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Abstract

Altered corticolimbic regulation of appetite is implicated in the aetiology of obesity
and type 2 diabetes, conditions more prevalent with age and associated with insulin
resistance. This thesis characterises the impact of ageing, systemic insulin resistance
before disease onset and, insulin sensitisation, on brain processing of satiation and

satiety, furthering our understanding of the role of insulin in appetite control.

Brain responses to meal vs water ingestion, and the modulation of food image-evoked
responses by a meal were examined using pseudo-continuous arterial spin labelling
and blood oxygenation level dependent functional neuroimaging respectively, in
healthy men/women aged 19.5-52.6 years, and insulin sensitive (IS) and resistant (IR)

men. IR men were re-examined after 3-months lifestyle changes with metformin.

Ageing was associated with diminishing hunger-suppression and increasing insula,
orbitofrontal (OFC) and anterior cingulate cortex activity after eating, and
diminishing modulation of dorsolateral prefrontal cortex (DLPFC), OFC and striatal

food image-evoked activity by the meal.

IR men had greater food restraint, weight/shape concern, and less hunger-suppression
after eating. The insula activated in IR and deactivated in IS subjects after eating. IS,
but not IR, subjects showed DLPFC, striatal and lingual gyrus activation increased to
high- and decreased to low-calorie food images after eating, the opposite observed
when fasted. Between-group comparisons revealed greater DLPFC activation to
high- vs low-calorie food cues when fed, and low- vs high-calorie food cues when
fasted in IR men. The intervention improved insulin sensitivity and glycaemic status,
reduced post-prandial insula activity, and increased post-prandial low-calorie food

cue-evoked activity.

Results indicate impaired satiation with exaggerated post-prandial interoceptive and
reward centre activity, and diminishing sensitivity of inhibitory control and reward
centre responses to external food cues to current nutritional status with ageing and
systemic insulin resistance. Insulin sensitisation improves insulin resistant central

processing of satiation and satiety, implicating insulin in appetite regulation.
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Abbreviations

ACC: anterior cingulate cortex

AEP: auditory evoked potentials

AgRP: agouti-related peptide

a-MSH: alpha-melanocyte stimulating hormone
ASL: arterial spin labelling

AMP-K: 5’ adenosine monophosphate-activated kinase
AN(C)OVA: analysis of (co)variance

BBB: blood brain barrier

BMI: body mass index

BOLD: blood oxygenation level dependent
cASL: continuous arterial spin labelling

CSF: cerebrospinal fluid

CMRjucose: cerebral metabolic rate for glucose
DLPFC: dorsolateral prefrontal cortex

DMN: default mode network

DMPEFC: dorsomedial prefrontal cortex

EEG: electroencephalography

fALFF: fractional amplitude of low-frequency (0.01-0.08 Hz) fluctuation
["*F]FDG: fluorodeoxyglucose

FWHM: Full-width at half maximum

fMRI: functional magnetic resonance imaging
GE EPI: gradient echo, echo planar image
GLP-1: glucagon-like peptide-1

Glx: composite glutamine/glutamate/GABA
HOMA-IR: homeostatic model assessment of insulin resistance
1AUC: incremental area under the curve

ICV: intracerebroventricular

IL-6: interleukin-6

INT: intermediate insulin sensitivity

IR: insulin resistant

IRS-PI3K: insulin receptor substrate-2 phosphatidylinositol 3-OH kinase
IS: insulin sensitive

LH: lateral hypothalamus

MAPK: mitogen-activated protein kinases
MEG: magnetoencephalography

mTOR: mammalian target of rapamycin

NAA: N-acetylaspartate

NAcc: nucleus accumbens

NPY: neuropeptide Y

NTS: nucleus tractus solitarius

OGTT: 75g oral glucose tolerance test

OFC: orbitofrontal cortex

pASL: pulsed arterial spin labelling

pCASL: pseudocontinuous arterial spin labelling
PCC: posterior cingulate cortex

PCOS: polycystic ovarian syndrome

PYY: peptide tyrosine-tyrosine

PET: positron emission tomography
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PFC: prefrontal cortex

