from a previous fMRI study of viewing fearful vs. neutral face distractors (Bishop et al.,
2007). The ventral ACC ROI used two 14mm spheres centred at MNI co-ordinates x = 15
y 36 z -12, taken from a previous fMRI study of viewing negative and neutral words
(Whalen et al., 1998). The lateral geniculate nucleus ROl used two 10mm spheres centred
at MNI co-ordinates x & 22 y -24 z -5 taken from a previous fMRI study viewing a flashing
checkerboard (Schneider et al., 2004). To define the lingual gyrus and calcarine sulcus

masks were generated from the WFU Pickatlas (version 2.4).

Figure 2.2. ROIs for brain food reward and executive systems.

e Ventral striatum anterior insula medial OFC s dorsal ACC
— amygdala m——— lateral OFC DLPFC ventral ACC

All ROIs (amygdala, anterior insula, medial and lateral OFC, ACC and DLPFC) were selected according to previous

publications and standardized atlases (WFU Pickatlas within SPM5).
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Figure 2.3. ROIs for brain visual processing.

lateral geniculate nucleus
== |ingual gurys

= calcarine sulcus

All ROIs (lateral geniculate nucleus, lingual gyrus and calcarine sulcus) were selected according to previous

standardized atlases (WFU Pickatlas within SPM5).

The VTA is very difficult to study in humans using functional neuroimaging because of its
small size, proximity to major blood vessels, susceptibility to motion artefacts related to
cardiac and respiratory cycles, and difficulties in image registration to standard space.

Therefore this ROl was not included in the analysis of this study (D’Ardenne et al., 2008).

2.1.6. Summary fed-fasted fMRI study

Twenty-five subjects were screened for this study but only 20 non-obese healthy adults
were scanned on two separate mornings between 1lam and noon, once after eating a
filling breakfast (fed), and once after an overnight fast (fasted) in a randomised cross-
over design.

Using functional magnetic resonance imaging (fMRI), the interaction between
nutritional state (fed and fasted) and different food stimuli on brain food reward systems
was analysed. This study also examined how blood oxygen level dependent (BOLD)
activity within a priori ROl varied while viewing pictures of high-calorie and low-calorie
foods. Pictures of non-food household objects and flashing checkerboard were included as
control visual stimuli. During scanning, subjects rated the appeal of each picture.

Questionnaires (BIS/BAS and DEBQ) were used to measure individual differences
in reward sensitivity and eating behaviour to examine their influence on individual

differences in activation in brain reward and executive systems.
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2.2. Ghrelin fMRI study

2.2.1. Participants

Fourty-seven adults were screened for this study. Participants were recruited via poster,
email and web-based advertisements and word of mouth. To reduce variability or
confounds among participants in their response to experimental stimuli, individuals were
excluded based on various criteria: abnormal eating habits (assessed by the Eating
Attitude Test (Garner et al., 1982), SCOFF questionnaire (Morgan et al., 1999) (Appendix
3), Dutch Eating Behaviour Questionnaire (DEBQ) (van Strien, 1986) (Appendix 5), 3-day
dietary record (Appendix 7)), missing breakfast (more than 3 days per week), history of
addiction within the last 5 years and severe depression (Beck Depression Inventory (BDI-
11>28)). Further exclusion criteria were as described previously for the fed-fasted fMRI
study (see 2.1.1.).

Twenty healthy, non-obese adults with normal or corrected to normal vision were
eligible and agreed to take part in the study. Two participants withdrew from the study
without any specified reason after completing 2 visits. Eighteen subjects completed the
study (mainly students and health professionals working in the hospital; mixed gender (13
male, 5 female as only women with regular menstrual cycle for the fMRI scanning were
included); mixed ethnicity (white British n=9, other White n=1, Indian n=2, Chinese n=3,
other Asian n=2, White and Asian n=1)). All subjects were either born in the UK or used
to a Western diet.

The study was performed on Ward C2 (Sir John McMichael Centre Clinical
Investigation Unit) and the Robert Steiner MRI Unit at Hammersmith Hospital London. All
subject’s characteristics are to be found in Table 2.1.

The study was approved by the Local Research Ethics Committee Hammersmith
Hospital (ethics number: 07/Q0406/19), and was performed in accordance with the
principles of the Declaration of Helsinki. All participants provided written informed

consent.
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Table 2.1. Subjects characteristics (n = 18).

Mean + SEM Range
Age (years) 24.3+1.5 19-41
Height (m) 1.80 £+ 0.0 1.59-1.91
Weight (kg) 76.1+ 3.7 50.7-104.5
BMI (kg/m?) 24.3+0.7 19.2-30.2
Body fat (%) 16.9+1.6 6.1-31.6
LBM (Kg) 63.3+3.4 45.0-86.1

2.2.2. Protocol

2.2.2.1. Screening visit

After a short telephone screening which included major inclusion and exclusion criteria
(see 2.1.1.), subjects were invited for a 2 hour screening visit. Participants underwent a
physical examination (including ECG). Height, weight and general screening blood tests
(haematology, renal, liver and thyroid function) were measured. Body fat was measured
by bio-electrical impedance analysis which measures electrical resistance to determine fat
free mass (Bodystat 1500, Isle of Man, UK). Pregnancy was excluded using a urine HCG
dipstick testing. Subjects had to fill in a metal check form to ensure they had no metal
inside their body (Appendix 8). A three-day food diary to be completed at home and
different questionnaires (see 2.1.1) were used to screen for mood and abnormal eating
behaviour (Appendix 3 to 7). Subjects also had to choose a study lunch (macaroni cheese
or chiken tikka masala curry) that they would be given at each study visit, with subjects
initially given the pasta. The final meal was chosen from that with a pleasantness ratings

of at least “Like moderately” at the screening visit (Appendix 2).

2.2.2.2. Randomisation
On the first study visit subjects were not given breakfast (remained fasted) and had saline
administered (Fasted Dummy visit). This Fasted-Dummy visit was performed to habituate

individuals to the study environment (chapter 4).
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During the subsequent three visits, participants were fed or fasted in a block
randomised cross-over design and administration of ghrelin or saline during each fed visit
was double-blinded and each fasted visit single-blinded, as follows: Fasted Saline, Fed
Ghrelin, Fed Saline. There was an average of 20 (5-151) days (median, range) between

each study visit.

2.2.2.3. Day before each study visit

Subjects completed a 3-day dietary record starting from the morning prior to the study
day in order to confirm similar nutritional states and food intake between visits.
Volunteers were told to avoid rigorous exercise and alcohol intake and to eat supper at
8.00pm on the day before each study visit. They were advised to eat a similar supper

before each study visit.

2.2.2.4. Study day
After an overnight fast (nothing to eat or drink other than water), subjects arrived
between 8am and 9.30am to Ward C2 of the Hammersmith Hospital. They had to remove
all their metal and changed into blue hospital scrubs. They had to fill in a metal check
form and mood/depression assessment questionnaires at each visit in order to ensure
depression had not developed at the time of scanning (Appendix 8 and 9). All female
volunteers were confirmed not to be pregnant via urine HCG dipstick testing. Females
were only scanned in the follicular phase (day 2-10) of their menstrual cycle to avoid
hormone-induced changes in food selection as food intake and fMRI responses to
rewarding stimuli may vary over the menstrual cycle in response to changes in ovarian
steroid hormone levels (Buffenstein et al., 1995, Dye and Blundell, 1997, Frank et al.,
2010).

Subjects had their height, weight and body fat (bio-electrical impedance analysis)
measured. A peripheral intravenous catheter was inserted into the subject’s left or right

antecubital fossa to allow serial blood sampling at time points (t) = -15 ,0 ,40, 70, 150,
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180 minutes with at least 30 minutes between insertion and first blood sampling to avoid

stress responses (Figure 2.4.).

2.2.2.5. Visual Analogue Scales

Visual Analogue scale (VAS) ratings (0-10 cm) were recorded at 8 different time points: t
= -15, 0, 40, 55, 70, 150, 180 and 210 minutes to measure hunger, sickness,
pleasantness to eat, anxiety, volume of food wanting to eat, fullness, stress and
sleepiness (Flint et al., 2000; Blundell et al., 2010) (Figure 2.4.) (Appendix 10). Subjects
were asked to rate their hunger at 3 time points (after the Test and Rest scan and before
the AMV scan while in the MRI scanner, using a 5 fingers keypad rating from 1) not at all

to 5) a lot (Figure 2.5.).

2.2.2.6. Blood pressure
At each time point (t = -15, 0, 40, 55, 70, 150, 180 and 210 minutes) pulse, systolic and

diastolic blood pressure was measured to ensure patient safety.

2.2.2.7. Study breakfast

Subjects did not know whether they would be given breakfast until t=0 minutes. On the
first study visit, subjects were not given breakfast. During the subsequent three visits,
participants were fed or fasted (not given any breakfast) in a randomised cross-over
design (see 2.2.2.2.). On the fed visit, subjects consumed a fixed breakfast of 730 Kcal
(14% protein, 31% fat and 55% carbohydrate) at t = 0 minutes consisting of 220ml
orange juice, 40g Kelloggs bran flakes, 170ml semi-skimmed milk, 2 slices of wholemeal
bread, each with 10g of margarine, one with 10g of Robertson strawberry jam and the
other with one slice of Leerdamer cheese (8g) (Figure 2.4.). Subjects were told to finish
all of the given food. They rated how tasty and pleasant the breakfast was on a 10cm

scale. The average time to eat breakfast was 9.0 + 1.1 minutes (mean + SEM).
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2.2.2.8. Ghrelin injection

At t = 55 minutes, subcutanous saline or octanylated ghrelin was injected into the
abdomen at a dose of 3.6 nmol/kg (Figure 2.4.), as with earlier studies as the smallest
effective dose from a dose-response pilot study performed in healthy volunteers (Dr. N.
Neary and Dr. M. Druce, Department of Metabolic Medicine, Imperial College London, UK,
personal communication, November 2003), in a concentration of 548 nmol/ml (Druce et
al., 2005, Wynne et al., 2005a). All vials were coded by a member of the department not
involved in the study, so that ghrelin and saline injections were blinded to the
researchers. Human octanylated ghrelin was purchased from Penninsula Laboratories, St.
Helens, Mereyside, UK. Bioactivity of the ghrelin vials had been demonstrated by acute
feeding studies in mice as part of a previous human ghrelin feeding study (Ashby et al.,

2009).

Preparation and Sterility of ghrelin

The peptide was aliquoted into sterile glass vials under aseptic conditions and freeze-
dried. Although the material is packed and stored under vacuum, which destroys any
active (aerobic) microorganisms, the freeze-dried peptide was also sent to the HHNT
Microbiology Dept. for culture of all common pathogenic microorganisms as a further
safety check. Absence of pyrogen contamination of every batch of peptide was confirmed
by highly sensitive measurements of endotoxin content using a Limulus Amoebocyte
Lyaste (LAL) test, performed by Associates of Cape Cod International, 3a Newton Court,

Wavertree Technology Park, Liverpool.

Potential toxicity of ghrelin

For each batch of peptide aliquots, toxicity studies were carried out in mice. Greater than
10 times the maximum dose to be given to man was administered by intraperitoneal
injection to a minimum of 20 mice and compared to a saline injected control group. The
animals were observed and, if no adverse effects were seen, one group of 10 mice was

killed by a schedule 1 method after around 48 hours observation and the remaining
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animals were killed after at least 14 days. Full necropsies with histological examination of
all important internal organs, including lungs, heart, brain, and kidneys were performed
under the supervision of an independent experienced rodent pathologist and a formal

report was issued.

2.2.2.9. Blood sampling

Blood samples drawn at each time point were immediately transferred to chilled lithium
heparin polyprooylene tubes, containing 4-(2-Aminoethyl)benzenesulfonyl fluoride
hydrochloride (AEBSF) (A8456 Sigma-Aldrich), a protease inhibitor to prevent the
breakdown of active ghrelin, and aprotinin (Nordic Phama UK), a protease inhibitor to
prevent breakdown of other gut hormones, to give a final AEBSF and aprotinin
concentration of 1 mg/ml whole blood and 200 klU/ml whole blood respectively (Figure
2.4., Appendix 11).

Blood samples were centrifuged at 4°C, 4000 rpm for 10 minutes. 150ul aliquots of
separated plasma was immediately mixed with HCl (to prevent breakdown of active
ghrelin) to give a final concentration of 0.05M, which was frozen and stored at -80°C for
future assaying of acylated ghrelin. One milliliter aliquots of seperated plasma were not
mixed with HCI, frozen and stored at -80°C for future assaying of adipocytes and gut
hormones. The samples have not yet been analysed for gut hormones as additional
subjects have been recruited to the study to improve statistical power and all blood
samples need to be assayed together.

At each time point blood samples were taken to measure plasma glucose, and
serum insulin, growth hormone, cortisol, prolactin, and triglycerides. All metabolic
paramteres were measured in the Department of Clinical Biochemistry, Hammersmith
Hospital and Charing Cross Hospital, using either an Abbott Architect ci8200 analyser
(Abbott Diagnostics, Maidenhead, UK) or an Axsym analyser (Abbott Diagnostics,
Maidenhead, UK) respectively. Intra-assay co-efficients of variation of all metabolic

parameters were 1.0-5.0%.
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2.2.2.10. Lunch

After MRI scanning (t = 150 mins) each subject received the same and excess amount of
lunch (macaroni cheese (per 100g: 205kCal, 6.5g protein, 18.9g carbohydrate and 11.5g
fat; or chicken tikka masala (per 100 g: 150kCal, 6.6g protein, 13g carbohydrate, 8g fat).
Men were presented with 2000g and women were presented with 1500g of excess lunch.
Subjects were instructed to eat as much as they wanted until they felt comfortably full
(Figure 2.4.; Appendix 2). Subjects rated how tasty and pleasant the lunch was on a 10

cm scale.

2.2.2.11. Three-day dietary record
Subjects finished the 3-day dietary record at home until the evening after the study day
(Figure 2.4.). Food diaries were analysed using dietary analysis software DietPlan6

(Forestfield Software Ltd, West Sussex, UK).

2.2.2.12. Picture scoring

After the 4™ study visit volunteers named all of the food pictures viewed during the fMRI
scanning to ensure subjects were familiarized with the foods (percentage correctly
recognised). Subjects also scored all of the food pictures viewed during the fMRI scanning
to rate how much they usually like the food: hate a lot (score -3), hate somewhat (score -
2), hate a little (score -1), neither like nor hate (score 0), like a little (score +1), like
somewhat (score +2) or like a lot (score +3); and how often they usually eat the food:
never (score 0), 3 times or less per year (score 1), 6 times or less per year (score 2),
once per month or less (score 3), 2-3 times per month (score 4), once per week (score
5), 2-3 times per week (score 6), 4-6 times per week (score 7) or once per day or more
(score 8). Scores were added separately for high-calorie and low-calorie foods to assess

usual preferences and consumption of the high-calorie vs. low-calorie foods (Figure 2.4.).
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Figure 2.4. Ghrelin study protocol.

Fed Injection Picture scoring
Cannula or Fasted Saline/ Ghrelin Lunch (last visit)

R, | | |

Mins -15 0O 40 55 70 150 180 210
Bloods X X X X X X
VAS X X X X X X X X

Ghrelin study protocol: Each subject completed 4 study visits. After an early morning cannulation, subjects
received breakfast or remained fasted. Before the fMRI scanning session, subjects received an injection of saline
or ghrelin. After 1 hour of scanning, an ad libitum lunch was given. Blood samples were taken and Visual
Analogue Scales filled in throughout the study morning. Food diaries had to be completed for 3 days starting the
day prior to the study. On the last study visit subjects were instructed to score the food pictures seen in the MRI

scanner.

2.2.3. MRI scanning protocol
After the injection, each subject underwent one hour fMRI session, starting at t = 70 mins

(Appendix 12).

Figure 2.5. Scanning protocol

5 mins 10 mins 10 mins 10 mins 5 mins 6 mins 5-10 mins
Test Resting | Picture | Picture Field AMV T1/T2/
run scan run 1 run 2 maps FLAIR/DTI

¥ ! _..._..LmT

Hunger Hunger
Rating Rating

Functional MRI scanning protocol lasting for about 60 mins: 1) Test run to get subjects used to the keypad
button pressing, 2) Resting scan to look at brain activity in the absence of a task, 3) Two picture runs showing
blocks of food- and object pictures alternating with blurred pictures, 4) Filed maps to reduce signal drop-out, 5)

AMV — Audio-Motor-Visual task used as a control task, 6) Anatomical scans to look for abnormalities in the brain.

The scanning protocol was similar to the fed-fasted fMRI study scanning protocol (see

2.1.3.). Additions to that protocol in this study were as follows (Figure 2.5.):
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In the MRI scanner, subjects had a respiratory belt to measure breathing and a
pulse oximeter to measure heart rate and blood oxygenation to monitor
subject’s safety.

The software to display images in the MRI scanner was updated from ePrime
1.1 to ePrime 2.0 (Psychology Software Tools Inc, Pittsburgh, PA, USA).

Fruit pictures as well as salad pictures showing excessive oil or dressing were
removed from the low-calorie food picture paradigm and replaced by 14 new
pictures as their sweetness or calorie content was felt to be too high to be
included in the low-calorie pictures. The percentage of carbohydrates in the
low-calorie pictures was now reduced and the amount of protein increased. The
new total caloric load, caloric density and macronutrient composition of the
foods were reassessed using Dietplan6 (Foresfield Software Ltd, West Sussex,
UK) - high calorie foods: 834 + 100 kCal, 321 + 13 kCal/100g, 42 + 2 % fat,
48 + 1 % carbohydrate, 10 = 1 % protein; low-calorie foods: 157 + 18 kCal,
64 + 5 kCal/100g, 35 = 3 % fat, 35 = 3 % carbohydrate, 29 = 3 % protein;
high-calorie vs. low-calorie foods: P<0.001 for energy content, density, %
protein and % carbohydrate; and P=0.03 for % fat.

The high-calorie and low-calorie food and object picture number was increased
from 54 to 60 pictures per category to allow equal numbers of blocks per run.
The food picture run (17 minutes) was divided into two runs each of 9 minutes
to increase subject’s concentration and attention. Each run contained different
pictures and contained 5 blocks each of high-calorie and low-calorie foods and
objects interleaved with 31 blocks of blurred pictures (6 pictures per block). A
different pseudorandomised block run order was used between each visit.
Fieldmaps were used to correct for geometric distortions caused by
inhomogenities in the magnetic field which can lead to compression of the
BOLD image or signal drop out in important brain reward areas such as the OFC
(due to its air-filled sinuses). Therefore, two images of signal phase with

slightly different echo times were acquired (Figure 2.5). The differences
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between the two images results in an image of the intensity of the magnetic
field across space (at any given location) which can be registered with the EPI
image to correct geometric distortions (Huettel, 2004). The imaging parameters
to acquire fieldmaps were as follows: TR 800 ms; TE 20ms, 90° flip angle; FOV
190x219, 44 ascending contiguous 3.25mm thick slices, 2 x 2 mm voxels, oTE
0 and 2.5.

The software to analyse fMRI data was changed from SPM5 to FSL (FMRIB’s

Software Library, www.fmrib.ox.ac.uk/fsl). Advantages for using this software

to analyse fMRI data included: ease of use, ability to easily script pre-
processing steps for multiple visits, improved visualization of registration steps,
non-linear registration, and maintenance of results within subject space until
the end of the analysis when registration to the T1 anatomical scan and hence
to standard space was performed.

Instead of slice timing correction, this study now used temporal derivatives
which measures the relative change of activation over time and is applied to
the GLM to correct for differences in both slice timing and in the onset of the
HRF after stimulus delivery between different voxels.

After the Test Run, subjects had a resting state fMRI scan for 10 minutes
during which they were instructed to keep their eyes shut, not to fall asleep nor
think of anything in particular (Figure 2.5.). This scan allows assessment of
resting connectivity between brain regions, which shows how strongly
coordinated activity is within brain networks in the absence of a task
(Damoiseaux et al., 2006).

An auditory-motor-visual (AMV) task was performed for 6 minutes at the end of
each scanning session as control stimuli to look for non-specific changes in fMRI
activation between fasted and fed states, and fed saline and fed ghrelin
injections (Figure 2.5.). The following brain areas will be assessed with this
task: visual cortex (lingual gyrus, calcarine sulcus) and lateral geniculate

nucleus, primary and secondary auditory cortex, primary motor cortex and
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supplementary motor area. Subjects were told to perform two tasks
simultanously:
a. Watching a 4Hz colour flashing checkerboard while listening to a story, or
b. Watching a 4Hz flashing checkerboard while pressing the right index finger
once every second, or
c. Listening to a story while pressing the right index finger once every second.
The AMV scan fMRI data has not been analysed for this thesis.
After the Test and Resting scan and before the AMV scan subjects rated how
hungry they felt using the hand-held keypad (6 = a lot, 4 = a little, 3 =
neutral, 2 = not really, 1 = not at all) (Figure 2.5.).
Image acquisition (2.1.4) was similar to the first fed-fasted study except that
the first 6 volumes rather than 5 volumes were discarded to allow for
equllibrium effects. The number of volumes per scan was as follows: Rest scan
192 volumes, Food picture run each 192 volumes, AMV scan 113 volumes.
Additionally to the first fed-fasted study, a second T1l image was collected as
anatomical brain image used for image registration in case there were artefacts
with the first T1 scan.
Fluid attenuation inversion recovery (FLAIR) was added into the protocol which
is a special inversion recovery sequence with long Tl to remove the effects of
fluid from the resulting images. The FLAIR sequence was used to look at
anatomical brain abnormalities and is described as follows: TR/TI=11000/2800,
TE=125, Slices=30, Slice gap=1mm, acquired voxel size=0.65x0.97x4mm, rest
slab=1, TSE factor=27.
The "pathology weighted"” T2 (turbo spin echo) sequence is important as most
pathology contains more water than normal tissue around it which lights
usually brighter on a T2 sequence (TR=3000, TE=80, Slices=28, Slice
gap=1mm, acquired voxel size 0.57x0.72x4mm). The T2 and FLAIR scans were
included to improve detection and assessment of any neurological abnormality

that might be found as incidental findings (Figure 2.5.).
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2.2.4. Image pre-processing
FMRI data processing was carried out using FEAT (FMRI Expert Analysis Tool) version

5.98, part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). The following

preprocessing was applied: motion correction using MCFLIRT (Jenkinson et al., 2002);
fieldmap-based EPl unwarping using PRELUDE+FUGUE (Jenkinson, 2003, 2004); non-
brain removal using BET (Smith, 2002); spatial smoothing using a Gaussian kernel of
FWHM 6.0mm; grand-mean intensity normalization of the entire 4D dataset by a single
multiplicative factor and highpass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with sigma=100.0s).

Time-series statistical analysis was carried out using FILM with local autocorrelation
correction including picture onsets, temporal derivative and motion parameters as co-
variates (Woolrich et al., 2001). Registration to high resolution T1 structural and/or
standard space images was carried out using FLIRT (Jenkinson and Smith, 2001,
Jenkinson et al., 2002). Registration from high resolution structural to standard space was
then further refined using FNIRT nonlinear registration (Anderson et al., 2007a, b). For
the food pictures, higher level analysis was carried out using a fixed effect model to
combine the 2 runs, by forcing the random effects variance to zero in FLAME (FMRIB’s
Local Analysis of Mixed Effects) (Beckmann et al., 2003, Woolrich et al., 2004). One
subject (20 year old male BMI 21.2 kg/m?) was removed from further analysis because of
excess head movement (over 10% of scans showing motion >0.3mm/TR or average

relative motion per scan >0.3mm).

2.2.5. Image statistics

Average group activation for each visit separately

Higher level group whole brain analysis using FEAT version 5.98 with random effects
analysis was performed to identify those voxels in the brain which are significantly more
activated when viewing high-calorie foods (vs. objects) or low-calorie foods (vs. objects)
for each visit separately, with correction for multiple comparisons made using false

discovery rate (FDR) at P<0.05.
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Combined activation averaged across 3 visits

Significant activated voxels in the brain when viewing high-calorie foods > objects
averaged across all three study visits (Fasted Saline, Fed Saline and Fed Ghrelin) were
then determined using higher level group analysis using FEAT version 5.98 with random
effects analysis and a whole brain statistical threshold of FDR P<0.05 (Figure 2.6.).
Similar activation maps averaged across all visits were performed for the low-calorie foods
> object contrast, and generally were contained within the mask of those voxels activated

for the high-calorie > food contrast.

Figure 2.6. Combined whole brain activation averaged across 3 visits.

Combined whole brain activation across 3 visits (Fasted Saline, Fed Saline and Fed Ghrelin visit). Various brain

areas were activated when viewing different pictures contrasts: RED when viewing high-calorie foods > object
pictures, BLUE when viewing low-calorie foods > object pictures, YELLOW showing the overlap of activation of

viewing high-calorie and low-calorie foods > object pictures.

2.2.6. Regions of Interest (ROIls)

A priori ROIs for this study were as follows: ventral striatum, amygdala, insula and
anterior OFC. For the former the activation map produced for the high-calorie food >
object contrast averaged across all three study visits at FDR P<0.05 (see 2.2.5) was
masked with the ventral striatum, amygdala and insula ROIs determined by the cortical
and subcortical structural Harvard FSL atlas (Shenton et al., 1995; Dreher et al., 2007;

Van Vugt, 2009) (Figure 2.7.). For the OFC a cluster of activation in the anterior OFC
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(y=>74) was used from the high-calorie food > object contrast across all three visits

(Figure 2.7.).

Figure 2.7. ROIs averaged across 3 visists.

A priori ROIs (ventral striatum, amygdala, insula and anterior OFC): The activation map produced for the high-
calorie food > object contrast averaged across all three study visits at FDR P<0.05 was masked with the ventral
striatum, amygdala and insula ROIls determined by the Harvard FSL atlas within FSL. For the OFC a cluster of

activation in the anterior OFC was used from the high-calorie food > object contrast across all three visits.

Extraction of magnitude of activation for each visit separately

These ROI activation masks were then used to extract the average magnitude (beta
values) of BOLD activation within each a priori ROl for each of the four visits separately
(Fasted Dummy, Fasted Saline, Fed Saline and Fed Ghrelin) for each individual subject for
each of the contrasts: high-calorie food > object, low-calorie > object, and object >
blurred (as control) using FEAT query in FSL. Beta values were extracted separately for
each hemisphere. Average BOLD activation for each of these contrasts within each ROI
was then compared between visits using paired Students t-test or Wilcoxon Signed Rank

test outside FSL using SigmaStat 2.03.
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2.2.7. Statistical analysis

Results are presented as mean value + standard error of the mean (SEM). VAS scores and
blood parameters were calculated as the total area under curve (AUC) in millimeters for
the time course: -15 mins to 210 mins (VAS) and -15 mins to 180 mins (blood
parameters). The study population demographics, dietary records, VAS, blood parameter
and appeal ratings were compared between (i) Fasted Dummy and Fasted Saline, (ii)
Fasted Saline and Fed Saline, or (iii) Fed Ghrelin and Fed Saline using paired Student’s t-
test or Wilcoxon Signed Rank post-hoc test if not normally distributed. Unpaired t-test was
used for analysis of picture scores (recognition, liking, frequency) to compare between
high-calorie and low-calorie foods or Mann-Whitney-Rank Sum test if not normally
distributed.

The relationships between hunger ratings (independent variable) and brain
activation (dependant variable) or brain activation / VAS appetite scores (independent
variable) and ad libitum lunch intake (dependant variable) were examined using linear
regression analysis.

Analyses were performed using Prism version 4.03 software (Graphpad Software,
San Diego CA, USA), Microsoft Office Excel 2003 and SigmaStat 2.03. P<0.05 was

considered to be statistically significant.

2.2.8. Summary ghrelin fMRI1 study

Eighteen non-obese healthy adults were scanned on 4 separate mornings starting
between 10.36 am and 12.40 pm, twice after eating a fixed 730kCal breakfast (Fed Saline
or Fed Ghrelin), and twice after an overnight fast (Fasted Dummy or Fasted Saline) in a
randomised cross-over design. They were either given a subcutaneous injection of saline
(Fasted Dummy, Fasted Saline, Fed Saline) or ghrelin (Fed Ghrelin). Using fMRI, the
interaction between nutritional state (Fasted Saline vs. Fed Saline visit) and different food
stimuli on brain food reward systems was analysed. It was further examined whether the

effect of fasting on food reward can be mimicked by the orexigenic hormone ghrelin (Fed
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Ghrelin vs. Fed Saline visit). This study further investigated the effect of activation in
brain reward systems on subsequent food intake (ad /ibitum lunch). In order to measure
appetite and hunger subjects were asked to complete VAS and three-day food diaries.
During scanning, subjects rated their appeal of each picture and hunger on a 5-point
scale. Blood samples were also taken throughout the study morning to measure glucose,
insulin, triglycerides and growth hormone as well as stress responses (cortisol and
prolactin). Finally this study investigated the reproducibility of fMRI data by comparing the

Fasted Dummy and Fasted Saline visit.
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Chapter 3
RESULTS

FED — FASTED fMRI STUDY
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3.1. Appetite visual analogue scales

Subjects rated higher scores for “hunger”, “pleasantness to eat”, and “volume able to eat”
and lower scores for “fullness” when fasted compared to when fed both before and after
the fMRI scan (P<0.001) (Figure 3.1., Table 3.1.). There was no significant difference in
the change in VAS from before to after the fMRI scan between fasted and fed visits,
although there was a tendency for fullness to decline more on the fed than fasted visit

(P=0.08) (Table 3.1.).

Figure 3.1. Pre (A) and post (B) — fMRI scan Visual Analogue Scales.
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Subjects rating of appetite in fasted (hatched bar) and fed states (dotted bar) (*** P<0.001).
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Table 3.1. Appetite visual analogue scale (VAS) ratings.

Fed Fasted
Appetite VAS Rating °?
Hunger 1.5+0.2 7.7 £0.2 ***
Nausea 1.6 +£0.4 2.0+0.4
Pleasant 2.0+0.3 8.1 £0.2 ***
Volume 2.0+0.2 7.8+ 0.3 ***
Full 6.9+04 1.0 £ 0.2 ***
Change in VAS over fMRI scan®
Hunger 1.0+04 0.9+£0.2
Nausea -04+0.4 0.2+0.2
Pleasant 0.8+0.4 0.4+0.3
Volume 0.6 £ 0.3 0.8+0.3
Full -0.2+0.3 -1.2+04

& Appetite visual analogue scale (VAS) ratings (1-10) using average of values obtained before and after fMRI
scan. Questions asked: “How hungry do you feel right now?” (hunger), “How sick do you feel right now?”
(nausea), “How pleasant would it be to eat right now?” (pleasant), “How much do you think you could eat right
now?” (volume), and “How full do you feel right now?” (full). °After minus before fMRI scan. Data shown as

mean + SEM, n=20 per group: *** P<0.001 fed vs. fasted.

3.2. Food picture appeal rating
Both high-calorie and low-calorie food pictures (but not object and blurred pictures) were
more appealing when fasted than when fed (P<0.001) (Figure 3.2., 3.3., Table 3.2., 3.4.).
Furthermore, high-calorie and low-calorie foods were more appealing relative to object
(and blurred) pictures when fasted compared to when fed (P<0.001) (Figure 3.2., 3.3.,
Table 3.2., 3.4.). However, there was no significant difference in the appeal of object
relative to blurred pictures when fasted compared to when fed (P=0.14) (Table 3.2.).
Fasting affected the preference for high-calorie over low-calorie foods (P<0.001).
High-calorie foods were less appealing than low-calorie foods when fed, but more
appealing than low-calorie foods when fasted (P<0.001 fasted vs. fed) (Figure 3.2., 3.3,
Table 3.2., 3.4.). These differences were irrespective of the type of high-calorie food in

the picture: chocolate, sweet non-chocolate or savoury (Table 3.2.).
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Figure 3.2. Appeal rating of pictures.
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Appeal rating of pictures (high-calorie foods, low-calorie foods, non-food related household objects, blurred)

when fed (solid bar) and fasted (white bar). ** P<0.001 fasted vs. fed.

Figure 3.3. Appeal rating difference.
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skipping (fasted, white bar) breakfast. *** P<0.001 fed vs. fasted.
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Table 3.2. Food picture appeal rating.

Picture Appeal Rating Fed Fasted

Absolute rating °

High-calorie foods 2.15+0.19 3.98 £ 0.13 ***
Low-calorie foods 2.39+0.16 3.74 £ 0.15 ***
Household objects 2.41 +£0.14 2.26 £ 0.16
Blurred 1.91+£0.18 1.91+£0.19
Chocolate high-calorie foods 2.29 £ 0.22 3.98 £ 0.18 ***
Sweet non-chocolate high-calorie foods 2.27 £ 0.20 3.94 £ 0.15 ***
Savoury high-calorie foods 2.00 £ 0.18 3.99 £ 0.13 ***
Difference in rating between °

High-calorie foods & objects - 0.26 £ 0.27 1.72 + 0.23 ***
Low-calorie foods & objects - 0.03+0.22 1.48 + 0.23 ***
Chocolate high-calorie foods & objects -0.12+0.28 1.72 + 0.26 ***
Sweet non-chocolate high-calorie foods & -0.14 £+ 0.28 1.68 + 0.23 ***
objects

Savoury high-calorie foods & objects -0.41+0.26 1.73 + 0.23 ***
High-calorie & low-calorie foods -0.23+0.11 0.24 £ 0.12 ***
Chocolate high-calorie & low-calorie foods - 0.10+0.15 0.25 +0.19 **
Sweet non-chocolate high- & low-calorie foods -0.12+0.14 0.20+0.11 *
Savoury high-calorie & low-calorie foods -0.39+0.10 0.25 £ 0.12 ***
Objects & blurred 0.51+£0.21 0.35+0.19

Food picture appeal rating (*1=not at all, 2=not really, 3=neutral, 4=a little, 5=a lot; 1% category minus 2™
category). Data shown as mean+SEM, n=20 per group: * P<0.01, ** P<0.005, *** P<0.001 fed vs. fasted.

3.2.1. Relationship between Appeal and VAS
The individual differences in the appeal of high-calorie foods (compared to objects)
between fasted and fed states also correlated with the individual differences in ‘hunger’
(r=+0.55, P=0.01) and ‘pleasantness to eat’ (r=+0.63, P=0.003) (Figure 3.4.).

Inividual differences in hunger positively correlated with individual differences in
appeal bias towards high-calorie foods in the fed state (r=+0.60, P=0.002) but not in the
fasted (r=+0.14, P=0.7) state when viewing high-calorie over low-calorie foods (Figure

3.5.).

122



Figure 3.4. Correlation between differences in appeal ratings for high-calorie

foods and appetite VAS between fasted and fed visits.
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Correlations for high-calorie foods (relative to objects) between fasted and fed states and changes in (A) ‘hunger’

and (B) ‘pleasantness to eat’ VAS ratings between fasted and fed states.

Figure 3.5. Relationship between absolute hunger ratings and appeal rating bias.
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Relationship between VAS hunger ratings and individual differences in appeal ratings when viewing high-calorie

over low-calorie foods at the fasted (black triangles) and fed (black squares) visit.
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3.3. ROI analysis
The nutritional state and caloric value of the food stimuli had a significant interactive
effect on brain activation in each ROI (Figure 3.6., Table 3.4.).

There was no significant activation of the ventral striatum, anterior insula,
amygdala, medial OFC and lateral OFC on viewing high-calorie compared to low-calorie
foods when fed (P=0.4-0.9). When fasted, there was significantly greater activation
bilaterally in each of these ROIs on viewing high-calorie compared to low-calorie foods
(P<0.01 to <0.001) (Figure 3.6., Table 3.3.). The magnitude of activation was also
significantly greater for high-calorie than low-calorie foods when fasted but not when fed
(P=0.03-0.002) (Figure 3.6., Table 3.4.).

There were no voxels within any of the ROIs whose activation showed a significant
correlation with BMI for the high-calorie vs. low-calorie food contrast when fasted

(surviving SVC when including BMI as a covariate in the GLM).
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Figure 3.6. Brain activation in the fed and fasted state to food pictures.

Ventral striatum

0.3 q
g
2 0.2 A
Qo
°
2 01 **x
g T
= 0.0
[}
o
g -01
m Fed Fasted
0.2 -
0.3 1 Amygdala
S 0.2
. . ey
—a— High-calorie °
2 01+
8
. 5 0.0
- - - Low-calorie s
o
o]
T -0.1 -
o Fed Fasted
0.2 -
0.3 1 Insula
8 0.2
L
°©
£ 011
[ N .
€ 0.0 <
8 2
o]
B -0.1
o Fed Fasted
0.2 -
0.3 - Medial OFC
g 02
2
°
g 01+
7 **x
g
£ 0.0
5 T~<
: ~~
8 ~
g 0.1+ T
-0.2 - Fed Fasted
0.3 1 Lateral OFC
8 0.2 -
L
°
g 01+
j /I
£ 0.0
g AN
o -0.1 1 ~
23] ~ E
0.2 -

Fed Fasted

Left hand side: area of (a) ventral striatum, (b) amygdala, (c) anterior insula, (d) medial OFC and (e) lateral OFC
showing increased group activation for viewing high-calorie relative to low-calorie foods when fasted. Color bar
indicates T values. Activations are thresholded at P<0.005 uncorrected, minimum cluster size 5 voxels, overlaid
onto the average EPI scan for all subjects. Co-ordinates are given in standard MNI space. By contrast, no voxels
were activated above this threshold when fed (statistical parametric maps not shown). Right hand side: average
bilateral activation (contrast beta value relative to objects) in peak activated voxel in each ROI for high-calorie
(black square, solid line) and low-calorie (white triangle, dotted line) foods when fed and fasted. ***P<0.001

high-calorie vs. low-calorie.
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Table 3.3. Co-ordinates of peak activated voxel with ROls.

ROI H Fed Fasted
X vy z Vv Z X \Y z \ zZ

Ventral striatum Ly- - - - ns -12 10 -12 55 3.02**

R|- - - - ns 14 14 -14 9 3.03*P
Amygdala L - - - - ns -18 0 -12 22 3.31**°

R|- - - - ns 34 2 -24 29 4.47 ** d

L|- - - - ns -40 4 2 655 4.45 ** ¢
Insula

R - - - - ns 38 16 -14 38 3.80 ** P
Medial OFC L|- - - - ns -8 50 -12 144 3.56 *=* P

R|- - - - ns 12 46 -6 215 3.52 ** P
Lateral OFC L - - - - ns -38 20 -12 133 3.91 ** P

R|- - - - ns 30 34 -16 403 3.90 **°

Acivation within ROl at 2" level group analysis for high- vs. low-calorie food picture contrast in fasted and fed
state (n=20 per group). Results represent co-ordinates of peak statistical voxel (X, y, z in MNI space) for each
hemisphere (H), number of voxels within cluster (v, 2 x 2 x 2 mm), and Z statistic using statistical threshold
P<0.005, minimum 5 voxel cluster size. Uncorrected: *P= 0.001, **P<0.001; family wise error (FWE) small

volume correction (SVC): %P=0.05, "P<0.05, °P<0.005, “P<0.001.

Table 3.4. Appeal ratings and magnitude of activation within ROI.

ROI H Fed Fasted
High-Calorie Low-calorie High-Calorie Low-calorie
Appeal rating -0.258 + 0.270 -0.028 + 0.222 1.716 £ 0.227 2™ 1.475+0.226 ™
Ventral striatum | L 0.044 + 0.046 0.085 + 0.057 0.206 + 0.060 P 0.056 + 0.048
R 0.064 + 0.054 0.043 +£ 0.055 0.201 £ 0.057 ¢ 0.007 + 0.050
Amygdala L 0.004 + 0.047 0.045 + 0.045 0.323+0.075°™ 0.129 + 0.047
R 0.078 + 0.038 0.071 £ 0.041 0.100 + 0.060 °© -0.073 £ 0.069
Insula L 0.066 + 0.053 0.044 + 0.044 0.197 £ 0.050 ° -0.032 £ 0.058
R 0.093 + 0.054 0.121 £ 0.053 0.128 £ 0.071 ° -0.034 + 0.070 ©
Medial OFC L 0.038 £ 0.111 -0.078 £ 0.114 0.245 £ 0.098 ¢ - 0.131 £ 0.110
R 0.107 + 0.060 0.067 £ 0.053 0.153 £ 0.045 °© -0.055 £ 0.051
Lateral OFC L -0.088 £ 0.104 - 0.045 £ 0.105 0.044 + 0.079° -0.239 £ 0.090
R 0.014 + 0.060 0.002 + 0.063 0.087 + 0.065 ° - 0.055 + 0.067

Appeal rating difference (compared to object pictures) and magnitude of activation at peak voxel within ROI for
each hemisphere (H) depending on nutritional state (fasted vs. fed) and food picture (high-calorie vs. low-
calorie). Co-ordinates of peak voxel determined from high-calorie vs. low-calorie foods contrast when fasted. 2-
way repeated measures ANOVA using nutritional state and food picture as factors, and R values extracted at peak
voxel for individual subject contrast estimates (vs. objects) for high-calorie and low-calorie foods (n=20 per
group): 3P<0.05, PP<0.01, °P<0.001 for high-calorie vs. low-calorie foods within fed or fasted; *P<0.05,

**pP<0.01, ***P<0.001 for fed vs. fasted within low-calorie or high-calorie.
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3.3.1. Relationship between brain activation and food appeal

ROI activations were correlated with subjective appeal scores in individual subjects to
examine the relationship between the effect of nutritional state (fed or fasted) on brain
reward systems and food appeal. The increase in appeal rating bias for high-calorie over
low-calorie foods with fasting was positively correlated with the change in activation in
both the medial OFC (r=+0.49, P=0.029), and lateral OFC (r=+0.48, P = 0.034) for the
high-calorie vs. low-calorie food contrast with fasting (Figure 3.7.). However no significant

correlations were seen for any of the other ROIls.

Figure 3.7. Relationship between brain activation and food appeal.
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Difference in activation (contrast beta value) within lateral (a) and medial (b) OFC (average bilateral) on viewing
high-calorie vs. low-calorie foods between fasted and fed states correlates with difference in appeal ratings for

high-calorie relative to low-calorie foods between fasted and fed states.
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3.4. Whole brain analysis

Additional brain areas were activated when viewing high-calorie than low-calorie foods
when fasted but only few areas when fed using whole brain analysis (Table 3.5., 3.6.).
More reward areas were activated at the fasted visit but not at the fed Saline visit. Visual

areas were activated at both visits.

Table 3.5. Whole brain analysis in fasted state.

Region H V4 \% X \% z

Cerebellum L 5.252° 2014 -36 -46 -32
Cerebellum R 3.94 % 50 18 -74 -24
Inferior temporal/cerebellum R 5.07 2P 2577 28 -40 -30
Posterior cingulated L 4.85*% 176 -8 -24 50
Ventroanterior insula L 4.49 % 928 -36 10 -16
Ventroanterior insula R 4.47 2 177 34 2 -24
Ventroposterior insula R 4.45* 92 38 -10 -14
Pre-frontal/orbitofrontal cortex L 4.30°2 84 -26 48 34
Premotor cortex/dorsal cingulate L/R 4.24 % 492 2 2 70
Dorsolateral pre-frontal cortex L 4.15?2 19 -24 36 54
Premotor/motor cortex L 4.13°2 329 -46 4 54
STG/temporal pole L 4.06 44 -38 18 -28
Motor cortex L 3.98 @ 9 -16 -8 54
Posterior hippocampus L 3.97?2 33 -20 -38 2

Hippocampus (posterior)/lingual gyrus L 3.81°% 129 -14 -46 -4
Somatosensory cortex L 3.97?2 195 -34 -40 64
Visual cortex (cuneus) L 3.94°2 305 -8 -78 0

Orbitofrontal cortex (medial) R 3.90? 48 30 34 -16
Orbitofrontal cortex (medial) L 3.89°? 92 -20 66 6

Orbitofrontal cortex (lateral) R 3.86°? 42 42 40 -2
Somatosensory R 3.86°% 30 54 -24 44
Orbitofrontal cortex (medial) L 3.75?2 59 -14 56 -8
Dorsolateral pre-frontal cortex R 3.73?2 20 26 34 54
Dorsal medial pre-frontal cortex R 3.63°? 10 10 28 62
Lateral occipital/inferior parietal lobule L 3.72?2 19 -54 -72 18
Motor cortex R 3.72°2 28 56 -10 24
Cerebellum R 3.68 % 40 12 -54 -52
Premotor cortex R 3.66 2 65 58 14 34
Motor cortex L 3.59 % 16 -20 -8 74
Insula/parietal operculum L 3.57? 11 -50 -24 24
Dorsal anterior cingulate R 3.66 2 147 8 20 30
Dorsal anterior cingulate L 3.56? 28 -10 14 36

Activation within whole brain at 2" level group analysis for high-calorie vs. low-calorie food picture contrast
when fasted (n=20 per group). Results represent co-ordinates of peak statistical voxel (x, y, z in MNI space)
within each cluster for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm), and Z statistics
using statistical threshold P<0.001, minimum 5 voxel cluster size. Correction for multiple corrections: *FDR
P<0.05; "FWE P<0.05.
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Table 3.6. Whole brain analysis in fed state.

Region H Z \Y, X \Y, z

Central operculum/insula R 4.34 13 36 -8 18
Visual cortex R 4.08 116 50 -62 -12
Anterior fusiform cortex/ L 3.63 51 -38 -50 -14
temporo-occipital boundary

Visual cortex L 3.50 44 -48 -66 -2

Activation within whole brain at 2™ level group analysis for high-calorie vs. low-calorie food picture contrast
when fed (n=20 per group). Results represent co-ordinates of peak statistical voxel (X, y, z in MNI space) within
each cluster for each hemisphere (H), number of voxels within cluster (v), and Z statistics using statistical
threshold P<0.001, minimum 5 voxel cluster size. No peak voxels survived correction for multiple corrections:
FDR or FWE P<0.05.