POMC: pro-opiomelancortin

PVN: paraventricular nucleus

rCBF: regional cerebral bloodflow

RFT: Random field theory

ROI: region of interest

RYGB: roux-en-y gastric bypass

rTMS: repetitive transcranial magnetic stimulation
SOCS3: suppressor of cytokine signalling

SPECT: single-photon emission computed tomography
SPM: statistical parametric mapping

SSQ: sum of squares

STATS3: signal transducer and activator of transcription 3
tDCS: transcranial direct current stimulation

VLPFC: ventrolateral prefrontal cortex

VMH: ventromedial hypothalamus

VLCD: very low calorie diet

VMPEFC: ventromedial prefrontal cortex

VTA: ventral tegmental area

WSR: Wilcoxon signed rank test
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1 Introduction

1.1 Central control of appetite: homeostatic vs hedonic processes.

Global predictions that approximately one-fifth of adults will be obese by 2025 (NCD
Risk Factor Collaboration, 2016), with associated conditions such as cardiovascular
disease, type 2 diabetes mellitus (T2DM), dementia and cancer, have huge
implications on health care provision for our ageing population. The obesity
pandemic is being driven by the consumption of readily available, highly palatable,
energy-dense foods and reduced physical activity. Our genetic propensity to eat to
excess when food is available and store surplus energy may have had evolutionary
advantages in pre-agricultural lifestyles with intermittent food supply (Prentice,
2005), but appetite control systems that encourage eating are now detrimental if food
is abundant. Common variants of genes associated with obesity being expressed in
the brain (Chambers et a/, 2008; Thorleifsson et a/, 2009; Willer et al, 2009) provide
support for a “thrifty genotype” operating through neural networks controlling

appetite, predisposing to weight gain in our obesogenic environment.

Two aspects of appetite regulation have received much attention: satiation (the
process of meal termination) and satiety (the effect of a meal to reduce the drive to eat
again). Satiation and satiety signals arise from the gastrointestinal tract, although
many are also produced within the brain. They include gut peptides cholecystokinin,
proglucagon derived peptides (glucagon-like peptide-1 [GLP-1], oxyntomodulin),
peptide tyrosine-tyrosine (PYY), digestion-related peptides (apolipoprotein A-IV and
enterostatin), bombesin family peptides (gastrin-releasing peptide and neuromedin B),
amylin (secreted from the pancreas) and ghrelin (Coll et al, 2007, Woods and
D’Alessio, 2008). Levels of most of these signals increase during a meal to terminate
eating, except ghrelin, which stimulates hunger, decreasing after meal ingestion.
These peptides influence hypothalamic regulation of eating, either indirectly via
paracrine actions on the vagal nerve which, combined with neural signals from the
gastrointestinal tract, transmits to the nucleus tractus solitarius (NTS), or directly by
crossing the blood-brain barrier (BBB), where receptors for these peptides have been

identified and characterised by receptor blockade or through peripheral and
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intracerebroventricular (ICV) peptide administration (Woods and D’Alessio, 2008).
These peptides have been called “intermediate” satiation signals (Woods, 2009),
being intimately involved in the physiological response to ingestion, whilst
“proximal” cues, the ingested nutrients themselves, are also sensed by the

hypothalamus to influence eating (Obici and Rossetti, 2003).

Food consumption in man is not just a matter of energy balance, but evokes feelings
of anticipation and pleasure. The integration of neural networks involved in energy
homeostasis and eating behaviour with those involved in reward, hedonism, mood and
memory is now recognised (Berthoud and Morrison, 2008; Trinko et al, 2007). A
recent meta-analysis of functional neuroimaging studies revealed a significant overlap
in abnormal activation of neural networks involving striatal reward centres in drug
addition, obesity and eating disorders (Tomasi and Volkow, 2013). Berridge and
Robinson (2003) proposed three components of reward processing: learning stimulus-
action-outcome relationships; motivation to learn and act and; the hedonic effects
elicited by rewarding stimuli, which are implicit, unconscious processes (anticipatory,
incentive salience or “wanting”, and hedonic responses upon consumption of
pleasurable rewards or “liking”) and explicit cognitively experienced processes. Each
has discrete but overlapping neural correlates: “Wanting” involves dopaminergic and
opioid projections from ventral tegmental area (VTA) to nucleus accumbens (NAcc)
shell and lateral hypothalamus (LH), and amygdala; “liking” involves opioid,
endocannabinoid and GABAergic projections of NAcc core and shell (ventral
striatum), ventral pallidum, amygdala and brainstem; whilst learning and maintaining
reward representations and the conscious experience of reward involves orbitofrontal
(OFC), prefrontal (PFC), anterior cingulate (ACC) and insula, hippocampus and
amygdala. These reward circuits interact with homeostatic paraventricular nucleus
(PVN) and LH to coordinate responses to stimuli of potential interest, modulated by
bottom-up processes that signal the status of nutrient stores, including the circulating
fuels themselves, humoral processes (e.g. leptin, insulin and incretin hormones) and
those transmitted via vagal afferents, and regulated by top-down executive prefrontal
control centres that integrate internal information with external stimuli to execute

behavioural change (Berthoud, 2011; Berthoud and Morrison, 2008) (Figure 1.1).
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Figure 1.1

Model of interaction between homeostatic and hedonic networks involved in regulating food intake.
From Berthoud (2011)

A natural progression of this framework is that altered activity within, or connections
between, networks involved in motivation, affect, reward representation and executive
control could lead to obesity. In the incentive salience model (Berridge and
Robinson, 2003), a hypersensitive “wanting” and/or “liking” corticolimbic system
activity could lead to addictive behaviours as exhibited in drug addiction, but towards
food, with altered dopaminergic activity being either cause or consequence of weight
gain (Berridge, 2009; Berridge et a/, 2010). However, this model was based largely
on animal models of drug addiction, and the separation of “wanting” and “liking”
reward constructs may not be as easy to observe or as crucial in human obesity
(Havermans, 2011, 2012). Earlier psychological models of human eating behaviour
involved cognitive constructs of hunger, restraint and disinhibition of control
(Stunkard and Messick, 1985). Situations of disinhibition, such as a previous meal or
stress, are posited to promote overeating in individuals with otherwise high levels of
restraint e.g. strict dieters (Polivy and Herman, 1985). However, this model may be
simplistic: whilst high restraint, especially “rigid” all-or-nothing restraint, may lead to
obesity, once obesity is established, more “flexible” restraint may improve the success
of weight loss interventions (Johnson et al, 2012). A model of obesity combining

defects in incentive salience, motivation, learning and inhibitory control networks has
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thus been proposed. Stronger recall, conditioning and habit network involvement
(hippocampus, amygdala, dorsal striatum [caudate, putamen]) formed from previous
experience with food stimuli may strengthen neural reward representations of
expected foods (medial OFC, NAcc, ventral pallidum), leading to diminished control
and disinhibition (dorsolateral PFC [DLPFC], lateral OFC), resulting in an increased
drive to respond to such stimuli (OFC, dorsal striatum, supplementary motor cortex),
increasing food intake (Volkow ef al, 2008a, 2011) (Figure 1.2). However, if reward
signalling upon consumption of food is diminished, this may additionally stimulate
further food intake in order to achieve sufficient reward. Evidence for both

hypersensitive and hyporesponsive reward networks in human obesity are discussed.