3.5. Control activation

3.5.1. Object vs. blurred picture contrast
The nutritional state had no significant effect on the activation in each ROl when viewing

household objects vs. blurred pictures (P=0.3-0.8) (Figure 3.8.).

Figure 3.8. Brain activation when viewing objects vs. blurred pictures.
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Activation (contrast beta value) in peak activated voxel (from high-calorie vs. low-calorie foods contrast in fasted
state) within each ROI (average bilateral) on viewing objects relative to blurred pictures when fed (solid bar) and
fasted (white bar). *P<0.05 fasted vs. fed.
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3.5.2. Visual checkerboard
The occipital cortex and lateral geniculate nucleus showed no significant difference in
activation on viewing a 4Hz flashing checkerboard between fed and fasted states (P=0.1-

0.9) (Figure 3.9. a-c, Table 3.7.).

Figure 3.9. Brain activation when viewing 4Hz visual checkerboard.
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(a,b) Group brain activation in occipital cortex and lateral geniculate nucleus when viewing flashing checkerboard
(relative to fixation cross) when (a) fed and (b) fasted. Colour bar indicates T values. Activations are thresholded
at *P<0.05 uncorrected, minimum cluster size 5 voxels. Co-ordinates are given in standard MNI space. (c)
Activation (contrast beta value) in peak activated voxel (from fasted state) within each ROl (lingual gyrus,
calacrine sulcus, lateral geniculate nucleus (LGN), average bilateral) on viewing flashing checkerboard (relative

to fixation cross) when fed (solid bar) and fasted (white bar). *P<0.05 fasted vs. fed.
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Table 3.7. Co-ordinates of activated voxels when viewing 4Hz flashing

checkerboard.
ROI H Fed Fasted
X \ z \ Z X Y z \% Z

Calacrine L  -10 -102 -10 734 7.67**¢ | .12 -98 -10 749 6.98 ** ¢
sulcus R 22 -94 -4 423 6.90**9 | 22 -94 -2 444 6.98 **d
Lingual L -14 -98 -12 558 6.35**¢ | .14 -98 -12 623 6.58 *=* ¢
gyrus R 24 -94 -8 797 6.35*9 | 10 -92 -10 814 6.82 ** d
Lateral L -20 -28 -4 98 4.13**°¢ | .22 .26 -6 106 4.33 ** ¢
geniculate n. R | 24 -28 -2 67 3.91 ** P 24 -26 -6 31 3.55 ** @

Activation within regions of interest (ROI) at 2" level group analysis for flashing checkerboard vs. fixation cross
contrast in fasted and fed state (n=20 per group). Results represent co-ordinates of peak statistical voxel (X, y, z
in MNI space) for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm), and Z statistic using
statistical threshold P<0.005, minimum 5 voxel cluster size. Uncorrected: **P<0.001; FWE small volume
correction (SVC): P<0.05, °P<0.01, °P<0.005, “P<0.001.

3.5.3. Reaction time for appeal rating

There was no significant difference in the reaction time for appeal rating of any of the
picture categories between the fasted and fed state (P=0.4-0.9) (Table 3.8.), suggesting
the absence of non-specific effect of nutritional state on the picture viewing and rating

task.

Table 3.8. Picture rating reaction time.

Picture Rating Reaction Time (msec) Fed Fasted

High-calorie foods 1271 + 57 1282 + 48
Low-calorie foods 1318 £+ 57 1292 £ 51
Household objects 1280 + 50 1207 + 56
Blurred 1058 + 69 1024 + 69

Data shown as mean + SEM, n=20 per group.
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3.6. Relationship with questionnaire scores

3.6.1. Behavioural Activation and Inhibition Scale (BAS 7/ BIS)

Mean = SEM (range) questionnaire scores were as follows: BIS: 21.8 + 0.86 (15-28); BAS
drive: 10.6 £ 0.49 (range 8-15); BAS fun seeking: 12.2 = 0.61 (7-16); BAS reward
responsiveness: 16.9 * 0.45 (14-20).

BAS-drive scores were significantly positively correlated with activation to high-
calorie relative to low-calorie foods in the ventral striatum (x 12, y 10, z -16: 57 voxels,
SVC FWE P=0.025; r=+0.68, P<0.001), but no other ROIs (Figure 3.10. a). BAS-drive did
not differ between genders (male 10.3 = 0.5 vs. female 10.9 * 0.9, P=0.56) and the
positive correlation between ventral striatum activation and BAS-drive remained
significant (P=0.001), when including gender and visit number as independent variables

(though they were not significant variables themselves: P=0.7 and 0.4 respectively).

3.6.2. Dutch Eating Behaviour Questionnaire (DEBQ)
Mean = SEM (range) questionnaire scores were as follows: DEBQ-restraint 19.8 = 1.1
(11-32); DEBQ-external: 34.8 + 0.87 (27-43).

DEBQ-restraint score was positively correlated with activation to high-calorie
relative to low-calorie foods in the DLPFC (-32, 54, 28: 9 voxels, P<0.001, SVC FWE
P=0.04; r=+0.69, P<0.001) and dorsal ACC (-6, 10, 36: 12 voxels, P=0.001, SVC FWE
P=0.04; r=+0.63, P=0.003) (Figure 3.10. b,c)..

By contrast, DEBQ-restraint was negatively correlated with activation for high-
calorie relative to low-calorie foods in the amygdala (-30, -4, -22: 4 voxels, P=0.001, SVC
FWE P=0.04; r=-0.53, P=0.015), and left lateral OFC (-38, 28, -22: 243 voxels, P<0.001,
SVC FWE P=0.003; r=-0.83, P<0.001) (Figure 3.10. d,e).

There was a tendency for a negative correlation of DEBQ-restraint with activation
in the right lateral OFC but it did not survive SVC for multiple comparisons (2 clusters: 38,
36, -10: 7 voxels, P<0.001, SVC FWE P=0.16; r=-0.68, P=0.001; and 44, 30, -18: 28

voxels, P=0.001, SVC FWE P=0.26; r=-0.64, P=0.002).
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Dietary restraint did not differ significantly between genders (male 18.0 = 1.4 vs.
female 21.6 = 1.5, P=0.10). Furthermore the negative correlations between dietary
restraint and amygdala and left lateral OFC activation (P=0.015 and <0.001 respectively),
and the positive correlations with DLPFC and dorsal ACC activation (P=0.004 and 0.005
respectively), remained significant when including gender and visit number as
independent variables, though they were not significant variables themselves (gender:
P=0.3-1.0, visit number: P=0.1-0.9).

Examination of the spread of dietary restraint between subjects, revealed
one outlier with particularly high dietary restraint (score of 32) (Figure 3.10. b-c).
Exclusion of this outlier from the linear regression analysis did not qualitatively alter the
correlations between DEBQ-restraint and activation to high-calorie relative to low-calorie
foods in the ROIs although the results for DLPFC and dorsal ACC did not quite reach
statistical significance (amygdala: r=-0.52, P=0.02; left lateral OFC: r=-0.78, P<0.001;

DLPFC: r=+0.45, P=0.05; dorsal ACC: r=+0.43, P=0.06).

There was no significant correlation between BAS-drive nor DEBQ-restraint with activation
to viewing object compared to blurred pictures in any ROl (r=-0.02 to +0.31, P=0.2-0.9).
There was no significant correlation between the difference in appeal rating between high-
calorie and low-calorie foods and BAS-drive (r=+0.13, P=0.6) nor DEBQ-restraint
(r=+0.10, P=0.7).

There was no significant correlation seen between activation in any ROl and DEBQ-
external eating behaviour when including the latter as an independent variable in the

GLM.
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Figure 3.10. Relationship between brain activation and questionnaire scores.
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Left hand side: Statistical parametric maps indicating significant group correlations between brain activation in a
priori regions of interest when viewing high-calorie compared to low-calorie food pictures when fasted, and (a)
reward sensitivity (BAS drive) in ventral striatum, or dietary restraint in (b) DLPFC, (c) dorsal ACC, (d) amygdala
and (e) lateral OFC. Colour bar indicates T values. Activations are thresholded at P<0.005 uncorrected,
minimum cluster size 3 voxels, overlaid onto the average EPI scan for all subjects. Co-ordinates are given in
standard MNI space. n=20 per group. Right hand side: Correlation of individual differences in brain activation for
high-calorie vs. low-calorie food contrast at peak voxel in (a) ventral striatum, (b) DLPFC, (c) dorsal ACC, (d)
amygdala and (e) lateral OFC, and (a) reward sensitivity (BAS drive) or (b-e) dietary restraint for each individual

subject (n=20).
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3.7. Summary results fed — fasted fMRI study

In twenty non-obese healthy adults, fasting selectively increased activation to pictures of
high-calorie over low-calorie food in the ventral striatum, amygdala, anterior insula, and
medial and lateral orbitofrontal cortex (OFC). Furthermore, fasting enhanced the
subjective appeal of high-calorie more than low-calorie foods, and the change in appeal
bias towards high-calorie foods was positively correlated with medial and lateral OFC
activation.

Individual differences in reward drive positively correlated with activation in the
ventral striatum when viewing high-calorie compared to low-calorie foods. Dietary
restraint positively correlated with activation in the dorsolateral prefrontal cortex (DLPFC)
and dorsal anterior cingulate cortex (ACC) when viewing high-calorie compared to low-
calorie foods, but negatively correlated with activation in the amygdala and lateral

orbitofrontal cortex (OFC).

3.8. Limitations of fed — fasted fMRI study

For the fed visit, the size of the breakfast consumed by the subject was variable. Subjects
were told to have a filling breakfast of their choice one hour before they arrived for fMRI
scanning. The breakfast intake was 724 + 59 kCal (mean = SEM). In order to compare
brain activity between subjects it is important to have the same macronutrient
composition consumed by each of them. For that reason, questionnaire scores were not

correlated to brain activation in this study.

The subject’s appetite on the study day could also be influenced by food intake the night
prior to the study day and irregular eating habits habits (not eating meals at typical times
or not eating breakfast). Indeed, research underlined that the effect of skipping breakfast
on subsequent intake depends on the usual breakfast habits (Schlundt et al., 1992). This
study did not control for food intake nor assess participant’s normal eating habits by using
dietary records. However, only one subject reported to eat breakfast only 3 days per

week, 2 eat breakfast 4 days a week, and 70% eat breakfast every day.
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Females were not scanned in the same phase of their menstrual cycle. There is evidence
for hormone-induced changes in food selection in the luteal phase of the menstrual cycle.
Thus, food intake as well as fMRI responses to rewarding stimuli can vary over the
menstrual cycle in response to changes in ovarian steroid hormone levels (Buffenstein et
al., 1995; Dye and Blundell, 1997; Dreher et al., 2007; Van Vugt, 2009, Frank et al.,

2010).

In this study, there was no blood collection to measure gut hormones involved in appetite
regulation. It is therefore impossible to relate changes in brain activation in the fed and

fasted state to changes in anorexigenic and orexigenic gut hormones.

Geometric distortions caused by inhomogenities in the magnetic field can reduce brain
activation in certain areas such as the frontal cortex due to vicinity to air-filled sinuses. It
is possible to correct the inhomogenities by using field maps (Huettel, 2004). In this
study, field maps have not been acquired due to delayed sequence development. Signal
such as activation in the orbitofrontal cortex may have been lost in this study which then

could have biased the significance of the results.

Studies in animals and humans have shown that anxiety and stress can alter feeding
behavior (Adam and Epel, 2007; Chandarana et al., 2009; Born et al., 2010). The
participants in this study had no dummy visit to acclimatize to the study and scanning,
although many subjects had previously experienced MRI scans. Therefore, stress and
anxiety may have influenced the study results and especially the activation in important
brain reward systems. Nevertheless, the order of the study visits was counterbalanced
and so the differences between the fed and fasted visits should remain the same even

when including a sham visit.

In the subsequent Ghrelin fMRI study, these limitations were corrected: every subject had
the same breakfast, subjects were instructed to eat the same dinner the night before each
study visit and to keep a food diary of intake the day before the study to improve and

check for similar prior food intake. Blood was collected throughout the study morning to
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measure gut hormones. Field maps were acquired during each fMRI scanning session. A
dummy visit was also included in the ghrelin fMRI study. The following chapter shows the

importance of dummy visits in feeding studies.
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Chapter 4

REPRODUCIBILITY OF

EATING BEHAVIOUR STUDIES
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4.1. General limitations of eating behaviour studies

Measuring eating behaviour can be very challenging. Self-report measures of appetite
such as Visual Analaogue Scale (VAS) have been previously questioned in terms of their
reproducibility. However, VAS are easily used and translated, and appear to be valid,
sensitive and unbiased measurement tools for regular use in standard practice and have
been therefore used in this Ghrelin fMRI study (Blundell et al., 2010).

Furthermore, appetite studies are mostly used within laboraties and therefore not
performed under real-life circumstances which could influence eating behaviour (Blundell
et al., 2010). For example, venepuncture to withdraw bloods on different time points has
been shown to acutely increase circulating cortisol concentrations because of stress-
induced cortisol release related to the novelty of the first study visit (Chandarana et al.,
2009). The effects of unfamiliar study protocols and venepuncture could alter gut
hormone concentrations or appetite. Several research studies including the Ghrelin fMRI
study have adopted the standard protocol of waiting for subjects to “recover” after
cannula insertion prior to commencing assessments (Chandarana et al., 2009).
Additionally, feeding behaviour studies in animals and humans have shown that anxiety
and stress can alter ad libitum food intake. Functional MRI studies have previously
demonstrated that stress can alter responses in brain reward systems (Adam and Epel,
2007; Chandarana et al., 2009; Blundell et al., 2010; Born et al., 2010). In the Ghrelin
fMRI study, participants had one dummy visit to acclimatize to the hospital environment,
research study protocol and MRI scanning protocol. The following chapter will analyse
different measures of appetite and fMRI responses comparing the 2 identical fasted study

fMRI visits.

4.2. Fasted Dummy versus Fasted Saline visit (sub-study, ghrelin fMRI study)

The initial Fasted Dummy visit has been compared with the subsequent Fasted Saline visit
for the following parameters: VAS hunger, fullness, pleasantness, stress, anxiety, and
sickness VAS ratings, serum cortisol and prolactin levels, lunch intake and pleasantness,

fMRI appeal rating and fMRI BOLD signal to food pictures. Each measure was also used to
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examine the correlation between the two fasted visits. Study characteristics and other
comparisons are shown in the following table (Table 4.1.). There was a median interval of
18 days between the 2 visits (range 6-151 days). Percentage intake of fat was
significantly less at supper prior to the study visit and intake of carbohydrates significantly
increased at the Fasted Dummy visit compared to the Fasted Saline visit (P<0.05). The
time of injection to the first food picture run and time of injection to lunch was

significantly longer at the Fasted Dummy visit (P<0.05).

Table 4.1. Subject characteristics.

Fasted Dummy Fasted Saline

N 17 17
Age (years) 24.6 +1.6 24.6 +1.6
Height (m) 1.80+ 0.0 1.80+ 0.0
Weight (kg) 76.1 + 3.7 76.3+ 3.6
BMI (kg/m? 24.2+0.7 24.1+0.7
Body fat (%) 16.6 + 1.7 17.1+1.6
LBM (kg) 63.7 + 3.5 64.6 + 3.3
Day of menstrual cycle (females) 52+1.2 52+1.2
Food intake at supper prior to study

Energy (kcal) 962 + 135 1012 + 179

Protein (%) 19+3 21+2

Fat (%) 30+4 40 + 5*

Carbohydrate (%) 51+5 38 + 5*
Food intake whole day prior to study

Energy (kcal) | 2142 + 191 | 2645 + 397

Protein (%) | 16+1 | 17+1

Fat (%) | 29+ 3 | 37+4

Carbohydrate (%) 55+ 3 46 + 3
Time fasting since supper (hrs) 17.4 £ 0.3 17.1+0.3
Time sleep (hrs) 7.4+0.2 7.0+0.3
Time injection to first food fMRI scan (hrs) 0.8+£0.1 0.6 £ 0.0*
Time injection to lunch (hrs) 1.7+0.1 1.6 + 0.0*
Absolute Head motion (mm) 0.4+0.1 0.2+0.0

n=17 per group, Mean + SEM, *P<0.05.
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4.2.1. VAS appetite scores and food intake

Analysis of VAS ratings revealed that there was no significant difference between the
Fasted Dummy and the Fasted Saline visit in hunger ratings (P=0.65) but there was a
trend for fullness to be greater (P=0.07), and pleasantness-to-eat to be lower (P=1.0) on
the Fasted Dummy visit (Figure 4.1.). There was an 8% increase in energy intake
(P=0.04) at the Fasted Saline visit compared to the Fasted Dummy visit (Figure 4.2.,
Table 4.2.). There was no significant difference in lunch tastiness (P=0.18) but a trend for

lunch pleasantness to be greater at the Fasted Saline visit (P=0.07) (table 4.2.).

Figure 4.2. Ad libitum lunch intake.
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Lunch intake (kcal)

Ad libitum lunch intake for fasted visits (Fasted Dummy, dark blue bar and Fasted Saline, green dotted bar),

n=17 per group. Data are expressed as mean + SEM, *P<0.05.

Table 4.2. Ad libitum lunch intake for fasted visits.

Fasted Dummy Fasted Saline
Lunch intake
Total lunch food (kcal) 1320 + 81 1428 + 101>
Lunch tastiness 59+ 0.3 6.4+ 0.3
Lunch pleasantness 6.0 + 0.4 6.8 + 0.3

n=17 per group, data shown as mean = SEM, *P<0.05 Fasted Dummy vs. the Fasted Saline.

141



Figure 4.1. VAS appetite scores.
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Absolute VAS scores for hunger, fullness and pleasantness to eat ratings for fasted visits (Fasted Dummy, dark

blue bar and Fasted Saline, green dotted bar), (A-C) time course of VAS scores, (D-F) mean AUC for each VAS

score. n=15 per group (2 subjects have been excluded from the analysis because of incomplete data sets), data

are expressed as mean + SEM, *P<0.05.

142



4.2.2. Stress ratings

Analysis of VAS stress ratings revealed that there was no significant difference between
the Fasted Dummy and the Fasted Saline visit in stress (P=0.26), but anxiety (P=0.01),
and sickness (P=0.01) ratings were significantly higher at the Fasted Dummy visit (Figure

4.3.).
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Figure 4.3. VAS stress scores.
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Fasted Saline, green dotted bar), (A-C) time course of VAS stress scores, (D-F) AUC for each VAS stress score,

n=15 per group (2 subjects have been excluded from the analysis because of incomplete data set), data are

expressed as mean = SEM, *P<0.05.
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4.2.3. Serum stress hormones

There was no significant difference between the Fasted Dummy and the Fasted Saline visit

in serum cortisol (P=0.95), or prolactin (P=0.58) levels (Figure 4.4.).

Figure 4.4. Cortisol and prolactin serum levels for fasted visits.
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Cortisol and prolactin serum levels for fasted visits (Fasted Dummy, dark blue bar and Fasted Saline, green

dotted bar), (A, B) time course of serum cortisol and prolactin levels, (C, D) AUC for each serum stress hormone,

n=17 per group, data are expressed as mean * SEM, *P<0.05.
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4.2.4. Food picture appeal rating

High-calorie foods were less appealing at the Fasted Dummy visit compared to the Fasted
Saline visit (P<0.05) (but not low-calorie food, object and blurred pictures (P=0.77-0.96)
(Figure 4.5.; Table 4.3.). High-calorie foods were more appealing relative to low-calorie
foods at the Fasted Saline (P=0.01), but not at the Fasted Dummy visit (P=0.48) (Figure
4.5.; Table 4.3.). These differences were seen for both chocolate and sweet non-chocolate
(both P<0.005) but not savoury high-calorie foods (P=0.13) (Table 4.3.).

There was a significantly greater appeal rating for the high-calorie (chocolate,
sweet non-chocolate and savoury) and low-calorie foods relative to object pictures at both
the Fasted Dummy and the Fasted Saline visit (P<0.001) (Figure 4.5.; Table 4.3.). There
was no significant difference in the appeal of object relative to blurred pictures at either

the Dummy Saline or the Fasted Saline visit (P=0.78) (Table 4.3.).

Figure 4.5. Picture appeal rating.
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Appeal rating of pictures (high-calorie foods: white bar, low-calorie foods: striped bar, non-food related
household objects: black bar, blurred pictures: dotted bar), Fasted Dummy vs. Fasted Saline visit, n=17 per

group, data are expressed as mean + SEM, *P<0.05.
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Table 4.3. Picture appeal rating.

Picture Appeal Rating

Fasted Dummy

Fasted Saline

visit visit
Absolute rating @
High-calorie foods 4.01 £0.12 4.28 £ 0.11*
Low-calorie foods 3.91 £ 0.09 3.91+0.11
Household objects 2.68 £ 0.15 2.62 +0.20
Blurred 2.20 + 0.17 2.18 £ 0.20
Chocolate high-calorie foods 4.03 £0.13 4.30 £ 0.11***
Sweet non-chocolate high-calorie foods 3.99+0.13 4.28 + 0.11***
Savoury high-calorie foods 3.99+0.16 4.21 +£0.16
Difference in rating between °
High-calorie foods & objects 1.33+£0.18 1.60 £ 0.23
Low-calorie foods & objects 1.23+0.18 1.26 £+ 0.25
Chocolate high-calorie foods & objects 1.35+0.18 1.63 £ 0.19*
Sweet non-chocolate high-calorie foods & objects 1.32 +0.20 1.26 + 0.24*
Savoury high-calorie foods & objects 1.31 £0.19 1.54 £ 0.28
High-calorie & low-calorie foods 0.09 + 0.13 0.34 + 0.12**
Chocolate high-calorie & low-calorie foods 0.12 £ 0.15 0.37 £ 0.13*
Sweet non-chocolate high-calorie & low-calorie foods 0.08 + 0.13 0.36 + 0.10***
Savoury high-calorie & low-calorie foods 0.07 £+ 0.17 0.29 + 0.18
Objects & blurred 0.47 £ 0.22 0.43 +0.20

Picture appeal rating *1=a lot, 2=a little, 3=neutral, 4=not really, 5=not at all; "1 category minus 2" category,

Fasted Dummy vs. Fasted Saline visit, n=17 per group, data are expressed as mean * SEM, ***P<0.005,

**P<0.01 *P<0.05.
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4.2.5. Reaction time for appeal rating
There was a significant increased reaction time for appeal rating of all picture categories

at the Fasted Dummy compared to the Fasted Saline visit (P<0.05) (Table 4.4.).

Table 4.4. Picture rating reaction time.

Picture Rating Reaction Time (msec) Fasted Dummy visit Fasted Saline visit
High-calorie foods 1395+ 41 1226 + 38**
Low-calorie foods 1398 + 42 1250 + 39*
Household objects 1399 + 40 1227 + 40**
Blurred 1127 £ 24 1008 £ 22*

Data shown as mean + SEM, n=17 per group, *P<0.05, **P<0.01, ***P<0.001.

4.2.6. Brain activation

4.2.6.1. Region of interest (ROI) analysis
Activation in the left ventral striatum on viewing high-calorie foods vs. objects (P=0.03) at
the Fasted Dummy visit was significantly greater compared to the Fasted Saline visit. This
was not seen however for the right ventral striatum (P=1.0) or bilateral ventral striatum
(p=0.31) nor for low-calorie foods vs. objects (P=0.16-0.81) (Figure 4.6., Table 4.5).
Activation in the right ventral striatum (but not the left or bilateral ventral striatum
(P=0.18-0.92)) when viewing household objects vs. blurred pictures (P=0.02) at the
Fasted Dummy visit was significantly greater compared to the Fasted Saline visit (Table
4.5).

There was no significant difference in activation in the insula (P=0.20-0.56),
amygdala (P=0.30-0.96), or anterior OFC (P=0.23-1.0) on either side or bilaterally for
high-calorie foods vs. objects, low-calorie foods vs. objects or objects vs. blurred pictures

between the Fasted Dummy and Fasted Saline visit (Table 4.5.).
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Figure 4.6. Ventral striatum activation to food pictures at fasted visits.
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Left hand side: area of left ventral striatum showing activation for viewing high-calorie (HC) foods and low-
calorie (LC) foods relative to objects (Obj) for the Fasted Dummy (dark blue clusters) and for the Fasted Saline
visit (green clusters). Yellow colour: overlap of activation for both visits. Activation thresholded at FDR P<0.05,

n=17. Co-ordinates are given in standard MNI space.

Right hand side: average activation of the left ventral striatum (contrast beta value) for high-calorie (HC) and
low-calorie (LC) foods relative to objects (Obj) and objects relative to blurred (Blur) pictures between the Fasted
Dummy (blue bar) and the Fasted Saline visit (green dotted bar). n=17 per group, data are expressed as mean
+ SEM *P<0.05. ROl mask determined by overlap of Havard FSL atlas for nucleus accumbens with combined
contrast Fasted Saline, Fed Saline, Fed Ghrelin for high-calorie foods relative to objects collapsed across visits

FDR P<0.05.
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Table 4.5. Magnitude of Activation within ROIs for fasted visits.

ROI H Fasted Dummy visits Fasted Saline visit
High-calorie vs Object Low-calorie vs Object Object vs Blurred High-calorie vs Object Low-calorie vs Object Object vs Blurred
Ventral

striatum L 0.127 £ 0.031 0.087 £ 0.015 0.013 + 0.033 0.042 £ 0.030* 0.052 + 0.032 0.017 £ 0.033
R 0.081 + 0.03 0.031 + 0.022 0.095 + 0.036 0.084 + 0.039 0.082 + 0.031 0.011 + 0.028*

Bilateral 0.210 + 0.050 0.120 + 0.020 0.110 + 0.060 0.130 + 0.060 0.130 + 0.060 0.030 + 0.060

Amygdala L 0.204 + 0.056 0.059 + 0.056 0.182 + 0.056 0.170 + 0.063 0.097 £ 0.06 0.121 + 0.037

R 0.202 + 0.049 0.105 + 0.047 0.157 + 0.059 0.169 + 0.039 0.109 + 0.052 0.102 + 0.037

Bilateral 0.410 + 0.100 0.160 + 0.100 0.340 £ 0.110 0.340 + 0.090 0.210 + 0.100 0.220 £ 0.070

Insula L 0.190 + 0.039 0.131 + 0.024 0.292 + 0.038 0.150 + 0.033 0.066 + 0.050 0.227 £ 0.022

R 0.173 + 0.026 0.140 + 0.024 -0.025 £ 0.228 0.123 + 0.035 0.057 + 0.048 0.020 + 0.018

Bilateral 0.360 + 0.060 0.2720 £ 0.040 0.000 + 0.060 0.270 £ 0.070 0.120 + 0.100 0.050 + 0.030

Anterior OFC L 0.202 + 0.053 0.130 £ 0.04 0.137 £ 0.042 0.262 + 0.031 0.196 + 0.063 0.139 £ 0.044

R 0.122 + 0.044 0.066 + 0.036 0.159 + 0.068 0.122 £ 0.06 0.070 + 0.059 0.196 + 0.052

Bilateral 0.320 + 0.090 0.260 + 0.070 0.300 + 0.100 0.380 + 0.080 0.260 + 0.110 0.330 + 0.090

Average magnitude of activation within regions of interest (ROIs) for each hemisphere (H) at the Fasted Dummy visit and the Fasted Saline visit. Beta values extracted for each
individual subject contrast estimates (vs. objects) for high-calorie and low-calorie foods and objects vs. blurred picture contrast: n=17 per group, data are expressed as mean

+ SEM, *P<0.05 for Fasted Dummy visit vs. Fasted Saline visit.
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4.2.6.2. Whole brain analysis
Additional brain areas were activated on viewing high-calorie and low-calorie foods
relative to objects at the Fasted Dummy visit and the Fasted Saline visit using whole brain

analysis (coordinates are given in Tables 4.6.-4.9.).

Compared to the first fasted fMRI study, less brain areas were activated when viewing
high-calorie food pictures at the Fasted Dummy visit in the second study which can be due
to the fact that the second study involved cannulation on a hospital ward. This might have
afftected the stress level of the study participants. Also, the two fMRI studies used
different softwares and atlases to analyse the data which may have biased the type of
regions who are activated in each study. The second fMRI study used a different fMRI
analysis software because is contains improved tools and is easier to use, especially for

scripting purposes.

Notably was also the quantity of areas activated when comparing the Fasted Dummy with
the Fasted Saline visit. For both contrast, viewing high-calorie and low-calorie foods vs.
objects, at the Fasted Dummy visit more brain areas were activated. Especially when
viewing low-calorie foods, half as many brain areas were activated on the Fasted Saline
visit. Also the type of areas activated at each visit was slightly different for the two fasted
visits. For example, the accumbens was only activated at the Fasted Dummy visit whereas
at the Fasted Saline visit only the Parahippocampus and hippocampus were activated

when viewing high-calorie and low-calorie foods vs. objects.
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Table 4.6. Whole brain analysis at the Fasted Dummy visit

calorie foods (vs.objects).

for viewing high-

Region z \% X y z

Occipital Pole .82 13452 12 -92 0

Inferior Frontal Gyrus, pars triangularis 5.44 427 46 44 8

Insular Cortex 4.94 976 40 6 -14
Inferior Frontal Gyrus, pars triangularis 4.37 201 -42 38 8

Anterior Cingulate Gyrus 4.27 476 4 40 8

Inferior Temporal Gyrus, temporooccipital part 4.27 322 54 -46 -22
Precentral Gyrus 4.13 91 50 6 26
Supramarginal Gyrus, anterior division 4.09 34 52 -34 50
Lateral Occipital Cortex, superior division 3.99 252 -22 -66 44
Supramarginal Gyrus, anterior division 3.95 103 -46 -36 38
Orbitofrontal cortex 3.86 90 -26 34 -16
Frontal Pole 3.73 128 26 64 6

Insular Cortex 3.57 82 -32 16 10
Orbitofrontal Cortex 3.5 61 26 32 -20
Posterior Cingulate Gyrus 3.35 211 4 -28 26
Inferior Temporal Gyrus, temporooccipital part 3.35 32 -48 -46 -22
Postcentral Gyrus 3.28 5 -54 -16 46
Temporal Fusiform Cortex 3.27 15 30 -4 -40
Accumbens 3.18 30 10 18 0

Anterior Cingulate Gyrus 3.17 21 -10 24 22
Frontal Pole 3.09 23 -24 46 26
Precentral Gyrus 3.04 35 -44 -16 42
Inferior Frontal Gyrus, pars opercularis 3.04 14 48 18 30
Middle Frontal Gyrus 3.03 5 44 22 42
Middle Frontal Gyrus 2.81 6 38 6 54

Activation within whole brain analysis for high-calorie picture contrast (relative to objects) at the Fasted Dummy

visit (n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the

cluster for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.
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Table 4.7. Whole brain analysis at the Fasted Dummy visit for viewing low-
calorie foods (vs.objects).

Region H z \Y; X y z

Occipital Pole L 7.05 9787 -14 -90 -10
Insular Cortex R 4.72 649 38 6 -14
Occipital Fusiforum Gyrus R 4.26 624 16 -74 40
Inferior Frontal Gyrus R 5.13 462 46 42 8
Insular Cortex L 4.89 443 -40 -4 2
Lateral Occipital Cortex L 3.9 157 -24 -68 44
Precentral Gyrus L 351 82 -40 -8 42
Inferior Frontal Gyrus L 3.46 43 -36 34 10
Accumbens L 3.08 40 -12 12 -8
Supramarginal Gyrus, anetrior division L 3.34 31 -48 -36 36
Orbitofrontal Cortex L 3.7 31 -28 36 -16
Caudate R 3.39 29 10 22 4
Anterior Cingulate Gyrus R 3.45 28 4 38 10
Thalamus R 3.18 28 22 -30 -4
Inferior Temporal Gyrus R 3.79 26 56 -48 -24
Precuneous Cortex R 3.34 25 6 -74 56
Postcentral Gyrus R 3.14 23 58 -14 24
Postcentral Gyrus L 3.47 22 -50 -18 36
Precentral Gyrus R 3.02 21 46 6 28
Frontal Pole R 3.16 20 24 48 26
Orbitofrontal Cortex R 3.17 19 26 36 -18
Middle Frontal Gyrus R 3.2 12 38 6 54
Precentral Gyrus L 2.9 11 -48 2 28
Amygdala R 3.04 5 22 -2 -16

Activation within whole brain analysis for low-calorie picture contrast (relative to objects) at the Fasted Dummy

visit (n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the

cluster for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.
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Table 4.8. Whole brain analysis at the Fasted Saline visit for viewing high-calorie

foods (vs.objects).

Region H z \Y, X y z

Intracalcarine cortex R 6.19 11206 12 -88 0

Insular Cortex L 4.88 285 -38 -6 8

Oritofrontal Cortex L 4.68 401 -26 36 -16
Parahippocampal Gyrus, posterior division L 4.6 745 -20 -30 -6
Insular Cortex R 4.55 191 38 8 -14
Lateral Occipital Cortex L 3.97 40 -20 -62 42
Inferior Frontal Gyrus R 3.89 18 50 42 8

Inferior Frontal Gyrus L 3.77 59 -42 36 8

Amygdala R 3.6 92 18 2 -14
Inferior Temporal Gyrus R 3.5 96 50 -58 -12
Pallidum R 3.48 23 16 2 -4
Anterior Cingulate Gyrus R 3.41 69 0 40 -2
Precuneous Cortex L 3.28 46 -18 -72 34
Postcentral Gyrus L 3.26 25 -46 -18 38
Inferior Temporal Gyrus L 3.25 18 -48 -46 -24
Parahippocampal Gyrus R 3.19 15 18 6 -30
Amygdala L 3.17 29 -18 2 -16
Frontal Pole R 3.16 17 26 44 -18
Postcentral Gyrus L 3.12 16 -62 -18 20
Precentral Gyrus L 3.01 15 -50 4 24

Activation within whole brain analysis for high-calorie picture contrast (relative to objects) at the Fasted Saline

visit (n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the

cluster for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.
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Table 4.9. Whole brain analysis at the Fasted Saline visit for

foods (vs.objects).

viewing low-calorie

Region H z \Y, X y z

Occipital Pole R 6.41 6297 14 -100 8
Hippocampus L 4.63 207 -22 -30 -6
Lateral Occipital Cortex R 3.99 98 28 -66 46
Orbitofrontal Cortex L 3.92 76 -26 34 -16
Thalamus R 3.77 148 20 -28 -4
Superior Parietal Lobule L 3.66 12 -30 -62 -46
Inferior Frontal Gyrus R 3.49 51 42 44 10
Anterior Cingulate Gyrus L 3.18 8 -10 28 -6
Insular Cortex R 3.16 5 40 6 -12
Pallidum L 3.14 13 -12 -2 -6
Thalamus L 3.08 7 -12 -16 -4
Amygdala R 3.07 5 16 (o] -22

Activation within whole brain analysis for low-calorie picture contrast (relative to objects) at the Fasted Saline

visit (n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the

cluster for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.
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4.2.7. Correlations between Fasted visits

4.2.7.1. Appetite visual analogue scores

Hunger, pleasantness-to-eat and fullness VAS AUC ratings were positively correlated

between Fasted Dummy and Fasted Saline visits (r=+0.63-0.89, P<0.005) (Figure

4.7).

Figure 4.7. Correlations of appetite VAS ratings between fasted visits.
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Correlations of appetite VAS ratings (AUC): (A) hunger (n=15), (B) pleasantness to eat (n=15) and (C) fullness

(n=13) between the Fasted Dummy and the Fasted Saline visit. Some subjects have been excluded from the

analysis because of incomplete data sets. r represents Pearson correlation coefficient.

4.2.7.2. Lunch intake

Lunch intake correlated positively between the Fasted Dummy and the Fasted Saline visits

(r=+0.89, P<0.005) (Figure 4.8.).

Figure 4.8. Correlation of ad libitum lunch intake between fasted visits.
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Correlation of ad libitum lunch intake between the Fasted Dummy and Fasted Saline visit. n=17 per group, r

represents Pearson correlation coefficient.
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4.2.7.3. Stress ratings
Stress, anxiety and sickness ratings correlated positively between the Fasted Dummy and

the Fasted Saline visit (r=+0.70-0.96, P<0.005) (Figure 4.9.).

Figure 4.9. Correlations of VAS stress ratings between fasted visits.

A How stressed do you feel right now? B How anxious do you feel right now? C  Howsickao you feel right now?
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Correlations of VAS stress ratings (AUC): (A) stress (n=13), (B) anxiety (n=15) and (C) sickness (n=15)
between the Fasted Dummy and the Fasted Saline visit. Some subjects have been excluded from the analysis

because of incomplete data set. r represents Pearson correlation coefficient.

4.2.7.4. Serum stress hormones

Serum prolactin levels at the Fasted Dummy visit correlated positively with levels at the
Fasted Saline visit (r=+0.69, P=0.003) (Figure 4.10.). However, there was no significant
correlation for the serum cortisol levels between the fasted visits (r=+0.38, P=0.15)

(Figure 4.10.).

Figure 4.10. Correlations of stress hormone levels between fasted visits.
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Correlations of serum stress hormone levels (AUC) for (A) cortisol (n=16) and (B) prolactin (n=16) between the
Fasted Dummy and the Fasted Saline visit. Some subjects have been excluded from the analysis because of

incomplete data set. r represents Pearson correlation coefficient.
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4.2.7.5. Appeal rating

Appeal ratings for high-calorie and low-calorie food, object and blurred pictures correlated

positively between the fasted visits (r=+0.52-0.87, P<<0.05) (Figure 4.11.).

Figure 4.11. Correlations of appeal rating scores between fasted visits.
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Correlations of appeal rating scores for (A) high-calorie foods (blue circles), (B) low-calorie foods (green

squares), (C) objects (pink triangles) and (D) blurred pictures (orange squares) between the Fasted Dummy and

the Fasted Saline visit. n=17, r represents Pearson correlation coefficient.
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4.2.7.6. Brain activation

There was a trend towards a positive correlation of the activation of the anterior OFC
between the fasted visits when viewing high-calorie foods vs. object pictures (left:
r=+0.47, P=0.06, right: r=+0.41, P=0.11, bilateral: r=+0.46, P=0.07), low-calorie foods
vs. object pictures (left: r=+0.47, P=0.06, right: r=+0.28, P=0.29; bilateral: r=+0.46,
P=0.06) and a significant correlation for objects vs. blurred pictures (left: r=+0.51,
P=0.04, right: r=+0.61, P=0.009; bilateral: r=+0.58, P=0.02) (Figure 4.12.). None of the
activation for any of the picture contrasts in the other ROIls correlated between the two

fasted visits.

Figure 4.12. Correlation of anterior OFC activation between fasted visits.
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Correlation of activation (contrast beta value) of the anterior OFC (average bilateral) between the Fasted Dummy
and the Fasted Saline visit on viewing (A) high-calorie foods over objects (blue circles), (B) low-calorie foods
over objects (green squares) and (C) objects over blurred (pink triangles) pictures. n=17, r represents Pearson

correlation coefficient.
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4.2.8. Summary reproducibility of eating behaviour studies

This chapter examined the reproducibility of appetite fMRI studies by comparing two
identical study fMRI visits in which one was the Fasted Dummy visit and one the Fasted
Saline visit. Appetite studies have shown that stress can alter food intake and responses
in brain reward systems (Adam and Epel, 2007; Chandarana et al., 2009; Blundell et al.,
2010; Born et al., 2010).

There was significantly lower ad libitum lunch intake, and significantly higher
anxiety and sickness ratings at the Fasted Dummy visit compared to the Fasted Saline
visit although the stress ratings and stress hormone levels were not significantly different
between the two visits. There was also a trend towards greater fullness, lower rating of
prospective pleasantness-to-eat and actual pleasantness of lunch at the Fasted Dummy
visit. High-calorie foods were significant less appealing at the Fasted Dummy visit
compared to the Fasted Saline visit, resulting in high-calorie foods being no more
appealing than low-calorie foods at the Fasted Dummy visit (unlike at the Fasted Saline
visit). Therefore pleasantness and food appeal visit were reduced and anxiety increased at
the Fasted Dummy compared to the Fasted Saline visit. This confirms that it might be
important to include a dummy visit to acclimatise volunteers to the study environment.

Interestingly, all appetite and stress / anxiety measures (excluding serum cortisol
levels) correlated positively between the Fasted Dummy and the Fasted Saline visit.

Activation in the ventral striatum was significantly higher at the Fasted Dummy
visit compared to the Fasted Saline visit when viewing high-calorie foods vs. objects. This
may be be explained by habituation of the ventral striatum activation to viewing high-
calorie foods on subsequent visits which will be discussed in more detail in chapter 6.2.
There was no significant positive correlation of activation in any ROl between the fasted
visits but there was a trend towards positive correlation of anterior OFC activation
between the Fasted Dummy and the Fasted Saline visit. Therefore, the test-retest
reliability of the fMRI activation to food and non-food pictures was not as robust with the
exception of the anterior OFC activation. Problems with fMRI reproducibilty between visits

have been found in other studies and will be discussed in section 6.4.
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Chapter 5

RESULTS

GHRELIN fMRI1 STUDY
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5.1. General subject’s characteristics

In this chapter, the Fasted Saline visit has been compared with the Fed Saline visit (5.2.),
and the Fed Saline visit has been compared with the Fed Ghrelin visit by using the
following measurements: VAS appetite and stress ratings, fMRI hunger rating, blood
appetite and stress hormones, lunch intake, tastiness and pleasantness, dietary records,
fMRI appeal rating and fMRI BOLD signal. For the Fasted/ Fed Saline comparison this
chapter also analysed relationships between brain reward activations and appetite
measures. Study characteristics and general comparisons (e.g. food picture ratings) are
shown below (Table 5.1., Figure 5.1.). There was a significant difference of the percentage
carbohydrate intake at supper prior to the study day between the Fasted and Fed Saline
visit with increased intake on the Fed Saline day (P=0.006). Time fasting since supper
(P<0.001) was significantly longer on the Fasted Saline visit. The days of menstrual cycle
were significantly less at the Fed Ghrelin visit compared to the Fed Saline visit (P=0.049).

There were no significant differences in any other characteristic.
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Table 5.1. Subject characteristics.

Fasted Saline Fed Saline Fed Ghrelin

N 17 17 17
Gender

Male 13 13 13

Female 4 4 4
Age (years) 249+1.6 249+1.6 25.0+1.6
Height (m) 1.80+0.0 1.80+ 0.0 1.80+0.0
Weight (kg) 76.3+3.6 76.4 £ 3.7 76.5+ 3.7
BMI (kg/m? 24.1+0.7 24.2 +0.7 24.2+0.7
Body fat (%) 17.1+1.6 17.9+1.8 17.6 + 1.5
LBM (kg) 64.6 + 3.3 61.1+4.0 61.0 + 4.2
Day of menstrual cycle (females) 52+1.2 8.8+1.3 4.6 +1.4*
Time since last visit (days) 18.0 £ 9.0 17.0+7.2 245+ 6.9
Food intake at supper prior to study

Energy (kcal) 1012 £ 179 1103 + 188 980 + 173

Protein (%) 21+2 21+3 18+ 2

Fat (%) 40+5 34+5 33+4

Carbohydrate (%) 38 + 5** 45+ 5 49+ 4
Food intake whole day prior to study

Energy (kcal) 2645 + 397 2488 + 273 2209 + 218

Protein (%) 17+1 17+ 1 18+1

Fat (%) 38+4 32+2 35+2

Carbohydrate (%) 45+ 3 52+3 46 +3
Time fasting since supper at t=0 (hrs) 17.1 £ 0.2*** 14.6 £ 0.2 14.8+£0.3
Time sleep (hrs) 7.0+0.2 7.3£0.2 7.3+0.4
Time t=0 to injection 1.0£0.1 1.0+ 0.0 1.0£0.1
Time injection to first food fMRI scan 0.6 + 0.0 0.6 + 0.0 0.7 +0.0
(hrs)
Time injection to lunch (hrs) 1.6 £0.0 1.6 £ 0.0 1.6 £0.0
Questionnaires

Positive Affect 30.6 +1.3 32.6+1.4 31.4+1.4
Negative Affect 15.7 +1.7 13.5+0.8 154 +1.3

Absolute Head motion (mm) 0.2+0.1 0.3+0.1 0.3+0.1

n=17 per group, Mean + SEM, *P<0.05, **P<0.01, ***P<0.005 vs Fed Saline (paired t-test between Fasted

Saline vs. Fed Saline and Fed Saline vs Fed Ghrelin visit).
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5.1.1. Picture ratings at end of study

Ninety-five percent of the low-calorie foods and 97 percent of the high-calorie foods were
correctly identified by the subjects (P=0.24) (Figure 5a). On average they liked the high-
calorie foods more than the low-calorie foods (P<0.001) (Figure 5a). The differences were
seen for each type of high-calorie foods: chocolate (P<0.001), sweet non-chocolate
(P<0.001) and savoury (P=0.02). However, on average they ate the low-calorie foods

more often than high-calorie foods (P=0.003) (Figure 5.1.).