DLPFC, lateral OFC,

Insula

Insula DLPFC, lat OFC, ACC R
~

S
I ~

v

Medial OFC /

Med OFC / ACC VTA / NAcc

Amygdala / Hipp Amygdala /

Normal appetite regulation Disordered appetite regulation
Figure 1.2

Model of obesity. Insufficient executive control with enhanced salience, conditioning and drive may

dysregulate eating. Adapted from Volkow ef a/ (2011)

1.2 Human brain responses to food and food cues

Functional neuroimaging has been used to explore central mechanisms of appetite
regulation in health and disease in man. Studies can be broadly divided into those

examining responses to food ingestion, and responses to food cues.

1.2.1 Normal brain response to food ingestion

Many functional neuroimaging studies have deliberately focussed on the role of the
hypothalamus in sensing ingested nutrients. When non-obese volunteers consume
glucose, hypothalamic blood oxygenation level dependent (BOLD) functional

magnetic resonance imaging (fMRI) signal, a surrogate marker of regional brain
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activity described further in Chapter 2, decreases (Flanagan ef al, 2012; Matsuda et al,
1999), in a dose-response relationship (Smeets et al, 2005a), with higher fasting
insulin levels associated with greater delays in signal changes (Liu et al, 2000).
Responses are greater and more prolonged with oral than intravenous glucose (Smeets
et al, 2007), accompanied with the “incretin effect” of more pronounced insulin
secretion. This hypothalamic response appears to depend on the sweetness and
energy content of glucose, given the lack of response with artificial sweeteners and
non-sweet carbohydrates (Smeets et al, 2005b), possibly through interactions with
reward networks, increasing hypothalamic functional connectivity of BOLD signal
with thalamus and dorsal striatum and reducing regional cerebral blood flow (rCBF)
in these centres, insula and ACC as demonstrated by pulsed arterial spin labelling
(pASL) fMRI (Page et al, 2013). These latter findings are not observed with fructose,
a sweetener that has been implicated in the recent rise in obesity, suggesting the brain
is less able to sense this nutrient to evoke satiation (Page et al, 2013). The reward
network response to energy loads may also depend on peripheral signals, as changes
in insulin correlated with striatal rCBF changes after glucose, but not fructose
ingestion, which stimulated a smaller insulin response. Together, these data suggest
the hypothalamic response to ingested glucose is influenced by the degree of
peripheral insulin resistance, the humoral response to nutrient ingestion, and its
sensory effects, potentially through interactions with reward, interoceptive and

inhibitory control networks.

The hypothalamus also responds to other macronutrients. A pASL fMRI study
showed high but not low fat yoghurt reduced hypothalamic perfusion, where small
post-prandial insulin increments were associated with decreases in rCBF, and larger
increments with increases in rCBF (Frank et al, 2012). Greater insulin secretion
occurred with low fat yoghurt, despite equivalent carbohydrate content in the two
yoghurts, possibly due to potential delays in gastric emptying with high fat foods.
The insula was also sensitive to changes in fat content, with an initial reduction in
rCBF at 30 mins with both yoghurts, but greater increases in rCBF 120 mins after
consuming low fat yoghurt. As the two yoghurts reduced hunger equally, and
analyses adjusted for hunger, these changes in brain activity may represent
homeostatic responses to meal ingestion independent of explicit hedonic responses.

The ingestion of satiating isocaloric (1255 kJ) protein, fat or glucose compared to
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water has each been shown to reduce BOLD signal in insula, thalamus,
parahippocampal gyrus, caudate and lateral OFC (Li ef al, 2012a). Post-fat insulin
secretion was minimal and thus not associated with signal changes, whilst post-
glucose insulin secretion was negatively associated with insula, thalamus, amygdala
and lateral OFC signal changes, and the smaller post-protein insulin response was
negatively associated with caudate signal changes. As overall corticolimbic network
deactivation was similar for each macronutrient, but accompanied by different
humoral responses, these central responses may have been to the caloric load per se.
However, as high- compared to low-glycaemic index meals evoke greater insulin
secretion and striatal and NAcc perfusion during continuous ASL (cASL) fMRI
(described in Chapter 2), with NAcc rCBF correlating with post-prandial insulin
(Lennerz et al, 2013), humoral responses to meal ingestion are likely to remain an
important modulator of satiation processing in these reward centres. As orally
consumed chocolate milk evokes greater putamen, amygdala, thalamus and precuneus
activation than nasogastric infusion at similar rates of consumption, the sensory
perception of food is also an important stimulus to these reward networks (Spetter et

al, 2014).

This is exemplified in a pivotal [?O]H,O-PET (positron emission tomography) study
where healthy subjects who crave chocolate, ate increasing amounts of chocolate,
resulting in a transition from increased rCBF in medial OFC, insula, dorsal striatum
when chocolate was pleasant, to lateral OFC, PFC and parahippocampal gyrus on
reaching satiation (Small ez al, 2001). Another [°OJH,O-PET study showed rCBF
increased in left DLPFC and right ventrolateral PFC (VLPFC), thalamus and
hippocampus, and decreased in medial PFC, when men tasted a flavoured liquid meal
after a prolonged fast (Gautier ef al, 1999). Once satiation was reached, rCBF
increased in these lateral prefrontal centres, and decreased in OFC, ACC, dorsal
striatum, insula, thalamus and parahippocampal and hippocampal gyri in both men
(Tataranni et al, 1999) and women (Gautier et al, 2001). A similar study showed that
when men tasted chocolate milk and tomato juice, before and after satiation by one of
these drinks, OFC BOLD signal decreased specifically when the drink that was
consumed to satiation was tasted, presumably as it became increasingly less pleasant,

in keeping with OFC processing of reward salience (Kringelbach ef al/, 2003). The
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insula, ACC and caudal OFC activated on tasting the drinks, irrespective of satiation,

suggesting a sensory processing role.

The brain thus appears to respond to changes in nutritional state, with the activation of
OFC and medial PFC during extreme hunger decreasing upon satiation, in keeping
with its role in processing reward salience, accompanied by changes in activity of
reward representation (striatum), interoception (insula), memory (hippocampus) and
signal relay (thalamus) centres. The increasing lateral PFC activity during eating
provides inhibitory regulation of these hedonic centres to reach satiation. As changes
in post-prandial GLP-1 positively correlate with post-prandial changes in DLPFC and
hypothalamic activity, it is possible that endogenous GLP-1 suppresses appetite

through both higher executive and homeostatic centres (Pannacciulli ez a/, 2007b).

Gender may influence brain activity during meal ingestion. Using data from lean and
obese subjects undergoing [?O]JH,O-PET examination of responses to a liquid meal
described above (Gautier et al, 2000, 2001; Tataranni et al, 1999), direct comparisons
showed satiation induced greater rCBF decreases in left DLPFC and parahippocampal
gyrus in men and greater rCBF increases in left DLPFC and attenuated rCBF
increases in right VMPFC in women (Del Parigi et al, 2002). An fMRI study
similarly showed that after eating chocolate to satiation, activation responses to
tasting a chocolate drink increased in ventral striatum, insula and OFC (unlike the
decreases observed in previous studies) in men, and increased in dorsal striatum and
decreased in hypothalamus and amygdala in women, with significant differences in
activity between sexes in hypothalamus, ventral striatum and medial PFC (Smeets et
al, 2006). The greater hedonic network response in men, and greater homeostatic
response in women during satiation could be due to potential differences in the
enjoyment of eating chocolate and subsequent weight concern between the sexes.
Given the above [°OJH,O-PET studies showed increasing post-prandial insulin
excursions were associated with greater reductions in insula and OFC rCBF in men,
whilst greater reductions in post-prandial free fatty acid were associated with
diminishing DLPFC rCBF increments and ACC rCBF decrements in men (Tataranni
et al, 1999), and smaller insula rCBF decrements in women (Gautier et al, 2001;
Tataranni et al, 1999), it is also possible the central response to circulating hormones

and fuels may also differ between men and women. Hence, the impact of gender was
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controlled for in the studies reported in Chapters 5-8, by restricting the investigations

to men.