Figure 5.1. Food picture ratings.
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Food picture ratings. (A) Recognition, (B) liking and (C) frequency of consumption of food pictures (high-calorie:

white bar; low-calorie: striped bar), n = 17 per group, Data expressed as mean = SEM, *P<0.05, **P<0.01,
***P<(0.005.
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5.2. Fasted Saline visit versus Fed Saline visit

5.2.1. Appetite visual analogue scores and food intake

At the Fasted Saline visit, ratings for hunger (P<0.001), pleasantness to eat (P<0.001),

volume able to eat (P<0.001) were significantly greater than at the Fed Saline visit while

fullness was significantly lower (P<<0.001) (Figure 5.3.). There was a 15% increase in

energy intake at lunch (P=0.002) at the Fasted Saline visit compared to the Fed Saline

visit (Figure 5.2.). There was no significant difference in lunch tastiness (P=0.40) between

the two visits but there was a tendency for lunch pleasantness to be greater on the Fasted

Saline visit (P=0.06) (Table 5.2.).

Figure 5.2. Ad libitum lunch intake.
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Ad libitum lunch intake for each visit separately (Fasted Saline, green dotted bar, Fed Saline, orange bar), n=17

per group, data are expressed as mean = SEM, ***P<0.0055.

Table 5.2. Ad libitum lunch intake.

Fasted Saline

Fed Saline

Lunch intake
Total lunch (kcal)

Lunch tastiness

Lunch pleasantness

1428 = 101

6.4 +0.3
6.8 +0.3

1237 £ 103***

58+04
6.1 +0.3

n=17 per group, data shown as mean + SEM

, Fasted Saline vs. Fed Saline visit, ***P<0.005.
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Figure 5.3. VAS appetite scores.
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Absolute VAS scores for hunger, pleasantness to eat, volume able to eat and fullness ratings for each visit
separately (Fasted Saline, green dotted bar and Fed Saline, orange bar), (A-D) time course of VAS scores, (E-H)
mean AUC for each score, n=15 per group (2 subjects have been excluded from the analysis because of

incomplete data), data are expressed as mean + SEM, ***P<0.005.
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5.2.2. Hunger scores during scanning
The average hunger rating during scanning was significantly higher on the Fasted Saline

than the Fed Saline visit (P<0.001) (Figure 5.4.).

Figure 5.4. Hunger rating during scanning.
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Average hunger score
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Average hunger score during scanning for each visit separately (Fasted Saline, green dotted bar; Fed Saline,

orange bar), n=17 per group. Data are expressed as mean + SEM, ***P<0.005.

5.2.3. Stress response and serum stress levels

There was no significant difference in VAS stress (P=0.79), anxiety (P=0.59) or sickness
(P=0.60) ratings between the Fasted Saline and the Fed Saline visit (Figure 5.5.). Serum
cortisol (P=0.71) and prolactin (P=0.34) levels were also not significantly different

between the two visits (Figure 5.6.).
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Figure 5.5. VAS stress scores.
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Absolute VAS scores for stress, anxiety and sickness ratings for each visit separately (Fasted Saline, green
dotted bar and Fed Saline visit, orange bar), (A-C) time course of stress scores, (D-F) mean AUC for each score,
n=15 per group (2 subjects have been excluded from the analysis because of incomplete data set). Data

expressed as mean + SEM, *P<0.05.
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Figure 5.6. Cortisol and prolactin serum levels.
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Cortisol and prolactin serum levels for each visit separately (Fasted Saline, green dotted bar and Fed Saline visit,
orange bar), (A, B) time course of stress hormones, (C, D) AUC for each serum stress hormone, n=17 per group,

data are expressed as mean + SEM, *P<0.05.

5.2.4. Metabolic parameters

Serum insulin and triglycerides were significant greater at the Fed Saline visit compared to
the Fasted Saline visit due to post-prandial increases after eating breakfast (P<0.05).
There was no significant difference in serum growth hormone (P=0.15) between the visits
but there was a tendency for plasma glucose to be higher on the Fed Saline visit as due to

levels rising after breakfast (P=0.08) (Figure 5.7.).
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Figure 5.7. Metabolic parameters.
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Glucose, insulin, growth hormone (GH) and tryglyceride (TG) levels for each visit separately (Fasted Saline visit,

green dotted bar and Fed Saline visit, orange bar), (A-D) time course of metabolic parameters, (E-H) AUC for

each metabolic parameter, n=16 per group (1 subject has been excluded from the analysis because of

incomplete data set), data expressed as mean + SEM, *P<0.05.
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5.2.5. Dietary records

There were no significant differences in energy intake nor macronutrient composition over
the rest of the study day after lunch, nor when lunch and the rest of study day were
combined, nor the day after the study visit, between the Fasted Saline and Fed Saline
visits (P=0.29-0.87). However when including breakfast, total energy intake over the
study day and % carbohydrate consumed were both significantly greater at the Fed Saline

visit compared to the Fasted Saline visit (both P<0.005) (Figure 5.8.).
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Figure 5.8. Food intake on study day and day after study.
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3), comparison between Fasted Saline visit (green dotted bar) and Fed Saline visit (orange bar), n=13 per group
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+ SEM. ***P<0.005.
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5.2.6. Food picture appeal rating

High-calorie foods (and for both sweet and savoury sub-categories) were more appealing
at the Fasted Saline visit compared to the Fed Saline visit (P<0.05), but not low-calorie
foods, object or blurred pictures (P=0.25-0.86) (Figure 5.9., Table 5.3.). High-calorie
foods were more appealing than low-calorie foods at the Fasted Saline (P<0.05) but not at
the Fed Saline visit (P=0.30) (Figure 5.9., Table 5.3.). The significance of this was
dependent on the type of high-calorie food: being significant for chocolate or sweet non-
chocolate (P<0.05) but not savoury high-calorie foods (P=0.13) (Table 5.3.). All
categories of high-calorie foods and low-calorie foods were more appealing than both
object and blurred pictures at both visits (P<0.001) (Figure 5.9., Table 5.3.). There was
no significant difference in the appeal of object relative to blurred pictures at the Fasted

Saline compared to the Fed Saline visit (P=0.94) (Table 5.3.).

Fiaure 5.9. Picture appeal ratina.
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Appeal rating of pictures (high-calorie foods: white bar, low-calorie foods: striped bar, non-food related
household objects: black bar, blurred pictures: dotted bar), Fasted Saline vs. Fed Saline visit, n=17 per group.

Data are expressen as mean + SEM, *P<0.05.
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Table 5.3. Picture appeal rating.

Picture Appeal Rating

Fasted Saline visit

Fed Saline visit

Absolute rating °

High-calorie foods 4.28 £0.11 3.95+0.12*
Low-calorie foods 3.91+£0.11 3.76 £ 0.15
Household objects 2.62 +0.20 2.64 +0.19
Blurred 2.18 + 0.20 2.20+0.19
Chocolate high-calorie foods 4.30 £ 0.11 4.06 £ 0.12*
Sweet non-chocolate high-calorie foods 4.28 £+ 0.11 4.00 £ 0.14*
Savoury high-calorie foods 4.21 £+ 0.16 3.90 +0.17*
Difference in rating between ©

High-calorie foods & objects 1.60 £ 0.23 1.29 £ 0.24**
Low-calorie foods & objects 1.26 £ 0.25 1.12 £+ 0.26
Chocolate high-calorie foods & objects 1.63 £0.19 1.36 £ 0.21*
Sweet non-chocolate high-calorie foods & objects 1.26 £ 0.24 1.30 £ 0.25**
Savoury high-calorie foods & objects 1.54 £0.28 1.20 £ 0.28*
High-calorie & low-calorie foods 0.34 £ 0.12 0.17 +0.16
Chocolate high-calorie & low-calorie foods 0.37 £ 0.13 0.24 + 0.17
Sweet non-chocolate high-calorie & low-calorie foods 0.36 £+ 0.10 0.18 + 0.14
Savoury high-calorie & low-calorie foods 0.29 + 0.18 0.08 + 0.21
Objects & blurred 0.43 +0.20 0.44 + 0.18

2 picture appeal rating (1=a lot, 2=a little, 3=neutral, 4=not really, 5=not at all; ® 1% category minus 2™

category), Fasted Saline vs. Fed Saline, n=17 per group, data are expressed as mean + SEM, *P<0.05,

**P<0.01, ***P<0.005.

174



5.2.7. Reaction time for appeal rating
There was no significant difference in the reaction time for appeal rating of any of the
picture categories between the Fasted and Fed Saline visit (Table 5.4.), suggesting the

absence of non-specific effect of visit type on the picture viewing and rating task.

Table 5.4. Picture rating reaction time.

Picture Rating Reaction Time (msec) Fasted Saline visit Fed Saline visit
High-calorie foods 1226 + 38 1330 + 38
Low-calorie foods 1250 + 39 1332 £ 40
Household objects 1227 + 40 1349 + 39
Blurred 1008 + 22 1098 + 25

Data shown as mean + SEM, n=17 per group.

5.2.8. Brain activation

5.2.8.1. Region of interest (ROI) analysis

Activation in the left (P=0.008) and bilateral (P=0.04) anterior OFC on viewing high-
calorie foods vs. objects at the Fasted Saline visit was significantly greater compared to
the Fed Saline visit. This was not seen however for the right anterior OFC (P=0.31) nor for
low-calorie foods vs. objects (P=0.38-0.88) (Figure 5.10., Table 5.5.).

There was no significant difference in activation in the ventral striatum, insula and
amygdala on either side or bilaterally when viewing high-calorie foods vs. objects or low-
calorie foods vs. objects between the Fasted Saline and Fed Saline visits (P=0.13-0.97)
(Table 5.5.).

Activation in the ventral striatum, insula, amygdala and anterior OFC when viewing
household objects vs. blurred pictures was not significant different between the Fasted

Saline and Fed Saline visits (P=0.5-0.91) (Table 5.5.).
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Figure 5.10. Brain activation for Fasted Saline and Fed Saline visits.
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Left hand side: area of anterior OFC showing activation for viewing high-calorie (HC) and low-calorie (LC) foods
relative to objects (Obj) for the Fasted Saline (green clusters) and for the Fed Saline visit (orange clusters).
Yellow colour: overlap of activation for both visits. Activation thresholded at FDR P<0.05, n=17. Co-ordinates are

given in standard MNI space.

Right hand side: average activation in the bilateral anterior OFC (contrast beta value) for high-calorie (HC) and
low-calorie (LC) foods relative to objects (Obj) and objects relative to blurred (Blur) pictures between the Fasted
Saline (green dotted bar) and Fed Saline visits (orange bar). n=17 per group, data expressed as mean activation
+ SEM, *P<0.05. ROl mask determined by anterior OFC cluster (y>74) with combined contrast Fasted Saline,

Fed Saline, Fed Ghrelin for high-calorie food > object contrast collapsed across visits thresholded at FDR P<0.05.
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Table 5.5. Magnitude

of Activation within ROIs for Fasted Saline and Fed Saline visit.

ROI H Fasted Saline visits Fed Saline visit
High-calorie vs Low-calorie vs High-calorie vs Low-calorie vs Object vs
Object Object Object vs Blurred Object Object Blurred
Ventral
striatum L 0.042 £ 0.030 0.052 £ 0.032 0.017 £ 0.033 0.052 + 0.048 0.013 £ 0.044 0.004 £ 0.044
R 0.084 + 0.039 0.082 + 0.031 0.011 + 0.028* 0.067 + 0.032 0.015 + 0.037 0.003 + 0.047
Bilateral 0.130 £ 0.060 0.130 £ 0.060 0.030 + 0.060 0.120 + 0.060 0.030 £ 0.070 0.010 + 0.080
Amygdala L 0.170 £ 0.063 0.097 + 0.06 0.121 + 0.037 0.163 + 0.051 0.063 £ 0.046 0.087 + 0.061
R 0.169 £ 0.039 0.109 £ 0.052 0.102 + 0.037 0.155 + 0.062 0.082 £ 0.053 0.055 + 0.071
Bilateral 0.340 £ 0.090 0.210 £ 0.100 0.220 £ 0.070 0.320 £ 0.110 0.140 £ 0.090 0.140 + 0.130
Insula L 0.150 + 0.033 0.066 + 0.050 0.227 + 0.022 0.130 + 0.041 0.091 + 0.034 0.047 £ 0.043
R 0.123 + 0.035 0.057 + 0.048 0.020 + 0.018 0.124 + 0.038 0.110 + 0.036 -0.013 + 0.047
Bilateral 0.270 £ 0.070 0.120 £ 0.100 0.050 + 0.030 0.250 + 0.080 0.200 £ 0.070 0.030 + 0.090
Anterior OFC L 0.262 £ 0.031 0.196 £ 0.063 0.139 £ 0.044 0.134 £ 0.051** 0.139 £ 0.051 0.144 + 0.060
R 0.122 + 0.06 0.070 £ 0.059 0.196 + 0.052 0.066 + 0.048 0.059 £ 0.049 0.168 + 0.073
Bilateral 0.380 £ 0.080 0.260 £ 0.110 0.330 £ 0.090 0.200 + 0.090* 0.170 £ 0.090 0.310 £ 0.130

Average magnitude of activation within regions of interest (ROIs) for each hemisphere (H) at the Fasted Saline and the Fed Saline visit. Beta values extracted for each
individual subject contrast estimates (vs. objects) for high-calorie and low-calorie foods and objects vs. blurred picture contrast: n=17 per group, data are expressed as

mean SEM, *P<0.05, **P<0.01 for Fasted Saline vs. Fed Saline visit.
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5.2.8.2. Whole brain analysis
Additional brain areas were activated on viewing high-calorie foods relative to objects at
the Fasted Saline visit (Table 4.8., 4.9.) and the Fed Saline visit (Table 5.6., 5.7.) using

whole brain analysis.

A similar number of brain regions where activated at the Fasted and Fed Saline visit. Also
the type of regions activated where similar for the high-and low-calorie food contrast (vs.
objects). However, the parahippocampus and hippocampus were only activated at the

Fasted Saline visit but not at the Fed Saline visit.

Table 5.6. Whole brain analysis at the Fed Saline visit for viewing high-calorie

foods (vs.objects).

Region H z \% X \ z

Occipital pole L 5.96 -8 -92 -6 -8
Precuneous Cortex R 4.55 28 -62 42 28
Insula Cortex R 4.45 36 6 -16 36
Orbitofrontal Cortex L 4.41 -26 36 -16 -26
Inferior Frontal Gyrus, pars triangularis R 4.02 40 40 6 40
Insula Cortex L 4.01 -38 4 -14 -38
Thalamus L 3.81 -20 -30 -4 -20
Precuneous Cortex L 3.68 -24 -68 44 -24
Superior Parietal Lobe L 3.57 -32 -48 44 -32
Amygdala R 3.51 16 0 -14 16
Inferior Frontal Gyrus, pars triangularis L 3.3 -42 42 10 -42
Precentral Gyrus R 3.22 50 6 22 50
Postcentral Gyrus R 3.22 64 -16 28 64
Orbitofrontal Cortex R 3.19 26 34 -12 26
Anterior Cingulate Gyrus L 3.17 -4 -6 26 -4
Anterior Supramarginal Gyrus L 3.12 -46 -32 34 -46

Activation within whole brain analysis for high-calorie picture contrast (relative to objects) at the Fed Saline visit
(n=17 per group). Results represent co-ordinates of the peak voxel (x, y, z in MNI space (in mm)) of the cluster
for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.
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Table 5.7. Whole brain analysis at the Fed Saline visit for viewing low-calorie

foods (vs.objects).

Region H z \% X \ z

Occipital Pole L 6.8 7284 -8 -94 -6
Insula Cortex R 4.56 109 40 -2 -2
Inferior Frontal Gyrus R 3.87 101 44 42 6

Orbitofrontal Cortex L 4.42 77 -26 36 -16
Lateral Occipital Cortex, superior division R 4.13 64 28 -60 42
Insula Cortex L 4.03 38 -36 2 -12
Postcentral Gyrus R 3.66 28 62 -14 26
Amygdala R 3.23 8 18 0] -12
Intracalcarine Cortex L 3.09 5 -22 -78 10
Thalamus L 3.19 5 -22 -30 -2
Orbitofrontal Cortex R 3.05 5 28 20 -8

Activation within whole brain analysis for low-calorie picture contrast (relative to objects) at the Fed Saline visit
(n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the cluster
for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.

5.2.9. Relationship between brain activation and hunger rating

At the Fasted Saline visit, activation in each ROI for each contrast did not correlate with
hunger rating in the scanner (r=-0.34-0.44, P=0.08-0.19). By contrast, at the Fed Saline
visit, average hunger rating in the scanner positively correlated with activation in the left
ventral striatum (P=0.01), right anterior OFC (P=0.004) and left (P=0.045) and right
(P=0.009) insula when viewing high-calorie foods vs. objects. Average hunger rating in
the scanner also tended to positively correlate with activation in these ROIs when viewing
low-calorie foods vs. objects (P=0.06-0.1). There were no significant correlations for
activation when viewing objects vs. blurred pictures (r=-0.45-0.09, P>0.05) at the Fed
Saline visit (Figure 5.11.). There was no positive correlation between any other ROl and

the average hunger rating in the scanner for all contrasts (P>0.05).
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Figure 5.11. Relationship between brain activation and hunger ratings at the Fed

Saline visit.
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Relationships between activation (contrast beta value) within left ventral striatum (@), left insula (b), right insula

(c) and right anterior OFC (d) on viewing high-calorie (HC) foods (vs. objects (Obj) (left graphs), and low-calorie

(LC) foods (vs. objects) (right graphs) and hunger rating in the scanner at the Fed Saline visit. n=16 (one

subject missing due to incomplete data set), r represents Pearson correlation coefficient.
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5.2.10. Relationship between brain activation and lunch intake

At the Fasted Saline visit, activation in the right insula when viewing high-calorie foods
(vs. objects) positively correlated with ad libitum lunch intake (P=0.03) (Figure 5.13.).
None of the other ROIs for any of the contrasts correlated with lunch intake at the Fasted
Saline visit (r=-0.33-0.39, P=0.12-0.98).

At the Fed Saline visit, activation in the left anterior OFC (P=0.016), left (P=0.03)
and right (P=0.009) insula when viewing high-calorie foods vs. objects positively
correlated with ad libitum lunch intake (Figure 5.12.). There was no positive correlation
between activation in any ROI on viewing low-calorie foods vs. objects (P=0.21-0.98) and
lunch intake at the Fed Saline visit other than a tendency for the left (P=0.09) and right
(P=0.05) insula to be positively correlated with lunch intake. There was no correlation
between activation in any ROI on viewing objects vs. blurred pictures and lunch intake at
the Fed Saline visit (P=0.19-0.81).

Interestingly, there was no positive correlation between VAS hunger (P=0.33 and
0.46), volume able to eat (P=0.17 and 0.29) nor pleasantness to eat (P=0.25 and 0.55)
ratings just before lunch (time point +150 mins) and ad /ibitum lunch at either the Fasted

Saline (Figure 5.14.) or the Fed Saline visit (Figure 5.15.).
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Figure 5.12. Relationship between brain activation and lunch intake at the Fed

Saline visit.
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Relationship between activation (contrast beta value) within (a) left anterior OFC, (b) left insula and (c) right
insula on viewing high-calorie (HC) foods (vs. objects (Obj)) (left graphs), and low-calorie (LC) foods (vs.

objects) (right graphs) and ad libitum lunch intake at the Fed Saline visit. n=17, r represents Pearson correlation

coefficient.
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Figure 5.13. Relationship between brain activation and lunch intake at the Fasted

Saline visit.
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(vs. objects (Obj)) (left graph), and low-calorie (LC) foods (vs. objects) (right graph) and ad libitum lunch intake

at the Fasted Saline visit. n=17, r represents Pearson correlation coefficient.
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Figure 5.15. Relationship between

Fed Saline visit.
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5.3. Fed Saline visit versus Fed Ghrelin visit

5.3.1. Appetite visual analogue scores and food intake

Using the Area under curve (AUC), there was no significant difference in hunger (P=0.60),
pleasantness (P=0.53), volume able to eat (P=0.89) and fullness (P=0.55) between the
Fed Saline and the Fed Ghrelin visit (Figure 5.16.). There was also no significant
difference for ad libitum energy intake (P=0.98), lunch tastiness (P=0.53) and
pleasantness (P=0.49) between the two visits (Figure 5.17., Table 5.8.). Ghrelin was
injected at t = +55 minutes, therefore the above measures were also analysed for time
point t = +55, +70 and +150 minutes only, using a paired t-test. Results show that there
were no significant differences in hunger (P=0.2-0.42), pleasantness (P=0.6-0.97),
volume able to eat (P=0.4-0.88) and fullness (P=0.19-0.73) between the Fed Saline and

the Fed Ghrelin visit (Figure 5.16.).

Figure 5.17. Ad libitum lunch intake.
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Ad libitum lunch intake for each visit separately (Fasted Saline, green dotted bar, Fed Ghrelin, orange bar), n=17

per group, data are expressed as mean + SEM, P*<0.05.

Table 5.8. Ad libitum lunch intake.

Fed Saline Fed Ghrelin
Lunch intake
Total lunch in Kcal 1237 + 103 1235 + 104
Lunch tastiness 58+04 58=x0.3
Lunch pleasantness 6.1 + 0.3 5.8+ 0.3

n=17 per group, data shown as mean + SEM, Fed Saline vs. Fed Ghrelin visit, *P<0.05.
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Figure 5.16. VAS appetite scores.
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Absolute VAS scores for hunger, pleasantness to eat, volume able to eat and fullness ratings for each visit
separately (Fed Saline, orange bar; Fed Ghrelin, purple spriped bar), (A-D) time course of VAS scores, (E-H)
mean AUC for each score, n=15 per group (2 subjects have been excluded from the analysis because of

incomplete data set), data are expressed as mean + SEM, *P<0.05.
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5.3.2. Hunger scores during MRI scanning
The average hunger rating during MRI scanning did not significantly differ between the
Fed Saline and Fed Ghrelin visit but there was a tendency for hunger ratings to be greater

at the Fed Ghrelin visit (P=0.10) (Figure 5.18.).

Figure 5.18. Hunger rating during scanning.
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Average hunger scores during scanning for each visit separately (Fed Saline, orange bar; Fed Ghrelin, purple

striped bar), n=17 per group, data are expressed as mean + SEM, *P<0.05.

5.3.3. Stress ratings and serum stress levels

There was no significant difference in stress (P=0.15), anxiety (P=0.52) and sickness
(P=0.24) AUC ratings between the Fed Saline and the Fed Ghrelin visit nor at the t= +55,
t= +70 and +150 mins time points (P=0.17-0.92) (Figure 5.19.). AUC serum cortisol
levels were also not significantly different between the two visits (P=0.50) although levels
were significantly greater after ghrelin injection compared to injection of saline at t=
+70mins, (P=0.02), but not at t= +150 mins (P=0.25) (Figure 5.20.). However, serum
cortisol levels increased significantly at t = +180mins (P=0.005) on the ghrelin compared
to saline injection day. AUC serum prolactin levels were significantly greater on the Fed
Ghrelin visit compared to the Fed Saline visit (P<0.001) and at both t= +70 and +150

mins (P=0.002-0.01) (Figure 5.20.).
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Figure 5.19. VAS stress scores.
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Absolute VAS scores for stress, anxiety and sickness ratings for each visit separately (Fed Saline, orange bar and
Fed Ghrelin visit, purple striped bar), (A-C) time course of stress scores, (D-F) mean AUC for each score, n=15
per group (2 subjects have been excluded from the analysis because of incomplete data set), data are expressed

as mean + SEM, *P<0.05.
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Figure 5.20. Cortisol and prolactin serum levels.
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Serum cortisol and prolactin levels for each visit separately (Fed Saline, orange bar and Fed Ghrelin visit, purple
striped bar), (A, B) time course of stress hormones, (C, D) mean AUC for each serum stress hormone, n=17 per

group, data are expressed as mean + SEM, *P<0.05, **P<0.01, ***P<0.005.

5.3.4. Metabolic parameters

AUC plasma glucose (P=0.02) and serum growth hormone (P=0.002) levels were
significantly increased at the Fed Ghrelin visit compared to the Fed Saline visit and at t=
+70 (P=0.008-0.02) and +150 minutes time points (P=0.02), and for growth hormone at
t = +180 minutes (P=0.02). There were no significant differences in AUC serum insulin
(P=0.79) and triglyceride (P=0.44) levels between the two visits, nor at t= +70 and +150
minutes (P=0.06-0.45), except for insulin which showed a tendency to be significantly

decreased at t= +70 minutes after injection of ghrelin (P=0.06) (Figure 5.21.).
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Figure 5.21. Metabolic parameters.
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Glucose, insulin, growth hormone (GH) and tryglyceride (TG) levels for each visit separately (Fed Saline visit,
orange bar and Fed Ghrelin visit, purple striped bar), (A-D) time course of metabolic parameters, (E-H) mean
AUC for each metabolic parameter, n=16 per group (2 subjects have been excluded from the analysis because of

incomplete data set), data are expressed as mean + SEM, *P<0.05, **P<0.01, ***P<0.005.
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5.3.5. Three-day-dietary records

There were no significant differences in energy intake nor macronutrient composition over
the rest of the study day after lunch, nor when breakfast and lunch and the rest of study
day were combined, nor when lunch and the rest of the study day were combined, nor the
day after the study visit, between the Fed Saline and Fed Ghrelin visits (P=0.23-0.56)

(Figure 5.22.).

Figure 5.22. Food intake on study day and day after study.
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Intake of energy (A-D) and macronutrients (E-G) over the rest of the study day (day 2), the rest of the study
day combined with lunch (day2), the whole day of the study day (day 2), and one day after the study day (day
3), comparison between Fed Saline visit (green dotted bar) and Fed Ghrelin visit (orange bar), n=13 per group

(4 subjects have been excluded from the analysis because of incomplete data set). Data are expressed as mean
+ SEM. *P<0.05, **P<0.01, ***P<0.005.
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5.3.6. Food picture appeal rating

High-calorie foods were more appealing at the Fed Ghrelin visit compared to the Fed
Saline visit (P=0.02) but not low-calorie food, object and blurred pictures (P=0.5-0.9)
(Figure 5.23., Table 5.9.). This was significant for the chocolate high-calorie food sub-
category (P=0.01) but not the sweet non-chocolate or savoury high-calorie foods
(P=0.07-0.17).

High-calorie foods were more appealing than low-calorie foods at the Fed Ghrelin
visit (P<0.05) but not at the Fed Saline visit (P=0.30) (Figure 5.23., Table 5.9.). These
differences at the Fed Ghrelin visit were dependent on the type of high-calorie food in the
picture since differences were significant for chocolate and sweet non-chocolate (P<0.05)
but not savoury high-calorie foods (P=0.50) (Table 5.9.).

All categories of high-calorie foods and low-calorie foods were more appealing than
both object and blurred pictures at both visits (P<0.001) (Figure 5.23., Table 5.9.). There
was no significant difference in the appeal of object relative to blurred pictures at the Fed

Saline visit compared to the Fed Ghrelin visit (P=0.37) (Table 5.9.).

Figure 5.23. Picture appeal rating.
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Appeal rating of pictures (high-calorie foods: white bar, low-calorie foods: striped bar, non-food related
household objects: black bar, blurred pictures: dotted bar), Fed Saline vs. Fed Ghrelin, n=17 per group, data are

expressed as mean + SEM, *P<0.05.
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Table 5.9. Picture appeal rating.

Picture Appeal Rating Fed Saline visit Fed Ghrelin
Absolute rating @

High-calorie foods 3.95+0.12 4.15 + 0.12*
Low-calorie foods 3.76 £ 0.15 3.85+0.13
Household objects 2.64 £ 0.19 2.65 +0.17
Blurred 2.20+0.19 2.30+0.17
Chocolate high-calorie foods 4.06 £ 0.12 4.32 £+ 0.13*
Sweet non-chocolate high-calorie foods 4.00 £ 0.14 4.18 £+ 0.13
Savoury high-calorie foods 3.90 + 0.17 4.00 £ 0.17
Difference in rating between °

High-calorie foods & objects 1.29+0.24 1.47 £0.23
Low-calorie foods & objects 1.12 £+ 0.26 1.19 £ 0.25
Chocolate high-calorie foods & objects 1.36 £ 0.21 1.62 £ 0.23*
Sweet non-chocolate high-calorie foods & objects 1.30 £ 0.25 1.48 £ 0.24
Savoury high-calorie foods & objects 1.20 £ 0.28 1.31 +£0.25
High-calorie & low-calorie foods 0.17 £+ 0.16 0.28 + 0.13
Chocolate high-calorie & low-calorie foods 0.24 + 0.17 0.43+0.14
Sweet non-chocolate high-calorie & low-calorie foods 0.18 + 0.14 0.29 + 0.12
Savoury high-calorie & low-calorie foods 0.08 + 0.21 0.12 + 0.17
Objects & blurred 0.44 + 0.18 0.34 +0.20

Picture appeal rating (*1=a lot, 2=a little, 3=neutral, 4=not really, 5=not at all; "1 category minus 2™

category), Fed Saline vs. Fed Ghrelin, n=17 per group, data are expressed as mean + SEM, *P<0.05, **P<0.01,

***pP<0.005.
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5.3.7. Reaction time for appeal rating
The reaction time for appeal rating of both food categories and object pictures at the Fed
Ghrelin visit was significantly shorter compared to the Fed Saline visit (P<0.05), but not

for rating blurred pictures (P=0.09) (Table 5.10.).

Table 5.10. Picture rating reaction time.

Picture Rating Reaction Time (msec) Fed Saline visit Fed Ghrelin visit
High-calorie foods 1330 + 38 1220 + 38**
Low-calorie foods 1332 £ 40 1209 + 38*
Household objects 1349 + 39 1238 + 40***
Blurred 1098 + 25 1022 + 22

Data shown as mean + SEM, n=17 per group, Fed Saline vs. Fed GHrelin visit: *P<0.05, **P<0.01, ***P<0.005.

5.3.8. Brain activation

5.3.8.1. Region of interest (ROI) analysis

Activation in the right (P=0.04) and bilateral (P=0.04) anterior OFC on viewing high-
calorie foods vs. objects at the Fed Ghrelin visit was significantly greater compared to the
Fed Saline visit. There was a tendency for activation in left anterior OFC (P=0.06) on
viewing high-calorie foods vs. objects, and also for low-calorie foods vs. objects in the left,
right and bilateral anterior OFC (P=0.07-0.11), to be greater at the Fed Ghrelin than Fed
Saline visit (Figure 5.24., Table 5.11.).

There was no significant difference in activation in the ventral striatum, insula and
amygdala on either side or bilaterally when viewing high-calorie foods vs. objects or low-
calorie foods vs. objects between the Fed Saline and the Fed Ghrelin visit (P=0.14-0.98)
(Table 5.11).

Activation in the ventral striatum, insula, amygdala and anterior OFC when viewing
objects vs. blurred pictures was not significant different between the Fed Saline and Fed

Ghrelin visits (P=0.12-0.89) (Table 5.11.).
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When observing statistical activation maps for individual visits, there was evidence
of significant activation in the left ventral striatum at the Fed Ghrelin visit when viewing
high-calorie foods vs. objects which was not apparent at the Fasted Saline and Fed Saline
visits nor on viewing low-calorie foods vs. objects. However such comparisons can be
misleading because of activation for some visits and contrasts being at just sub-threshold
levels.

Nevertheless there was a weak tendency for activation in the left ventral striatum
on viewing high-calorie foods vs. objects to be greater at the Fed Ghrelin visit compared
to the Fed Saline visit (P=0.14). As discussed in Chapter 6.2. this had the effect of
tending to reverse the decrease in ventral striatum activation to high-calorie foods seen

after the initial Fasted Dummy visit (Figure 5.25. A-D).

Figure 5.24. Anterior OFC activation for Fed Saline and Fed Ghrelin visit.
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Left hand side: area of anterior OFC showing activation for viewing high-calorie (HC) and low-calorie (LC) foods
relative to objects (Obj) for the Fed Saline (orange clusters) and for the Fed Ghrelin visit (pink clusters). Yellow
colour: overlap of activation for both visits. Activation thresholded at FDR P<0.05, n=17. Co-ordinates are given

in standard MNI space.

Right hand side: average activation in the bilateral anterior OFC (contrast beta value) for high-calorie (HC) and
low-calorie (LC) foods relative to objects (Obj) and objects relative to blurred (Blur) pictures between the Fed
Saline (orange bar) and the Fed Ghrelin visit (striped purple bar). n=17 per group, data expressed as mean
activation = SEM, *P<0.05. ROl mask determined by anterior OFC cluster (y>74) from combined contrast Fasted
Saline, Fed Saline, Fed Ghrelin for high-calorie food > object contrast collapsed across visits thresholded at FDR
P<0.05.
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Figure 5.25. Ventral striatum activation for Fed Saline and Fed Ghrelin visit.
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Top figure: area of ventral striatum showing activation for viewing high-calorie (HC) and low-calorie (LC) foods relative to objects (Obj) for the (A) Fasted Dummy visit (dark
blue cluster) and Fasted Saline visit (green cluster), (B) Fasted Saline visit (green cluster) and Fed Saline visit (orange cluster) and (C) for the Fed Ghrelin visit (pink clusters)
and the Fed Saline visit (orange cluster). Yellow colour: overlap of activation for both visits. Activation thresholded at FDR P<0.05, n=17. Co-ordinates are given in standard
MNI space.

Bottom figure: average activation in the left ventral striatum (contrast beta value) for high-calorie (HC) and low-calorie (LC) foods relative to objects (Obj) and objects relative
to blurred (Blur) pictures between the Fasted Dummy (dark blue bar), Fasted Saline (dotted green bar), Fed Saline (orange bar), and Fed Ghrelin (striped purple bar) visits.
n=17 per group, data expressed as mean activation + SEM, *P<0.05. ROl mask determined by overlap of Harvard FSL atlas for nucleus accumbens with combined contrast

Fasted Saline, Fed Saline, Fed Ghrelin for high-calorie foods > object contrast collapsed across visits FDR P<0.05.
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Table 5.11. Magnitude of Activation within ROIs for Fed Saline and Fed Ghrelin visit.

ROl H Fed Saline visit Fed Ghrelin visit
High-calorie vs Object Low-calorie vs Object Object vs Blurred High-calorie vs Object Low-calorie vs Object Object vs Blurred
Ventral
striatum L 0.052 + 0.0448 0.013 £ 0.044 0.028 + 0.040 0.141 £ 0.029 0.067 £ 0.028 0.062 £ 0.041
R 0.067 + 0.032 0.015 + 0.037 0.003 + 0.047 0.108 £ 0.019 0.065 + 0.027 -0.005 + 0.035
Bilateral 0.120 + 0.060 0.030 £ 0.070 0.010 + 0.080 0.250 £ 0.040 0.130 £ 0.050 -0.070 £ 0.050
Amygdala L 0.163 £ 0.051 0.063 £ 0.046 0.087 £ 0.061 0.168 £ 0.037 0.133 £ 0.053 0.126 £ 0.053
R 0.155 + 0.062 0.082 £ 0.053 0.055 £ 0.071 0.187 £ 0.052 0.111 £ 0.050 0.141 £ 0.053
Bilateral 0.320 £ 0.110 0.140 £ 0.090 0.140 £ 0.130 0.350 £ 0.080 0.240 £ 0.100 0.270 £ 0.100
Insula L 0.130 + 0.041 0.091 £ 0.034 0.047 £ 0.043 0.116 + 0.030 0.065 £ 0.030 0.074 £ 0.038
R 0.124 + 0.038 0.110 £ 0.036 -0.013 + 0.047 0.125 £ 0.028 0.085 + 0.033 0.030 £ 0.030
Bilateral 0.250 £ 0.080 0.200 £ 0.070 0.030 £ 0.090 0.240 £ 0.050 0.150 £ 0.060 0.100 £ 0.060
Anterior OFC L 0.134 £ 0.051 0.107 £ 0.048 0.144 + 0.06 0.290 £ 0.044 0.201 £ 0.050 0.078 £ 0.073
R 0.066 + 0.048 0.059 £ 0.049 0.168 £ 0.073 0.191 + 0.045* 0.162 £ 0.061 0.096 £ 0.067
Bilateral 0.200 £ 0.090 0.170 £ 0.090 0.310 £ 0.130 0.480 + 0.080* 0.360 £ 0.100 0.170 £ 0.140

Average magnitude of activation within each regions of interest (ROIl) for each hemisphere (H) at the Fed Saline visit and the Fed Ghrelin visit. Beta values extracted for each
individual subject contrast estimates (vs. objects) for high-calorie and low-calorie foods (n=17 per group) and objects vs. blurred picture contrast: *P<0.05 for Fed Saline visit

vs. Fed Ghrelin visit.
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5.3.8.2. Whole brain analysis
Additional brain areas were activated on viewing high-calorie foods relative to objects at
the Fed Saline visit (Table 5.6., 5.7.) and the Fed Ghrelin (Table 5.12. and 5.13.) visit

using whole brain analysis.

The number of activated brain areas when viewing particularly high-calorie foods was
increased at the Fed Ghrelin visit but not at the Fed Saline visit. Especially the
hippocampus, parahippocamous and accumbens are only activated on the Fed Ghrelin visit

but not at the Fed Saline visit.

When comparing all four study visits the results show activation especially in the
accumbens only at the Fasted Dummy visit and Fed Ghrelin visit, in the parahippocampus
and hippocampus only at the Fasted Saline and Fed Ghrelin visit and in the amygdala only
at the Fasted Saline and Fed Saline visit. The number of brain regions was notably high at
the Fasted Dummy and the Fed Ghrelin visit and low at the Fasted and Fed Saline visit for
both contrasts (H>0O, L>0). In general, the number of areas activated when viewing low-
calorie foods compared to when viewing high-calorie foods was reduced for all visits. All

areas had activation in the visual cortices (Occipital cortex and intracalcarine cortex).
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Table 5.12. Whole brain analysis at the Fed Ghrelin visit for viewing high-calorie

foods (vs.objects).

Region H z \% X \ z

6.32 8257 -14 -94 -2
Occipital pole L

4.64 201 -26 34 -16
Orbitofrontal Cortex L

4.19 105 -36 -4 4
Insula Cortex L

4.13 129 -18 -2 -20
Parahippocampus Gyrus L

4.1 243 -8 8 -4
Accumbens L

4.01 205 -26 -30 -4
Hippocampus L

4.04 144 30 -60 50
Lateral Occipital Cortex R

3.97 70 26 36 -20
Orbitofrontal Cortex R

3.9 139 42 -4 0
Insula Cortex R

3.79 134 14 -30 -8
Parahippocampus Gyrus R

3.69 50 -42 38 8
Inferior Frontal Gyrus L

3.68 30 -62 -22 34
Supramarginal Gyrus, anterior division L

3.53 41 -6 48 -8
Paracingulate Gyrus L

3.47 62 2 40 0
Anterior Cingulate Gyrus R

3.41 51 -46 -18 42
Postcentral gyrus L

3.33 82 -2 -34 30
Posterior Cingulate Gyrus L

3.36 40 8 16 -2
Accumbens R

3.6 39 44 40 8
Inferior Frontal Gyrus R

3.43 33 12 -2 8
Thalamus R

3.3 19 46 4 20
Precentral Gyrus R

3.28 16 16 -4 -2
Pallidum R

3.18 23 -46 -62 -8
Lateral Occipital Cortex L

3.15 14 -16 -8 56
Superior Frontal Gyrus L

3.07 8 -38 -38 28
Parietal Operculum L

3.05 7 2 20 2
Subcallosal Cortex R

Activation within whole brain analysis for high-calorie picture contrast (relative to objects) at the Fed Ghrelin

visit (n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the

cluster for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.
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Table 5.13. Whole brain analysis at the Fed Ghrelin visit for viewing low-calorie

foods (vs.objects).

Region H z \Y X y z
R 6.99 7700 12 -90 -2

Occipital Pole

4.27 121 -24 36 -16
Orbitofrontal Cortex L

4.38 81 40 -4 4
Insula Cortex R

4.37 67 -38 -6 8
Insula Cortex L

3.67 39 -64 -16 22
Postcentral Gyrus L

3.44 38 20 34 -24
Orbitofrontal Cortex R

3.19 31 -4 -36 26
Posterior Cingulate Gyrus L

3.41 29 28 -62 46
Lateral Occipital Cortex, superior division R

3.28 15 -48 -36 34
Supramarginal Gyrus L

3.41 13 -52 -12 40
Precentral Gyrus L

3.52 13 24 -28 -6
Hippocampus R

3.35 10 48 -12 54
Precentral Gyrus R

3.09 5 -50 6 22
Inferior Frontal Gyrus L

Activation within whole brain analysis for low-calorie picture contrast (relative to objects) at the Fed Ghrelin visit
(n=17 per group). Results represent co-ordinates of the peak voxel (X, y, z in MNI space (in mm)) of the cluster
for each hemisphere (H), number of voxels within cluster (v, 2x2x2mm). Threshold correction for multiple

corrections: FDR P<0.05 and minimum 5 voxel cluster size.

5.4. Summary results ghrelin fMRI study
VAS hunger, pleasantness to eat, volume able to eat were significantly greater and
fullness ratings significantly lower at the Fasted Saline visit compared to the Fed Saline
visit, but not at the Fed Ghrelin visit compared to the Fed Saline visit. Hunger rating
during MRI scanning was significantly greater at the Fasted Saline visit compared to the
Fed Saline visit, and there was a tendency for hunger rating during scanning to be greater
at the Fed Ghrelin visit compared to the Fed Saline visit.

Ad libitum lunch intake was 15% greater at the Fasted Saline visit compared to the
Fed Saline visit and there was a tendency for lunch pleasantness to be greater at the
Fasted Saline visit, but there was no significant difference in lunch tastiness between the
two visits. However there was no significant difference for at libitum lunch intake,

tastiness and pleasantness between the Fed Saline and the Fed Ghrelin visits.

199



Analysis of VAS stress ratings revealed that there were no significant differences in
stress, anxiety and sickness, between the Fasted and Fed Saline, and the Fed Saline and
Fed Ghrelin visits although there was a tendency of stress and sickness to be greater after
ghrelin injection at the Fed Ghrelin visit. Serum prolactin and cortisol levels were
significantly elevated after the injection at the Fed Ghrelin visit compared to the Fed
Saline visit, but not at the Fasted Saline compared to Fed Saline visit.

Analysis of metabolic parameters revealed that serum insulin and triglyceride levels
but not plasma glucose and serum growth hormone levels were increased at the Fed
Saline visit compared to the Fasted Saline visit. At the Fed Ghrelin visit plasma glucose
and serum growth hormone levels but not serum insulin and triglyceride levels were
significantly higher compared to the Fed Saline visit.

High-calorie foods were more appealing than low-calorie foods at the Fasted Saline
and Fed Ghrelin visits but not at the Fed Saline visit. Chocolate and sweet non-chocolate
but not savoury high-calorie foods were more appealing than low-calorie foods at the
Fasted Saline and Fed Ghrelin visits, but not the Fed Saline visit. High-calorie foods and
low-calorie foods were more appealing relative to object pictures at each of the three
visits. There was no significant difference in the appeal of object relative to blurred
pictures between any of the three visits. Interestingly, the reaction time for appeal rating
of both food categories and object pictures at the Fed Ghrelin visit was significantly
shorter compared to the Fed Saline visit but not for rating blurred pictures. These
differences in reaction time for appeal rating were not seen between the Fasted and Fed
Saline visit.

At both the Fasted Saline and Fed Ghrelin visits, anterior OFC activation on viewing
high-calorie foods was significantly greater than the Fed Saline visit. There was a trend for
the anterior OFC activation to low-calorie foods to be greater at the Fed Ghrelin than Fed
Saline visit, but this was not seen for the Fasted Saline compared to the Fed Saline visit.
There was no significant difference in activation in any other ROI for any other picture

contrast between any of the three visits.
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There was a weak trend for activation in the ventral striatum on viewing high-
calorie foods to be greater at the Fed Ghrelin visit than the Fed Saline visit. This trend was
was not apparent for the Fasted Saline compared to the Fed Saline nor for the low-calorie
foods. Interestingly this ventral striatum activation to high-calorie foods was also apparent
at the Fasted Dummy visit but was less apparent at the Fasted Saline visit (see discussion
6.3.2.).

This study was thus able to demonstrate that fasting and ghrelin both increased
the appeal of high-calorie over low-calorie foods and increased anterior OFC activation to
high-calorie foods. The effects on OFC activation to low-calorie foods were less marked,

with only a trend seen for ghrelin administration.

At the Fed Saline visits, individual activation in the ventral striatum, anterior OFC and
insula when viewing high-calorie foods positively correlated with individual hunger ratings
in the scanner. The correlations with activation to low-calorie foods showed similar trends.

No such correlations were seen at the Fasted Saline visits.

At the Fed Saline visit, activation in the anterior OFC, and insula when viewing high-
calorie foods correlated positively with ad libitum lunch intake with a trend for activation
to low-calorie foods. At the Fasted Saline visit, only activation in the insula when viewing
high-calorie foods positively correlated with ad libitum lunch intake with no trend seen for
low-calorie foods. By contrast, there was no positive correlation between VAS appetite
ratings just before lunch and ad libitum lunch at either the Fed Saline or Fasted Saline

visits.
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Chapter 6

DISCUSSION

CONCLUSION

FUTURE WORK
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6.1. Discussion for Fed—Fasted fMRI study and Fasted Saline vs. Fed Saline

comparison from ghrelin fMRI1 study

6.1.1. The main findings of the fed-fasted fMRI are:

O

(i)
Giii)

(@iv)

™)

Greater hunger, pleasantness to eat, volume able to eat and less fullness when
fasted compared to when fed.

Food picture appeal bias towards high-calorie foods when fasted.

Ventral striatum, amygdala, insula, medial and lateral OFC show greater activation
to high-calorie compared to low-calorie foods, when fasting but not when fed.
Individual differences in appeal of high-calorie foods positively correlated with
individual differences in hunger and pleasantness to eat between fasted and fed
visits.

Individual differences in appeal bias to high-calorie over low-calorie foods positively
correlated with differences in activation in both the medial OFC and lateral OFC for

the high-calorie vs. low-calorie contrast between fasted and fed visits.

6.1.2. The main findings of the Fasted Saline vs. Fed Saline comparison from the

ghrelin study are:

®

Q)

i)

(@iv)

Greater hunger, pleasantness to eat, volume able to eat and less fullness at the
Fasted Saline visit compared to the Fed Saline visit.

Ad libitum lunch intake was increased by 15% at the Fasted Saline visit compared
to the Fed Saline visit and there was a tendency for lunch pleasantness (but not
tastiness) to be greater on the Fasted Saline visit.

High-calorie foods were more appealing at the Fasted Saline visit compared to the
Fed Saline visit but not low-calorie foods.

Activation in the anterior OFC to high-calorie foods was significantly increased at

the Fasted Saline compared to the Fed Saline visit but not low-calorie foods.
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) At the Fed Saline visit, but not the Fasted Saline visit, hunger rating positively
correlated with activation in the ventral striatum, anterior OFC and insula to high-
calorie foods with a similar trend for low-calorie foods.

(vi) At the Fed Saline visit, activation in the insula and anterior OFC when viewing high-
calorie foods correlated with lunch intake with a similar trend for low-calorie foods.

(vii() At the Fasted Saline visit, activation in the insula when viewing high-calorie foods
positively correlated with lunch intake, but not for low-calorie foods.

(viii) There was no positive correlation between VAS appetite scores (just before lunch)

and lunch intake at either fed or fasted visits.

6.1.3. Effect of nutritional state on food appeal
In the two fMRI studies, hunger and pleasantness were increased and fullness was
decreased at the fasted visits compared to the fed visits.

It is suggested that subjects’ palatability of food is altered in the fed, compared
with the fasting state (Berridge, 1991). The two fMRI studies found that high-calorie foods
were more appealing than low-calorie foods at the fasted visit but not at the fed visit.
These results were further supported by data from the first fed/fasted study when
individual differences in the appeal of high-calorie foods between the fed and fasted state
also correlated with the individual differences in hunger and pleasantness to eat.

The second Fasted / Fed Saline study also showed that ad /ibitum lunch intake at
the Fasted Saline visit was significantly increased compared to the Fed Saline visit and
that there was a tendency for lunch pleasantness to be greater at the Fasted Saline visit.
These findings confirm that nutritional state (fasting, e.g. not eating breakfast) impacts on
the appeal and pleasantness of food (Cabanac, 1971; Uher et al., 2006; Stoeckel et al.,
2007).

Cross-sectional studies have shown connections between lack of breakfast
consumption, and increased daily fat intake, subsequent consumption of high fat snacks,
and more binge eating disorder in children and adults (Rampersaud et al., 2005; Masheb

and Grilo, 2006; Niemeier et al., 2006; van der Heijden et al., 2007; Dubois et al., 2008;
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Marin-Guerrero et al., 2008; Timlin et al., 2008). Missing breakfast is positively related to
greater weight gain in normal-weight adolescents (Berkey et al., 2003; Timlin et al.,
2008) and during the transition between adolescence to early adulthood (Rampersaud et
al., 2005; Niemeier et al., 2006; van der Heijden et al., 2007). Eating breakfast is linked
to healthier food choices such as more vegetables and milk, fewer soft drinks, and a lower
intake of french fries in children and adults (Rampersaud et al., 2005; van der Heijden et
al., 2007; Dubois et al., 2008). Thus, the findings from these studies suggest a potential
brain reward mechanism influencing food preference by which fasting may lead to weight
gain. Indeed, fasting leads to increased impulsive snacking and fat intake in obese
individuals in a caloric restriction weight-reduction programme (Schlundt et al., 1992).
The results of these studies however would therefore support the advice for regular

consumption of a healthy breakfast (Rampersaud et al., 2005).

The effect of skipping breakfast on subsequent intake of fatty, calorie-rich foods and
impulsive snacking depends on the usual breakfast habits (Schlundt et al., 1992). The
majority of the subjects of the two studies ate breakfast regularly. However, there was a
difference in the type of breakfast subjects were given in the two fMRI studies. At the first
fed-fasted fMRI study they were instructed to eat a filling breakfast of their own choice
whereas in the Fasted / Fed Saline fMRI study they were given a fixed breakfast. Being
able to choose a breakfast such as in the first fMRI study will lead people to eat what they
like, whereas in the second study the breakfast was probably not the most favourite food
for all the volunteers. Furthermore even though the calorie content of breakfast for the
second study was chosen to be the same as the average for the first study, an identical
amount of calories was given for for men and women and for subjects of different size.
Thus, the food type and volume of the breakfast relative to body habits were different in
the two studies. This may explain why differences between appetite ratings between the
fasted and fed visit were greater at the first fed-fasted study compared to the second
Fasted / Fed Saline study. These differences in appetite ratings between the two studies

were paralleled in the food picture appeal ratings. Both studies showed that food picture
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appeal is biased towards high-calorie foods when not eating breakfast. However, the
differences of appeal ratings were greater between the fed and fasted visit in the first fed-
fasted study where subject had a filling breakfast of their own choice.

This could explain why although skipping breakfast in the second fMRI study led to
greater food intake at lunch it did not lead to any overall reduction in energy intake or
macronutrient content between the Fasted and Fed Saline visit over the whole study day.
Another explanation is that the test lunch contained only one savoury high-calorie food
which may have impaired the ability to separate differences in food intake between the
visits. This assumption could be underpinned with the appeal rating data which showed
that although high-calorie foods were more appealing than low-calorie foods at the Fasted
Saline visit this significance was dependent on the type of high-calorie food: being
significant for chocolate or sweet non-chocolate but not savoury high-calorie foods.

In future studies it would be interesting to vary the breakfast size according to the
subjects dietary needs calculated using resting energy expenditure which adjusts for age,
gender and weight, and to give a test lunch buffet consisting of a mixture of sweet and

savoury low-calorie and high-calorie foods.

6.1.4. Effect of food type on brain reward systems

The sensory properties of foods play a very important role in the way people select their
food and how much they eat (Sorensen et al., 2003; Stoeckel et al., 2008). The findings
of the first fed-fasted study showed that viewing pictures of high-calorie over low-calorie
foods increased activation in the ventral striatum, amygdala, anterior insula, and medial
and lateral OFC. The second Fasted/ Fed Saline study showed that viewing pictures of
high-calorie foods over objects increased activation in the anterior OFC.

These findings agree with earlier PET and BOLD imaging research in non-obese
healthy volunteers, that compared to non-food-pictures, visual food stimuli induce greater
activity in the amygdala, ACC, insula, OFC, DLPFC and striatum (Gordon et al., 2000,
LaBar et al., 2001, Morris and Dolan, 2001, Wang et al., 2004, Holsen et al., 2005,

Simmons et al., 2005, St-Onge et al., 2005, Porubska et al., 2006, Fuhrer et al., 2008,
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Schur et al., 2009). Activity is also greater in the ventral striatum, OFC, amygdala and
insula when viewing appetizing compared with bland or disgusting foods (Beaver et al.,
2006, Calder et al., 2007). Compared to low-calorie food pictures, viewing high-calorie
food stimuli induces greater activity in the insula, medial OFC, medial and dorsolateral PFC
(Gordon et al., 2000, Killgore et al., 2003, Siep et al., 2009). Activity is also greater in the
amygdala and OFC when chosing highly preferred foods from a menu (Hinton et al.,

2004).

6.1.5. Combined effect of nutritional state and food type on brain reward
systems

Nutritional state (fasting) impacts on food reward and increases the appeal of food
(Cabanac, 1971; Uher et al., 2006; Stoeckel et al., 2007). Animal and human studies
have demonstrated that food restriction increases the rewarding properties of drugs of
misuse (Palmiter, 2007). The sensation of reward is also influenced by energy status, as
the subject’s palatability of food is altered in the fasted compared to the fed state
(Berridge, 1991).

The novelty of the two fed/ fasted studies was that an interaction has been shown
between nutritional state and food category (high-calorie foods) on the activation of brain
reward systems. When fasted (first fed-fasted study), activation in the ventral striatum,
amygdala, anterior insula, and medial and lateral OFC was increased on viewing pictures
of high-calorie over low-calorie foods. However, the second Fasted / Fed Saline study
showed that viewing pictures of high-calorie foods over objects only increased activation
in the anterior OFC. These differences in activations in the two fMRI studies could be
justified by various factors which are explained in the following section (‘Activation in the
ventral striatum’). The results however agree with previous imaging studies that have
looked at individual components of nutritional state and food category. They show that in
a fasted state, the calorie content of food pictures modulates the activation of brain
reward systems such as the in the insula, OFC, ventral striatum and amygdala when

viewing high-calorie over low-calorie foods in lean subjects (Frank et al., 2010, Gordon et
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al., 2000, Killgore et al., 2003, Siep et al., 2009), when viewing appetizing over disgusting
(or bland) foods in lean subjects (Beaver et al., 2006, Calder et. al. 2007) and when
choosing highly preferred foods from a menu in obese subjects (Hinton et al., 2004, Piech

et al., 2009).

6.1.6. Activation in the ventral striatum

In the fed-fasted fMRI study, activation in this brain region was increased when fasted
(compared to when fed) on viewing high-calorie foods which is in agreement with previous
research (Beaver et al., 2006; Rolls and McCabe, 2007; Stoeckel et al., 2008; Stoeckel et
al., 2009). This may be due to the ventral striatum playing an incentive motivational role
in food intake and activation of this reward system enables behavioural responses
necessary for obtaining a goal object, aimed at anticipated food receipt (Berridge, 1996,
Kelley, 2004). There was however no activation in the second Fasted/ Fed Saline fMRI
study when viewing high-calorie foods at the Fasted Saline visit which may be explained
by various reasons:

(i) The breakfast was equal for men and women whereas in the first study
subjects where instructed to have a filling breakfast of their choice. This
resulted in the differences in VAS appetite ratings and appeal scores
between the fasted and fed visit being greater in the first study compared to
the second study.

(ii) In the second study, the Fasted and Fed Saline visit were randomised
together with the Fed Ghrelin visit to either the 2", 3™ or 4™ study visit.
Viewing the food pictures for the 3™ or 4" time (compared to the fed-fasted
study) may reduce the novelty and motivation to receive the high-calorie
food pictures and therefore decrease activation in the ventral striatum.
Indeed, the second study has shown that activation in the ventral striatum
was decreased between the Fasted Dummy and Fasted Saline visit. These

findings are supported by recent research showing that contextual novelty
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enhances neural responses underlying reward representation in the ventral
striatum (Guitart-Masip et al., 2010).

(iii) In the second study, a different atlas (as part of the new fMRI analysis
software) was used to draw the regions of interest such as the ventral
striatum. In the first study the automated anatomical labeling atalas (AAL)
as part of SPM 5 software was used and in the second study, the Havard
atlas as part of the FSL software. This could lead to differences in the
anatomical location of each ROI.

(iv) Finally, there were differences between the studies in how the relevant
voxels in the ROIs were defined. The first study looked at differences in
activation at peak voxel (defined as most significant difference in activation
when viewing high-calorie over low-calorie foods at the fasted visit),
whereas the second study looked at the differences in average activation
within those voxels in the whole ROI that were activated on average across
3 visits for high-calorie foods compared to objects. This alternative method
using union fMRI was chosen because there were voxels whose activity was
greater for high-calorie than low-calorie foods at both the Fed Saline and
Fasted Saline visits, while in the first study there were only significant

voxels at the fasted visit.

The second fMRI study found that individual hunger ratings positively correlated with
activation in the ventral striatum when viewing high-calorie foods but only at the Fed
Saline visit, with a similar trend for low-calorie foods. This may be explained by a
threshold effect when fasting with a non-linear relationship between activation and hunger
once a certain hunger level is reached when fasted. Below this level, varying degrees of
satiation in the fed state may can still correlate with activation in the ventral striatum.
This hypothesis is supported by results from the first fMRI study when individual
differences in hunger positively correlated with individual differences in appeal bias

towards high-calorie foods in the fed state but not in the fasted state.
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6.1.7. Activation in the insula cortex

In the first fMRI study, activation in the insula was significantly increased when viewing
high-calorie foods only in the fasted state. This is in accordance with previous studies
which showed that fasting increased insula activation when viewing food relative to non-
food pictures (Gordon et al., 2000; St-Onge et al., 2005; Schur et al., 2009; Siep et al.,
2009), high-calorie over low-calorie foods (Frank et al., 2010), viewing and smelling food
(Wang et al., 2004; Wang et al., 2009) and after choosing high-incentive over low-
incentive foods written on a menu (Hinton et al., 2004).

The second fMRI study showed that individual hunger ratings are positively
correlated with activation in the insula when viewing high-calorie foods only at the Fed
Saline visit with a similar trend for low-calorie foods. This disagrees with a previous study
which demonstrated that subjective ratings of hunger when fasted for at least 5 hours
correlated with activation in the insula to food pictures (Porubska et al., 2006). As
discussed for the ventral striatum above these differences may be related to threshold
effects and the duration of fasting.

The insula cortex has been suggested to play an important role in taste processing
and belongs to the “visceral stimulation network” (Welzl et al., 2001; Porubska et al.,
2006; James et al., 2009). Previous studies suggested that representations of experience
with food (colour, taste, flavour, reward value) are generated in the insula (de Araujo et
al., 2003; Haase et al., 2009a). Bender and colleagues demonstrated that the insula is
activated to taste versus tasteless stimuli irrespective of taste (sweet, sour and salty)
(Bender et al., 2009). Thus, this region of the insula is responsible in encoding taste
irrespective of taste demand (Bender et al., 2009). Haase et al. confirmed insula
activation in response to sweet, sour and salty taste in both hungry and satiety states
(Haase et al., 2009a). However, none of these studies commented on the calorie content
of the food.

The findings of the second fMRI study are the first to show that activation in the
insula when viewing high-calorie foods positively correlated with ad libitum lunch intake at

both the Fasted and Fed Saline visits, with a trend for activation to low-calorie foods at
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the Fed Saline visit only. As with the hunger rating correlations discussed above, this
demonstrates that when fasted, correlations with appetite measures are only seen for
activation to high-calorie foods, while when fed they are seen for high-calorie and a
tendency for low-calorie foods. This again supports the interaction between nutritional
state and biases towards high-calorie foods (see section below entitled “Activation in the

OFC”).

6.1.8. Activation in the amygdala

In the first, but not second fMRI study there was increased activation in the amygdala
when viewing high-calorie over low-calorie foods on the fasted visit. This is in agreement
with earlier neuroimaging research showing that fasting (vs. post-prandial state) activates
the amygdala when viewing food over non-food pictures (LaBar et al., 2001; Morris and
Dolan, 2001; Holsen et al., 2005; Fuhrer et al., 2008; Schur et al., 2009; Siep et al.,
2009), when choosing high-incentive over low-incentive foods written on a menu (Hinton
et al., 2004) or when imagining and chosing attractive written dishes from a restaurant
menu (Piech et al., 2009). The amygdala has been implicated in emotional processing
particularly responses of positive and negative affect, reward processing, and behaviour
(Pessoa and Ungerleider, 2004). Suggested reasons for the lack of differences in
activation in the amygdala between nutritional states in the second fMRI study are similar
to these discussed above for the ventral striatum, principally the different preload
(breakfast), the novelty effect of the Fasted Dummy visit, the different anatomical labeling

atalas and the different statistical fMRI analysis approach.

6.1.9. Activation in the orbitofrontal cortex (OFC)

In the two fMRI studies, activation in the OFC was significantly increased when viewing
high-calorie foods in the fasted compared to the fed state. In the first fed/fasted fMRI
study, activation in the medial and lateral OFC was significantly increased on viewing
high-calorie over low-calorie foods in the fasted but not the fed state. These findings of an

interaction between activity in brain reward systems with food type and nutritional state is
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in agreement with a previous H,**O PET study, which showed that fasting (vs. post-
prandial state) activates the medial OFC when choosing high-incentive over low-incentive
foods written on a menu (Hinton et al., 2004). Other fMRI studies have also demonstrated
that compared to low-calorie food pictures, viewing high-calorie food stimuli induces a
greater activation in the OFC (Gordon et al., 2000; Killgore et al., 2003; Goldstone et al.,
2009; Siep et al., 2009; Frank et al., 2010). In normal weight subjects in a fasted hungry
state, visual food versus non-food stimuli are reported to produce greater activation in the
OFC, using functional imaging techniques (Holsen et al., 2005). However, the findings of
this research study are the first to show that fasting also enhances the subjective appeal
of high-calorie more than low-calorie foods, and the change in appeal bias towards high-
calorie foods is positively correlated with medial and lateral OFC activation (Goldstone et
al., 2009). This suggests a role for the OFC in the representation of food reward value.

Furthermore the second fMRI study revealed that hunger ratings were positively
correlated with activation in the OFC when viewing high-calorie foods in the fed state with
a similar trend for low-calorie foods, but not in the fasted state. However, appeal rating
differences between the Fasted Saline and Fed Saline visit did not correlate with
differences in activation in the OFC in the second study. As discussed earlier (‘Activation in
the ventral striatum (i)), this could be explained by smaller changes in appetite and food
appeal between the fasted and fed visits due to the fixed breakfast given in the second
study, compared to the first study (Goldstone et al., 2009).

A large meta-analysis of the existing neuroimaging data has shown that activity in
the OFC is related to the monitoring and learning of reward value of reinforcers
(Kringelbach & Rolls, 2004). New research suggests that specific brain reward areas are
divided into specific functional subregions. The reward value of a reinforcer is assigned in
more anterior parts of the OFC, where it can be modulated by hunger and other internal
states, and can be used to influence subsequent behaviour, stored for monitoring,
learning and memory, and made available for subjective hedonic experience (Kringelbach

et al., 2003; Kringelbach and Rolls, 2004; Kringelbach, 2005).
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In the second study, anterior OFC activation to high-calorie foods (but not low-
calorie foods) positively correlated with ad libitum lunch intake in the fed state only. As
described for the insula and ventral striatum, this may be explained by a threshold effect
in the fasted state. Furthermore one previous fMRI study has examined the relationship
between non-task related BOLD activation and subsequent caloric intake (lunch) in the
fasted state under hormonal manipulation (Batterham et al., 2007). This study showed
that after infusion of saline (low PYY levels) resting activity in the hypothalamus correlated
with subsequent caloric intake. On the PYY infusion day, activation in the OFC predicted
subsequent caloric intake. Therefore, in the presence of PYY, a postprandial satiety factor,
brain activity predicting caloric intake appeared to switch from a homeostatic area
(hypothalamus) to a hedonic area (OFC). My results are entirely consistent with this since
correlations of OFC activation and lunch intake were only seen in the fed state in which
PYY levels would be expected to be higher compared to the fasted state.

An interesting finding of this study was that there was no positive correlation
between VAS appetite ratings just before lunch and ad libitum lunch intake at the Fed
Saline or Fasted Saline visits. As this study showed positive correlations of insula and
anterior OFC activation and ad libitum lunch intake, this is the first study to show that
brain activity when viewing food pictures may be a better predictor of subsequent food
intake then appetite ratings (Blundell et al., 2010). One possible explanation could be that
subjects use different VAS rating strategies while BOLD activation is a less subjective

measure to compare between subjects.

6.1.10. Control tasks

The assessment of activity during control tasks (viewing object vs. blurred pictures)
suggests that the results of the two fed/fasted studies are unlikely to be due to any non-
specific changes in BOLD fMRI signal of nutritional state as there was no significant
differences in activation in brain reward systems when viewing objects over blurred
pictures (Noseworthy et al., 2003). Visual cortices (occipital cortex and lateral geniculate

nucleus) showed also no significant difference in activation on viewing a 4Hz flashing
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checkerboard between fed and fasted states in the first fed-fasted study. The analysis of
the AMV task of the second Fasted-Fed Saline study will hopefully confirm these non-
specific changes in brain activation.

Previously, caffeine has been shown to have the potential to modify fMRI results,
as the BOLD signal is a function of both neural activity and changes in vascular tone
through coupling of neural activity to the haemodynamic response. Therefore any
manipulation that alters vascular tone can alter BOLD responses. For example, caffeine
blocks adenosine receptors, resulting in vasoconstriction. A previous study demonstrated
that in high caffeine users BOLD signhal changes are increased after visual stimulation
compared to low caffeine users (Laurienti et al., 2002). The same group of researchers
further showed that acute caffeine intake reduces cerebral perfusion and increase BOLD
signal intensity compared to placebo in response to passive visual (flashing checkerboard)
and passive auditory (bursts of white noise) stimuli (Laurienti et al., 2003).

Therefore any pharmacological or nutritional manipulation has the potential to non-

specifically alter BOLD responses and so control tasks should be included as standard.

6.1.11. Study limitations

There are several limitations that should be taken into account when making any
conclusions from these two studies about the effects of nutritional state on brain
responses to food pictures:

1. A relatively small numbers of subjects leading to possibility of type | errors, especially
given the number of comparisons done. For this reason the number of ROIs was kept
limited. However confirmation of the findings will need to be made with a larger cohort.

2. The sample size has been determined using previous publications. Without prior power
calculations the probability of type Il error is increased. The conclusions therefore remain
preliminary until they are re-examined in further study populations with larger subject
numbers.

3. Different pre-loads were given between the 2 studies - a filling breakfast of the

subject’s own choice vs. a fixed breakfast. In order to compare brain activity between
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subjects it is important to have the same macronutrient composition consumed by each of
them.

4. The second study attempted to control for food intake on the night prior to each study
visit. They were instructed to have the same type and amount of food for supper at 8pm
the night prior to each study day. However, in the second study participants consumed
more carbohydrates at the Fed Saline visit compared to the Fasted Saline visit. The first
study did not control for these variations which could influence food intake on the study
days.

5. The results from these studies may not be directly relevant to overweight/ obese
subjects as there may be differential effects on food reward systems in obese subjects.
Increased BMI has been correlated with decreased ability to inhibit food intake
(Myslobodsky, 2003; Nederkoorn et al., 2006a; Lowe et al., 2009; Nederkoorn et al.,
2009) and with reduced satiety (le Roux et al., 2006). Obese and postobese subjects have
been found to have altered activity at rest in brain reward systems after eating a meal
(DelParigi et al., 2004; Le et al., 2006; Le et al., 2007). Obese subjects have further
exaggerated activation of brain reward systems when viewing high-calorie vs. low-calorie
foods (Rothemund et al., 2007; Stoeckel et al., 2008; Martin et al., 2009). There was no
significant correlation between BMI and activation for the high-calorie vs. low-calorie food
contrast when fasted in any ROI in the first fed/fasted fMRI study. This may be explained
by the homogenous group of the study subjects with an average BMI of 22.1 + 0.5 kg/m?
(range 18.2-27.1) who were all non-obese or overweight on BMI criteria. Therefore it was
not possible to investigate the effect of BMI on activation in brain reward systems. This
can be addressed in future studies by comparing non-obese and obese subjects.

6. This studies used a mixed-block fMRI picture paradigm which was not designed to
differentiate whether different categories of high-calorie foods produced differential
activation in reward systems. Although there was a suggestion that sweet high-calorie
foods tended to be of greater appeal than savoury high-calorie foods when fasted, the
study was not desighed or powered to examine this in detail. The heterogeneous ethnicity

in this study could also bias the preference and reward for certain food types. Future
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studies can address this specifically using an event-related fMRI design or blocks
separating sweet and savoury high-calorie foods with sufficient numbers of different high-
calorie pictures and using a homogenous ethinicty group used to a western diet. Previous
taste fMRI studies have distinguished between tasting sweet, sour, salty and tastless
solutions (Bender et al., 2009; Haase et al., 2009; Spetter et al., 2010) but differential
effects of sweet vs. savoury food pictures on brain activation have yet to be reported.

7. In order to improve the results when running appetite fMRI studies it may be
important to implement an inital dummy visit to acclimatise (stress, anxiety) subjects to
the MRI scanning and the fMRI protocol, although many subjects in the first study had
previously experienced MRI scans (Chandarana et al., 2009). A Fasted Dummy visit was
applied in the second fMRI study. The results and discussion of the impact of such Fasted
Dummy visit will be shown in section 6.4.

8. The fist study did not control for the day of menstrual cycle although there is evidence
for variation in appetite and fMRI brain response to rewarding stimuli over the menstrual
cycle (days 2-10 after day of first bleed) in women (Dreher et al., 2007; Van Vugt, 2009,
Frank et al., 2010). The second fMRI study controlled for menstrual cycle.

9. The first fMRI study did not collect field maps (due to delayed sequence development),
a method to correct for geometric distortions in brain reward areas such as the medial

OFC located at the bottom edge of the frontal cortex.

6.1.12. Conclusion of effects of nutritional state on brain responses to food
pictures

The two studies have highlighted brain areas involved in appetite reward circuitry whose
activity may vary depending on nutritional state and type of food stimulus. The results
demonstrate that in healthy subjects, fasting increases activity in brain reward systems
when viewing high-calorie compared to low-calorie foods, including ventral striatum,
amygdala, insula, OFC, increases appeal of and preference for high-calorie foods.
Furthermore activity in these brain regions, especially to high-calorie foods when fed, is

predicted by hunger and predicts subsequent food intake.
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An increase in activation in brain reward systems when fasting while viewing high-
calorie foods may be explained by a change in neuroendocrine factors. Endocannabinoid,
serotonergic, opioid, orexin and dopaminergic pathways change with nutritional state and
may be responsible for the changing activity in brain reward systems in response to
appetizing visual food cues (Cardinal et al., 2002; Kringelbach and Rolls, 2004; Volkow
and Wise, 2005; Palmiter, 2007; Berthoud and Morrison, 2008). As discussed in the
Introduction, imaging studies in humans have provided evidence of dopamine involvement
in the motivational properties of food intake (Volkow and Wise, 2005). The mechanism by
which nutritional state and food stimulate dopamine signaling is unclear. A new concept
has been put forward that suggest hormones such as leptin, insulin and ghrelin directly
affect the dopamine reward pathways. These hormones activate receptors on VTA
dopamine neurons, thereby either stimulate (ghrelin) or inhibit (leptin and insulin)
dopamine signaling in the NAc. The NAc (ventral striatum) receives and projects onto the
VTA, insula and OFC (Verhagen and Engelen, 2006; Fields et al., 2007; Van Vugt, 2009).

Leptin shows a direct inhibitory effect on dopaminergic neurons projecting to the
ventral striatum in rodents (Cota et al., 2006). Functional MRI studies using visual food
have shown that obese humans with a very rare condition of leptin deficiency, leptin
replacement reduces hunger, ‘liking’ of food as well as brain activation in the insula and
ventral striatum (Baicy et al., 2007; Farooqi et al., 2007). However, although | did not
meaure leptin levels in the first study, and have yet to assay the samples in the second
study, it is unlikely that plasma leptin levels changed in the current studies as the time
between eating breakfast and imaging was relatively short (1.2 + 0.1hrs) (Korbonits et al.,
1997; Hinton et al., 2004).

In humans, gastric distension and other anorexigenic gut hormones such as PYY
and insulin that are released after eating a meal may also mediate the effects on brain
reward systems seen in this study (Anthony et al., 2006; Batterham et al., 2007; Wang et
al., 2008; Guthoff et al., 2009).

The stomach-derived orexigenic hormone ghrelin is a prime candidate since its

plasma levels increase with fasting and descrease after eating a meal. Ghrelin appears to
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modulate the response to food cues of a neural network involved in reward and the
regulation of feeding (Malik et al., 2008). How ghrelin acts on the brain is not known, but
several potential mechanisms have been indentified as previously described (See section
1.4.7. in Introduction). However, it remains unclear whether ghrelin may have a selective
effect on viewing high-calorie vs. low-calorie food pictures during negative energy balance
such as observed in the present study.

The next Section (discussion of Ghrelin fMRI Study) will address the hypothesis
that changes in ghrelin may be responsible for the effects of fasting on food reward. This
study examined whether ghrelin administration to fed healthy volunteers is able to mimic

fasting to increase activation in brain reward systems when viewing high-calorie foods.

6.2. Discussion Fed Ghrelin vs. Fed Saline fMRI study

6.2.1. The main findings of this study are as follows:

(i) There was no significant difference in VAS appetite scores and lunch intake
between the Fed Ghrelin and Fed Saline visit but there was a tendency for
hunger ratings to be greater at the Fed Ghrelin visit.

(i) High-calorie foods were more appealing than low-calorie foods at the Fed
Ghrelin but not Fed Saline visit. High-calorie foods (but not low-calorie foods)
were significantly more appealing at the Fed Ghrelin visit compared to the Fed
Saline visit (as with the Fasted Saline visit).

(iii) Activation in the anterior OFC on viewing high-calorie foods at the Fed Ghrelin
visit was significantly greater compared to the Fed Saline visit (as with the
Fasted Saline visit).

(iv) There was a slight tendency for greater activation in the ventral striatum to
high-calorie foods at the Fed Ghrelin compared to the Fed Saline visit.

w) Plasma glucose and serum GH levels were significantly increased at the Fed

Ghrelin visit compared to the Fed Saline visit.

218



(vi) After ghrelin injection serum cortisol and prolactin levels were significantly
increased compared to injection of saline, but there was no difference in

anxiety or stress VAS ratings.

6.2.2. Effect of ghrelin on appetite ratings and lunch intake

Between the Fed Ghrelin and the Fed Saline visits there were no significant differences in

VAS appetite ratings (hunger, fullness, pleasantness and volume able to eat) or ad libitum

lunch intake. This could be due to various reasons:

1. The relatively small number of subjects (n=17) participating in this study, although the

2.

3.

only fMRI study which administered ghrelin used only 20 subjects for their analysis
(Malik et al., 2008). Previous ghrelin administration studies used 16 or less patients
(Druce et al., 2006; Ashby et al., 2009).

Some of the patients described a burning pain while giving the ghrelin or saline
injections which lasted for about 30 seconds. This could lead to increased stress and
therefore decreased hunger. However, the VAS stress ratings showed no significant
differences between the Fed Saline and Fed Ghrelin visits. Prolactin and cortisol levels
increased after injection of ghrelin which is in agreement with a previous study (Tong
et al., 2010). A previous study showed that increased appetite and cravings for foods
high in sugar and fat is caused by high cortisol levels (Epel et al., 2001).

Ghrelin may not have been absorbed well in some subjects as ghrelin was injected
subcutaneously. This would disagree with previous studies in healthy volunteers,
obese patients and dialysis patients where a subcutaneous injection of ghrelin
increased ghrelin plasma levels, increased appetite, and increased energy intake at the
subsequent meal (Druce et al., 2006; Ashby et al., 2009). Although ghrelin levels have
yet to be measured for my study, pilot measurements from 3 other subjects given the
same dose of ghrelin from the same batch, has shown levels of 300-1800 pg/mL 15
mins after subcutaneous injection (Milliplex assay, Millipore Corporation, St. Charles,

MO, USA) suggesting achievement of high levels of active ghrelin. Furthermore serum
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GH levels rose after ghrelin injection confirming bioactivity of the ghrelin injection
(Wren et al., 2001).

4. The effect of ghrelin had worn off by lunch. In this study, there was a long gap between
ghrelin injection and lunch (95 minutes) to enable the scanning to take place. In
contrast to the results of this study, Neary et al. demonstrated that on/ly 30 minutes
after a subcutaneous injection of ghrelin, energy intake is increased by 28 percent in
cancer patients with anorexia (Neary et al., 2004). Druce et al. showed that
subcutaneous ghrelin increases food intake in obese as well as lean healthy subjects
by 20 percent only 30 minutes after injection (Druce et al., 2005; Druce et al., 2006).
Other studies demonstrated that ghrelin injection to malnourished dialysis patients
increases food intake by 25 percent after only 30 minutes of ghrelin injection (Wynne
et al., 2005b; Ashby et al., 2009). Previous researchers have shown a decline in total
and acylated ghrelin 15 to 75 minutes after subcutaneous injections (Neary et al.,
2004; Druce et al., 2005; Wynne et al., 2005b). Although pilot studies in 3 subjects
from my study have shown acylated ghrelin levels 75-450 pg/mL, which are still
elevated above pre-injection levels (<50 pg/mL), 95 mins after subcutaneous
injection, it may not be the absolute ghrelin levels but the direction of change of
ghrelin levels that may be important. Possibly high levels of desacyl ghrelin due to
breakdown of acylated ghrelin may antagonize the orexigenic effect of acyl ghrelin.

5. The absent effect of ghrelin to increase lunch intake could have also been caused by
showing food pictures in the scanner abolishing the difference between the Fed Saline
and Fed Ghrelin visit due to the impact of ‘sensory-specific satiety’ (SSS). This SSS
causes a dropping in ratings of pleasantness relative to foods that have not been eaten
when a food is repeatedly viewed, smelled or consumed (Rolls et al., 1981,
Kringelbach et al., 2003, O'Doherty et al., 2000, Small et al., 2001).

6. Recent research suggests that ghrelin enhances sweet food consumption and
preference regardless of its caloric content in rodents (Disse et al., 2010). This study
used savoury pasta or curry for lunch without any sweet component and the nature of

the study meal might play an important role when investigating ghrelin’s ability to
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increase food intake. This is supported by the food appeal data in the MRI scanner
showing that while high-calorie food pictures were more appealing relative to low-
calorie food pictures at the Fed Ghrelin but not at the Fed Saline visit, the effects was
greatest for sweet chocolate or sweet non-chocolate foods compared to savoury high-
calorie foods. In a previous study where they showed 27 percent increase in energy
intake after injection of ghrelin in healthy volunteers, researchers used Madeira cake
or cinnamon and raisin loaf as the ad libitum meal (Druce et al., 2005). Another
feeding study used sweet brioche rolls as the ad libitum meal in malnourished dialysis
patients (Wynne et al., 2005b). This may help to explain why my ghrelin fMRI study
showed no difference in food intake, as ghrelin might enhance the intake of sweet and
not savoury foods. Although some of the previous ghrelin studies on food intake used
savoury test meals as in this ghrelin fMRI study (Neary et al., 2004), these studies
used an intravenous infusion rather than a subcutanous injection of ghrelin, fasted
rather then fed subjects, or patients with cachexia rather than healthy volunteers
(Neary et al., 2004; Ashby et al., 2009). In future studies, it would be useful to
employ either a different test lunch such as cake as in previous studies or a buffet
meal where volunteers can choose between high-calorie sweet, high-calorie savoury,

low-calorie sweet and low-calorie savoury foods.

6.2.3. Effect of ghrelin on brain reward systems

At the Fed Ghrelin visit, there was a significant increase in activation of the anterior OFC

on viewing high-calorie foods, compared to the Fed Saline visit. As previously described in

more detail (see Section 30 in Introduction) circulating ghrelin may act indirectly on brain

reward systems through the hypothalamus (Saper et al., 2002; Kelley, 2004) or also act

directly on dopamine neurons in the VTA (Abizaid et al., 2006, Zigman et al., 2006)

(Cummings et al., 2007). Ghrelin can act on the VTA via orexin-producing neurons in the

lateral hypothalamus (LH). Ghrelin-induced feeding is suppressed in orexin knockout mice

(Toshinai et al., 2003). Orexin neurons can project to brain reward centres especially VTA
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(Chemelli et al., 1999). Recent studies have shown that orexin is involved in motivated

behaviour for drugs of abuse as well as natural rewards (Cason et al., 2010).

Malik and colleagues demonstrated that intravenous ghrelin administration to healthy

volunteers leads to increased activation to food (vs. non-food) pictures in the amygdala,

OFC, anterior insula, and striatum and hippocampus using fMRI (Malik et al., 2008). My

study did not show any activation in the insula and amygdala. This may be due to several

differences between my study and that of Malik et al.:

1.

Inclusion of male subjects only in the study by Malik et al. Previous
neuroimaging data suggested that the two genders respond differently in their
brain reward activation to food stimuli (Del Parigi, 2002; Smeets et al., 2006;
Wang et al., 2009; Frank et al., 2010).

Malik et al. showed no measurements of stress hormone levels compared to my
ghrelin fMRI study, where stress hormone levels were not significant different
between fasted visits. However, as described in more detail in Section 6.4.,
anxiety and stress are suggested to alter feeding behavior (Adam and Epel,
2007; Chandarana et al., 2009). In this ghrelin fMRI study but not in the Malik
study each participant had one Fasted Dummy visit to acclimatize to the
hospital environment and to the fMRI protocol. Indeed, VAS anxiety and
sickness rating at the Fasted Dummy visit were significant increased compared
to the Fasted Saline visit. The Malik study showed borderline significant
increases for irritable and nausea feelings in the ghrelin relative to the control
condition. In order to explore the possibility that the results in the group that
received ghrelin were due to ‘order’ effects, Malik et al. subsequently recruited
an additional eight subjects who underwent the same paradigm with the
exception that they only received normal saline rather than ghrelin. In this
group of subjects there was no significant difference in food hedonic ratings and
no increased activation in brain reward systems. In the control group were also

increases of borderline significance in the subjective ratings for irritable and
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bored in the second relative to the first block of images but nausea levels did
not change.

There was a difference between the two studies in the route of ghrelin
administration: the Malik study used an intravenous ghrelin injection rather
then a subcutaneous ghrelin injection in my study. Therefore the effect on food
intake and appetite ratings might be different between the two studies as
subcuatnous injection might cause extra stress and therefore influence
appetite. After ghrelin injection serum cortisol and prolactin levels were
significantly increased compared to injection of saline, but there was no
difference in anxiety or stress VAS ratings.

As they left a three hour interval between giving breakfast and fMRI scanning,
the effect of the meal may have been attenuated after this period and therefore
the effect of the fed state may be less marked (subjects were less satiated)
which could lead to increased appetite at the time of scanning in the Malik
study.

The researchers in the Malik study have no control of the subjects being awake
in the MRI scanner as no active behavioural task (passive picture viewing) was
performed such as the appeal rating of the pictures like in this study. However,
in the Mailk study approximately 30 min later after the scanning, subjects were
shown all 45 food images that they had viewed in the scanner intermixed with
26 novel food images and were asked to state whether or not they had seen
each image while in the scanner. This recognition/ memory task was performed
to ensure that subjects were paying attention to the images during the scan.
The Malik study further showed food pictures only but did not distinguish
between the hedonic value of foods such as high- and low-calorie foods.
Therefore the effect of differences between food versus non-food might be
greater than the effect of high-or low-calorie pictures versus objects.

Different methods for determining ROIs for magnitiude of activation were

performed in two studies. Mailk et al. created t-statistical maps to compare
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BOLD signal in response to food vs. Non-food pictures at a specific voxel in the
brain for the t-test contrast for ghrelin > saline visit (difference in post- vs pre-
injection scan to control for differences in baseline on each study day to
improve the ability to detect differences between study days). They then
extracted the magnitude of activation of significant peak activated voxels. In
my ghrelin fMRI study, significant activated voxels in the brain were determined
when viewing high-calorie foods > objects averaged across all three study visits
(Fasted Saline, Fed Saline and Fed Ghrelin) were determined and ROIls were
defined using an anatomical labeling atlas. The average activation in in each
ROI was then extracted to calculate the magnitude of activation between each
contrast to compere between visits. Future analysis should look at a direct t-
test comparison of whole brain activation data between ghrelin and saline fed
visits (with appropriate correction for multiple comparisons) from my study.
The Malik study did not apply field maps to correct for OFC signal compression
or drop out compared to my ghrelin fMRI study.

In disagreement with this study, Malik found a difference in activation in the
amygdala when given ghrelin which could be explained by the different
approach to correct for study ‘order’ as they calculated the difference in
activation pre-and post-injection of ghrelin (see above 7.). The test/ re-test
results of Section 4.2.7.6. (Chapter 4) showed no significant correlations
between fasted visits (Fasted Dummy vs. Fasted Saline) in any ROl expecpt
with a tendency for the anterior OFC. This could clarify that there was no
significant difference in the amygdala activation between the Fed Ghrelin and

Saline visit.

6.2.4. Effect of ghrelin on the anterior OFC

In agreement with the Mailk study (Malik et al., 2008), my ghrelin fMRI study showed

greater anterior OFC activation when viewing high-calorie foods at the Fed Ghrelin

compared to Fed Saline visit. There was no significant difference in activation in this area
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when viewing low-calorie foods. These results were similar to that seen in the comparison
between Fasted Saline and Fed Saline visits. A study by Malik and colleagues found that
effects of ghrelin on the OFC response were correlated with self-rated hunger ratings
(Malik et al., 2008). This was not seen in this study which may be due to the fact that
subjects were given scanned about 1.5 hours after breakfast whereas in the Malik study
breakfast was served 3 hours before the scanning, thus subjects might have been less

hungry in the ghrelin fMRI study.

6.2.5. Effect of ghrelin on the ventral striatum

The Malik study showed increased striatum activation when viewing food over scenery
pictures after infusion of ghrelin compared to saline. This is in agreement with the findings
of my ghrelin fMRI study as there was a tendency for increased ventral striatum activation
at the Fed Ghrelin visit compared to the Fed Saline visit. As previously discussed (see
Introduction), ghrelin has been found to induce feeding through activation of midbrain
dopamine neurons which project to the ventral striatum (Jerlhag et al., 2006; Jerlhag et
al., 2007). Ghrelin increases dopamine in the ventral striatum when locally administered
into the VTA (Naleid et al., 2005).

An interesting finding of the current ghrelin fMRI study was that activation in the
ventral striatum when viewing high-calorie foods over objects was increased at the Fasted
Dummy and tended to be so at the Fed Ghrelin visit compared to both the Fasted Saline
and Fed Saline visit. One possible explanation for this may be that after the initial Fasted
Dummy visit there is habituation of the ventral striatum activation which is reversed by
ghrelin. Indeed neuroimaging research suggests that the ventral striatum is involved in
reward expectancy and novelty processing of rewards (Guitart-Masip et al., 2010). In that
study subjects viewed different types of indoor and outdoor pictures (novel or non-novel
cues) and following each picture received a novel or expected cue. Activation in the
ventral striatum was increased when the cue was novel compared to when not novel
(Guitart-Masip et al., 2010). This is in agreement with my ghrelin fMRI study as at the

Fasted Dummy visit, the food pictures were novel but on the following Fasted and Fed
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Saline visit the food pictures were no longer novel with an associated decrease in
activation of the ventral striatum irrespective of nutritional state. The novel suggestion of
my study was that ghrelin tended to reactivate the ventral striatum to high-calorie foods
despite their lack of novelty as a stimulus.

Interestingly, my ghrelin fMRI study also showed that the reaction time for appeal
ratings of all the pictures (but not blurred pictures) were significantly increased at the Fed
Ghrelin visit compared to the Fed Saline visit. This maybe be explained by ghrelin which is
suggested to increase the motivation to receive new rewards (‘wanting’) (Berridge, 1996;
Guitart-Masip et al., 2010). As discussed later (section 6.4.) previous research
hypothesizes that subjects are indeed able to react faster to novel items via enhanced
energisation of action through reward and ghrelin might be involved in this enhancement
(Bunzeck et al., 2009).

The increased picture appeal rating reaction time could also been linked to
increased attention to visual food stimuli by increasing activation in the hippocampus and
amygdala through the effect of ghrelin (Vuilleumier and Driver, 2007; Malik et al., 2008).
Also, this ghrelin fMRI study demonstrated that ghrelin increases cortisol levels although
not significantly different from the Fed Saline visit. Previous studies suggest cortisol to

increase vigilant attention (Hopper et al., 2004).

6.2.6. Limitations of the Ghrelin fMRI study

1. This study will have produced supraphysiological pharmacological plasma ghrelin
levels which leads to a cautious interpretation of the results. In future studies it
would be appropriate to use a ghrelin antagonist or GOAT inhibitor to block the
action of ghrelin to investigate its physiological effect on brain reward systems in
humans.

2. To date it has not been possible to measure acylated and total ghrelin from the
current study to assess whether appropriate ghrelin levels have been achieved in

all subjects. This may affect the final analyses.
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3. It would be useful to repeat a similar study with two different groups of subjects,
such as obese versus lean to examine as obese subjects might have an altered
signaling in brain reward systems after ghrelin injection.

4. The fixed ad libitum lunch should be substituted by a free meal buffet choice,
consisting of high-calorie and low-calorie, savoury and sweet components.

5. The amount of breakfast was not individually calculated for each individual
according to their gender, body weight and daily energy needs, which may have
increased the variance between subjects.

6. The same pictures were shown at each visit reducing the novelty of the pictures at
subsequent visits. Using similar types of food picture which are different in exact
nature between visits may have helped avoid this problem especially as regard

ventral striatum activation.

6.2.7. Conclusion Fed Ghrelin vs. Fed Saline fMRI study
This is the first study in humans which has shown that ghrelin mimics fasting to bias food
appeal towards high-calorie, especially sweet, foods and the associated activation of the
anterior OFC when viewing and rating high-calorie foods. The effects on appeal of and
activation to low-calorie foods were not significant. There was also a suggestion that
ghrelin may also reverse the suppression of activation in the ventral striatum when food
pictures are no longer novel. Interestingly these findings were seen despite there being no
significant differences in VAS appetite scores or ad libitum lunch intake between the Fed
Ghrelin and Saline visit. This is either due to the fact that the effects of ghrelin of food
reward are independent of hunger (Disse et al., 2010) or that elements of the protocol
design (e.g. timing of meal after injection, stress of MRI scanning, showing food pictures)
prevented differences in hunger being identified.

Additional factors to nutritional state and hormones may drive hunger and food
reward. Individual differences in psychological cues such as reward sensitivity and dietary

restraint have been previously described to affect eating behaviour. Identifying the neural
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pathways that regulate cognitive, emotional and appetitive responses to different foods is

particularly relevant to understanding individual differences in eating behaviour.

6.3. Discussion Behavioural Questionnaires (sub-study, fed-fasted fMRI1 study)

6.3.1. The main findings of this sub-study are as follows:

(i) Individual differences in dietary restraint (measured by DEBQ-restraint) positively
correlated with activation to high-calorie vs. low-calorie foods in both the DLPFC and
dorsal ACC, and negatively correlated with activation in both the amygdala and
lateral OFC, when fasted overnight.

(i) Reward sensitivity (measured by BAS-drive) positively correlated with activation to
high-calorie vs. low-calorie foods in the ventral striatum.

These findings were independent of gender which itself appeared to have no influence on

activation.

6.3.2. The effect of reward sensitivity on brain reward systems

My study demonstrated a positive correlation between reward sensitivity and activation in
the ventral striatum to high-calorie over low-calorie foods. This latter result is consistent
with a previous study which reported that BAS-drive scores predicted activation to
appetizing relative to bland food pictures in the ventral striatum when healthy non-obese
subjects had not eaten for 2 hours (Beaver et al., 2006). As previously decribed
(introduction), the ventral striatum plays an incentive motivational role in food intake
(Berridge, 1996; Kelley, 2004). Obesity, food craving, overeating, binge eating and drug
abuse are associated with increased levels of reward drive and sensitivity (Davis et al.,
2004; Dawe and Loxton, 2004; Schienle et al., 2009). These data suggest that heightened
activity of the ventral striatum to high-calorie foods may be a mechanism for translating
reward drive into over-consumption of rewarding foods and hence weight gain. There was

no correlation seen in our study between BAS-fun seeking nor BAS-reward responsiveness
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in any ROI. This may be because these questions measure the tendency to seek out novel
rewarding experiences and positive hedonic responses to the actual receipt of rewards
(Beaver et al., 2006). By contrast BAS-drive assesses both hedonic and motivational
behavioural responses to reward cues in the immediate environment such as in our fMRI

paradigm of rewarding food stimuli (Carver and White, 1994).

6.3.3. The effect of dietary restraint on brain reward systems

The results of my study showed that individual differences in dietary restraint positively
correlated with activation to high-calorie over low-calorie foods in both the DLPFC and
dorsal ACC when fasted overnight.

As previously decribed (introduction) the dorsal ACC is the cognitive subdivision
involved in modulation of attention or executive function, influencing response selection,
motivation, conflict monitoring and cost/benefit or reward/risk assessment, and is
influenced by anxiety and fearful situations (Bush et al., 2000; Carter and van Veen,
2007). This is consistent with the novel finding in this study of greater activation of the
dorsal ACC when fasted in those with higher levels of dietary restraint when viewing high-
calorie vs. low-calorie foods. Foods of higher caloric and reward value would be predicted
to produce greater conflict and altered reward/risk ratio, and hence engagement of the
dorsal ACC in subjects with higher dietary restraint. The consequent mismatch between
perceived risk of weight gain and food reward under this highly appetitive motivational
state would require greater self-control.

The DLPFC is crucial for cognitive regulation of behaviour, goal-directed decisions
and exercising self-control (Heekeren et al., 2004; Rorie and Newsome, 2005; Hare et al.,
2009; Kable and Glimcher, 2009). Self-reported dieters with greater self-control over
choosing foods to eat on the basis of health than taste show greater activation in the left
DLPFC during a food picture choice paradigm using fMRI (Hare et al., 2009). Activation of
the DLPFC has previously been reported when addicts view a variety of different drug-
related cues that induce craving especially when drug use is expected (Wilson et al.,

2004), and subjects view high-calorie compared to low-calorie foods especially when
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fasted (Killgore et al., 2003; Goldstone et al., 2009; Schur et al., 2009). The results of
this study showing increased activation of the left DLPFC in those with higher levels of
dietary restraint when viewing high-calorie vs. low-calorie foods are consistent with these
roles of the DLPFC to exert self-control in decision making. The dorsal ACC is reciprocally
interconnected with the dorsal PFC. Since top-down control appears to be mostly
implemented in the DLPFC, it is suggested that following detection of conflict by the ACC,
the lateral areas of the dorsal PFC are engaged in order to reduce conflict (Carter and van

Veen, 2007).

This study further showed that individual differences in dietary restraint negatively
correlated with activation in both the amygdala and lateral OFC to high-calorie over low-
calorie foods when fasted overnight.

As previously described, the lateral OFC is involved in encoding reward value and
taste processing (Kringelbach and Rolls, 2004), while the amygdala is involved in
emotional processing and responses (Pessoa and Ungerleider, 2004). Some amygdala
functions are carried out in concert with the OFC, such as updating the values of expected
outcomes stored in the OFC (Holland and Gallagher, 2004).

Previous neuroimaging studies have shown greater activity in the lateral OFC and
amygdala when viewing appetizing compared to bland or disgusting foods, and high-
calorie compared to low-calorie foods, particularly when fasted (Beaver et al., 2008; Schur
et al., 2009). In this study activity in the lateral OFC and amygdala was lower in those
with high dietary restraint which suggests that the executive control system (DLPFC-
dorsal ACC) may have modulated the encoding of reward value and emotional responses
in these regions to high-calorie compared to low-calorie foods. These findings are
supported by recent studies that voluntary inhibition of hunger during food stimulation
(visual, taste and smell) leads to decreased activation in the amygdala and OFC using
EDG PET (Wang et al., 2009).

These results are in agreement with earlier studies in previously obese subjects

who have tried to diet. Successful dieters who had higher levels of dietary restraint
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demonstrated greater dorsal PFC activation, albeit on the right, when tasting a liquid meal
than non-dieters using '°O-water positron emission tomography (PET) (DelParigi et al.,
2007). In the combined groups dietary restraint was positively correlated with dorsal PFC
activation and negatively correlated with OFC activation (DelParigi et al., 2007).
Successful weight-loss maintainers also showed greater activation using fMRI in bilateral
frontal regions to both high-calorie and low-calorie foods compared to normal weight and
obese control women (McCaffery et al., 2009).

The findings from this analysis expand the conclusion from earlier studies to
include a role for the dorsal ACC and amygdala in addition to the left DLPFC in the
cognitive and affective control of food intake related to dietary restraint in non-obese
subjects, and emphasize the interaction with different food categories (high-calorie vs.
low-calorie), which was either not previously investigated or found in previously obese
subjects (DelParigi et al., 2007; McCaffery et al., 2009). Furthermore the results from this
study in non-obese subjects without eating disorders are supported by reports of reduced
left DLPFC activation to tasting food in obese compared to non-obese subjects (Le et al.,
2006), and to food vs. non-food pictures in patients with bulimia nervosa (Uher et al.,
2004), which may contribute to reduced-self control leading to overeating. Increased
dorsal ACC activation has also been reported in patients recovered from compared to
ongoing anorexia nervosa, and patients with bulimia nervosa compared to both non-obese
controls and patients with binge eating disorder, where conflict between increased desire
to eat and fear of weight gain would be hypothesized to be greater in the former group in
each comparison (Uher et al., 2003; Schienle et al., 2009).

The findings of my study are however in contrast to a recently published study
comparing brain activation when passively viewing highly vs. moderately palatable foods
in fasted normal weight non-dieting women with low or high measures of dietary restraint.
They found lower activation in the left DLPFC in subjects with high restraint, and no
reported differences in amygdala, OFC or dorsal ACC (Coletta et al., 2009). Potential
explanations for these differences between this study and our study may be related to

differences in the scan timing, fasting duration and hence degree of hunger (afternoon
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scan after 8h fast; morning scan after 16h fast), method of statistical comparison (t-test
between highest and lowest quartiles of restraint; correlation with restraint score),
restraint questionnaires used (Herman and Polivy’s Restraint Scale; DEBQ-restraint), task
paradigm (passive viewing; rating appeal of pictures), and choice of food picture
categories (highly vs. moderately palatable foods with latter containing some non low-
calorie foods e.g. bread, potato; high-calorie vs. low-calorie foods).

Interestingly, Coletta et al. did observe that after consumption of a 500 kCal pre-
load subjects with higher restraint had greater activation in OFC, left DLPFC and insula to
passively viewing highly vs. moderately palatable foods than those with lower restraint
scales (Coletta et al., 2009). As the OFC is involved in reward processing and the DLPFC in
cognitive processing, these findings raise the potential confounding phenomenon of
counter-regulatory eating and disinhibition. Herman and Polivy (1984) have suggested
that restrained eaters are concerned about their body weight leading them to control their
food intake cognitively. At the same time, their ‘all or none’ approach to food makes them
more likely to overeat forbidden foods under emotional distress (‘disinhibition’). Their
history of disinhibition-induced overeating also causes their “satiety boundary” to be
shifted upward so that once they become disinhibited, food intake continues beyond the
point at which further food intake would normally be inhibited (Herman and Polivy, 1984;
Heatherton et al., 1992). When primed by recent food intake they may in fact find food
more rewarding and hence overeat (‘counter-regulatory eating’). These interpretations are
supported by the findings of several studies that dietary restraint did not predict calorie
intake in acute feeding studies or over weeks and months of observational studies (Stice
et al., 2004; Stice et al., 2007; Stice et al., 2010).

Although the results of my study in the fasted state may reflect the consequences
of high dietary restraint in the context of disinhibition due to exposure to highly palatable
food cues, they might not reflect the situation in the presence of disinhibition due to
emotional distress, social context, counter-regulatory eating responses and priming to
ingestion of food. It is also unclear whether our findings in non-obese subjects might be

different from those seen in currently or previously obese objects.
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Indeed longitudinal studies have suggested that high dietary restraint (especially
flexible restraint which able to appropriately adapt to context) may be able to counteract
disinhibtion, and hence the interaction of these factors may be the best predictor of
weight change (Hays and Roberts, 2008; Savage et al., 2009; Teixeira et al., 2010;
Bryant et al., 2010). Comparison of the correlation of measures of dietary restraint (both
flexible and rigid) and disinhibition between fasted and fed (using a fixed pre-load) states
with activation to different food pictures using a similar experimental fMRI paradigm to
this study will therefore be of interest to further investigate these interactions.

Comparison of never, currently and previously obese subjects will also be of interest.

6.3.4. The effect of external eating on brain reward systems

Surprisingly the results of my study did not show any correlation between activation to
high-calorie over low calorie foods in any ROl with DEBQ-external scores, a measure of
sensitivity to the hedonic attributes of food, e.g. desire to eat or buy food that looks or
smells delicious. This is in contrast to a previous study of obese subjects (with and without
type 2 diabetes mellitus) in whom DEBQ-external scores were positively correlated with
activation in the medial OFC when viewing food over non-food pictures. The differences
between these findings and the current results may be related to differences in the study
cohort (obese, non-obese), duration of fasting (3h, 16h), food picture contrast (mixture of
high-calorie and low-calorie foods vs. non-food, high-calorie vs. low-calorie foods), range
of individual DEBQ-external scores in each cohort, and task involved (passive viewing,
rating appeal) (Chechlacz et al., 2009). Future studies using a similar paradigm to ours
would benefit from including a cohort of subjects with a wide range of individual scores for
both DEBQ-external and DEBQ-restraint.

However, the findings of my study were in agreement with another fMRI study of
non-obese subjects fasted for at least 2 hours in which no correlation of DEBQ-external
scores was found with BOLD activation per se to viewing (but not rating) appetizing over
bland foods in the amygdala, striatum or ACC (Passamonti et al., 2009). Researchers of

this study did find correlations of external food sensitivity with changes in connectivity
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between regions when viewing appetizing over bland foods. Connectivity changes between
ventral striatum (source) and amygdala were positively correlated and between ventral
striatum and dorsal ACC were negatively correlated with DEBQ-external score; while
connectivity changes between amygdala (source) and both ventral and dorsal ACC were
negatively correlated with DEBQ-external score (Passamonti et al., 2009). This evidence
for variation in network coupling among neural structures implicated in feeding as
opposed to activation itself is worthy of further exploration through such a functional

connectively analysis in further analysis of our cohort.

6.3.5. Study limitations

1. Relatively small number of subjects compared to the number of examined
correlations of several different psychological traits with activation in eight a priori
ROIs. There is therefore a significant risk of a Type 1 error in the findings of this
study since data has not been corrected for multiple correlations. The conclusions
therefore remain preliminary until they are re-examined in further study
populations with larger subject numbers.

2. Relatively small number of subjects with high dietary restraint scores which is over
30 according to the cut-off level in the DEBQ. Future studies using a similar
paradigm would benefit from including a cohort of subjects with a wide range of
individual scores for both DEBQ-external and DEBQ-restraint.

3. In further analysis of this study it is also important to use the functional
connectively analysis approach as there is evidence for variation in network
coupling among neural structures implicated in feeding as opposed to activation

itself.

6.3.6. Conclusion correlations with behavioural questionnaires (sub-study, fed-
fasted fMRI study)
These executive-control (DLPFC and dorsal ACC) and affective-reward systems (amygdala

and lateral OFC) are therefore implicated in mediating how evaluation and processing of
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foods of differing caloric and reward values are influenced by cognitive factors controlling
eating behaviour that promote or avoid weight gain. This provides a neurobiological
network that may underlie the relationship between individual personality traits and
excessive or reduced intake of high-calorie foods. This raises the possibility that
modulation of the executive-affective top-down system by behavioural programs or other
interventions may help maintenance of a healthy weight by encouraging dietary restraint
towards high-calorie foods (Shaw et al., 2005; Uher et al., 2005; Camus et al., 2009).
Verification of the importance of this network in the promotion or avoidance of weight gain
will however need inclusion of subjects with differing weight histories, analysis of
interactions between dietary restraint and other psychological traits that influence eating
behaviour, such as disinhibition, and the effects of recent food intake in larger longitudinal

studies.
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6.4. Discussion of reproducibility of eating behaviour studies

Measuring eating behaviour can be very challenging as appetite studies are not performed
under real-life conditions. It is therefore suggested to include practice dummy visit to
acclimatise the patients to the study environment (Blundell et al., 2010).

In this sub-study of the ghrelin fMRI study, patients always had one initial Fasted
Dummy visit before any other visit to help with habituation to the protocol. The results
from the Fasted Dummy visit were compared to the Fasted Saline visit for the following
measurements: VAS appetite scores, VAS stress scores, blood stress hormones, lunch

intake, food picture appeal rating and fMRI activation to food and object pictures.

6.4.1. Main findings of this sub-study:
The Fasted Dummy and Fasted Saline visits were identical apart from the order in which
they occurred. The Fasted Dummy was always first while the Fasted Saline visit was either
the 2", 3" or 4™ visit.

(i) Differences in mean results between fasted visits:

a. VAS appetite scores did not differ between the fasted visits but there was a
trend for fullness to be greater and pleasantness to be reduced on the
Fasted Dummy visit.

b. Lunch intake was significantly reduced and there was a tendency for lunch
pleasantness to be reduced at the Fasted Dummy visit.

c. Anxiety and nausea ratings were significantly higher at the Fasted Dummy
visit.

d. High-calorie foods (but not low-calorie foods or objects) were less appealing
on the Fasted Dummy visit. High-calorie foods were more appealing than
low-calorie foods at the Fasted Saline visit but not at the Fasted Dummy
visit.

e. There was a significant decrease in the reaction time for appeal rating of
any of the picture categories at the Fasted Saline visits compared to the

Fasted Dummy visit.
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f. Activation in the ventral striatum when viewing high-calorie foods (but not
low-calorie foods) was significantly greater at the Fasted Dummy compared
to the Fasted Saline visit (while there was no difference for amygdala,
insula or anterior OFC).

(ii) Correlation between results from the fasted visits:

a. VAS appetite scores and lunch intake were positively correlated between the
fasted visits.

b. VAS stress ratings and plasma prolactin, but not serum cortisol, were
positively correlated between fasted visits.

c. Appeal ratings for all pictures types positively correlated between fasted
visits.

d. There was a tendency for a positive correlation of anterior OFC activation to
high-calorie or low-calorie foods, and a significant positive correlation to
objects pictures between the fasted visits. However there was no correlation
for activation in any of the other ROIs (amygdala, insula or anterior OFC) to

any food picture between fasted visits.

6.4.2. Differences in results between fasted visits

Stress and novelty can alter the results of appetite studies. Previous research suggests
that anxiety and stress can alter feeding behaviour (Adam and Epel, 2007; Chandarana et
al., 2009). This is in agreement with the results from this study because anxiety and
sickness ratings were significantly elevated on the Fasted Dummy visit. Also, ad libitum
lunch intake was significantly decreased on the Fasted Dummy visit. Studies in humans
and rats show that stress alters the intake of high-calorie, high-palatable food (Adam and
Epel, 2007). Nevertheless, there were no significant differences in VAS appetite ratings
between the visits but there was a trend for VAS fullness to be greater and pleasantness
to be reduced on the Fasted Dummy visit. Furthermore the appeal data demonstrated that

at the Fasted Dummy visit appeal bias towards high-calorie foods was absent compared to
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the Fasted Saline visit. This supports the assumption that appetite and therefore the
intake of highly palatable energy dense food is generally decreased on the first study visit
and that a dummy visit is important to acclimatise the patients to the study environment
before making any assumptions about a stimuli (food/ hormone) to influence appetite
(Chandarana et al., 2009). This is further supported by previous research which has
shown that the study visit order can affect anxiety, plasma cortisol, and plasma PYY3-36,
with increased anxiety and cortisol concentrations on the first study day (Chandarana et
al., 2009). Plasma cortisol area under the curve (AUC) correlated positively with plasma
PYY3—36 AUC. PYY3-36 is a satiety hormone released from the gut and elevated after food
intake. Cortisol may influence the reward value of food via neuroendocrine/peptide
mediators such as leptin, insulin and NPY. However my study did not show a significant
difference in serum cortisol levels between fasted visits. In this study correlations between
appetite ratings and appetite hormones have not yet been performed. Nevertheless, the
findings of this study confirm that accurate assessments of appetite, feeding behavior,
and gut hormone concentrations benefit from subject acclimatization to the study protocol
(Chandarana et al., 2009).

Interestingly, there was a significant difference in the percentage intake of fat and
carbohydrates between the Fasted Saline and Fasted Dummy visit the supper prior to the
study day with in increased intake of carbohydrates on the Fasted Dummy visit and
increased intake of fat at the Fasted Saline visit. Although there is no evidence that these
differences in macronutrient composition could affect appetite the next study day however

in the future studies a fixed meal for each subjects should be recommended.

Activation in brain reward systems did not differ between the fasted visits except for the
ventral striatum. Activation was significantly reduced when viewing high-calorie foods over
objects at the Fasted Saline visit suggesting habituation of ventral striatum activation.
This function of the ventral striatum was discussed in more detail in the ghrelin discussion
(Section 6.2.5.). The results of this analysis agree with the hypothesis that the ventral
striatum is involved in reward expectancy and novelty processing (Guitart-Masip et al.,

2010) because the activation was reduced on subsequent visits. This data is supported by
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the picture reaction time for appeal rating of any of the picture categories which was
significant increased at the Fasted Dummy compared to the Fasted Saline visit. It could be
possible that the ‘wanting’ of the reward was increased at the first visit because the
reward was novel (Guitart-Masip et al., 2010). Indeed, previous research hypothesizes
that behaviorally, subjects are able to react faster to novel items via enhanced
energisation of action through reward (Bunzeck et al., 2009).

This demonstrates the importance of counter-balancing the order of any
intervention in fMRI studies when looking at ventral striatum activation. This may not
always be easy to do, for example in examing the effects of bariatric surgery, or chronic
dietary or drug interventions, in which case a control group with no or placebo

intervention should be included.

6.4.3. Correlations of results between fasted visits

Appetite studies are suggested to be biased as they are not performed under real-life
circumstances (Blundell et al., 2010). Previous studies however show that VAS appetite
and stress ratings, ad libitum lunch intake, and appeal ratings positively correlated
between the fasted visits thus demonstrating the reliability and reproducibility of the
appetite data from this study.

Unfortunately the test-retest reliability of the fMRI activation to food and non-food
pictures was not as robust with the exception of the anterior OFC activation. One reason
for the anterior OFC to be more reproducible than the other ROIs may be explained by the
function of the OFC in encoding reward value. The task in the MRI scanner was to
specifically rate the appeal of the food pictures at each of the visits. These results are
similar to a previous research study where activation in the OFC was decreased after
investigators specifically asked the subjects to actively inhibit their desire for food and
suppress their feelings of hunger while they were presented with foods (food was placed
on their tongues so they could taste it) rather than passively tasting (Wang et al., 2009).

The other ROIs in my study showed greater variations between visits and subjects.

This occurred despite controlling for confounding variables between visits including the
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time of the menstrual cycle, time since supper and the type of food at supper as well as
the time of the day. There was however a significant difference in the macronutrient
composition at supper prior to the study between the fasted visits. Fat intake was
increased before the Fasted Saline visit and carbohydrate intake was increased before the
Fasted Dummy intake although subjects where instructed to eat the same supper before
each study visit. This difference in food intake could influence measurements at each visit
particularly brain reward activation, however to date no study investigated the effect of
macronutrtient composition at supper on brain reward activation.

Problems with fMRI reproducibilty between visits have been found in other studies.
Meta-analysis of fMRI signals when performing a classification learning task known to
activate frontostriatal circuitry have generally found similar results across visits, though
there is often a widespread varialibility (Aron et al., 2006). A number of previous imaging
studies have examined the reproducibility of fMRI signals in experiments with visual
stimuli (Rombouts et al., 1997; Machielsen et al., 2000), fear and disgust (Stark et al.,
2004), auditory stimuli (Kiehl and Liddle, 2003), working memory (Wei et al., 2004), and
sensorimotor control (Loubinoux et al., 2001). The test-retest interval for most of these
studies was only short (e.g. a few weeks). This was similar in this study, where fMRI
sessions were on average 20 days apart. In the study of Stark et al. the interval was only
1 week and they used a repeated picture presentation as in this fMRI study (Stark et al.,
2004). The result was that previously observed brain activations (thalamus, visual cortex,
amygdala, hippocampus, and PFC) dissappeared when viewing disgust-inducing pictures,
with the exception of the temporo-occipital activation. In contrast, a study by Aron et al.
showed that behavioural performances and fronto-striatal activation were highly
concordant at a group level at both time points. This research examined eight, healthy
adults on two sessions, 1 year apart, while performing a classification learning task (Aron
et al., 2006). The relatively low magnitude of activation in brain reward systems during
food reward based tasks such as our study compared to the activation seen when
performing cognitive tasks may also increase variability because of low signal / noise

ratio.
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Researchers take a critical view on the reproducibility of fMRI data (Aron et al.,
2006). They criticize the statistical approach to analyse fMRI data specifically to assess
reliability. Previous test-retest studies used an approach where they compared group
activation maps or single-subject activation maps at different time-points. This is not ideal
for test-retest reliability (Aron et al., 2006) as thresholding of images can exaggerate very
small differences between maps; the signal levels could be highly reliable, yet small
differences in the signal or noise could result in substantial differences in the threshold
maps due to nonlinearity of the thresholding operation. Aron and colleagues extracted
signal change for each subject at each time point and computed intra-class correlation
coefficients (ICCs) to assess reliability (Aron et al., 2006). ICC represents the ratio
between-subject variance to total variance and is the appropriate metric for assessing
within-subject reliability, rather than Pearson’s correlation coefficient, because the
observations are not independent (Shrout and Fleiss, 1979). However this Fasted Dummy/
Fasted Saline fMRI study did not compare group or single activation maps but calculated
the average activation in particular identical voxels between each visit. In future studies it
would be useful to use this statistical approach to test fMRI reproducibility.

Another important characteristic of an fMRI task is that it is shown to exhibit
minimal practice effects. The nature of the task in Arons study was identical for the 2
sessions, but the material to be learned changed in each session (Shrout and Fleiss,
1979). In this Fasted Dummy/ Fasted Saline fMRI study, the same pictures were used in a
pseudo-randomised block design. In future fMRI studies it might be helpful to choose
similar pictures but with different colours and shapes of the food pictures for each of the
study visits. However, the disadvantage to apply this to further studies is that changes in
brain reward system are very small in appetite studies and differences in activations when
viewing foods may vary when different food pictures are presented at different study
visits. Therefore, it would be interesting to assess the reproducibility of the audio-motor-
visual task of the ghrelin fMRI study or the visual checkerboard of the first fed-fasted fMRI
study which activates other networks rather than the brain reward system. Unfortunately

due to MRI scanner problems there was not enough time to analyse this data.
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6.4.4. Conclusion reproducibility of eating behaviour studies

Since appetite studies cannot be performed in a fully controlled environment, stress could
potentially influence data collection, especially fMRI data where only small differences in
BOLD activation are normally found between visits and subjects. The data of this sub-
analysis showed that measures of appetite and stress vary between two fasted visits and
that subjects show blunted bias to high-calorie foods and appetite on the Fasted Dummy
visit. Activation in brain reward systems decreased in the ventral striatum when viewing
high-calorie foods at the subsequent Fasted Saline compared to the initial Fasted Dummy
visit. Therefore subject acclimatization to the study protocol should be considered when

planning feeding behaviour studies.

This is the first study to retest fMRI changes between two identical visits using a food
reward task. There is a considerable variance in activations between visits. Only one brain
area, the anterior OFC activation showed a trend towards a positive correlation between
the two fasted visits. Maybe the OFC is the only brain region which activates consistently
in food reward tasks during fMRI studies. Data from large populations must be obtained to
further investigate intra- and intersubject variance, and more insight into possible
confounding factors (gender, age, psychological factors) is needed to reduce or control

this variance.
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6.5. Overall discussion, conclusion and impact on public health

In this research project, I was able to use the technique of fMRI to investigate the
complex regulation of appetite and food intake. Previous research has focused on the
homeostatic system and internal hormonal signals interacting with this system. However,
in the last decade, researchers have increasingly looked at hedonic corticolimbic areas in
brain reward systems and their impact on eating behaviour and the development of
obesity (Figure 1.5.). This system is influenced by the (i) environment, such as viewing
different types of food (external cues), (ii) nutritional state, such as being fasted or fed,
(iii) by internal cues, such as appetite hormones (ghrelin, PYY, GLP-1, leptin), and (iv)
individual differences in eating behaviour and food preferences (psychological cues)

(Figure 1.1.).

6.5.1. Summary of the most relevant findings of all the fMRI studies in this PhD
thesis:
(0] Hunger and pleasantness are increased and fullness decreased when fasted
compared to when fed (Study 1 - Chapter 3 and Study 2 — Chapter 5, Section
5.2.); and there is tendency for hunger to be greater after injection of ghrelin
(Study 2 — Chapter 5, Section 5.3.).
(i) Ad libitum lunch intake is increased when fasted compared to when fed (Study
2 — Chapter 5, Section 5.2.). However, ad libitum lunch intake was not
increased by ghrelin (Study 2 — Chapter 5, Section 5.3.).
(i) Food picture appeal is biased towards high-calorie foods when fasted and after
injection of ghrelin, especially for the high-calorie sweet but not svaoury foods
(Study 1 - Chapter 3 and Study 2 — Chapter 5, Section 5.2. and 5.3.).
(iv)  Activation in the ventral striatum, amygdala, insula, medial and lateral OFC
respond to visual food stimuli, especially high-calorie compared to low-calorie
foods when fasting but not when fed in the first study (Goldstone et al., 2009)

(Study 1 - Chapter 3).
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)

(vi)

(vii)

(viii)

(ix)

()

Activation in the anterior OFC when viewing high-calorie foods is increased
when fasted compared to when fed (Study 2 — Chapter 5, Section 5.2.) and
after injection of ghrelin compared to injection of saline in fed subjects,
mimicking the effects of fasting (Study 2 — Chapter 5, Section 5.3.).

Activation in the ventral striatum is increased at the Fasted Dummy visit and
tended to be increased at the Fed Ghrelin visit when viewing high-calorie foods,
but not at the Fasted Saline and Fed Saline visit or when viewing low-calorie
foods (Study 2 — Chapter 4 and Chapter 5, Section 5.3.).

Individual differences in appeal correlated with individual differences in hunger
and pleasantness-to-eat, and also activation in both the medial OFC and lateral
OFC for the high-calorie vs. low-calorie contrast between fasted and fed states
(Study 1 - Chapter 3).

Activation in each ROI for each contrast did not correlate with hunger rating in
the scanner at the Fasted Saline visit. By contrast, at the Fed Saline visit,
average hunger rating in the scanner positively correlated with activation in the
ventral striatum, anterior OFC and insula when viewing high-calorie foods vs.
objects and when viewing low-calorie foods vs. objects (Study 2 — Chapter 5,
Section 5.2.).

When fasted, activation in the insula when viewing high-calorie (but not low-
calorie) foods positively correlated with lunch intake. When fed, activation in
the insula and anterior OFC when viewing high-calorie foods correlated with
lunch intake (with a trend for low-calorie foods). However, VAS hunger ratings
(just before lunch) did not correlate with food intake (Study 2 — Chapter 5,
Section 5.2.).

Individual differences in dietary restraint positively correlated with activation to
high-calorie vs. low-calorie foods in both the DLPFC and dorsal ACC, and
negatively correlated with activation in both the amygdala and lateral OFC,

when fasted overnight (Study 1 - Chapter 3).
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(xi) Reward sensitivity positively correlated with activation to high-calorie vs. low-
calorie foods in the ventral striatum (Study 1 - Chapter 3).

(xii) Lunch intake was significantly increased and there was a tendency for lunch
pleasantness to be increased at the Fasted Saline visit compared to the Fasted
Dummy visit (Study 2 — Chapter 4).

(xiii) Anxiety and sickness ratings were scored significantly higher at the Fasted
Dummy visit compared to the Fasted Saline visit (Study 2 — Chapter 4).

(xiv) High-calorie foods were less appealing on the Fasted Dummy visit visit
compared to the Fasted Saline visit (Study 2 — Chapter 4).

(xv) VAS appetite and stress scores, lunch intake, and appeal ratings positively
correlated between fasted visits (Study 2 — Chapter 4).

(xvi) There was a tendency for or a significant positive correlation of anterior OFC
activation to high-calorie and low-calorie foods and object pictures between the

Fasted Dummy and Fasted Saline visit (Study 2 — Chapter 4).

In the ghrelin fMRI study, | was able to replicate some of the results of the first fed-fasted
fMRI study although the two study protocols were different in several points.

This is the first study to show that ghrelin mimics fasting by biasing appeal towards
high-calorie foods and activating the OFC toward high-calorie foods. These studies
especially proved that the OFC plays an important role in encoding the reward value of
high-calorie and low-calorie foods and that the ventral striatum may be implicated in

novelty processing when viewing high-calorie foods.

In summary, these results demonstrated that nutritional state and ghrelin play an
important role in influencing the hedonic brain reward system and therefore food appeal
and pleasantness in an environment where high-palatable, high-calorie foods are
constantly available (Cabanac, 1971, Uher et al., 2006, Stoeckel et al., 2007). As both

fMRI studies examined healthy volunteers it needs to be further investigated how brain
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reward systems differ in lean and obese people and what are the differences in their

underlying physiological mechinsms.

6.5.2. How can these findings be linked to obesity?
As previously described, natural rewards such as palatable food and ghrelin can affect
dopamine signaling in the brain reward system (Nestler, 2001; Naleid et al., 2005).

Human key focus in research of addiction disorders and obesity is that hypo-
dopaminergic functioning (Reward Deficiency Syndrome - RDS) in brain reward pathways
is a key risk factor for their development (Blum et al., 2000). The premise is that
addictive substances such as food, which increase brain dopamine levels, are used as a
form of “self-medication” to boost a sluggish dopamine system and increase hedonic
capacity and promote excessive behaviour. The same arguments have been recently
extended to the risk for obesity; focusing on dopamine D2 receptors. There is reasonable
evidence that individuals with the TaqlA+ allele (polymorphism of D2 receptor) have
reduced brain dopamine function due to a 30-40% reduction in D2 receptor density in the
striatal region (Stice et al., 2008).

The counter argument is that hyper-sensitivity to reward contributes to increased
risk of obesity because of enhanced motivation to approach pleasurable activities such as
eating (Beaver et al., 2006, Davis et al., 2007). Addictive drugs and food could also share
a tolerance of their rewarding properties by the downregulation of dopamine receptors in
the striatum (Volkow et al., 2002), and a decrease in the function of the extended
amygdala, which produces negative affect and anxiety associated with abstinence (Koob,
2006). There is now evidence that highly palatable foods cause the same neuroadaptions
which increase strong cravings, and contribute to the symptoms of withdrawl (Grigson,
2002, Pelchat, 2002). Davis and Carter suggest a dual vulnerability to addictions whereby
both hypo-dopaminergic functioning and hyper-sensitivity to reward can confer risk, albeit
in different individuals and perhaps with different levels of severity (Davis and Carter,

20009).

246



Obese patients, especially women, binge eaters and patients with increased reward
sensitivity previously showed increased activation in brain reward areas when viewing or
tasting high-calorie foods compared to their lean counterparts (Gautier et al., 2000;
Gautier et al., 2001; DelParigi et al., 2004; DelParigi et al., 2005; Le et al., 2006;
DelParigi et al., 2007; Le et al., 2007; Rothemund et al., 2007; Stice et al., 2008;
Stoeckel et al., 2008; Bohon et al., 2009; Martin et al., 2009; Schienle et al., 2009;
Stoeckel et al., 2009; Davids et al., 2010; Stice et al., 2010). In bulimia nervosa patients,
who had increased ventral striatum volumes, BMI and purgeing severity were correlated
with striatal grey matter volume abnormalities (Schafer et al., 2010). A voxel-based
morphometric functional MRI study showed that pathologic “sweet tooth” was associated
with grey matter volume loss in the right anterior insula, the lateral OFC, the DLPFC and
temporal poles; hyperphagia was associated with bilateral grey matter loss in
anteromedial portions of the OFC (Whitwell et al., 2007). The new insight into the
meachnisms of brain reward systems and their role in eating behaviour may be used to
provide rationale for new psychological or pharmacological approaches for treatment of
obesity (Adan et al., 2008). For example, targeting specific regions of the brain reward
systems with new strategies of deep brain stimulation for managing eating disorders
(Halpern et al., 2008; Camus et al., 2009). Another pharmacological treatment could
involve ghrelin antagonists to block the action of ghrelin and its receptor in order to

suppress its action on brain reward systems.

The findings of the fMRI studies in this thesis are potentially of relevance to understand
some of the factors which play a role in the development of obesity and how rewarding
properties of food become represented in terms of subjective hedonic values and can

contribute in driving excessive food intake.
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6.6. Future work

6.6.1. Ghrelin fMRI study

- Increase the number of subjects to at least 20. In fMRI, especially food reward tasks, it
is only possible to measure small changes in brain reward systems, so the higher the
number of subjects, the more likely the result is robust.

- Include obese subjects and compare them to lean controls in the fasted and fed state to
analyse differences in brain reward systems.

- Assess resting state functional connectivity to examine the effect of ghrelin in brain
reward systems when no stimulus is applied. Resting connectivity allows the assessment
of coordinated activity between brain regions in the absece of an external input
(Damoiseaux et al., 2006). These include brain regions involved in executive functioning
or ‘executive control network’ (ECN, involving anterior cingulate and dorsolateral pre-
frontal cortex), and random episodic silent thought, the so-called ‘default-mode network’
(DMN, involving the precuneus, posterior cingulate and pre-frontal cortex). Motivational
salience networks involving the anterior cingulate and frontoinsular cortex are also
described (Seeley et al., 2007). A recent study demonstrate that nicotine administration in
abstinent smokers to suppress craving modulates dynamic interactions between large-
scale cognitive brain networks in the resting state, for example inverse coupling between
the DMN and ECN (Cole et al., 2010). It is unknown how the activity in these resting state
networks is altered during states of increased hunger (where attention may switch away
from random silent thought to thinking about food) and/or whether additional resting
state networks are activated (e.g. within brain centres involved in reward, craving,
pleasure and emotion). This data will be analysed to see how activity and connectivity in
resting state networks changes when healthy non-obese subjects are fasted or given the
hormone ghrelin.

- Analyse audio-motor-visual scans to look for non-specific changes in activation in brain

reward systems.
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- Measure gut hormones, including acylated and total ghrelin, PYY, GLP-1, PP and leptin to
correlate them with activation in brain reward systems and feeding behaviour.

- Include different test lunch; ghrelin is suggested to preferentially increase the appeal
and perhaps intake of sweet over savoury food such as used in our study (pasta and
curry). It would be also interesting to use different types of foods at lunch, such as high-
calorie sweet, high-calorie savoury, low-calorie sweet and low-calorie savoury food, thus
subjects need to make a choice such as when rating the appeal of the food pictures in the
scanner.

- Investigate the effect of ghrelin on dopamine release in humans. Previous PET imaging
studies showed smoking-induced dopamine realease in the ventral striatum using bolus-
plus-continuous-infusion of (11)C-raclopride (D2 recpetor antagonist) (Brody et al., 2010)
or amphetamine-induced dopamine release in the ventral striatum using [(11)C]-(+)-4-
propyl-9-hydroxynaphthoxazine ((+)-PHNO) (D2/D3 recpetor agonist) (Willeit et al.,

2008).

249



Chapter 7

REFERENCES

250



Abbott CR, Monteiro M, Small CJ, Sajedi A, Smith KL, Parkinson JR, Ghatei MA, Bloom SR
(2005a) The inhibitory effects of peripheral administration of peptide YY(3-36) and
glucagon-like peptide-1 on food intake are attenuated by ablation of the vagal-
brainstem-hypothalamic pathway. Brain Res 1044:127-31.

Abbott CR, Small CJ, Kennedy AR, Neary NM, Sajedi A, Ghatei MA, Bloom SR (2005b)
Blockade of the neuropeptide Y Y2 receptor with the specific antagonist BIIE0O246
attenuates the effect of endogenous and exogenous peptide YY(3-36) on food
intake. Brain Res 1043:139-144.

Abizaid A (2009) Ghrelin and dopamine: new insights on the peripheral regulation of
appetite. J Neuroendocrinol 21:787-793.

Abizaid A, Liu ZW, Andrews ZB, Shanabrough M, Borok E, Elsworth JD, Roth RH, Sleeman
MW, Picciotto MR, Tschop MH, Gao XB, Horvath TL (2006) Ghrelin modulates the
activity and synaptic input organization of midbrain dopamine neurons while
promoting appetite. J Clin Invest 116:3229-3239.

Adam TC, Epel ES (2007) Stress, eating and the reward system. Physiol Behav 91:449-
458.

Adan RA, Vanderschuren LJ, la Fleur SE (2008) Anti-obesity drugs and neural circuits of
feeding. Trends Pharmacol Sci 29:208-217.

Adrian TE, Bloom SR, Bryant MG, Polak JM, Heitz PH, Barnes AJ (1976) Distribution and
release of human pancreatic polypeptide. Gut 17:940-944.

Adrian TE, Ferri GL, Bacarese-Hamilton AJ, Fuessl HS, Polak JM, Bloom SR (1985) Human
distribution and release of a putative new gut hormone, peptide YY.
Gastroenterology 89:1070-1077.

Agmo A, Marroquin E (1997) Role of gustatory and postingestive actions of sweeteners in
the generation of positive affect as evaluated by place preference conditioning.
Appetite 29:269-289.

Akamizu T, Takaya K, Irako T, Hosoda H, Teramukai S, Matsuyama A, Tada H, Miura K,
Shimizu A, Fukushima M, Yokode M, Tanaka K, Kangawa K (2004)
Pharmacokinetics, safety, and endocrine and appetite effects of ghrelin
administration in young healthy subjects. Eur J Endocrinol 150:447-455.

Aloia JF, Vaswani A, Russo L, Sheehan M, Flaster E (1995) The influence of menopause
and hormonal replacement therapy on body cell mass and body fat mass. Am J
Obstet Gynecol 172:896-900.

Amaral DG, Price JL (1984) Amygdalo-cortical projections in the monkey (Macaca
fascicularis). J Comp Neurol 230:465-496.

Anderson J, Jenkinson M, Smith S (2007a) Non-linear optimisation. In: (TRO7JA Ftr, ed).

Anderson J, Jenkinson M, Smith S (2007b) Non-linear-registration, aka Spatial
normalisation. In: (TRO7JA2 Ftr, ed).

251



Andrews ZB, Erion D, Beiler R, Liu ZW, Abizaid A, Zigman J, Elsworth JD, Savitt M,
DiMarchi R, Tschoep M, Roth RH, Gao XB, Horvath TL (2009) Ghrelin promotes and
protects nigrostriatal dopamine function via a UCP2-dependent mitochondrial
mechanism. J Neurosci 29:14057-14065.

Anthony K, Reed LJ, Dunn JT, Bingham E, Hopkins D, Marsden PK, Amiel SA (2006)
Attenuation of insulin-evoked responses in brain networks controlling appetite and
reward in insulin resistance: the cerebral basis for impaired control of food intake
in metabolic syndrome? Diabetes 55:2986-2992.

Arnone M, Maruani J, Chaperon F, Thiebot MH, Poncelet M, Soubrie P, Le Fur G (1997)
Selective inhibition of sucrose and ethanol intake by SR 141716, an antagonist of
central cannabinoid (CB1) receptors. Psychopharmacology (Berl) 132:104-106.

Aron AR, Gluck MA, Poldrack RA (2006) Long-term test-retest reliability of functional MRI
in a classification learning task. Neuroimage 29:1000-1006.

Arya R, Duggirala R, Jenkinson CP, Almasy L, Blangero J, O'Connell P, Stern MP (2004)
Evidence of a novel quantitative-trait locus for obesity on chromosome 4p in
Mexican Americans. Am J Hum Genet 74:272-282.

Asakawa A, Inui A, Ueno N, Fujimiya M, Fujino MA, Kasuga M (1999) Mouse pancreatic
polypeptide modulates food intake, while not influencing anxiety in mice. Peptides
20:1445-1448.

Asakawa A, Inui A, Yuzuriha H, Ueno N, Katsuura G, Fujimiya M, Fujino MA, Niijima A,
Meguid MM, Kasuga M (2003) Characterization of the effects of pancreatic
polypeptide in the regulation of energy balance. Gastroenterology 124:1325-1336.

Asarian L, Geary N (2006) Modulation of appetite by gonadal steroid hormones. Philos
Trans R Soc Lond B Biol Sci 361:1251-1263.

Ashby DR, Ford HE, Wynne KJ, Wren AM, Murphy KG, Busbridge M, Brown EA, Taube DH,
Ghatei MA, Tam FW, Bloom SR, Choi P (2009) Sustained appetite improvement in
malnourished dialysis patients by daily ghrelin treatment. Kidney Int 76:199-206.

Augustine JR (1996) Circuitry and functional aspects of the insular lobe in primates
including humans. Brain Res Brain Res Rev 22:229-244.

Bacharach SL, Libutti SK, Carrasquillo JA (2000) Measuring tumor blood flow with
H(2)(15)0: practical considerations. Nucl Med Biol 27:671-676.

Bagdade JD, Bierman EL, Porte D, Jr. (1967) The significance of basal insulin levels in the
evaluation of the insulin response to glucose in diabetic and nondiabetic subjects. J
Clin Invest 46:1549-1557.

Baggio LL, Huang Q, Brown TJ, Drucker DJ (2004) Oxyntomodulin and glucagon-like
peptide-1 differentially regulate murine food intake and energy expenditure.
Gastroenterology 127:546-558.

252



Baicy K, London ED, Monterosso J, Wong ML, Delibasi T, Sharma A, Licinio J (2007) Leptin
replacement alters brain response to food cues in genetically leptin-deficient
adults. Proc Natl Acad Sci U S A 104:18276-18279.

Banks WA, Tschop M, Robinson SM, Heiman ML (2002) Extent and direction of ghrelin
transport across the blood-brain barrier is determined by its unique primary
structure. J Pharmacol Exp Ther 302:822-827.

Barnett BP, Hwang Y, Taylor MS, Kirchner H, Pfluger PT, Bernard V, Lin YY, Bowers EM,
Mukherjee C, Song WJ, Longo PA, Leahy DJ, Hussain MA, Tschop MH, Boeke JD,
Cole PA (2010) Glucose and weight control in mice with a designed ghrelin O-
acyltransferase inhibitor. Science 330:1689-92.

Baskin DG, Schwartz MW, Sipols AJ, D'Alessio DA, Goldstein BJ, White MF (1994) Insulin
receptor substrate-1 (IRS-1) expression in rat brain. Endocrinology 134:1952-
1955.

Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, Dakin CL, Wren AM, Brynes AE,
Low MJ, Ghatei MA, Cone RD, Bloom SR (2002) Gut hormone PYY(3-36)
physiologically inhibits food intake. Nature 418:650-654.

Batterham RL, Le Roux CW, Cohen MA, Park AJ, Ellis SM, Patterson M, Frost GS, Ghatei
MA, Bloom SR (2003) Pancreatic polypeptide reduces appetite and food intake in
humans. J Clin Endocrinol Metab 88:3989-3992.

Batterham RL, Heffron H, Kapoor S, Chivers JE, Chandarana K, Herzog H, Le Roux CW,
Thomas EL, Bell JD, Withers DJ (2006) Critical role for peptide YY in protein-
mediated satiation and body-weight regulation. Cell Metab 4:223-233.

Batterham RL, ffytche DH, Rosenthal JM, Zelaya FO, Barker GJ, Withers DJ, Williams SC
(2007) PYY modulation of cortical and hypothalamic brain areas predicts feeding
behaviour in humans. Nature 450:106-109.

Baura GD, Foster DM, Porte D, Jr., Kahn SE, Bergman RN, Cobelli C, Schwartz MW (1993)
Saturable transport of insulin from plasma into the central nervous system of dogs
in vivo. A mechanism for regulated insulin delivery to the brain. J Clin Invest
92:1824-1830.

Beaver JD, Lawrence AD, Passamonti L, Calder AJ (2008) Appetitive motivation predicts
the neural response to facial signals of aggression. J Neurosci 28:2719-2725.

Beaver JD, Lawrence AD, van Ditzhuijzen J, Davis MH, Woods A, Calder AJ (2006)
Individual differences in reward drive predict neural responses to images of food. J
Neurosci 26:5160-5166.

Beckmann CF, Jenkinson M, Smith SM (2003) General multilevel linear modeling for group
analysis in FMRI. Neuroimage 20:1052-1063.

Bednarek MA, Feighner SD, Pong SS, McKee KK, Hreniuk DL, Silva MV, Warren VA,
Howard AD, Van Der Ploeg LH, Heck JV (2000) Structure-function studies on the
new growth hormone-releasing peptide, ghrelin: minimal sequence of ghrelin

253



necessary for activation of growth hormone secretagogue receptor l1a. J Med Chem
43:4370-4376.

Beglinger C, Degen L, Matzinger D, D'’Amato M, Drewe J (2001) Loxiglumide, a CCK-A
receptor antagonist, stimulates calorie intake and hunger feelings in humans. Am J
Physiol Regul Integr Comp Physiol 280:R1149-1154.

Bender G, Veldhuizen MG, Meltzer JA, Gitelman DR, Small DM (2009) Neural correlates of
evaluative compared with passive tasting. Eur J Neurosci 30:327-338.

Benton D (2009) The plausibility of sugar addiction and its role in obesity and eating
disorders. Clin Nutr.

Berglund MM, Hipskind PA, Gehlert DR (2003) Recent developments in our understanding
of the physiological role of PP-fold peptide receptor subtypes. Exp Biol Med
(Maywood) 228:217-244.

Berkey CS, Rockett HR, Gillman MW, Field AE, Colditz GA (2003) Longitudinal study of
skipping breakfast and weight change in adolescents. Int J Obes Relat Metab
Disord 27:1258-1266.

Berntson GG, Zipf WB, O'Dorisio TM, Hoffman JA, Chance RE (1993) Pancreatic
polypeptide infusions reduce food intake in Prader-Willi syndrome. Peptides
14:497-503.

Berridge KC (1991) Modulation of taste affect by hunger, caloric satiety, and sensory-
specific satiety in the rat. Appetite 16:103-120.

Berridge KC (1996) Food reward: brain substrates of wanting and liking. Neurosci
Biobehav Rev 20:1-25.

Berridge KC (2007) The debate over dopamine's role in reward: the case for incentive
salience. Psychopharmacology (Berl) 191:391-431.

Berthoud HR (2004) Mind versus metabolism in the control of food intake and energy
balance. Physiol Behav 81:781-793.

Berthoud HR, Morrison C (2008) The brain, appetite, and obesity. Annu Rev Psychol
59:55-92.

Bishop SJ, Jenkins R, Lawrence AD (2007) Neural processing of fearful faces: effects of
anxiety are gated by perceptual capacity limitations. Cereb Cortex 17:1595-1603.

Blevins JE, Stanley BG, Reidelberger RD (2000) Brain regions where cholecystokinin
suppresses feeding in rats. Brain Res 860:1-10.

Blum K, Braverman ER, Holder JM, Lubar JF, Monastra VJ, Miller D, Lubar JO, Chen TJ,
Comings DE (2000) Reward deficiency syndrome: a biogenetic model for the
diagnosis and treatment of impulsive, addictive, and compulsive behaviors. J
Psychoactive Drugs 32 Suppl:i-iv, 1-112.

254



Blundell J, de Graaf C, Hulshof T, Jebb S, Livingstone B, Lluch A, Mela D, Salah S,
Schuring E, van der Knaap H, Westerterp M (2010) Appetite control:
methodological aspects of the evaluation of foods. Obes Rev 11:251-270.

Bohon C, Stice E, Spoor S (2009) Female emotional eaters show abnormalities in
consummatory and anticipatory food reward: a functional magnetic resonance
imaging study. Int J Eat Disord 42:210-221.

Bomberg EM, Grace MK, Wirth MM, Levine AS, Olszewski PK (2007) Central ghrelin
induces feeding driven by energy needs not by reward. Neuroreport 18:591-595.

Born JM, Lemmens SG, Rutters F, Nieuwenhuizen AG, Formisano E, Goebel R, Westerterp-
Plantenga MS (2010) Acute stress and food-related reward activation in the brain
during food choice during eating in the absence of hunger. Int J Obes (Lond)
34:172-181.

Braet C, Van Strien T (1997) Assessment of emotional, externally induced and restrained
eating behaviour in nine to twelve-year-old obese and non-obese children. Behav
Res Ther 35:863-873.

Bray GA (2005) Drug Insight: appetite suppressants. Nat Clin Pract Gastroenterol Hepatol
2:89-95.

Broadwell RD, Brightman MW (1976) Entry of peroxidase into neurons of the central and
peripheral nervous systems from extracerebral and cerebral blood. J Comp Neurol
166:257-283.

Broberger C, Johansen J, Johansson C, Schalling M, Hokfelt T (1998) The neuropeptide
Y/agouti gene-related protein (AGRP) brain circuitry in normal, anorectic, and
monosodium glutamate-treated mice. Proc Natl Acad Sci U S A 95:15043-15048.

Brody AL, London ED, Olmstead RE, Allen-Martinez Z, Shulenberger S, Costello MR,
Abrams AL, Scheibal D, Farahi J, Shoptaw S, Mandelkern MA (2010) Smoking-
induced change in intrasynaptic dopamine concentration: effect of treatment for
Tobacco Dependence. Psychiatry Res 183:218-224.

Bryant EJ, Kiezebrink K, King NA, Blundell JE (2010) Interaction between disinhibition and
restraint: Implications for body weight and eating disturbance. Eating and weight
disorders : EWD 15:e43-51.

Buffenstein R, Poppitt SD, McDevitt RM, Prentice AM (1995) Food intake and the
menstrual cycle: a retrospective analysis, with implications for appetite research.
Physiol Behav 58:1067-1077.

Bullock BP, Heller RS, Habener JF (1996) Tissue distribution of messenger ribonucleic acid
encoding the rat glucagon-like peptide-1 receptor. Endocrinology 137:2968-2978.

Bunzeck N, Doeller CF, Fuentemilla L, Dolan RJ, Duzel E (2009) Reward motivation
accelerates the onset of neural novelty signals in humans to 85 milliseconds. Curr
Biol 19:1294-300.

255



Burks DJ, Font de Mora J, Schubert M, Withers DJ, Myers MG, Towery HH, Altamuro SL,
Flint CL, White MF (2000) IRS-2 pathways integrate female reproduction and
energy homeostasis. Nature 407:377-382.

Burton P, Smit HJ, Lightowler HJ (2007) The influence of restrained and external eating
patterns on overeating. Appetite 49:191-197.

Bush G, Luu P, Posner Ml (2000) Cognitive and emotional influences in anterior cingulate
cortex. Trends Cogn Sci 4:215-222.

Cabanac M (1971) Physiological role of pleasure. Science 173:1103-1107.

Caine SB, Negus SS, Mello NK (2000) Effects of dopamine D(1-like) and D(2-like) agonists
on cocaine self-administration in rhesus monkeys: rapid assessment of cocaine
dose-effect functions. Psychopharmacology (Berl) 148:41-51.

Caine SB, Negus SS, Mello NK, Bergman J (1999) Effects of dopamine D(1-like) and D(2-
like) agonists in rats that self-administer cocaine. J Pharmacol Exp Ther 291:353-
360.

Calder AJ, Beaver JD, Davis MH, van Ditzhuijzen J, Keane J, Lawrence AD (2007) Disgust
sensitivity predicts the insula and pallidal response to pictures of disgusting foods.
Eur J Neurosci 25:3422-3428.

Callahan HS, Cummings DE, Pepe MS, Breen PA, Matthys CC, Weigle DS (2004)
Postprandial suppression of plasma ghrelin level is proportional to ingested caloric
load but does not predict intermeal interval in humans. J Clin Endocrinol Metab
89:1319-1324.

Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P (1995) Recombinant mouse OB
protein: evidence for a peripheral signal linking adiposity and central neural
networks. Science 269:546-549.

Camus M, Halelamien N, Plassmann H, Shimojo S, O'Doherty J, Camerer C, Rangel A
(2009) Repetitive transcranial magnetic stimulation over the right dorsolateral
prefrontal cortex decreases valuations during food choices. Eur J Neurosci
30:1980-1988.

Cardinal RN, Parkinson JA, Hall J, Everitt BJ (2002) Emotion and motivation: the role of
the amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav Rev
26:321-352.

Carlezon WA, Jr., Thomas MJ (2009) Biological substrates of reward and aversion: a
nucleus accumbens activity hypothesis. Neuropharmacology 56 Suppl 1:122-132.

Carlini VP, Varas MM, Cragnolini AB, Schioth HB, Scimonelli TN, de Barioglio SR (2004)
Differential role of the hippocampus, amygdala, and dorsal raphe nucleus in
regulating feeding, memory, and anxiety-like behavioral responses to ghrelin.
Biochem Biophys Res Commun 313:635-641.

Carter CS, Botvinick MM, Cohen JD (1999) The contribution of the anterior cingulate
cortex to executive processes in cognition. Rev Neurosci 10:49-57.

256



Carter CS, van Veen V (2007) Anterior cingulate cortex and conflict detection: an update
of theory and data. Cogn Affect Behav Neurosci 7:367-379.

Carver SC, White TL (1994) Behavioral Inhibition, Behavioral Activation, and Affective
Responses to Impending Reward and Punishment: The BIS/BAS Scales. J Pers Soc
Psychol 67:319-333.

Cason AM, Smith RJ, Tahsili-Fahadan P, Moorman DE, Sartor GC, Aston-Jones G (2010)
Role of orexin/hypocretin in reward-seeking and addiction: implications for obesity.
Physiol Behav 100:419-428.

Castaneda TR, Tong J, Datta R, Culler M, Tschop MH (2010) Ghrelin in the regulation of
body weight and metabolism. Front Neuroendocrinol 31:44-60.

Catana C, Procissi D, Wu Y, Judenhofer MS, Qi J, Pichler BJ, Jacobs RE, Cherry SR (2008)
Simultaneous in vivo positron emission tomography and magnetic resonance
imaging. Proc Natl Acad Sci U S A 105:3705-3710.

Chakraborti CK (2010) Exenatide: a new promising antidiabetic agent. Indian J Pharm Sci
72:1-11.

Chandarana K, Drew ME, Emmanuel J, Karra E, Gelegen C, Chan P, Cron NJ, Batterham
RL (2009) Subject standardization, acclimatization, and sample processing affect
gut hormone levels and appetite in humans. Gastroenterology 136:2115-2126.

Chaudhri O, Small C, Bloom S (2006) Gastrointestinal hormones regulating appetite.
Philos Trans R Soc Lond B Biol Sci 361:1187-1209.

Chechlacz M, Rotshtein P, Klamer S, Porubska K, Higgs S, Booth D, Fritsche A, Preissl H,
Abele H, Birbaumer N, Nouwen A (2009) Diabetes dietary management alters
responses to food pictures in brain regions associated with motivation and
emotion: a functional magnetic resonance imaging study. Diabetologia 52:524-
533.

Chen C, Wu D, Clarke 1J (1996) Signal transduction systems employed by synthetic GH-
releasing peptides in somatotrophs. J Endocrinol 148:381-386.

Chen P, Williams SM, Grove KL, Smith MS (2004) Melanocortin 4 receptor-mediated
hyperphagia and activation of neuropeptide Y expression in the dorsomedial
hypothalamus during lactation. J Neurosci 24:5091-5100.

Chemelli RM, Willie JT, Sinton CM, Elmquist JK, Scammell T, Lee C, Richardson JA,
Williams SC, Xiong Y, Kisanuki Y, Fitch TE, Nakazato M, Hammer RE, Saper CB,
Yanagisawa M (1999) Narcolepsy in orexin knockout mice: molecular genetics of
sleep regulation. Cell 98:437-451.

Christensen L, Pettijohn L (2001) Mood and carbohydrate cravings. Appetite 36:137-145.

Christensen R, Kristensen PK, Bartels EM, Bliddal H, Astrup A (2007) Efficacy and safety of
the weight-loss drug rimonabant: a meta-analysis of randomised trials. Lancet
370:1706-1713.

257



Christophe J (1998) Is there appetite after GLP-1 and PACAP? Ann N Y Acad Sci 865:323-
335.

Clegg DJ, Brown LM, Woods SC, Benoit SC (2006) Gonadal hormones determine
sensitivity to central leptin and insulin. Diabetes 55:978-987.

Cohen MA, Ellis SM, Le Roux CW, Batterham RL, Park A, Patterson M, Frost GS, Ghatei
MA, Bloom SR (2003) Oxyntomodulin suppresses appetite and reduces food intake
in humans. J Clin Endocrinol Metab 88:4696-4701.

Cole DM, Beckmann CF, Long CJ, Matthews PM, Durcan MJ, Beaver JD (2010) Nicotine
replacement in abstinent smokers improves cognitive withdrawal symptoms with
modulation of resting brain network dynamics. Neuroimage 52:590-599.

Coletta M, Platek S, Mohamed FB, van Steenburgh JJ, Green D, Lowe MR (2009) Brain
activation in restrained and unrestrained eaters: an fMRI study. J Abnorm Psychol
118:598-609.

Cone RD, Cowley MA, Butler AA, Fan W, Marks DL, Low MJ (2001) The arcuate nucleus as
a conduit for diverse signals relevant to energy homeostasis. Int J Obes Relat
Metab Disord 25 Suppl 5:S63-67.

Cornell CE, Rodin J, Weingarten H (1989) Stimulus-induced eating when satiated. Physiol
Behav 45:695-704.

Cornier MA (2009) The effects of overfeeding and propensity to weight gain on the
neuronal responses to visual food cues. Physiol Behav 97:525-530.

Cornier MA, Salzberg AK, Endly DC, Bessesen DH, Rojas DC, Tregellas JR (2009) The
effects of overfeeding on the neuronal response to visual food cues in thin and
reduced-obese individuals. PLoS One 4:e6310.

Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, Ohannesian
JP, Marco CC, McKee LJ, Bauer TL, et al. (1996) Serum immunoreactive-leptin
concentrations in normal-weight and obese humans. N Engl J Med 334:292-295.

Cota D, Barrera JG, Seeley RJ (2006) Leptin in energy balance and reward: two faces of
the same coin? Neuron 51:678-680.

Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S, Horvath TL, Cone RD, Low MJ
(2001) Leptin activates anorexigenic POMC neurons through a neural network in
the arcuate nucleus. Nature 411:480-484.

Cowley MA, Smith RG, Diano S, Tschop M, Pronchuk N, Grove KL, Strasburger CJ,
Bidlingmaier M, Esterman M, Heiman ML, Garcia-Segura LM, Nillni EA, Mendez P,
Low MJ, Sotonyi P, Friedman JM, Liu H, Pinto S, Colmers WF, Cone RD, Horvath TL
(2003) The distribution and mechanism of action of ghrelin in the CNS
demonstrates a novel hypothalamic circuit regulating energy homeostasis. Neuron
37:649-661.

Critchley HD, Mathias CJ, Dolan RJ (2001) Neural activity in the human brain relating to
uncertainty and arousal during anticipation. Neuron 29:537-545.

258



Cross-Government Obesity Unit DoHaDoC, Schools and Families (2008) HealtHy weigHTt,
HealtHy lives: a cross-government strategy for England.

Cummings DE, Naleid AM, Figlewicz Lattemann DP (2007) Ghrelin: a link between energy
homeostasis and drug abuse? Addict Biol 12:1-5.

Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, Weigle DS (2001) A
preprandial rise in plasma ghrelin levels suggests a role in meal initiation in
humans. Diabetes 50:1714-1719.

Cummings DE, Clement K, Purnell JQ, Vaisse C, Foster KE, Frayo RS, Schwartz MW,
Basdevant A, Weigle DS (2002) Elevated plasma ghrelin levels in Prader Willi
syndrome. Nat Med 8:643-644.

Cummings DE, Overduin J, Foster-Schubert KE (2004) Gastric bypass for obesity:
mechanisms of weight loss and diabetes resolution. J Clin Endocrinol Metab
89:2608-15.

Curioni C, Andre C (2006) Rimonabant for overweight or obesity. Cochrane Database Syst
Rev CD006162.

Dahlstroem A, Fuxe K (1964) Evidence for the Existence of Monoamine-Containing
Neurons in the Central Nervous System. |I. Demonstration of Monoamines in the
Cell Bodies of Brain Stem Neurons. Acta Physiol Scand Suppl:SUPPL 232:231-255.

Dakin CL, Small CJ, Park AJ, Seth A, Ghatei MA, Bloom SR (2002) Repeated ICV
administration of oxyntomodulin causes a greater reduction in body weight gain
than in pair-fed rats. Am J Physiol Endocrinol Metab 283:E1173-1177.

Dakin CL, Gunn I, Small CJ, Edwards CM, Hay DL, Smith DM, Ghatei MA, Bloom SR (2001)
Oxyntomodulin inhibits food intake in the rat. Endocrinology 142:4244-4250.

Dakin CL, Small CJ, Batterham RL, Neary NM, Cohen MA, Patterson M, Ghatei MA, Bloom
SR (2004) Peripheral oxyntomodulin reduces food intake and body weight gain in
rats. Endocrinology 145:2687-2695.

Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, Smith SM, Beckmann CF
(2006) Consistent resting-state networks across healthy subjects. Proc Natl Acad
Sci U S A 103:13848-13853.

Dansinger ML, Tatsioni A, Wong JB, Chung M, Balk EM (2007) Meta-analysis: the effect of
dietary counseling for weight loss. Ann Intern Med 147:41-50.

Date Y, Murakami N, Toshinai K, Matsukura S, Niijima A, Matsuo H, Kangawa K, Nakazato
M (2002) The role of the gastric afferent vagal nerve in ghrelin-induced feeding
and growth hormone secretion in rats. Gastroenterology 123:1120-1128.

Davids S, Lauffer H, Thoms K, Jagdhuhn M, Hirschfeld H, Domin M, Hamm A, Lotze M
(2010) Increased dorsolateral prefrontal cortex activation in obese children during
observation of food stimuli. Int J Obes (Lond) 34:94-104.

259



Davidson RJ, Irwin W (1999) The functional neuroanatomy of emotion and affective style.
Trends Cogn Sci 3:11-21.

Davidson RJ (2003) Affective neuroscience and psychophysiology: toward a synthesis.
Psychophysiology 40:655-665.

Davidsen L, Vistisen B, Astrup A (2007) Impact of the menstrual cycle on determinants of
energy balance: a putative role in weight loss attempts. Int J Obes (Lond)
31:1777-1785.

Davis C, Carter JC (2009) Compulsive overeating as an addiction disorder. A review of
theory and evidence. Appetite 53:1-8.

Davis C, Strachan S, Berkson M (2004) Sensitivity to reward: implications for overeating
and overweight. Appetite 42:131-138.

Davis C, Levitan RD, Kaplan AS, Carter J, Reid C, Curtis C, Patte K, Hwang R, Kennedy JL
(2008) Reward sensitivity and the D2 dopamine receptor gene: A case-control
study of binge eating disorder. Prog Neuropsychopharmacol Biol Psychiatry
32:620-628.

Davis R, Faulds D (1996) Dexfenfluramine. An updated review of its therapeutic use in the
management of obesity. Drugs 52:696-724.

Daw ND, O'Doherty JP, Dayan P, Seymour B, Dolan R, J. (2006) Cortical substrates for
exploratory decisions in humans. Nature 441:876-879.

Dawe S, Loxton NJ (2004) The role of impulsivity in the development of substance use
and eating disorders. Neurosci Biobehav Rev 28:343-351.

De Araujo IE, Rolls ET (2004) Representation in the human brain of food texture and oral
fat. J Neurosci 24:3086-3093.

de Araujo IE, Rolls ET, Kringelbach ML, McGlone F, Phillips N (2003) Taste-olfactory
convergence, and the representation of the pleasantness of flavour, in the human
brain. Eur J Neurosci 18:2059-2068.

de Araujo IE, Oliveira-Maia AJ, Sotnikova TD, Gainetdinov RR, Caron MG, Nicolelis MA,
Simon SA (2008) Food reward in the absence of taste receptor signaling. Neuron
57:930-941.

de Krom M, van der Schouw YT, Hendriks J, Ophoff RA, van Gils CH, Stolk RP, Grobbee
DE, Adan R (2007) Common genetic variations in CCK, leptin, and leptin receptor
genes are associated with specific human eating patterns. Diabetes 56:276-280.

Deichmann R, Gottfried JA, Hutton C, Turner R (2003) Optimized EPI for fMRI studies of
the orbitofrontal cortex. Neuroimage 19:430-441.

D'Eon TM, Souza SC, Aronovitz M, Obin MS, Fried SK, Greenberg AS (2005) Estrogen
regulation of adiposity and fuel partitioning. Evidence of genomic and non-genomic
regulation of lipogenic and oxidative pathways. J Biol Chem 280:35983-35991.

260



Del Parigi A, Gautier, JF., Chen, K., Salbe, AD., Ravussin, E., Tataranni, PA. (2002)
Mapping the Brain Response to Hunger and Satiation in Humans using Positron
Emission Tomography. Ann NY Acad Sci 967:389-397.

DelParigi A, Chen K, Salbe AD, Reiman EM, Tataranni PA (2005) Sensory experience of
food and obesity: a positron emission tomography study of the brain regions
affected by tasting a liquid meal after a prolonged fast. Neuroimage 24:436-443.

DelParigi A, Chen K, Salbe AD, Hill JO, Wing RR, Reiman EM, Tataranni PA (2004)
Persistence of abnormal neural responses to a meal in postobese individuals. Int J
Obes Relat Metab Disord 28:370-377.

DelParigi A, Chen K, Salbe AD, Hill JO, Wing RR, Reiman EM, Tataranni PA (2007)
Successful dieters have increased neural activity in cortical areas involved in the
control of behavior. Int J Obes 31:440-448.

Devinsky O, Morrell MJ, Vogt BA (1995) REVIEW ARTICLE: Contributions of anterior
cingulate cortex to behaviour 10.1093/brain/118.1.279. Brain 118:279-306.

De Vriese C, Gregoire F, Lema-Kisoka R, Waelbroeck M, Robberecht P, Delporte C (2004)
Ghrelin degradation by serum and tissue homogenates: identification of the
cleavage sites. Endocrinology 145:4997-5005.

Diamant M, Van Gaal L, Stranks S, Northrup J, Cao D, Taylor K, Trautmann M (2010)
Once weekly exenatide compared with insulin glargine titrated to target in patients
with type 2 diabetes (DURATION-3): an open-label randomised trial. Lancet
375:2234-2243.

Diano S, Farr SA, Benoit SC, McNay EC, da Silva I, Horvath B, Gaskin FS, Nonaka N,
Jaeger LB, Banks WA, Morley JE, Pinto S, Sherwin RS, Xu L, Yamada KA, Sleeman
MW, Tschop MH, Horvath TL (2006) Ghrelin controls hippocampal spine synapse
density and memory performance. Nat Neurosci 9:381-388.

Di Chiara G, Bassareo V, Fenu S, De Luca MA, Spina L, Cadoni C, Acquas E, Carboni E,
Valentini V, Lecca D (2004) Dopamine and drug addiction: the nucleus accumbens
shell connection. Neuropharmacology 47 Suppl 1:227-241.

Disse E, Bussier AL, Veyrat-Durebex C, Deblon N, Pfluger PT, Tschop MH, Laville M,
Rohner-Jeanrenaud F (2010) Peripheral ghrelin enhances sweet taste food
consumption and preference, regardless of its caloric content. Physiol Behav.

Drapeau V, Provencher V, Lemieux S, Despres JP, Bouchard C, Tremblay A (2003) Do 6-y
changes in eating behaviors predict changes in body weight? Results from the
Quebec Family Study. Int J Obes Relat Metab Disord 27:808-814.

Drazen DL, Vahl TP, D'Alessio DA, Seeley RJ, Woods SC (2006) Effects of a fixed meal
pattern on ghrelin secretion: evidence for a learned response independent of
nutrient status. Endocrinology 147:23-30.

261



Dreher JC, Schmidt PJ, Kohn P, Furman D, Rubinow D, Berman KF (2007) Menstrual cycle
phase modulates reward-related neural function in women. Proc Natl Acad Sci U S
A 104:2465-2470.

Drewnowski A, Krahn DD, Demitrack MA, Nairn K, Gosnell BA (1992) Taste responses and
preferences for sweet high-fat foods: evidence for opioid involvement. Physiol
Behav 51:371-379.

Drewnowski A (2000) Nutrition transition and global dietary trends. Nutrition 16:486-487.

Druce MR, Neary NM, Small CJ, Milton J, Monteiro M, Patterson M, Ghatei MA, Bloom SR
(2006) Subcutaneous administration of ghrelin stimulates energy intake in healthy
lean human volunteers. Int J Obes (Lond) 30:293-296.

Druce MR, Wren AM, Park AJ, Milton JE, Patterson M, Frost G, Ghatei MA, Small C, Bloom
SR (2005) Ghrelin increases food intake in obese as well as lean subjects. Int J
Obes (Lond) 29:1130-1136.

Dubois L, Girard M, Potvin Kent M, Farmer A, Tatone-Tokuda F (2008) Breakfast skipping
is associated with differences in meal patterns, macronutrient intakes and
overweight among pre-school children. Public Health Nutr:1-10.

Duvernoy H (1995) The Human Brain Stem and Cerebellum: Surface, Structure,
Vascularization, Three Dimensional Sectional Anatomy, and MRI. Vienna: Springer.

Duvernoy H (1999) The Human Brain Surface, Three-Dimensional Sectional Anatomy with
MRI, and Blood Supply. Vienna: Springer.

Dye L, Blundell JE (1997) Menstrual cycle and appetite control: implications for weight
regulation. Hum Reprod 12:1142-1151.

Edwards GL, Ladenheim EE, Ritter RC (1986) Dorsomedial hindbrain participation in
cholecystokinin-induced satiety. Am J Physiol 251:R971-977.

Egecioglu E, Jerlhag E, Salome N, Skibicka KP, Haage D, Bohlooly YM, Andersson D,
Bjursell M, Perrissoud D, Engel JA, Dickson SL (2010) Ghrelin increases intake of
rewarding food in rodents. Addict Biol.

Elfhag K, Tynelius P, Rasmussen F (2007) Sugar-sweetened and artificially sweetened soft
drinks in association to restrained, external and emotional eating. Physiol Behav
91:191-195.

Elias CF, Lee C, Kelly J, Aschkenasi C, Ahima RS, Couceyro PR, Kuhar MJ, Saper CB,
Elmquist JK (1998a) Leptin activates hypothalamic CART neurons projecting to the
spinal cord. Neuron 21:1375-1385.

Elias CF, Saper CB, Maratos-Flier E, Tritos NA, Lee C, Kelly J, Tatro JB, Hoffman GE,
Ollmann MM, Barsh GS, Sakurai T, Yanagisawa M, EImquist JK (1998b) Chemically
defined projections linking the mediobasal hypothalamus and the lateral
hypothalamic area. J Comp Neurol 402:442-459.

262



Elmquist JK, Maratos-Flier E, Saper CB, Flier JS (1998) Unraveling the central nervous
system pathways underlying responses to leptin. Nat Neurosci 1:445-450.

Epel E, Lapidus R, McEwen B, Brownell K (2001) Stress may add bite to appetite in
women: a laboratory study of stress-induced cortisol and eating behavior.
Psychoneuroendocrinology 24:37-49.

Fadel J, Deutch AY (2002) Anatomical substrates of orexin-dopamine interactions: lateral
hypothalamic projections to the ventral tegmental area. Neuroscience 111:379-
387.

Fallon JH, Moore RY (1978) Catecholamine innervation of the basal forebrain. 1V.
Topography of the dopamine projection to the basal forebrain and neostriatum. J
Comp Neurol 180:545-580.

Faroogi IS, Bullmore E, Keogh J, Gillard J, O'Rahilly S, Fletcher PC (2007) Leptin regulates
striatal regions and human eating behavior. Science 317:1355.

Faulconbridge LF, Grill HJ, Kaplan JM, Daniels D (2008) Caudal brainstem delivery of
ghrelin induces fos expression in the nucleus of the solitary tract, but not in the
arcuate or paraventricular nuclei of the hypothalamus. Brain Res 1218:151-157.

FDA (1997) FDA Announces Withdrawal Fenfluramine and Dexfenfluramine (Fen-Phen).
In: Food and Drug Administration U.S.

Fehmann HC, Jiang J, Schweinfurth J, Wheeler MB, Boyd AE, 3rd, Goke B (1994) Stable
expression of the rat GLP-1 receptor in CHO cells: activation and binding
characteristics utilizing GLP-1(7-36)-amide, oxyntomodulin, exendin-4, and
exendin(9-39). Peptides 15:453-456.

Field BC, Wren AM, Peters V, Baynes KC, Martin NM, Patterson M, Alsaraf S, Amber V,
Wynne K, Ghatei MA, Bloom SR (2010) PYY3-36 and oxyntomodulin can be
additive in their effect on food intake in overweight and obese humans. Diabetes
59:1635-39

Fields HL, Hjelmstad GO, Margolis EB, Nicola SM (2007) Ventral tegmental area neurons in
learned appetitive behavior and positive reinforcement. Annu Rev Neurosci 30:289-
316.

Figlewicz DP, Szot P, Chavez M, Woods SC, Veith RC (1994) Intraventricular insulin
increases dopamine transporter mRNA in rat VTA/substantia nigra. Brain Res
644:331-334.

Figlewicz DP, Higgins MS, Ng-Evans SB, Havel PJ (2001) Leptin reverses sucrose-
conditioned place preference in food-restricted rats. Physiol Behav 73:229-234.

Figlewicz DP (2003) Adiposity signals and food reward: expanding the CNS roles of insulin
and leptin. Am J Physiol Regul Integr Comp Physiol 284:R882-892.

Figlewicz DP, Evans SB, Murphy J, Hoen M, Baskin DG (2003) Expression of receptors for
insulin and leptin in the ventral tegmental area/substantia nigra (VTA/SN) of the
rat. Brain Res 964:107-115.

263



Figlewicz DP, Bennett J, Evans SB, Kaiyala K, Sipols AJ, Benoit SC (2004) Intraventricular
insulin and leptin reverse place preference conditioned with high-fat diet in rats.
Behav Neurosci 118:479-487.

Finkelstein EA, Fiebelkorn IC, Wang G (2004) State-level estimates of annual medical
expenditures attributable to obesity. Obes Res 12:18-24.

Flier JS (2004) Obesity wars: molecular progress confronts an expanding epidemic. Cell
116:337-350.

Flint A, Raben A, Blundell JE, Astrup A (2000) Reproducibility, power and validity of visual
analogue scales in assessment of appetite sensations in single test meal studies.
Int J Obes Relat Metab Disord 24:38-48.

Fogteloo AJ, Pijl H, Frolich M, McCamish M, Meinders AE (2003) Effects of recombinant
human leptin treatment as an adjunct of moderate energy restriction on body
weight, resting energy expenditure and energy intake in obese humans. Diabetes
Nutr Metab 16:109-114.

Foster-Schubert KE, Overduin J, Prudom CE, Liu J, Callahan HS, Gaylinn BD, Thorner MO,
Cummings DE (2008) Acyl and total ghrelin are suppressed strongly by ingested
proteins, weakly by lipids, and biphasically by carbohydrates. J Clin Endocrinol
Metab 93:1971-1979.

Frank S, Laharnar N, Kullmann S, Veit R, Canova C, Hegner YL, Fritsche A, Preissl H
(2010) Processing of food pictures: Influence of hunger, gender and calorie
content. Brain Res.

Frank TC, Kim GL, Krzemien A, Van Vugt DA (2010) Effect of menstrual cycle phase on
corticolimbic brain activation by visual food cues. Brain Res 1363:81-92.

Franken IH, Muris P, Georgieva | (2006) Gray's model of personality and addiction. Addict
Behav 31:399-403.

Frazao E, Allshouse J (2003) Strategies for intervention: commentary and debate. J Nutr
133:844S-847S.

Fuhrer D, Zysset S, Stumvoll M (2008) Brain activity in hunger and satiety: an exploratory
visually stimulated FMRI study. Obesity 16:945-950.

Fulton S, Pissios P, Manchon RP, Stiles L, Frank L, Pothos EN, Maratos-Flier E, Flier JS
(2006) Leptin regulation of the mesoaccumbens dopamine pathway. Neuron
51:811-822.

Garner DM, Olmsted MP, Bohr Y, Garfinkel PE (1982) The eating attitudes test:
psychometric features and clinical correlates. Psychol Med 12:871-878.

Gautier JF, Chen K, Salbe AD, Bandy D, Pratley RE, Heiman M, Ravussin E, Reiman EM,
Tataranni PA (2000) Differential brain responses to satiation in obese and lean
men. Diabetes 49:838-846.

264



Gautier JF, Del Parigi A, Chen K, Salbe AD, Bandy D, Pratley RE, Ravussin E, Reiman EM,
Tataranni PA (2001) Effect of satiation on brain activity in obese and lean women.
Obes Res 9:676-684.

Geisler S, Zahm DS (2005) Afferents of the ventral tegmental area in the rat-anatomical
substratum for integrative functions. J Comp Neurol 490:270-294.

Geliebter A, Ladell T, Logan M, Schneider T, Sharafi M, Hirsch J (2006) Responsivity to
food stimuli in obese and lean binge eaters using functional MRI. Appetite 46:31-
35.

Ghatei MA, Uttenthal LO, Christofides ND, Bryant MG, Bloom SR (1983) Molecular forms of
human enteroglucagon in tissue and plasma: plasma responses to nutrient stimuli
in health and in disorders of the upper gastrointestinal tract. J Clin Endocrinol
Metab 57:488-495.

Gibbs J, Young RC, Smith GP (1973) Cholecystokinin decreases food intake in rats. J
Comp Physiol Psychol 84:488-495.

Giuffrida A, Parsons LH, Kerr TM, Rodriguez de Fonseca F, Navarro M, Piomelli D (1999)
Dopamine activation of endogenous cannabinoid signaling in dorsal striatum. Nat
Neurosci 2:358-363.

Golden PL, Maccagnan TJ, Pardridge WM (1997) Human blood-brain barrier leptin
receptor. Binding and endocytosis in isolated human brain microvessels. J Clin
Invest 99:14-18.

Goldstone AP, Patterson M, Kalingag N, Ghatei MA, Brynes AE, Bloom SR, Grossman AB,
Korbonits M (2005) Fasting and postprandial hyperghrelinemia in Prader-Willi
syndrome is partially explained by hypoinsulinemia, and is not due to peptide YY3-
36 deficiency or seen in hypothalamic obesity due to craniopharyngioma. J Clin
Endocrinol Metab 90:2681-2690.

Goldstone AP, Thomas EL, Brynes AE, Bell JD, Frost G, Saeed N, Hajnal JV, Howard JK,
Holland A, Bloom SR (2001) Visceral adipose tissue and metabolic complications of
obesity are reduced in Prader-Willi syndrome female adults: evidence for novel
influences on body fat distribution. J Clin Endocrinol Metab 86:4330-4338.

Goldstone AP, Prechtl de Hernandez CG, Beaver JD, Muhammed K, Croese C, Bell G,
Durighel G, Hughes E, Waldman AD, Frost G, Bell JD (2009) Fasting biases brain
reward systems towards high-calorie foods. Eur J Neurosci 30:1625-1635.

Gordon CM, Dougherty DD, Rauch SL, Emans SJ, Grace E, Lamm R, Alpert NM, Majzoub
JA, Fischman AJ (2000) Neuroanatomy of human appetitive function: A positron
emission tomography investigation. Int J Eat Disord 27:163-171.

Gottfried JA, O'Doherty J, Dolan RJ (2003) Encoding predictive reward value in human
amygdala and orbitofrontal cortex. Science 301:1104-1107.

Grabenhorst F, Rolls ET, Parris BA, d'Souza AA (2010) How the brain represents the
reward value of fat in the mouth. Cereb Cortex 20:1082-1091.

265



Grigson PS (2002) Like drugs for chocolate: separate rewards modulated by common
mechanisms? Physiol Behav 76:389-395.

Guan XM, Yu H, Palyha OC, McKee KK, Feighner SD, Sirinathsinghji DJ, Smith RG, Van der
Ploeg LH, Howard AD (1997) Distribution of mRNA encoding the growth hormone
secretagogue receptor in brain and peripheral tissues. Brain Res Mol Brain Res
48:23-29.

Guerrieri R, Nederkoorn C, Jansen A (2007) How impulsiveness and variety influence food
intake in a sample of healthy women. Appetite 48:119-122.

Guerrieri R, Nederkoorn C, Schrooten M, Martijn C, Jansen A (2009) Inducing impulsivity
leads high and low restrained eaters into overeating, whereas current dieters stick
to their diet. Appetite 53:93-100.

Guitart-Masip M, Bunzeck N, Stephan KE, Dolan RJ, Duzel E (2010) Contextual novelty
changes reward representations in the striatum. J Neurosci 30:1721-1726.

Guthoff M, Grichisch Y, Canova C, Tschritter O, Veit R, Hallschmid M, Haring HU, Preissl| H,
Hennige AM, Fritsche A (2009) Insulin Modulates Food-Related Activity in the
Central Nervous System. J Clin Endocrinol Metab.

Guttman N (1954) Equal-reinforcement values for sucrose and glucose solutions compared
with equal-sweetness values. J Comp Physiol Psychol 47:358-361.

Haase L, Cerf-Ducastel B, Murphy C (2009a) Neuroimage 44:1008-1021.

Haase L, Cerf-Ducastel B, Murphy C (2009b) Cortical activation in response to pure taste
stimuli during the physiological states of hunger and satiety. Neuroimage 44:1008-
1021.

Hahn TM, Breininger JF, Baskin DG, Schwartz MW (1998) Coexpression of Agrp and NPY in
fasting-activated hypothalamic neurons. Nat Neurosci 1:271-272.

Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D, Lallone RL, Burley
SK, Friedman JM (1995) Weight-reducing effects of the plasma protein encoded by
the obese gene. Science 269:543-546.

Halpern CH, Wolf JA, Bale TL, Stunkard AJ, Danish SF, Grossman M, Jaggi JL, Grady MS,
Baltuch GH (2008) Deep brain stimulation in the treatment of obesity. J Neurosurg
109:625-634.

Hare TA, Camerer CF, Rangel A (2009) Self-control in decision-making involves
modulation of the vmPFC valuation system. Science 324:646-648.

Harper D (2009) Online Etymology Dictionary. In, Fourth Edition Edition.

Harrold JA, Williams G (2003) The cannabinoid system: a role in both the homeostatic and
hedonic control of eating? Br J Nutr 90:729-734.

266



Hartmann D, Hussain Y, Guzelhan C, Odink J (1993) Effect on dietary fat absorption of
orlistat, administered at different times relative to meal intake. Br J Clin Pharmacol
36:266-270.

Hays NP, Bathalon GP, McCrory MA, Roubenoff R, Lipman R, Roberts SB (2002) Eating
behavior correlates of adult weight gain and obesity in healthy women aged 55-65
y. Am J Clin Nutr 75:476-483.

Hays NP, Roberts SB (2008) Aspects of eating behaviors "disinhibition" and "restraint" are
related to weight gain and BMI in women. Obesity (Silver Spring) 16:52-58.

Heatherton TF, Herman CP, Polivy J (1992) Effects of distress on eating: the importance of
ego-involvement. J Pers Soc Psychol 62:801-803.

Heekeren HR, Marrett S, Bandettini PA, Ungerleider LG (2004) A general mechanism for
perceptual decision-making in the human brain. Nature 431:859-862.

Heidbreder CA, Gardner EL, Xi ZX, Thanos PK, Mugnaini M, Hagan JJ, Ashby CR (2005)
The role of central dopamine D3 receptors in drug addiction: a review of
pharmacological evidence. Brain Res Brain Res Rev 49:77-105.

Helou N, Obeid O, Azar ST, Hwalla N (2008) Variation of postprandial PYY 3-36 response
following ingestion of differing macronutrient meals in obese females. Ann Nutr
Metab 52:188-195.

Herkenham M, Lynn AB, Little MD, Johnson MR, Melvin LS, de Costa BR, Rice KC (1990)
Cannabinoid receptor localization in brain. Proc Natl Acad Sci U S A 87:1932-1936.

Herman CP, Polivy J (1984) A boundary model for the regulation of eating. Res Publ Assoc
Res Nerv Ment Dis 62:141-156.

Hewson AK, Dickson SL (2000) Systemic administration of ghrelin induces Fos and Egr-1
proteins in the hypothalamic arcuate nucleus of fasted and fed rats. J
Neuroendocrinol 12:1047-1049.

Heymsfield SB, Greenberg AS, Fujioka K, Dixon RM, Kushner R, Hunt T, Lubina JA, Patane
J, Self B, Hunt P, McCamish M (1999) Recombinant leptin for weight loss in obese
and lean adults: a randomized, controlled, dose-escalation trial. Jama 282:1568-
1575.

Hill AJ, Weaver CF, Blundell JE (1991) Food craving, dietary restraint and mood. Appetite
17:187-197.

Hinton EC, Parkinson JA, Holland AJ, Arana FS, Roberts AC, Owen AM (2004) Neural
contributions to the motivational control of appetite in humans. Eur J Neurosci
20:1411-1418.

Holdstock C, Engstrom BE, Ohrvall M, Lind L, Sundbom M, Karlsson FA (2003) Ghrelin and
adipose tissue regulatory peptides: effect of gastric bypass surgery in obese
humans. J Clin Endocrinol Metab 88:3177-3183.

267



Holland PC, Gallagher M (2004) Amygdala-frontal interactions and reward expectancy.
Curr Opin Neurobiol 14:148-155.

Holsen LM, Zarcone JR, Thompson Tl, Brooks WM, Anderson MF, Ahluwalia JS, Nollen NL,
Savage CR (2005) Neural mechanisms underlying food motivation in children and
adolescents. Neuroimage 27:669-676.

Hommel JD, Trinko R, Sears RM, Georgescu D, Liu ZW, Gao XB, Thurmon JJ, Marinelli M,
DiLeone RJ (2006) Leptin receptor signaling in midbrain dopamine neurons
regulates feeding. Neuron 51:801-810.

Hopper JW, Karlsgodt KH, Adler CM, Macklin EA, Lukas SE, Elman | (2004) Effects of acute
cortisol and cocaine administration on attention, recall and recognition task
performance in individuals with cocaine dependence. Hum Psychopharmacol
19:511-6.

Horchner R, Tuinebreijer W, Kelder H (2002) Eating patterns in morbidly obese patients
before and after a gastric restrictive operation. Obes Surg 12:108-112.

Hosoda H, Kojima M, Mizushima T, Shimizu S, Kangawa K (2003) Structural divergence of
human ghrelin. ldentification of multiple ghrelin-derived molecules produced by
post-translational processing. J Biol Chem 278:64-70.

Hosoda H, Kangawa K (2003) [Ghrelin and GH secretion]. Nippon Ronen lgakkai Zasshi
40:341-343.

Howard AD, Feighner SD, Cully DF, Arena JP, Liberator PA, Rosenblum CI, Hamelin M,
Hreniuk DL, Palyha OC, Anderson J, Paress PS, Diaz C, Chou M, Liu KK, McKee KK,
Pong SS, Chaung LY, Elbrecht A, Dashkevicz M, Heavens R, Rigby M,
Sirinathsinghji DJ, Dean DC, Melillo DG, Patchett AA, Nargund R, Griffin PR,
DeMartino JA, Gupta SK, Schaeffer JM, Smith RG, Van der Ploeg LH (1996) A
receptor in pituitary and hypothalamus that functions in growth hormone release.
Science 273:974-977.

Huettel S, McCarthy (2004) functional Magnetic resonance Imaging. Sunderland,
Massachusetts, USA: Sinauer Associates, Inc.

Inhoff T, Wiedenmann B, Klapp BF, Monnikes H, Kobelt P (2009) Is desacyl ghrelin a
modulator of food intake? Peptides 30:991-994.

Iniguez SD, Warren BL, Neve RL, Nestler EJ, Russo SJ, Bolanos-Guzman CA (2008) Insulin
receptor substrate-2 in the ventral tegmental area regulates behavioral responses
to cocaine. Behav Neurosci 122:1172-1177.

Isbell JM, Tamboli RA, Hansen EN, Saliba J, Dunn JP, Phillips SE, Marks-Shulman PA,
Abumrad NN (2010) The Importance of Caloric Restriction in the Early
Improvements in Insulin Sensitivity After Roux-en-Y Gastric Bypass Surgery.
Diabetes Care 33:1438-1442.

James GA, Li X, DuBois GE, Zhou L, Hu XP (2009) Prolonged insula activation during
perception of aftertaste. Neuroreport 20:245-250.

268



Jenkinson M, Smith S (2001) A global optimisation method for robust affine registration of
brain images. Med Image Anal 5:143-156.

Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimization for the robust
and accurate linear registration and motion correction of brain images. Neuroimage
17:825-841.

Jenkinson M (2003) Fast, automated, N-dimensional phase-unwrapping algorithm. Magn
Reson Med 49:193-197.

Jenkinson M (2004) Improving the registration of BO-disorted EPI images using calculated
sost function weights. In: Tenth Int Conf on Functional Mapping of the Human
Brain.

Jerlhag E, Egecioglu E, Dickson SL, Engel JA (2010) Ghrelin receptor antagonism
attenuates cocaine- and amphetamine-induced locomotor stimulation, accumbal
dopamine release, and conditioned place preference. Psychopharmacology (Berl)
211:415-422.

Jerlhag E, Egecioglu E, Dickson SL, Andersson M, Svensson L, Engel JA (2006) Ghrelin
stimulates locomotor activity and accumbal dopamine-overflow via central
cholinergic systems in mice: implications for its involvement in brain reward. Addict
Biol 11:45-54.

Jerlhag E, Egecioglu E, Dickson SL, Douhan A, Svensson L, Engel JA (2007) Ghrelin
administration into tegmental areas stimulates locomotor activity and increases
extracellular concentration of dopamine in the nucleus accumbens. Addict Biol
12:6-16.

Jerlhag E (2008) Systemic administration of ghrelin induces conditioned place preference
and stimulates accumbal dopamine. Addict Biol 13:358-363.

Jerlhag E, Egecioglu E, Landgren S, Salome N, Heilig M, Moechars D, Datta R, Perrissoud
D, Dickson SL, Engel JA (2009) Requirement of central ghrelin signaling for alcohol
reward. Proc Natl Acad Sci U S A 106:11318-11323.

Johansson K, Neovius K, DeSantis SM, Rossnher S, Neovius M (2009) Discontinuation due
to adverse events in randomized trials of orlistat, sibutramine and rimonabant: a
meta-analysis. Obes Rev 10:564-575.

Kable JW, Glimcher PW (2009) The neurobiology of decision: consensus and controversy.
Neuron 63:733-745.

Kalia M, Sullivan JM (1982) Brainstem projections of sensory and motor components of
the vagus nerve in the rat. J Comp Neurol 211:248-265.

Kalra SP, Dube MG, Pu S, Xu B, Horvath TL, Kalra PS (1999) Interacting appetite-
regulating pathways in the hypothalamic regulation of body weight. Endocr Rev
20:68-100.

269



Kamegai J, Tamura H, Shimizu T, Ishii S, Sugihara H, Wakabayashi | (2001) Chronic
central infusion of ghrelin increases hypothalamic neuropeptide Y and Agouti-
related protein mRNA levels and body weight in rats. Diabetes 50:2438-2443.

Kaufman S (1995) Tyrosine hydroxylase. Adv Enzymol Relat Areas Mol Biol 70:103-220.

Keen-Rhinehart E, Bartness TJ (2005) Peripheral ghrelin injections stimulate food intake,
foraging, and food hoarding in Siberian hamsters. Am J Physiol Regul Integr Comp
Physiol 288:R716-722.

Kelley AE (2004) Ventral striatal control of appetitive motivation: role in ingestive
behavior and reward-related learning. Neurosci Biobehav Rev 27:765-776.

Kelsey JE, Carlezon WA, Jr., Falls WA (1989) Lesions of the nucleus accumbens in rats
reduce opiate reward but do not alter context-specific opiate tolerance. Behav
Neurosci 103:1327-1334.

Kiehl KA, Liddle PF (2003) Reproducibility of the hemodynamic response to auditory
oddball stimuli: a six-week test-retest study. Hum Brain Mapp 18:42-52.

Killgore WD, Young AD, Femia LA, Bogorodzki P, Rogowska J, Yurgelun-Todd DA (2003)
Cortical and limbic activation during viewing of high- versus low-calorie foods.
Neuroimage 19:1381-1394.

Killgore WD, Yurgelun-Todd DA (2006) Affect modulates appetite-related brain activity to
images of food. Int J Eat Disord 39:357-363.

King BM, Carpenter RG, Stamoutsos BA, Frohman LA, Grossman SP (1978) Hyperphagia
and obesity following ventromedial hypothalamic lesions in rats with
subdiaphragmatic vagotomy. Physiol Behav 20:643-51.

Kirchner H, Gutierrez JA, Solenberg PJ, Pfluger PT, Czyzyk TA, Willency JA, Schurmann A,
Joost HG, Jandacek RJ, Hale JE, Heiman ML, Tschop MH (2009) GOAT links dietary
lipids with the endocrine control of energy balance. Nat Med 15:741-745.

Kirkham TC, Williams CM, Fezza F, Di Marzo V (2002) Endocannabinoid levels in rat limbic
forebrain and hypothalamus in relation to fasting, feeding and satiation:
stimulation of eating by 2-arachidonoyl glycerol. Br J Pharmacol 136:550-557.

Kissileff HR, Pi-Sunyer FX, Thornton J, Smith GP (1981) C-terminal octapeptide of
cholecystokinin decreases food intake in man. Am J Clin Nutr 34:154-160.

Koch K, Pauly K, Kellermann T, Seiferth NY, Reske M, Backes V, Stocker T, Shah NJ,
Amunts K, Kircher T, Schneider F, Habel U (2007) Gender differences in the
cognitive control of emotion: An fMRI study. Neuropsychologia 45:2744-2754.

Koda S, Date Y, Murakami N, Shimbara T, Hanada T, Toshinai K, Niijima A, Furuya M,
Inomata N, Osuye K, Nakazato M (2005) The role of the vagal nerve in peripheral
PYY3-36-induced feeding reduction in rats. Endocrinology 146:2369-2375.

270



Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K (1999) Ghrelin is a
growth-hormone-releasing acylated peptide from stomach. Nature 402:656-660.

Kola B, Farkas I, Christ-Crain M, Wittmann G, Lolli F, Amin F, Harvey-White J, Liposits Z,
Kunos G, Grossman AB, Fekete C, Korbonits M (2008) The orexigenic effect of
ghrelin is mediated through central activation of the endogenous cannabinoid
system. PLoS One 3:e1797.

Koob GF (2006) The neurobiology of addiction: a neuroadaptational view relevant for
diagnosis. Addiction 101 Suppl 1:23-30.

Kopin AS, Mathes WF, McBride EW, Nguyen M, Al-Haider W, Schmitz F, Bonner-Weir S,
Kanarek R, Beinborn M (1999) The cholecystokinin-A receptor mediates inhibition
of food intake yet is not essential for the maintenance of body weight. J Clin Invest
103:383-391.

Korbonits M, Trainer PJ, Little JA, Edwards R, Kopelman PG, Besser GM, Svec F, Grossman
AB (1997) Leptin levels do not change acutely with food administration in normal
or obese subjects, but are negatively correlated with pituitary-adrenal activity. Clin
Endocrinol (Oxf) 46:751-757.

Korotkova TM, Brown RE, Sergeeva OA, Ponomarenko AA, Haas HL (2006) Effects of
arousal- and feeding-related neuropeptides on dopaminergic and GABAergic
neurons in the ventral tegmental area of the rat. Eur J Neurosci 23:2677-2685.

Kringelbach ML, O'Doherty J, Rolls ET, Andrews C (2003) Activation of the human
orbitofrontal cortex to a liquid food stimulus is correlated with its subjective
pleasantness. Cereb Cortex 13:1064-1071.

Kringelbach ML, Rolls ET (2004) The functional neuroanatomy of the human orbitofrontal
cortex: evidence from neuroimaging and neuropsychology. Prog Neurobiol 72:341-
372.

Kringelbach ML (2005) The human orbitofrontal cortex: linking reward to hedonic
experience. Nat Rev Neurosci 6:691-702.

Kristensen P, Judge ME, Thim L, Ribel U, Christjansen KN, Wulff BS, Clausen JT, Jensen
PB, Madsen OD, Vrang N, Larsen PJ, Hastrup S (1998) Hypothalamic CART is a new
anorectic peptide regulated by leptin. Nature 393:72-76.

Kuo DY (2002) Co-administration of dopamine D1 and D2 agonists additively decreases
daily food intake, body weight and hypothalamic neuropeptide Y level in rats. J
Biomed Sci 9:126-132.

Kuo YT, Parkinson JR, Chaudhri OB, Herlihy AH, So PW, Dhillo WS, Small CJ, Bloom SR,
Bell JD (2007) The temporal sequence of gut peptide CNS interactions tracked in
vivo by magnetic resonance imaging. J Neurosci 27:12341-12348.

LaBar KS, Gitelman DR, Parrish TB, Kim YH, Nobre AC, Mesulam MM (2001) Hunger
selectively modulates corticolimbic activation to food stimuli in humans. Behav
Neurosci 115:493-500.

271



Lafay L, Thomas F, Mennen L, Charles MA, Eschwege E, Borys JM, Basdevant A (2001)
Gender differences in the relation between food cravings and mood in an adult
community: Results from the fleurbaix laventie ville sante study. Int J Eat Disord
29:195-204.

Lassen A, Hansen K, Trolle E (2007) Comparison of buffet and a la carte serving at
worksite canteens on nutrient intake and fruit and vegetable consumption. Public
Health Nutr 10:292-297.

Laurienti PJ, Field AS, Burdette JH, Maldjian JA, Yen YF, Moody DM (2002) Dietary caffeine
consumption modulates fMRI measures. Neuroimage 17:751-757.

Laurienti PJ, Field AS, Burdette JH, Maldjian JA, Yen YF, Moody DM (2003) Relationship
between caffeine-induced changes in resting cerebral perfusion and blood
oxygenation level-dependent signal. AJNR Am J Neuroradiol 24:1607-11.

Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F, Bohme GA, Imperato A,
Pedrazzini T, Roques BP, Vassart G, Fratta W, Parmentier M (1999)
Unresponsiveness to cannabinoids and reduced addictive effects of opiates in CB1
receptor knockout mice. Science 283:401-404.

Le DS, Pannacciulli N, Chen K, Del Parigi A, Salbe AD, Reiman EM, Krakoff J (2006) Less
activation of the left dorsolateral prefrontal cortex in response to a meal: a feature
of obesity. Am J Clin Nutr 84:725-731.

Le DS, Pannacciulli N, Chen K, Salbe AD, Del Parigi A, Hill JO, Wing RR, Reiman EM,
Krakoff J (2007) Less activation in the left dorsolateral prefrontal cortex in the
reanalysis of the response to a meal in obese than in lean women and its
association with successful weight loss. Am J Clin Nutr 86:573-579.

Le Quellec A, Kervran A, Blache P, Ciurana AJ, Bataille D (1992) Oxyntomodulin-like
immunoreactivity: diurnal profile of a new potential enterogastrone. J Clin
Endocrinol Metab 74:1405-1409.

le Roux CW, Patterson M, Vincent RP, Hunt C, Ghatei MA, Bloom SR (2005a) Postprandial
plasma ghrelin is suppressed proportional to meal calorie content in normal-weight
but not obese subjects. J Clin Endocrinol Metab 90:1068-1071.

le Roux CW, Neary NM, Halsey TJ, Small CJ, Martinez-Isla AM, Ghatei MA, Theodorou NA,
Bloom SR (2005b) Ghrelin does not stimulate food intake in patients with surgical
procedures involving vagotomy. J Clin Endocrinol Metab 90:4521-4524.

le Roux CW BS (2005c) Why do patients lose weight after Roux-en-Y gastric bypass? J
Clin Endocrinol Metab 90:591-592.

le Roux CW, Batterham RL, Aylwin SJ, Patterson M, Borg CM, Wynne KJ, Kent A, Vincent
RP, Gardiner J, Ghatei MA, Bloom SR (2006) Attenuated peptide YY release in
obese subjects is associated with reduced satiety. Endocrinology 147:3-8.

le Roux CW, Welbourn R, Werling M, Osborne A, Kokkinos A, Laurenius A, Lonroth H,
Fandriks L, Ghatei MA, Bloom SR, Olbers T (2007) Gut hormones as mediators of
appetite and weight loss after Roux-en-Y gastric bypass. Ann Surg 246:780-785.

272



Lenard NR, Berthoud HR (2008) Central and peripheral regulation of food intake and
physical activity: pathways and genes. Obesity (Silver Spring) 16 Suppl 3:S11-22.

Liddle RA, Goldfine ID, Rosen MS, Taplitz RA, Williams JA (1985) Cholecystokinin
bioactivity in human plasma. Molecular forms, responses to feeding, and
relationship to gallbladder contraction. J Clin Invest 75:1144-1152.

Lieverse RJ, Jansen JB, Masclee AM, Lamers CB (1994) Satiety effects of cholecystokinin
in humans. Gastroenterology 106:1451-1454.

Lieverse RJ, Jansen JB, Masclee AA, Lamers CB (1995) Satiety effects of a physiological
dose of cholecystokinin in humans. Gut 36:176-179.

Lindroos AK, Lissner L, Mathiassen ME, Karlsson J, Sullivan M, Bengtsson C, Sjostrom L
(1997) Dietary intake in relation to restrained eating, disinhibition, and hunger in
obese and nonobese Swedish women. Obes Res 5:175-182.

Liu J, Prudom CE, Nass R, Pezzoli SS, Oliveri MC, Johnson ML, Veldhuis P, Gordon DA,
Howard AD, Witcher DR, Geysen HM, Gaylinn BD, Thorner MO (2008) Novel ghrelin
assays provide evidence for independent regulation of ghrelin acylation and
secretion in healthy young men. J Clin Endocrinol Metab 93:1980-1987.

Loubinoux I, Carel C, Alary F, Boulanouar K, Viallard G, Manelfe C, Rascol O, Celsis P,
Chollet F (2001) Within-session and between-session reproducibility of cerebral
sensorimotor activation: a test--retest effect evidenced with functional magnetic
resonance imaging. J Cereb Blood Flow Metab 21:592-607.

Lovejoy JC, Sainsbury A (2009) Sex differences in obesity and the regulation of energy
homeostasis. Obes Rev 10:154-167.

Lowe MR, Butryn ML (2007) Hedonic hunger: a new dimension of appetite? Physiol Behav
91:432-439.

Lowe MR, van Steenburgh J, Ochner C, Coletta M (2009) Neural correlates of individual
differences related to appetite. Physiol Behav 97:561-571.

MacDonald AF, Billington CJ, Levine AS (2004) Alterations in food intake by opioid and
dopamine signaling pathways between the ventral tegmental area and the shell of
the nucleus accumbens. Brain Res 1018:78-85.

Machielsen WC, Rombouts SA, Barkhof F, Scheltens P, Witter MP (2000) FMRI of visual
encoding: reproducibility of activation. Hum Brain Mapp 9:156-164.

Macht M (1999) Characteristics of eating in anger, fear, sadness and joy. Appetite
33:129-139.

MacLean DB (1985) Abrogation of peripheral cholecystokinin-satiety in the capsaicin
treated rat. Regul Pept 11:321-333.

Maffei M, Halaas J, Ravussin E, Pratley RE, Lee GH, Zhang Y, Fei H, Kim S, Lallone R,
Ranganathan S, et al. (1995) Leptin levels in human and rodent: measurement of

273



plasma leptin and ob RNA in obese and weight-reduced subjects. Nat Med 1:1155-
1161.

Mahler SV, Smith KS, Berridge KC (2007) Endocannabinoid hedonic hotspot for sensory
pleasure: anandamide in nucleus accumbens shell enhances 'liking' of a sweet
reward. Neuropsychopharmacology 32:2267-2278.

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets.
Neuroimage 19:1233-1239.

Maldonado R, Saiardi A, Valverde O, Samad TA, Roques BP, Borrelli E (1997) Absence of
opiate rewarding effects in mice lacking dopamine D2 receptors. Nature 388:586-
589.

Malik S, McGlone F, Bedrossian D, Dagher A (2008) Ghrelin modulates brain activity in
areas that control appetitive behavior. Cell Metab 7:400-409.

Marin-Guerrero AC, Gutierrez-Fisac JL, Guallar-Castillon P, Banegas JR, Rodriguez-Artalejo
F (2008) Eating behaviours and obesity in the adult population of Spain. Br J
Nutr:1-7.

Marks JL, Porte D, Jr., Stahl WL, Baskin DG (1990) Localization of insulin receptor mRNA
in rat brain by in situ hybridization. Endocrinology 127:3234-3236.

Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, Hermann H, Tang J,
Hofmann C, Zieglgansberger W, Di Marzo V, Lutz B (2002) The endogenous
cannabinoid system controls extinction of aversive memories. Nature 418:530-534.

Martin LE, Holsen LM, Chambers RJ, Bruce AS, Brooks WM, Zarcone JR, Butler MG,
Savage CR (2009) Neural mechanisms associated with food motivation in obese
and healthy weight adults. Obesity in press.

Masheb RM, Grilo CM (2006) Eating patterns and breakfast consumption in obese patients
with binge eating disorder. Behav Res Ther 44:1545-1553.

Mazaika P (2007) ArtRepair Software. In: Centre for Interdisciplinary Brain Sciences
Research. Stanford: Stanford University.

McCaffery JM, Haley AP, Sweet LH, Phelan S, Raynor HA, Del Parigi A, Cohen R, Wing RR
(2009) Differential functional magnetic resonance imaging response to food
pictures in successful weight-loss maintainers relative to normal-weight and obese
controls. Am J Clin Nutr 90:928-934.

McCaughey SA (2008) The taste of sugars. Neurosci Biobehav Rev 32:1024-1043.

McRobbie (2003) MRI from pictures to proton. Cambridge, UK, New York: Cambridge
University Press.

Mela DJ (2006) Eating for pleasure or just wanting to eat? Reconsidering sensory hedonic
responses as a driver of obesity. Appetite 47:10-17.

274



Mercer JG, Hoggard N, Williams LM, Lawrence CB, Hannah LT, Morgan PJ, Trayhurn P
(1996) Coexpression of leptin receptor and preproneuropeptide Y mRNA in arcuate
nucleus of mouse hypothalamus. J Neuroendocrinol 8:733-735.

Meredith GE (1999) The synaptic framework for chemical signaling in nucleus accumbens.
Ann N Y Acad Sci 877:140-156.

Mizushige T, Inoue K, Fushiki T (2007) Why is fat so tasty? Chemical reception of fatty
acid on the tongue. J Nutr Sci Vitaminol (Tokyo) 53:1-4.

Monneuse MO, Bellisle F, Louis-Sylverstre J (1991) Responses to an intense sweetener in
humans: immediate preference and delayed effects on intake. Physiol Behav
49:325-330.

Montague PR, Hyman SE, Cohen JD (2004) Computational roles for dopamine in
behavioural control. Nature 431:760-767.

Moran TH, Baldessarini AR, Salorio CF, Lowery T, Schwartz GJ (1997) Vagal afferent and
efferent contributions to the inhibition of food intake by cholecystokinin. Am J
Physiol 272:R1245-1251.

Moran TH, Smedh U, Kinzig KP, Scott KA, Knipp S, Ladenheim EE (2005) Peptide YY(3-36)
inhibits gastric emptying and produces acute reductions in food intake in rhesus
monkeys. Am J Physiol Regul Integr Comp Physiol 288:R384-388.

Moreira P, de Almeida MD, Sampaio D (2005) Cognitive restraint is associated with higher
intake of vegetables in a sample of university students. Eat Behav 6:229-237.

Morgan JF, Reid F, Lacey JH (1999) The SCOFF questionnaire: assessment of a new
screening tool for eating disorders. Bmj 319:1467-1468.

Morgane PJ, Galler JR, Mokler DJ (2005) A review of systems and networks of the limbic
forebrain/limbic midbrain. Prog Neurobiol 75:143-160.

Morris JS, Dolan RJ (2001) Involvement of human amygdala and orbitofrontal cortex in
hunger-enhanced memory for food stimuli. J Neurosci 21:5304-5310.

Murray EA (2007) The amygdala, reward and emotion. Trends Cogn Sci 11:489-497.

Myslobodsky M (2003) Gourmand savants and environmental determinants of obesity.
Obes Rev 4:121-128.

Nagatsu T (1995) Tyrosine hydroxylase: human isoforms, structure and regulation in
physiology and pathology. Essays Biochem 30:15-35.

Nahon JL (2006) The melanocortins and melanin-concentrating hormone in the central
regulation of feeding behavior and energy homeostasis. C R Biol 329:623-638;
discussion 653-625.

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K, Matsukura S (2001) A
role for ghrelin in the central regulation of feeding. Nature 409:194-198.

275



Naleid AM, Grace MK, Cummings DE, Levine AS (2005) Ghrelin induces feeding in the
mesolimbic reward pathway between the ventral tegmental area and the nucleus
accumbens. Peptides 26:2274-2279.

Narita M, Nagumo Y, Hashimoto S, Khotib J, Miyatake M, Sakurai T, Yanagisawa M,
Nakamachi T, Shioda S, Suzuki T (2006) Direct involvement of orexinergic systems
in the activation of the mesolimbic dopamine pathway and related behaviors
induced by morphine. J Neurosci 26:398-405.

Naslund E, Bogefors J, Skogar S, Gryback P, Jacobsson H, Holst JJ, Hellstrom PM (1999)
GLP-1 slows solid gastric emptying and inhibits insulin, glucagon, and PYY release
in humans. Am J Physiol 277:R910-916.

Naslund E, King N, Mansten S, Adner N, Holst JJ, Gutniak M, Hellstrom PM (2004) Prandial
subcutaneous injections of glucagon-like peptide-1 cause weight loss in obese
human subjects. Br J Nutr 91:439-446.

Neary NM, Small CJ, Wren AM, Lee JL, Druce MR, Palmieri C, Frost GS, Ghatei MA,
Coombes RC, Bloom SR (2004) Ghrelin increases energy intake in cancer patients
with impaired appetite: acute, randomized, placebo-controlled trial. J Clin
Endocrinol Metab 89:2832-2836.

Neary NM, Small CJ, Druce MR, Park AJ, Ellis SM, Semjonous NM, Dakin CL, Filipsson K,
Wang F, Kent AS, Frost GS, Ghatei MA, Bloom SR (2005) Peptide YY3-36 and
glucagon-like peptide-17-36 inhibit food intake additively. Endocrinology
146:5120-5127.

Neary MT, Batterham RL (2009) Gut hormones: implications for the treatment of obesity.
Pharmacol Ther 124:44-56.

Nederkoorn C, Smulders FT, Havermans RC, Roefs A, Jansen A (2006a) Impulsivity in
obese women. Appetite 47:253-256.

Nederkoorn C, Braet C, Van Eijs Y, Tanghe A, Jansen A (2006b) Why obese children
cannot resist food: the role of impulsivity. Eat Behav 7:315-322.

Nederkoorn C, Guerrieri R, Havermans RC, Roefs A, Jansen A (2009) The interactive effect
of hunger and impulsivity on food intake and purchase in a virtual supermarket. Int
J Obes (Lond) 33:905-912.

Nestler EJ (2001) Molecular basis of long-term plasticity underlying addiction. Nat Rev
Neurosci 2:119-128.

Nestler EJ (2005) Is there a common molecular pathway for addiction? Nat Neurosci
8:1445-1449.

NHS-Information-Centre (2006) Statistics on Obesity, Physical Activity and Diet: England,
January 2008. In, p 222: NHS.

Niemeier HM, Raynor HA, Lloyd-Richardson EE, Rogers ML, Wing RR (2006) Fast food

consumption and breakfast skipping: predictors of weight gain from adolescence to
adulthood in a nationally representative sample. J Adolesc Health 39:842-849.

276



Noseworthy MD, Alfonsi J, Bells S (2003) Attenuation of brain BOLD response following
lipid ingestion. Hum Brain Mapp 20:116-121.

O'Doherty J, Rolls ET, Francis S, Bowtell R, McGlone F, Kobal G, Renner B, Ahne G (2000)
Sensory-specific satiety-related olfactory activation of the human orbitofrontal
cortex. Neuroreport 11:893-897.

O'Doherty JP (2004) Reward representations and reward-related learning in the human
brain: insights from neuroimaging. Curr Opin Neurobiol 14:769-776.

Olszewski PK, Levine AS (2007) Central opioids and consumption of sweet tastants: when
reward outweighs homeostasis. Physiol Behav 91:506-512.

Pagotto U, Marsicano G, Cota D, Lutz B, Pasquali R (2006) The emerging role of the
endocannabinoid system in endocrine regulation and energy balance. Endocr Rev
27:73-100.

Palmiter RD (2007) Is dopamine a physiologically relevant mediator of feeding behavior?
Trends Neurosci 30:375-381.

Pardini AW, Nguyen HT, Figlewicz DP, Baskin DG, Williams DL, Kim F, Schwartz MW
(2006) Distribution of insulin receptor substrate-2 in brain areas involved in energy
homeostasis. Brain Res 1112:169-178.

Passamonti L, Rowe JB, Ewbank M, Hampshire A, Keane J, Calder AJ (2008) Connectivity
from the ventral anterior cingulate to the amygdala is modulated by appetitive
motivation in response to facial signals of aggression. Neuroimage 43:562-570.

Parkinson JR, Chaudhri OB, Kuo YT, Field BC, Herlihy AH, Dhillo WS, Ghatei MA, Bloom
SR, Bell JD (2009) Differential patterns of neuronal activation in the brainstem and
hypothalamus following peripheral injection of GLP-1, oxyntomodulin and lithium
chloride in mice detected by manganese-enhanced magnetic resonance imaging
(MEMRI). Neuroimage 44:1022-1031.

Passamonti L, Rowe JB, Schwarzbauer C, Ewbank MP, von dem Hagen E, Calder AJ (2009)
Personality predicts the brain's response to viewing appetizing foods: the neural
basis of a risk factor for overeating. J Neurosci 29:43-51.

Patton JH, Stanford MS, Barratt ES (1995) Factor structure of the Barratt impulsiveness
scale. J Clin Psychol 51:768-774.

Pelchat ML (2002) Of human bondage: food craving, obsession, compulsion, and
addiction. Physiol Behav 76:347-352.

Perello M, Sakata I, Birnbaum S, Chuang JC, Osborne-Lawrence S, Rovinsky SA, Woloszyn
J, Yanagisawa M, Lutter M, Zigman JM (2010) Ghrelin increases the rewarding
value of high-fat diet in an orexin-dependent manner. Biol Psychiatry 67:880-6.

Perez C, Dalix AM, Guy-Grand B, Bellisle F (1994) Human responses to five concentrations
of sucrose in a dairy product: immediate and delayed palatability effects. Appetite
23:165-178.

277



Perrio MJ, Wilton LV, Shakir SA (2007) The safety profiles of orlistat and sibutramine:
results of prescription-event monitoring studies in England. Obesity (Silver Spring)
15:2712-2722.

Pessoa L, Ungerleider LG (2004) Neuroimaging studies of attention and the processing of
emotion-laden stimuli. Prog Brain Res 144:171-182.

Piech RM, Lewis J, Parkinson CH, Owen AM, Roberts AC, Downing PE, Parkinson JA (2009)
Neural correlates of appetite and hunger-related evaluative judgments. PLoS One
4:e6581.

Piech RM, Lewis J, Parkinson CH, Owen AM, Roberts AC, Downing PE, Parkinson JA (2010)
Neural correlates of affective influence on choice. Brain Cogn 72:282-288.

Pi-Sunyer X, Kissileff HR, Thornton J, Smith GP (1982) C-terminal octapeptide of
cholecystokinin decreases food intake in obese men. Physiol Behav 29:627-630.

Polak JM, Bloom SR, Rayford PL, Pearse AG, Buchan AM, Thompson JC (1975)
Identification of cholecystokinin-secreting cells. Lancet 2:1016-1018.

Polonsky KS, Given BD, Van Cauter E (1988) Twenty-four-hour profiles and pulsatile
patterns of insulin secretion in normal and obese subjects. J Clin Invest 81:442-
448.

Porubska K, Veit R, Preissl H, Fritsche A, Birbaumer N (2006) Subjective feeling of
appetite modulates brain activity: an fMRI study. Neuroimage 32:1273-1280.

Pournaras DJ, LeRoux CW (2010) Ghrelin and metabolic surgery. Int J Pept in press.

Provencher V, Drapeau V, Tremblay A, Despres JP, Lemieux S (2003) Eating behaviors
and indexes of body composition in men and women from the Quebec family study.
Obes Res 11:783-792.

Qu D, Ludwig DS, Gammeltoft S, Piper M, Pelleymounter MA, Cullen MJ, Mathes WF,
Przypek R, Kanarek R, Maratos-Flier E (1996) A role for melanin-concentrating
hormone in the central regulation of feeding behaviour. Nature 380:243-247.

Quarta D, Di Francesco C, Melotto S, Mangiarini L, Heidbreder C, Hedou G (2009)
Systemic administration of ghrelin increases extracellular dopamine in the shell but
not the core subdivision of the nucleus accumbens. Neurochem Int 54:89-94.

Rampersaud GC, Pereira MA, Girard BL, Adams J, Metzl JD (2005) Breakfast habits,
nutritional status, body weight, and academic performance in children and
adolescents. J Am Diet Assoc 105:743-760; quiz 761-742.

Ricardo JA, Koh ET (1978) Anatomical evidence of direct projections from the nucleus of
the solitary tract to the hypothalamus, amygdala, and other forebrain structures in
the rat. Brain Res 153:1-26.

278



Richard D, Huang Q, Timofeeva E (2000) The corticotropin-releasing hormone system in
the regulation of energy balance in obesity. Int J Obes Relat Metab Disord 24 Suppl
2:S36-39.

Ritter RC, Ladenheim EE (1985) Capsaicin pretreatment attenuates suppression of food
intake by cholecystokinin. Am J Physiol 248:R501-504.

Roininen K, Lahteenmaki L, Tuorila H (1999) Quantification of consumer attitudes to
health and hedonic characteristics of foods. Appetite 33:71-88.

Rolls BJ, Rolls ET, Rowe EA, Sweeney K (1981) Sensory specific satiety in man. Physiol
Behav 27:137-142.

Rolls ET, McCabe C (2007) Enhanced affective brain representations of chocolate in
cravers vs. non-cravers. Eur J Neurosci 26:1067-1076.

Rombouts SA, Barkhof F, Hoogenraad FG, Sprenger M, Valk J, Scheltens P (1997) Test-
retest analysis with functional MR of the activated area in the human visual cortex.
AIJNR Am J Neuroradiol 18:1317-1322.

Rorie AE, Newsome WT (2005) A general mechanism for decision-making in the human
brain? Trends Cogn Sci 9:41-43.

Rosenbaum M, Goldsmith R, Bloomfield D, Magnano A, Weimer L, Heymsfield S, Gallagher
D, Mayer L, Murphy E, Leibel RL (2005) Low-dose leptin reverses skeletal muscle,
autonomic, and neuroendocrine adaptations to maintenance of reduced weight. J
Clin Invest 115:3579-3586.

Rosenbaum M, Sy M, Pavlovich K, Leibel RL, Hirsch J (2008) Leptin reverses weight loss-
induced changes in regional neural activity responses to visual food stimuli. J Clin
Invest 118:2583-2591.

Rosin DL, Weston MC, Sevigny CP, Stornetta RL, Guyenet PG (2003) Hypothalamic orexin
(hypocretin) neurons express vesicular glutamate transporters VGLUT1 or VGLUT2.
J Comp Neurol 465:593-603.

Rothemund Y, Preuschhof C, Bohner G, Bauknecht HC, Klingebiel R, Flor H, Klapp BF
(2007) Differential activation of the dorsal striatum by high-calorie visual food
stimuli in obese individuals. Neuroimage 37:410-421.

Rushworth MF, Behrens TE (2008) Choice, uncertainty and value in prefrontal and
cingulate cortex. Nat Neurosci 11:389-397.

Sakata I, Yang J, Lee CE, Osborne-Lawrence S, Rovinsky SA, Elmquist JK, Zigman JM
(2009) Colocalization of ghrelin O-acyltransferase and ghrelin in gastric mucosal
cells. Am J Physiol Endocrinol Metab 297:E134-141.

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka H, Williams SC,
Richarson JA, Kozlowski GP, Wilson S, Arch JR, Buckingham RE, Haynes AC, Carr
SA, Annan RS, McNulty DE, Liu WS, Terrett JA, Elshourbagy NA, Bergsma DJ,
Yanagisawa M (1998) Orexins and orexin receptors: a family of hypothalamic

279



neuropeptides and G protein-coupled receptors that regulate feeding behavior. Cell
92:1 page following 696.

Salin P, Kerkerian L, Nieoullon A (1990) Expression of neuropeptide Y immunoreactivity in
the rat nucleus accumbens is under the influence of the dopaminergic
mesencephalic pathway. Exp Brain Res 81:363-371.

Saper CB, Chou TC, Elmquist JK (2002) The need to feed: homeostatic and hedonic
control of eating. Neuron 36:199-211.

Savage JS, Hoffman L, Birch LL (2009) Dieting, restraint, and disinhibition predict
women's weight change over 6 y. Am J Clin Nutr 90:33-40.

Savoy R (1999) Encyclopedia of Neuroscience. Oxford, Uk: Amsterdam: Elsevier Science.

Sawchenko PE, Swanson LW (1983) The organization and biochemical specificity of
afferent projections to the paraventricular and supraoptic nuclei. Prog Brain Res
60:19-29.

Sayburn A (2010) Withdrawal of sibutramine leaves European doctors with just one
obesity drug. Bmj 340:c477.

Schafer A, Vaitl D, Schienle A (2010) Regional grey matter volume abnormalities in
bulimia nervosa and binge-eating disorder. Neuroimage 50:639-643.

Schienle A, Schafer A, Hermann A, Vaitl D (2009) Binge-eating disorder: reward
sensitivity and brain activation to images of food. Biol Psychiatry 65:654-661.

Schlundt DG, Hill JO, Sbrocco T, Pope-Cordle J, Sharp T (1992) The role of breakfast in
the treatment of obesity: a randomized clinical trial. Am J Clin Nutr 55:645-651.

Schmid DA, Held K, Ising M, Uhr M, Weikel JC, Steiger A (2005) Ghrelin stimulates
appetite, imagination of food, GH, ACTH, and cortisol, but does not affect leptin in
normal controls. Neuropsychopharmacology 30:1187-1192.

Schneider LH (1989) Orosensory self-stimulation by sucrose involves brain dopaminergic
mechanisms. Ann N Y Acad Sci 575:307-319; discussion 319-320.

Schneider KA, Richter MC, Kastner S (2004) Retinotopic organization and functional
subdivisions of the human lateral geniculate nucleus: a high-resolution functional
magnetic resonance imaging study. J Neurosci 24:8975-8985.

Schofield WN (1985) Predicting basal metabolic rate, new standards and review of
previous work. Hum Nutr Clin Nutr 39 Suppl 1:5-41.

Schultz W, Apicella P, Ljungberg T (1993) Responses of monkey dopamine neurons to
reward and conditioned stimuli during successive steps of learning a delayed
response task. J Neurosci 13:900-913.

Schultz W (2002) Getting formal with dopamine and reward. Neuron 36:241-263.

280



Schur EA, Kleinhans NM, Goldberg J, Buchwald D, Schwartz MW, Maravilla K (2009)
Activation in brain energy regulation and reward centers by food cues varies with
choice of visual stimulus. Int J Obes 33:653-661.

Schwartz MW, Figlewicz DP, Baskin DG, Woods SC, Porte D, Jr. (1992) Insulin in the
brain: a hormonal regulator of energy balance. Endocr Rev 13:387-414.

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, Reiss AL, Greicius MD
(2007) Dissociable intrinsic connectivity networks for salience processing and
executive control. J Neursci 27:2349-56.

Semba K, Fibiger HC (1992) Afferent connections of the Ilaterodorsal and the
pedunculopontine tegmental nuclei in the rat: a retro- and antero-grade transport
and immunohistochemical study. J Comp Neurol 323:387-410.

Sesack SR, Pickel VM (1992) Prefrontal cortical efferents in the rat synapse on unlabeled
neuronal targets of catecholamine terminals in the nucleus accumbens septi and on
dopamine neurons in the ventral tegmental area. J Comp Neurol 320:145-160.

Shaw K, O'Rourke P, Del Mar C, Kenardy J (2005) Psychological interventions for
overweight or obesity. Cochrane Database Syst Rev:CD003818.

Shenton ME, Kikinis R, McCarley RW, Saiviroonpom P, Hokama HH, Robatino A, Metcalf D,
Wible CG, Portas CM, losifescu DV, Domino R, Goldstein JM, Jolesz FA (1995)
Harvard brain atlas: A teaching and visualization tool. In: Biomedical Visualization,
pp 10-17: Biomedical Visualization.

Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka M, Nozoe S, Hosoda H,
Kangawa K, Matsukura S (2002) Plasma ghrelin levels in lean and obese humans
and the effect of glucose on ghrelin secretion. J Clin Endocrinol Metab 87:240-244.

Shrout PE, Fleiss JL (1979) Intraclass correlations: uses in assessing rater reliability.
Psychol Bull 86:420-428.

Shuto Y, Shibasaki T, Otagiri A, Kuriyama H, Ohata H, Tamura H, Kamegai J, Sugihara H,
Oikawa S, Wakabayashi 1 (2002) Hypothalamic growth hormone secretagogue
receptor regulates growth hormone secretion, feeding, and adiposity. J Clin Invest
109:1429-1436.

Siep N, Roefs A, Roebroeck A, Havermans R, Bonte ML, Jansen A (2009) Hunger is the
best spice: an fMRI study of the effects of attention, hunger and calorie content on
food reward processing in the amygdala and orbitofrontal cortex. Behav Brain Res
198:149-158.

Simiand J, Keane M, Keane PE, Soubrie P (1998) SR 141716, a CB1 cannabinoid receptor
antagonist, selectively reduces sweet food intake in marmoset. Behav Pharmacol
9:179-181.

Simmons WK, Martin A, Barsalou LW (2005) Pictures of appetizing foods activate
gustatory cortices for taste and reward. Cereb Cortex 15:1602-1608.

281



Sinha MK, Opentanova |, Ohannesian JP, Kolaczynski JW, Heiman ML, Hale J, Becker GW,
Bowsher RR, Stephens TW, Caro JF (1996) Evidence of free and bound leptin in
human circulation. Studies in lean and obese subjects and during short-term
fasting. J Clin Invest 98:1277-1282.

Sir Michael Marmot SoSfH (2010) Fair Society, Healthy Lives, The Marmot Review.
http://www.marmotreview.org/AssetLibrary/pdfs/Reports/FairSocietyHealthyLivesE
xecSummary.pdf.

Small DM, Zatorre RJ, Dagher A, Evans AC, Jones-Gotman M (2001) Changes in brain
activity related to eating chocolate: from pleasure to aversion. Brain 124:1720-
1733.

Small DM, Bender G, Veldhuizen MG, Rudenga K, Nachtigal D, Felsted J (2007) The role of
the human orbitofrontal cortex in taste and flavor processing. Ann N Y Acad Sci
1121:136-151.

Smeets PA, de Graaf C, Stafleu A, van Osch MJ, Nievelstein RA, van der Grond J (2006)
Effect of satiety on brain activation during chocolate tasting in men and women.
Am J Clin Nutr 83:1297-1305.

Smeets PA, Weijzen P, de Graaf C, Viergever MA (2010) Consumption of caloric and non-
caloric versions of a soft drink differentially affects brain activation during tasting.
Neuroimage 54:1367-74.

Smith BK, Andrews PK, West DB (2000) Macronutrient diet selection in thirteen mouse
strains. Am J Physiol Regul Integr Comp Physiol 278:R797-805.

Smith M, Duffy M (1957) Consumption of sucrose and saccharine by hungry and satiated
rats. J Comp Physiol Psychol 50:65-69.

Smith SM (2002) Fast robust automated brain extraction. Hum Brain Mapp 17:143-155.

Sorensen LB, Moller P, Flint A, Martens M, Raben A (2003) Effect of sensory perception of
foods on appetite and food intake: a review of studies on humans. Int J Obes Relat
Metab Disord 27:1152-1166.

Spetter MS, Smeets PA, de Graaf C, Viergever MA (2010) Representation of sweet and
salty taste intensity in the brain. Chem Senses 35:831-40.

Stark R, Schienle A, Walter B, Kirsch P, Blecker C, Ott U, Schafer A, Sammer G,
Zimmermann M, Vaitl D (2004) Hemodynamic effects of negative emotional
pictures - a test-retest analysis. Neuropsychobiology 50:108-118.

Stice E, Fisher M, Lowe MR (2004) Are dietary restraint scales valid measures of acute
dietary restriction? Unobtrusive observational data suggest not. Psychol Assess
16:51-59.

Stice E, Cooper JA, Schoeller DA, Tappe K, Lowe MR (2007) Are dietary restraint scales
valid measures of moderate- to long-term dietary restriction? Objective biological
and behavioral data suggest not. Psychol Assess 19:449-458.

282



Stice E, Spoor S, Bohon C, Veldhuizen MG, Small DM (2008) Relation of reward from food
intake and anticipated food intake to obesity: a functional magnetic resonance
imaging study. J Abnorm Psychol 117:924-935.

Stice E, Yokum S, Bohon C, Marti N, Smolen A (2010) Reward circuitry responsivity to
food predicts future increases in body mass: Moderating effects of DRD2 and
DRD4. Neuroimage.

Stice E, Sysko R, Roberto CA, Allison S (2010) Are dietary restraint scales valid measures
of dietary restriction? Additional objective behavioral and biological data suggest
not. Appetite 54:331-339.

Stoeckel LE, Cox JE, Cook EW, 3rd, Weller RE (2007) Motivational state modulates the
hedonic value of food images differently in men and women. Appetite 48:139-144.

Stoeckel LE, Weller RE, Cook EW, 3rd, Twieg DB, Knowlton RC, Cox JE (2008) Widespread
reward-system activation in obese women in response to pictures of high-calorie
foods. Neuroimage 41:636-647.

Stoeckel LE, Kim J, Weller RE, Cox JE, Cook EW, 3rd, Horwitz B (2009) Effective
connectivity of a reward network in obese women. Brain Res Bull 79:388-395.

St-Onge MP, Sy M, Heymsfield SB, Hirsch J (2005) Human cortical specialization for food:
a functional magnetic resonance imaging investigation. J Nutr 135:1014-1018.

Stunkard AJ, Messick S (1985) The three-factor eating questionnaire to measure dietary
restraint, disinhibition and hunger. J Psychosom Res 29:71-83.

Sun Y, Butte NF, Garcia JM, Smith RG (2008) Characterization of adult ghrelin and ghrelin
receptor knockout mice under positive and negative energy balance. Endocrinology
149:843-850.

Swanson LW (1982) The projections of the ventral tegmental area and adjacent regions: a
combined fluorescent retrograde tracer and immunofluorescence study in the rat.
Brain Res Bull 9:321-353.

Sweet DC, Levine AS, Billington CJ, Kotz CM (1999) Feeding response to central orexins.
Brain Res 821:535-538.

Swerdlow NR, van der Kooy D, Koob GF, Wenger JR (1983) Cholecystokinin produces
conditioned place-aversions, not place-preferences, in food-deprived rats: evidence
against involvement in satiety. Life Sci 32:2087-2093.

Szczypka MS, Kwok K, Brot MD, Marck BT, Matsumoto AM, Donahue BA, Palmiter RD
(2001) Dopamine production in the caudate putamen restores feeding in
dopamine-deficient mice. Neuron 30:819-828.

Taheri S, Lin L, Austin D, Young T, Mignot E (2004) Short sleep duration is associated with
reduced leptin, elevated ghrelin, and increased body mass index. PLoS Med 1:e62.

283



Tamura H, Kamegai J, Shimizu T, Ishii S, Sugihara H, Oikawa S (2002) Ghrelin stimulates
GH but not food intake in arcuate nucleus ablated rats. Endocrinology 143:3268-
3275.

Tanaka M, Naruo T, Yasuhara D, Tatebe Y, Nagai N, Shiiya T, Nakazato M, Matsukura S,
Nozoe S (2003) Fasting plasma ghrelin levels in subtypes of anorexia nervosa.
Psychoneuroendocrinology 28:829-835.

Tang-Christensen M, Vrang N, Larsen PJ (2001) Glucagon-like peptide containing
pathways in the regulation of feeding behaviour. Int J Obes Relat Metab Disord 25
Suppl 5:542-47.

Tataranni PA, Gautier JF, Chen K, Uecker A, Bandy D, Salbe AD, Pratley RE, Lawson M,
Reiman EM, Ravussin E (1999) Neuroanatomical correlates of hunger and satiation
in humans using positron emission tomography. Proc Natl Acad Sci U S A 96:4569-
4574.

Teixeira PJ, Silva MN, Coutinho SR, Palmeira AL, Mata J, Vieira PN, Carraca EV, Santos TC,
Sardinha LB (2010) Mediators of weight loss and weight loss maintenance in
middle-aged women. Obesity (Silver Spring) 18:725-735.

Tessari P, Kiwanuka E, Cristini M, Zaramella M, Enslen M, Zurlo C, Garcia-Rodenas C
(2007) Slow versus fast proteins in the stimulation of beta-cell response and the
activation of the entero-insular axis in type 2 diabetes. Diabetes Metab Res Rev
23:378-385.

Thearle M, Aronne LJ (2003) Obesity and pharmacologic therapy. Endocrinol Metab Clin
North Am 32:1005-1024.

Timlin MT, Pereira MA, Story M, Neumark-Sztainer D (2008) Breakfast eating and weight
change in a 5-year prospective analysis of adolescents: Project EAT (Eating Among
Teens). Pediatrics 121:638-645.

Tomarken AJ, Davidson RJ, Wheeler RE, Doss RC (1992) Individual differences in anterior
brain asymmetry and fundamental dimensions of emotion. J Pers Soc Psychol
62:676-687.

Tong J, Prigeon RL, Davis HW, Bidlingmaier M, Kahn SE, Cummings DE, Tschop MH,
D'Alessio D (2010) Ghrelin suppresses glucose-stimulated insulin secretion and
deteriorates glucose tolerance in healthy humans. Diabetes 59:2145-2151.

Tooze JA, Schoeller DA, Subar AF, Kipnis V, Schatzkin A, Troiano RP (2007) Total daily
energy expenditure among middle-aged men and women: the OPEN Study. Am J
Clin Nutr 86:382-387.

Torregrossa MM, Quinn JJ, Taylor JR (2008) Impulsivity, compulsivity, and habit: the role
of orbitofrontal cortex revisited. Biol Psychiatry 63:253-255.

Toshinai K, Date Y, Murakami N, Shimada M, Mondal MS, Shimbara T, Guan JL, Wang QP,
Funahashi H, Sakurai T, Shioda S, Matsukura S, Kangawa K, Nakazato M (2003)
Ghrelin-induced food intake is mediated via the orexin pathway. Endocrinology
144:1506-1512.

284



Toth K, Laszlo K, Bagi EE, Lukacs E, Lenard L (2008) Effects of intraamygdaloid
microinjections of acylated-ghrelin on liquid food intake of rats. Brain Res Bull
77:105-111.

Tschop M, Smiley DL, Heiman ML (2000) Ghrelin induces adiposity in rodents. Nature
407:908-913.

Tschop M, Wawarta R, Riepl RL, Friedrich S, Bidlingmaier M, Landgraf R, Folwaczny C
(2001) Post-prandial decrease of circulating human ghrelin levels. J Endocrinol
Invest 24:RC19-21.

Tsou K, Brown S, Sanudo-Pena MC, Mackie K, Walker JM (1998) Immunohistochemical
distribution of cannabinoid CB1l receptors in the rat central nervous system.
Neuroscience 83:393-411.

Turton MD, O'Shea D, Gunn I, Beak SA, Edwards CM, Meeran K, Choi SJ, Taylor GM,
Heath MM, Lambert PD, Wilding JP, Smith DM, Ghatei MA, Herbert J, Bloom SR
(1996) A role for glucagon-like peptide-1 in the central regulation of feeding.
Nature 379:69-72.

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, Mazoyer
B, Joliot M (2002) Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 15:273-289.

Ueno N, Inui A, lwamoto M, Kaga T, Asakawa A, Okita M, Fujimiya M, Nakajima Y,
Ohmoto Y, Ohnaka M, Nakaya Y, Miyazaki JI, Kasuga M (1999) Decreased food
intake and body weight in pancreatic polypeptide-overexpressing mice.
Gastroenterology 117:1427-1432.

Uher R, Treasure J, Heining M, Brammer MJ, Campbell IC (2006) Cerebral processing of
food-related stimuli: effects of fasting and gender. Behav Brain Res 169:111-119.

Uher R, Brammer MJ, Murphy T, Campbell IC, Ng VW, Williams SC, Treasure J (2003)
Recovery and chronicity in anorexia nervosa: brain activity associated with
differential outcomes. Biol Psychiatry 54:934-942.

Uher R, Murphy T, Brammer MJ, Dalgleish T, Phillips ML, Ng VW, Andrew CM, Williams SC,
Campbell IC, Treasure J (2004) Medial prefrontal cortex activity associated with
symptom provocation in eating disorders. Am J Psychiatry 161:1238-1246.

Uher R, Yoganathan D, Mogg A, Eranti SV, Treasure J, Campbell IC, McLoughlin DM,
Schmidt U (2005) Effect of left prefrontal repetitive transcranial magnetic
stimulation on food craving. Biol Psychiatry 58:840-842.

Ungerstedt U (1971) Stereotaxic mapping of the monoamine pathways in the rat brain.
Acta Physiol Scand Suppl 367:1-48.

Van Bockstaele EJ, Pickel VM (1995) GABA-containing neurons in the ventral tegmental
area project to the nucleus accumbens in rat brain. Brain Res 682:215-221.

285



van der Heijden AA, Hu FB, Rimm EB, van Dam RM (2007) A prospective study of
breakfast consumption and weight gain among U.S. men. Obesity (Silver Spring)
15:2463-2469.

van Jaarsveld CH, Johnson L, Llewellyn C, Wardle J (2010) Gemini: a UK twin birth cohort
with a focus on early childhood weight trajectories, appetite and the family
environment. Twin Res Hum Genet 13:72-78.

van Strien T, Frijters, J. E. R. , Bergers, G. P. A. , Defares, P. B. (1986) The Dutch Eating
Behavior Questionnaire (DEBQ) for assessment of restrained, emotional, and
external eating behavior. International Journal of Eating Disorders 5:295.

Van Vugt DA (2009) Brain imaging studies of appetite in the context of obesity and the
menstrual cycle. Hum Reprod Update.

Verbalis JG, Blackburn RE, Olson BR, Stricker EM (1993) Central oxytocin inhibition of food
and salt ingestion: a mechanism for intake regulation of solute homeostasis. Regul
Pept 45:149-154.

Verdich C, Flint A, Gutzwiller JP, Naslund E, Beglinger C, Hellstrom PM, Long SJ, Morgan
LM, Holst J1J, Astrup A (2001) A meta-analysis of the effect of glucagon-like
peptide-1 (7-36) amide on ad libitum energy intake in humans. J Clin Endocrinol
Metab 86:4382-4389.

Verhagen JV, Engelen L (2006) The neurocognitive bases of human multimodal food
perception: sensory integration. Neurosci Biobehav Rev 30:613-650.

Verhagen JV (2007) The neurocognitive bases of human multimodal food perception:
consciousness. Brain Res Rev 53:271-286.

Vestergaard ET, Hansen TK, Gormsen LC, Jakobsen P, Moller N, Christiansen JS,
Jorgensen JO (2007) Constant intravenous ghrelin infusion in healthy young men:
clinical pharmacokinetics and metabolic effects. Am J Physiol Endocrinol Metab
292:E1829-1836.

Volkow ND, Fowler JS, Wang GJ (2002) Role of dopamine in drug reinforcement and
addiction in humans: results from imaging studies. Behav Pharmacol 13:355-366.

Volkow ND, Wise RA (2005) How can drug addiction help us understand obesity? Nat
Neurosci 8:555-560.

Volkow ND, Fowler JS, Wang GJ, Swanson JM, Telang F (2007) Dopamine in drug abuse
and addiction: results of imaging studies and treatment implications. Arch Neurol
64:1575-1579.

Vuilleumier and Driver (2007) Modulation of visual processing by attention and emotion:
windows on causal interactions between human brain regions. Philos Trans R Soc
Lond B Biol Sci 362:837-55.

Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, Zhu W, Netusil N, Fowler JS (2001)
Brain dopamine and obesity. Lancet 357:354-357.

286



Wang GJ, Volkow ND, Telang F, Jayne M, Ma J, Rao M, Zhu W, Wong CT, Pappas NR,
Geliebter A, Fowler JS (2004) Exposure to appetitive food stimuli markedly
activates the human brain. Neuroimage 21:1790-1797.

Wang GJ, Tomasi D, Backus W, Wang R, Telang F, Geliebter A, Korner J, Bauman A,
Fowler JS, Thanos PK, Volkow ND (2008) Gastric distention activates satiety
circuitry in the human brain. Neuroimage 39:1824-1831.

Wang GJ, Volkow ND, Telang F, Jayne M, Ma Y, Pradhan K, Zhu W, Wong CT, Thanos PK,
Geliebter A, Biegon A, Fowler JS (2009) Evidence of gender differences in the
ability to inhibit brain activation elicited by food stimulation. Proc Natl Acad Sci
106:1249-1254.

Wansink B, van Ittersum K (2007) Portion size me: downsizing our consumption norms. J
Am Diet Assoc 107:1103-1106.

Watson D, Clark LA, Tellegen A (1988) Development and validation of brief measures of
positive and negative affect: the PANAS scales. J Pers Soc Psychol 54:1063-1070.

Wei X, Yoo SS, Dickey CC, Zou KH, Guttmann CR, Panych LP (2004) Functional MRI of
auditory verbal working memory: long-term reproducibility analysis. Neuroimage
21:1000-1008.

Welter M, Vallone D, Samad TA, Meziane H, Usiello A, Borrelli E (2007) Absence of
dopamine D2 receptors unmasks an inhibitory control over the brain circuitries
activated by cocaine. Proc Natl Acad Sci U S A 104:6840-6845.

Welzl H, D'Adamo P, Lipp HP (2001) Conditioned taste aversion as a learning and memory
paradigm. Behav Brain Res 125:205-213.

Westbrook C, Kaut Roth, C., Talbot J. (2005) MRI in Practice, 3rd Edition: Wiley-Blackwell.

Whalen PJ, Bush G, McNally RJ, Wilhelm S, Mclnerney SC, Jenike MA, Rauch SL (1998)
The emotional counting Stroop paradigm: a functional magnetic resonance imaging
probe of the anterior cingulate affective division. Biol Psychiatry 44:1219-1228.

Whitwell JL, Sampson EL, Loy CT, Warren JE, Rossor MN, Fox NC, Warren JD (2007) VBM
signatures of abnormal eating behaviours in frontotemporal lobar degeneration.
Neuroimage 35:207-213.

WHO (2006) Obesity and Overweight. World Health Organisation Fact sheet n. 311
http://www.who.int/mediacentre/factsheets/fs311/en/.

Willeit M, Ginovart N, Graff A, Rusjan P, Vitcu I, Houle S, Seeman P, Wilson AA, Kapur S
(2008) First human evidence of d-amphetamine induced displacement of a D2/3
agonist radioligand: A [11C]-(+)-PHNO positron emission tomography study.
Neuropsychopharmacology 33:279-289.

Willesen MG, Kristensen P, Romer J (1999) Co-localization of growth hormone
secretagogue receptor and NPY mMRNA in the arcuate nucleus of the rat.
Neuroendocrinology 70:306-316.

287



Williams DL, Grill HJ, Cummings DE, Kaplan JM (2003) Vagotomy dissociates short- and
long-term controls of circulating ghrelin. Endocrinology 144:5184-5187.

Wilson SJ, Sayette MA, Fiez JA (2004) Prefrontal responses to drug cues: a neurocognitive
analysis. Nat Neurosci 7:211-214.

Wing RR, Hill JO (2001) Successful weight loss maintenance. Annu Rev Nutr 21:323-341.

Winstanley CA, Theobald DE, Cardinal RN, Robbins TW (2004) Contrasting roles of
basolateral amygdala and orbitofrontal cortex in impulsive choice. J Neurosci
24:4718-4722.

Woods SC, Decke E, Vasselli JR (1974) Metabolic hormones and regulation of body weight.
Psychol Rev 81:26-43.

Woolrich MW, Ripley BD, Brady M, Smith SM (2001) Temporal autocorrelation in
univariate linear modeling of FMRI data. Neuroimage 14:1370-1386.

Wortley KE, del Rincon JP, Murray JD, Garcia K, lida K, Thorner MO, Sleeman MW (2005)
Absence of ghrelin protects against early-onset obesity. J Clin Invest 115:3573-
3578.

Wren AM, Seal LJ, Cohen MA, Brynes AE, Frost GS, Murphy KG, Dhillo WS, Ghatei MA,
Bloom SR (2001) Ghrelin enhances appetite and increases food intake in humans. J
Clin Endocrinol Metab 86:5992.

Wynne K, Giannitsopoulou K, Small CJ, Patterson M, Frost G, Ghatei MA, Brown EA, Bloom
SR, Choi P (2005a) Subcutaneous ghrelin enhances acute food intake in
malnourished patients who receive maintenance peritoneal dialysis: a randomized,
placebo-controlled trial. J Am Soc Nephrol 16:2111-2118.

Wynne K, Stanley S, McGowan B, Bloom S (2005b) Appetite control. J Endocrinol
184:291-318.

Wynne K, Park AJ, Small CJ, Meeran K, Ghatei MA, Frost GS, Bloom SR (2006)
Oxyntomodulin increases energy expenditure in addition to decreasing energy
intake in overweight and obese humans: a randomised controlled trial. Int J Obes
(Lond) 30:1729-1736.

Yang J, Brown MS, Liang G, Grishin NV, Goldstein JL (2008) Identification of the
acyltransferase that octanoylates ghrelin, an appetite-stimulating peptide hormone.
Cell 132:387-396.

Yeomans MR, Wright P, Macleod HA, Critchley JA (1990) Effects of nalmefene on feeding
in humans. Dissociation of hunger and palatability. Psychopharmacology (Berl)
100:426-432.

Young PT, Shuford EH, Jr. (1955) Quantitative control of motivation through sucrose
solutions of different concentrations. J Comp Physiol Psychol 48:114-118.

288



Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM (1994) Positional cloning
of the mouse obese gene and its human homologue. Nature 372:425-432.

Zhao TJ, Liang G, Li RL, XIE X, Sleeman MW, Murphy AJ, Valenzuela DM, Yancopoulos GD,
Goldstein JL, Brown MS (2010) Ghrelin O-acyltransferase (GOAT) is essential for
growth hormone-mediated survival of calorie-restricted mice. Proc Natl Acad Sci
USA 107:7467-72.

Zigman JM, Nakano Y, Coppari R, Balthasar N, Marcus JN, Lee CE, Jones JE, Deysher AE,
Waxman AR, White RD, Williams TD, Lachey JL, Seeley RJ, Lowell BB, EImquist JK
(2005) Mice lacking ghrelin receptors resist the development of diet-induced
obesity. J Clin Invest 115:3564-3572.

Zigman JM, Jones JE, Lee CE, Saper CB, EImquist JK (2006) Expression of ghrelin receptor
mMRNA in the rat and the mouse brain. J Comp Neurol 494:528-548.

Zimmer A, Zimmer AM, Hohmann AG, Herkenham M, Bonner Tl (1999) Increased
mortality, hypoactivity, and hypoalgesia in cannabinoid CB1 receptor knockout
mice. Proc Natl Acad Sci U S A 96:5780-5785.

Zorrilla EP, lwasaki S, Moss JA, Chang J, Otsuji J, Inoue K, Meijler MM, Janda KD (2006)
Vaccination against weight gain. Proc Natl Acad Sci USA 103:13226-13231.

Zwirska-Korczala K, Konturek SJ, Sodowski M, Wylezol M, Kuka D, Sowa P, Adamczyk-
Sowa M, Kukla M, Berdowska A, Rehfeld JF, Bielanski W, Brzozowski T (2007)
Basal and postprandial plasma levels of PYY, ghrelin, cholecystokinin, gastrin and
insulin in women with moderate and morbid obesity and metabolic syndrome. J
Physiol Pharmacol 58 Suppl 1:13-35.

289



Chapter 8

APPENDICES

290



Appendix 1. Patient information sheet

Imperial College Ref number 07/Q0406/19  Version 03 11/10/2007

Robert Steiner MRI Unit, Imaging Sciences Department
glilnical MRC Clinical Sciences Centre, Faculty of Medicine, Imperial College

clences Hammersmith Hospital Campus

MRC | centre Du Cane Road, London W12 ONN

THIS INFORMATION SHEET IS VALID FOR USE UNTIL: 30" September 2009

INFORMATION SHEET FOR RESEARCH PARTICIPANTS

You will be given a copy of this Information Sheet and a signed copy of your consent
form to keep, should you decide to participate in the study.

STUDY TITLE: HOW DOES GHRELIN INCREASE APPETITE IN THE BRAIN:
A FUNCTIONAL MAGNETIC RESONANCE IMAGING STUDY?

You are being invited to take part in a research study. Before you decide, it is important for
you to understand why the research is being done and what it will involve. Please take time to
read the following information carefully and discuss it with friends, relatives and your GP if you
wish. Ask us if there is anything that is not clear or if you would like more information. Take
time to decide whether or not you wish to take part.

We will be happy to let you have a copy of the leaflet entitled ‘Medical Research and You’
published by Consumers for Ethics in Research (CERES). This leaflet gives more information
about medical research and looks at some questions you may want to ask.

If you do decide to take part, please let us know beforehand if you have been involved in any

other study during the last year. You are free to withdraw at any time without explanation.
Thank you for reading this.

WHAT IS THE PURPOSE OF THE STUDY?

Ghrelin is a naturally-occurring substance found in the blood of healthy people. It is made in
the stomach, released when fasting and levels in the blood fall after a meal. Ghrelin is known
to increase appetite in healthy individuals. This study aims to see how ghrelin acts in the brain
to increase appetite. This is an important step towards finding out how ghrelin naturally
regulates appetite. This will help with the development of medicines to treat obesity and loss
of appetite.

WHY HAVE | BEEN CHOSEN?

Healthy individuals are being recruited to take part in this study.

You should not take part in this study if you:

1) have any illnesses which we feel make you unsuitable

2) if you take any medication which we feel make you unsuitable
3) if you are pregnant or breast feeding

4) if you have given blood in the last three months

It is important that you should not become pregnant during the course of the study or for
one month following the study, as the effects of ghrelin in pregnancy are not known. It is
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therefore important that you have adequate and reliable contraception during this period.
DO I HAVE TO TAKE PART?

It is up to you to decide whether or not to take part. If you do decide to take part you will be
given this information sheet to keep and be asked to sign a consent form. If you decide to take
part you are still free to withdraw at any time and without giving a reason.

WHAT WILL HAPPEN TO ME IF | TAKE PART?

Screening visit

If you agree to take part in this study, you will first be examined by one of the research doctors
and have a number of blood tests after an overnight fast (no more than 50ml blood equivalent
to around 3 tablespoons), a pregnancy test (if female) and a heart recording (ECG) to ensure
you are fit and healthy. You will be asked to complete a few short questionnaires about your
eating habits, personality and mood, and keep a record of all food and drink consumed for
three days. You will also be asked to taste a number of different meals which will be used later
on in the study.

You will also have your height and weight taken and your body fat content measured using a
‘bio-electrical impedance’ machine. This is a painless safe method which involves measuring
the electrical current from your body and takes only about 5 minutes. As long as these
medical checks are satisfactory and you are still happy to participate, you will then be asked to
attend for the first of up to 4 study visits.

With your permission, we will also take a sample of DNA from blood or saliva to look for
changes in your genes that may be involved in the how the body controls appetite, body
weight and responds to ghrelin. This will enable us to see what effect such changes may have
on your response to the injections.

Number of visits

You will be asked to attend the Clinical Investigation Ward at Hammersmith Hospital as an
outpatient on up to another 4 occasions, following your screening interview, each separated
by at least 3 days. These will be completed on dates convenient to you and the investigators,
but should usually be completed within a maximum of 3 months.

Study design

On each study visit you will be asked to have nothing to eat and only water to drink from 8 pm
on the evening before the study. You will be asked to attend in the morning and each visit will
last around 5 hours. You will be asked to abstain from alcohol and strenuous exercise for 24
hours before the visit. We will also ask you to keep a record of all food and drink consumed for
three days before the visit, the day of the visit and for one day afterwards. You will also have a
pregnancy test on each visit (if female), and have your height, weight and body fat content
measured. You will also complete questionnaires about your mood on each study visit.

On each study day you will have a small plastic cannula tube inserted into a vein in one arm.
A vein is the type of blood vessel commonly used for taking blood samples. You may feel
some discomfort whilst the cannula is being inserted. After the cannula tube has been inserted
this will be used to take blood samples. We will also ask you to score how you are feeling (e.g.
rating your hunger) by placing a mark on a line called a visual analogue scale.

You will then be either given a moderate size breakfast to eat over 20 minutes, or continue
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fasting. On each of the visits, you will then receive either a saline (salt water) or ghrelin
injection under the skin on the thigh or tummy. You may fell some slight discomfort at the time
of the injection.

The saline is a placebo or dummy treatment that is commonly used in studies of this nature. It
contains no active ingredient and is not expected to alter your appetite. The saline treatment
will serve as a baseline measurement to which all the active treatments are compared. This is
a randomised, double-blind trial. This means that neither you, nor your research doctors, will
know what treatment you are being given on some visits (although, if your doctor needs to find
out, he/she can do so). Throughout the study, we will monitor your heart rate and blood
pressure.

Further blood samples will be taken and you will be asked to complete further visual analogue
scales over the visit. The total amount of blood taken on each study visit will not be more than
150ml (about 10 tablespoonfuls). The total amount of blood taken over all your visits will not
be more than 500 ml (a little less than a pint and the same amount taken when making a
single donation of blood for blood transfusion). During these visits you will be seated or lying
on a couch, and can read or watch television.

Thirty minutes after the injection, you will have a magnetic resonance imaging (MRI) brain
scan by lying in an MRI scanner for up to 1 hour. This will take place in the Robert Steiner
Magnetic Resonance Imaging Unit, nearby the Clinical Investigation Ward. This will enable us
to look at the structure and activity of your brain.

During the functional brain scans we look at the activity of the brain at rest, while you look at a
variety of pictures on a screen, and perform simple tasks like viewing a flashing light, pressing
a button, reading, listening, speaking, recalling, thinking about words or numbers. You will be
asked to make responses to the pictures while in the scanner using a keypad. You will have
the opportunity to practice lying in the scanner while looking at various pictures on the screen.
This will enable us to ensure that you can follow the instructions and lie still while in the
scanner.

At the end of the brain scan you will be taken back to the Clinical Investigation Ward. Fifteen
minutes after the end of the MRI scan you will be presented with a buffet meal and you will be
asked to eat as much as you want of the meal until you feel comfortably full.

We will continue to monitor you for another hour after the buffet meal, after which you are free
to go (4 hours after the cannula was inserted). At the end of the final visit you will also be
asked to score how much you usually like to eat the foodstuffs shown in the food pictures
using a visual analogue scale.

WHAT DO | HAVE TO DO?

The only restrictions on your lifestyle are that you will be asked to have nothing to eat and only
water to drink from 8pm on the night before the meal days. You will need to keep a record of
all food and drinks consumed in the three days before every study and for the twenty-four
hours afterwards. For twenty-four hours before each study meal you will be asked to refrain
from taking strenuous exercise and drinking alcohol.

Female volunteers should have adequate contraception for the period of the study and for one
month afterwards as the effects of ghrelin in pregnancy are not known. Pregnancy tests will be
carried out to confirm that women of child bearing age are not pregnant on the morning before
each study injection.
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WHAT IS THE DRUG THAT IS BEING TESTED?

Ghrelin is a naturally occurring hormone found in the circulation of healthy people. Ghrelin has
been used in several other studies in our department and worldwide, in men and women,
without harmful effects. The dose of ghrelin that you will be given are small and will increase
the levels of ghrelin in your body to a levels naturally found after a prolonged fast.

WHAT ARE THE SIDE EFFECTS OF TAKING PART?

From our previous studies we do not expect any significant side effects, but the unexpected
can occur. During the study, at least one experienced doctor will monitor you closely. If you
suffer from any ill effects during the study you should report them to the doctors monitoring
you immediately. If you suffer from any ill effects afterwards you should report them to one of
the research doctors at the contact number below or when you next see them. You may ask
for the study to stop at any time without giving a reason. If any unexpected side effects occur,
the study will be stopped.

MRI is a powerful, diagnostic body scanning technique, which is used in hospitals worldwide
to create images of the inside of the body. MRI has been used safely for several decades and
has no known side-effects. Each scan is directed to the specific requirements of your referring
doctor or to research study in which you are taking part.

WHAT ARE THE POSSIBLE DISADVANTAGES AND RISKS OF TAKING PART?

Ghrelin has been administered in several studies by our laboratory and therefore we do not
anticipate any problems with the injection. Insertion of the cannula (drip) into your arm on
each of the study days may cause minor discomfort or superficial bruising, as may the
injection of saline or ghrelin under the skin.

Magnetic resonance imaging (MRI) is a procedure that allows doctors to look inside the body
by using a scanner that sends out a strong magnetic field and radio waves. MRI does not use
X-rays. This procedure is used routinely for medical care and is very safe for most people, but
you will be monitored during the entire MRI scan in case any problems occur. The risks of
having an MRI scan are:

o The MRI scanner contains a very strong magnet. Therefore, you will not be able to have
the MRI if you have any type of metal implanted in your body, for example, any pacing
device (such as a heart pacer), any metal in your eyes, or certain types of heart valves or
brain aneurysm clips. Someone will ask you questions about this before you have the
MRI.

e There is not much room inside the MRI scanner. You may be uncomfortable if you do not
like to be in close spaces (“claustrophobia”). During the procedure, you will be able to talk
to and hear the MRI staff through a speaker and earphone system, and, in the event of an
emergency, you can tell them to stop the scan. You will be closely monitored and
repeatedly checked on to make sure you are as comfortable as possible. While your head
is in the scanner, we will support it, so you can't move it. If this upsets you, you will be able
to signal and speak to the investigator and stop the scan through the use of a radio
system and a signaling button. You will have the opportunity during the first MRI scan to
ensure that you can tolerate having the scan before the next two scans are done.

e The MRI produces a “hammering noise”. You will wear earplugs and headphones to
prevent discomfort or damage to hearing. The headphones will also allow you to be able
to hear us talk to you.
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e You will be fully awake during the MRI scan and will not be sedated at any time. We will
make every effort to ensure your comfort during this experiment.

It should be noted that the MRI brain scan cannot be viewed as a comprehensive health
screening procedure. However, vary rarely, unexpected information can be detected which
may warrant further investigation. In this event, you will be informed and a report will be sent
to your GP, who will arrange further tests and coordinate your further care. In the rare event
that we find a significant abnormality on your structural brain scan on the first visit this may
exclude you from continuing with the rest of the study.

It is possible that if the treatment is given to a pregnant woman it will harm the unborn child.
Pregnant women must therefore not take part in this study; neither should women who plan to
become pregnant during the study. Women who are at risk of pregnancy will be asked to have
a pregnancy test before taking part, to exclude the possibility of pregnancy. Women who could
become pregnant must use an effective contraceptive during the course of this study. Any
woman who finds that she has become pregnant while taking part in the study should
immediately tell her research doctor.

WHAT ARE THE POSSIBLE BENEFITS OF TAKING PART?

The information that we get from this study will help us to better understand normal appetite
regulation and may help us to better treat future patients who suffer from being overweight or
reduced appetite.

If any of the screening questionnaires or blood tests reveal any medical problems (e.g.
depression, diabetes, high cholesterol, thyroid, kidney or liver problems), your GP will be
informed so that they can coordinate your further care, arrange any further tests, and refer you
on to Hospital Doctors if necessary.

WHAT IF NEW INFORMATION BECOMES AVAILABLE?

Sometimes during the course of a research project, new information becomes available about
the treatment that is being studied. If this happens, your research doctor will tell you about it
and discuss with you whether you want to continue in the study. If you decide to continue in
the study you will be asked to sign an updated consent form. Also, on receiving new
information your research doctor might consider it to be in your best interests to withdraw you
from the study.

WHAT HAPPENS WHEN THE RESEARCH STUDY STOPS?

Once the study has finished, the results of the study can be made available to you and/or your
GP should you wish. If you have any problems immediately following the study, then you
should contact one of the research doctors on the numbers provided below.

WHAT IF SOMETHING GOES WRONG?

In the event of any adverse events occurring as a consequence of your participation in this
study, you will be compensated through the Imperial College School of Medicine’s ‘No-fault’
Compensation scheme.
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WILL MY TAKING PART IN THIS STUDY BE KEPT CONFIDENTIAL?

All information which is collected about you during the course of the research will be kept
strictly confidential. Any information about you which leaves the hospital will have your name
and address removed so that you cannot be recognised from it.

It is a requirement that your GP is informed, with your consent, of your participation in this
study, at the start of the study.

WHAT WILL HAPPEN TO THE RESULTS OF THE RESEARCH STUDY?

The results are likely to be published in the year following the study. Your confidentiality will
be ensured at all times and you will not be identified in any publication. At the end of the
study, the results of the study can be made available to you and/or your GP should you wish.

WHO IS ORGANISING AND FUNDING THE RESEARCH?

This study is being organised and funded by the Department of Imaging Sciences, MRC
Clinical Sciences Centre and the Department of Metabolic Medicine, Imperial College London.

PAYMENT
You will receive a fixed payment to cover expenses including travel costs. This sum of £20 for

the screening visit and £50 for each injection visit will be paid when you have completed your
visits.

WHO HAS REVIEWED THE STUDY?

This study has been reviewed by the Hammersmith Hospitals Research Ethics Committee.

CONTACT FOR FURTHER INFORMATION

If you experience any problems during the study, you may withdraw at any stage. The doctor
involved in the study, Dr Goldstone, will be available by telephone during working hours (020
8383 1029 or via the paging system 0845 0921000 bleep 5530). The hospital switchboard
(020 8383 1000) has home and mobile phone numbers for all the doctors involved in the study
and can contact them at any time outside normal working hours.

If you agree to take part in the trial, you will also be given the mobile phone numbers of the
doctors.
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Appendix 2. Food preference scale

Food Preference

Name: Date:
ID:

You will be given a serving of food to eat and you are asked to say how much you
like or dislike 1t. Use the scale to indicate your attitude by checking at the point which
best describes your feeling about the food. Keep in mind that you are the judge. You
are the only one who can tell what you like. An honest expression of your personal
feeling is important to the study.

 Like
Extremely

| Like very
much

| Like
moderately

| Like
slightly

| Neither like
nor dislike

| Dislike
slightly

| Dislike
moderately

| Dislike
very much

| Dislike
Extremely

Comments:
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Appendix 3. SCOFF

SCOFF QUESTIONNAIRE

Initials:
ID:

Date:

Do you make yourself sick because you feel uncomfortably full?

YES / NO

Do you worry you have lost control over how much you eat?

YES / NO

Have you recently lost more than one stone in a 3 month period?

YES / NO

Do you believe yourself to be fat when others say you are too thin?

YES / NO

Would you say that food dominates your life?

YES / NO

Appendix 13. SCOFF Questionnaire 07-Q0406-19
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Appendix 4. BIS/ BAS Questionnaire

BIS / BAS Scales

Each item of this questionnaire is a statement that a person may either agree with or disagree with. For each item, indicate how much you

agree or disagree with what the item says. Please respond to all the items; do not leave any blank. Choose only one response to each

statement and mark your answer with a tick. Please be as accurate and honest as you can be. Respond to each item as if it were the only

item. That is, don't worry about being "consistent” in your responses.

N° | Question Very true Somewhat Somew_hat \a'eryj false
for me true for me | false for me for me

1. A person's family is the most important thing in life.

2. Even if something bad is about to happen to me, I rarely experience fear or nervousness.

3. I go out of my way to get things I want.

4. When I'm doing well at something I love to keep at it.

5. I'm always willing to try something new if I think it will be fun.

6. How I dress is important to me.

7. When I get something I want, I feel excited and energized.

8. Criticism or scolding hurts me quite a bit.

9. When I want something I usually go all-out to get it.

10. | I will often do things for no other reason than that they might be fun.

11. | It's hard for me to find the time te do things such as get a haircut.

12. | If I see a chance to get something I want I move on it right away.

13. | I feel pretty worried or upset when I think or know somebody is angry at me.

14. | When I see an opportunity for something I like I get excited right away.

15. | I often act en the spur of the moment.

16. | If I think something unpleasant is going to happen I usually get pretty "worked up."”

17. | I often wonder why people act the way they do.

18. | When good things happen to me, it affects me strongly.

19. | I feel worried when I think I have done poerly at something important.

20. | I crave excitement and new sensations.

21. | When I go after something I use a "no holds barred" approach.

22. | I have very few fears compared to my friends.

23. | It would excite me to win a contest.

24. | I worry about making mistakes.
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Appendix 5. DEBQ

DUTCH EATING QUESTIONNAIRE

Volunteer Initials: Date:

Volunteer No.

Please place an (¥') in the box which applies best to each of the numbered statements. All of
the results will be s#rictly confidential. Most of the questions directly relate to food or eating.
although other types of questions have been included. Please answer each question carefully.
Thank you.

1. If you have put on weight, do you eat less than you usually do?

U Never U Seldom I Sometimes O Often W Very Often 1 Not Relevant

2. Do you try to eat less at mealtimes than you would like to eat?

U Never U Seldom U Sometimes [ Often U Very Often

3. How often do you refuse food or drink offered because you are concerned about your
weight?

U Never U Seldom U Sometimes [ Often U Very Often

4. Do you watch exactly what you eat?

U Never U Seldom U Sometimes [ Often U Very Often

wn

Do you deliberately eat foods that are slimming?

U Never U Seldom U Sometimes [ Often U Very Often

6. When you have eaten too much, do you eat less than usual the following days?

U Never U Seldom I Sometimes [ Often W Very Often Not Relevant

7. Do you deliberately eat less in order not to become heavier?

U Never U Seldom U Sometimes [ Often U Very Often

8. How often do vou try not to eat between meals because vou are watching your weight?

U Never U Seldom U Sometimes [ Often U Very Often

9. How often in the evening do you try not to eat because you are watching your weight?

U Never U Seldom U Sometimes [ Often U Very Often

10. Do you take into account your weight with what you eat?

U Never U Seldom U Sometimes [ Often U Very Often
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11.

12.

14.

16.

17.

18.

19.

20.

21.

22.

Do you have the desire to eat when you are irritated?

O Never U Seldom U Sometimes W Often [ Very Often [ Not Relevant

Do you have a desire to eat when you have nothing to do?

O Never 1 Seldom [ Sometimes U Often [ Very Often [ Not Relevant

. Do you have a desire to eat when you are depressed or discouraged?

O Never U Seldom U Sometimes [ Often [ Very Often [ Not Relevant

Do you have a desire to eat when you are feeling lonely?

O Never U Seldom U Sometimes W Often [ Very Often ] Not Relevant

. Do vou have a desire to eat when somebody lets you down?

O Never U Seldom U Sometimes W Often [ Very Often U Not Relevant

Do you have a desire to eat when you are cross?

O Never U Seldom U Sometimes W Often [ Very Often [ Not Relevant

Do you have a desire to eat when you are approaching something unpleasant to happen?

U Never U Seldom U Sometimes [ Often U Very Often

Do you get the desire to eat when you are anxious, worried or tense?

U Never O Seldom U Sometimes U Often U Very Often

Do you have a desire to eat when things are going against you or when things have gone wrong?

U Never U Seldom U Sometimes [ Often U Very Often

Do you have a desire to eat when you are frightened?

O Never U Seldom U Sometimes U Often [ Very Often [ Not Relevant

Do you have a desire to eat when you are disappointed?

O Never U Seldom U Sometimes U Often [ Very Often [ Not Relevant

Do you have a desire to eat when you are bore or restless?

U Never U Seldom U Sometimes U Often [ Very Often (A Not Relevant

. Do you have a desire to eat when you are emotionally upset?

O Never U Seldom U Sometimes W Often [ Very Often [ Not Relevant
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24,

26.

27.

28.

29.

|75}
L%}

If food tastes good to vou, do you eat more than usual?

O Never O Seldom U Sometimes [ Often U Very Often

. If food smells and looks good do you eat more than usual?

U Never U Seldom U Sometimes [ Often U Very Often

If you see or smell something delicious, do you have the desire to eat it?

U Never U Seldom U Sometimes [ Often U Very Often

If you have something delicious to eat, do you eat it straight away?

O Never O Seldom U Sometimes [ Often U Very Often

If you walk past the baker do vou have the desire to buy something delicious?

U Never U Seldom U Sometimes [ Often U Very Often

If you walk past a snackbar or a café, do you have the desire to buy something delicious?

U Never U Seldom U Sometimes [ Often U Very Often

. If you see others eating, do you also have the desire to eat?

O Never O Seldom U Sometimes [ Often U Very Often

. Can you resist eating delicious foods?

U Never U Seldom U Sometimes [ Often U Very Often

. Do you eat more than usual, when vou see others eating?

U Never U Seldom U Sometimes [ Often U Very Often

. When preparing a meal are you inclined to eat something?

U Never U Seldom U Sometimes [ Often U Very Often
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Appendix 6. PANAS Questionnaire

PANAS Scale

Initials: 1D: Date:

This scale consists of a number of words that describe different feelings and emotions.
Read each item and then mark [x] the appropriate answer in the space next to the word.
Indicate to what extent you have felt this way on average during the past week.

Use the following scale to record your answer:

very slightly

or not at all a little moderately quite a bit

No. Feeling

extremely

1 interested

2 distressed

3 excited

4 upset

J strong

6 | guilty

scared

8 hostile

9 enthusiastic

10 | proud

11 | wrritable

12 | alert

13 | ashamed

14 | inspired

15 | nervous

16 | determined

17 | attentive

18 | jittery

19 | active

20 | afraid
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Appendix 7. Dietary record (example page)

DIETARY RECORD SHEET - EXAMPLE

Record ALL food and drink consumed during the day including snacks, nibbles,

sauces and dressings.

Record method of cooking, type and quantity of food
eg: 6 tbsp boiled wholemeal spaghetti
2 egg sized roast potatoes.

DAY: Example DATE: 1st June 1994
MEAL/ QUANTITY DETAILS OF FOOD & DRINK Leave
SNACK EATEN Blank
Early 1 cup Tea with
Morning: |1 tbsp Skimmed milk
Breakfast: | 3 heaped tbsp Branflakes (Kellogg's)
Ya pint Skimmed milk for cereal & drinks
1 medium slice Wholemeal bread (large loaf)
1 tsp Flora extra light margarine
2 mugs Coffee
During 1 mug Coffee with
Morning: |1 tbsp skimmed milk
| medium Apple (eaten with skin)
Midday: Sandwiches:
4 slices wholemeal bread (Allinsons) large loaf,
sliced
4 level tsp Flora extra light margarine
2 thin slices Ham (no fat)
1 large Tomato
1 large Banana
1 can (330ml) Diet Tango
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DAY: Example DATE: st June 2006
MEAL/ QUANTITY DETAILS OF FOOD & DRINK Leave
SNACK EATEN Blank
During 1 glass Low Calorie squash made with
Afternoon: concentrated squash
25g pkt KP roasted salted peanuts
Evening 4 heaped tbsp Chicken & mushroom casserole (home-
Meal: made with skimmed milk in the sauce)
Jacket potato
1 apple sized Broccoli. boiled
3 tbsp Shape raspberry yoghurt
1 x 150g tub Half mineral water/half natural orange
1 glass juice
Tea with
1 cup skimmed milk
1 thbsp
During
Evening:
Bedtime 1 mug Ovaltine made with:
Snack: I tsp Ovaltine
> mug ordinary silver top milk, the rest water
2 Rich Tea biscuits (Sainsburys).
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Appendix 8. MRI Metall Check List

Check list for contra-indications

Study title

\Ghrelin and functional MRI of appetite 07/Q0406/19

To be checked by the participant
Patient Name: ..........o.ooi i,
Date of birth: .....................

Please tick the following

YES | NO DETAILS

Cardiac pacemaker or defibrillator

Mechanical heart valve

Coronary stent

History of foreign body in eye

Occupation as metal worker, grinder, welder

Metallic implant, joint replacements, orthopaedic plates or
screws

Shrapnel

Aneurysm clip/haemostatic clip

Ear Implants

Artificial Eye

Coloured contact lenses

Pregnancy

Intra-uterine contraceptive device (Coil)

Implantable pumps/neurostimulators

Allergies

Are you wearing a watch or hair clip?

Are you wearing jewellery or body piercing?

Have you removed any clothing containing metal,

If the answer to answer to any of the above questions with “YES” please give details.
Certain devices may still be permitted if they are MR-compatible.

It is extremely hazardous to bring any metal object near the scanner.

This is to confirm that the above checklist has been completed.

Signed: ... (patient) Date: .....cccoieinnnn.

Signed:.............. (MR staff) Date: ...................
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Appendix 9. Mood/ Depression questionnaire

Mood/depression
questionnaire

V 0477 CRTN: CRF number: patient inits:

Mood/Depression Assessment Questionnaire

1. Since your last visit have you felt depressed, sad or blue much of the time?
yes [
no [J

2. Since your last visit have you often felt helpless about the future?
yes OJ
no (]

3. Since yout last visit have you had little interest or pleasure in doing things?
yes [J
no [

4. Since your last visit have you had trouble sleeping many nights?
yes [}
no [

Are two (2) or more of the above questions marked YES while undergoing treatment in this protocol?

yes [] — complete a Beck Depression Inventory. If score is 28 or less,

patient may continue in the study. If score is = 29, patient will need

to complete all final assessments and be droppea from the study.
The investigator may recornmend that the patient be referred for a

professional psychiatric assessment.

no []
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Appendix 10. Visual Analaogue Scale

Time -15

HOW HUNGRY DO YOU FEEL RIGHT NOW?

NOT AT ALL

HOW SICK DO YOU FEEL RIGHT NOW?

EXTREMELY

NOT AT ALL

HOW PLEASANT WOULD IT BE TO EAT RIGHT NOW?

EXTREMELY

NOT AT ALL

HOW ANXIOUS DO YOU FEEL RIGHT NOW?

EXTREMELY

NOT AT ALL

EXTREMELY
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Time -15

HOW MUCH DO YOU THINK YOU COULD EAT RIGHT NOW?

NOTHING A LARGE AMOUNT

HOW FULL DO YOU FEEL RIGHT NOW?

NOT AT ALL EXTREMELY

HOW STRESSED DO YOU FEEL RIGHT NOW?

NOT AT ALL EXTREMELY

HOW SLEEPY DO YOU FEEL RIGHT NOW?

NOT AT ALL EXTREMELY
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Appendix 11. Blood sample preparation

1. AEBSF (protease inhibitor to prevent breakdown of active ghrelin).
Sigma A856-500MG £252.50 per 500mg
Added in advance to 10ml orange plastic lithium heparin tubes to which add whole blood.

Bottle contains 500mg powder.

Add 2ml distilled water to AEBSF bottle = 250mg/ml = 0.25 mg/ul
Final [AEBSF] = 1mg / ml whole blood.

10ml blood tubes.

Need to add 40ul AEBSF solution per 10ml blood tube = 10mg.
Store tubes at -80C.

Defrost day before into fridge.

2. Trasylol = Aprotinin (protease inhibitor to prevent breakdown of certain gut hormones).
Order Nordic Pharma UK 01189298233
Cost £20.53 per 50ml bottle (+£20 admin charge if < £300 order)

Need to complete named patient form and covering letter stating that for research.

Add 200ul to each 10ml orange blood tube day before study and store in fridge.

3. HCI (to prevent breakdown of active ghrelin).

Added to plasma (not whole blood).

Add to aliquots to which will add plasma for active ghrelin (yellow A tubes) on day before
study and store in fridge.

Stock [HCI] = 11M.
Dilute 784ul of stock with 10ml distilled water to give 10.784ml 0.8M HCI.

Add 10ul of 0.8M HCI to 150ul plasma to give final [HCI] = 0.05M
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Appendix 12. fMRI scanning sheet

MRI SCANNING SHEET

Date of scan:

Initials: ID #: Hospital #:

Fasted / Fed Injection #: D S K L
Visit no: 1 2 3 4

Food picture runs: AB CD EF GH

MR personnel: Tony Goldstone/Giuliana Durighel/Emer Hughes/Christina Prechtl/Sam Scholtz
/Other: Check buttons work in WordPad [ ]

3T MRI #: IFIS hood / Data logging PC / (IFIS PC Folder#: )

Attach: Respiratory belt (under arms) Pulse oximeter (L ring, red on pulp)  Check audio cable

Time into Philips 3T scanner: Time out scanner:

Scans: Test* Rest* Food x 2 Field AMV* T1 or FLAIR+ T2 or DTI or T1
Time (mins): 2 9 10x2 4 6 6 6 + 3 10 6
No. of vols: 192 192 x 2 114  (* = hunger rating included)

Prep phase Full Auto Auto Auto (ensure CLEAR ON) Full

Time of scan: /

T1/T2/T2W_FLAIR Anatomical scan: Parallel to AC-PC Line

fMRI scans: gradient epi BOLD, TR 3000, TE 30, FOV 280x220x143, 2x2x3.25 mm, FA 90, 44
slices ascending contiguous, SENSE 2. Slice pos: 30° to AC-PC Line, CLEAR ON

Add + 0.0926 to
Initial RL tilt degrees Initial *r[0] = - (parallel AC-PC)
-30° RL tilt degrees Adjusted *r[0] = - (30° to AC-PC)
Rest: 192 vols. Eyes shut, awake. Initial 6 vols discarded. At end: Awake or Asleep

Field map: spin echo TR 800, TE 20, flip 90, 3.25x 2 x 2 mm, dTEO0 & 2.5

Food: 2 x 192 vols. Stimulus duration 2.5 sec; ISI 3.0 sec. ITI 0.5 sec; 3 conditions x 5 blocks
x 6 pictures x 2 runs (high calorie, low calorie, household object) + 16 inter-condition blurred
blocks per run. Block length 18 sec. Initial 6 vols to be discarded.

AMV: 114 vols. Auditory (story), visual (4Hz colour checkboard), motor (tap R index finger 1Hz)

DTI: 32 dir, b factor 1000, TR 13951, TE 59, 73 slices, SENSE 2.5, 224x224, 1.75x1.75x2mm,
AC-PC line, no z-gradient correction, full prep, PB-volume shim

Hunger VAS button: Problems:

Test

Rest

AMV

[ ] Download edat files x5 to memory stick [ ] save edat files to Appetite folder

[ ] save LabChart Pro data to laptop [ ] Download LabChart Pro data to Appetite

[] Upload MR scans to MRIdb [] save MR scans to disc  DVD #:

[] Upload T1 T2 MR scans to PACS [] Export fieldmap raw data to Export/Appetite

[] Photocopy MRI front sheet x2 (case folder and master file) - after 4™ visit only

[] GP letter sent - 1% visit only [] Photocopy x2 (case folder, hospital notes)

[ ] MRI T1 T2 FLAIR anatomical report [] Pcopy x3 (case folder, master file, hosp notes)

[] MRI anatomical GP letter - after 2™ visit [] Pcopy x2 (case folder, hosp notes)
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