PET radioligands can also be used to characterise changes in specific
neurotransmitters signalling during feeding. For example, when eating a favourite
meal following a prolonged fast, the post-prandial reduction in [''C]raclopride
binding to dorsal striatal dopaminergic D, receptors is correlated with meal
pleasantness ratings, suggesting that meal-induced striatal dopamine release is a

neural correlate of pleasure and reward (Small et al, 2003).

1.2.2 Brain response to food ingestion in obesity and diabetes

Obesity and diabetes appear to alter brain activity during meal ingestion. Using the
same [?O]H,O-PET protocols described previously (Gautier ef al, 1999; Tataranni et
al, 1999), the rCBF increases in insula and decreases in PCC on tasting food, and
decreases in hippocampus, PCC and amygdala once satiated in lean subjects were
augmented in obesity (DelParigi ef a/, 2004). A direct comparison between groups
showed rCBF increases in insula and midbrain and decreases in medial OFC on
tasting the meal after the prolonged fast were augmented in obesity (DelParigi et al,
2005). Insulin resistance was not formally assessed, but implied in the obese group
by higher insulin levels. Body fat and plasma glucose levels correlated with insula
rCBF changes, supporting a role for insulin resistance in modulating post-prandial
central interoception processing, resulting in exaggerated or hypersensitive
consummatory responses to meal ingestion. Two further within-sex analyses of these
data showed post-prandial increases in PFC and decreases in insula and hippocampus
rCBF were exaggerated in both obese men and women than their lean counterparts,
and hypothalamic rCBF decreases were attenuated in obese men (Gautier et al, 2000,
2001). However, these three initial analyses used single-level fixed-effects methods
with lenient statistical thresholds. Re-analysis of these data from right-handed
volunteers using random effects modelling now showed attenuated post-prandial
increases in rCBF in left DLPFC in obesity (Le ef a/, 2006, 2007). These opposite
findings were attributed to the original analyses not accounting for between-subject
variability, invalidating the earlier reports. In keeping with a study showing

increasing BMI was associated with diminishing frontal rCBF during a response
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inhibition task (Willeumier et al, 2011), these data imply insufficient post-prandial

recruitment of inhibitory control centres in obesity could attenuate satiation.

The hypothalamic responses to oral glucose in health described earlier, are
increasingly delayed with increasing fasting glucose and insulin (Liu et al, 2000;
Matsuda et al, 1999), and are diminished and delayed in obesity (Matsuda et al,
1999). In addition patients with T2DM treated with oral agents or diet alone do not
show any reduction in hypothalamic response to glucose and actually show an
activation response with water ingestion (Vidarsdottir et al, 2007). Together, these
data are consistent not only with altered nutrient sensing in homeostatic centres, but
also altered hedonic network responses to meal ingestion in conditions associated

with systemic insulin resistance.

1.2.3 Normal brain response to visual food cues

Functional neuroimaging has also been used to examine responses to cues of food,
such as touch (St-Onge et al, 2005), taste (Uher et al, 2006; Frank et al, 2003;
Grabenhorst ef al, 2008, 2010; De Araujo and Rolls, 2004; Kringelbach et al, 2003;
Rolls, 2007), smell (Bragulat et al, 2010; Cerf-Ducastel and Murphy, 2001;
O’Doherty et al, 2000; Small et al, 2005, 2008; Volkow et al, 2002), and imagery
(Morris and Dolan, 2001; Hinton et al, 2004; Piech et al, 2009; Jastreboff et al, 2012),
that engage homeostatic and non-homeostatic networks. Whilst PET studies of
neurotransmitter activity or receptor availability can be used to examine such
responses, such as food-cue evoked striatal dopamine release, signals are weak with
low temporal resolution and may only be demonstrable after pharmacologically
amplifying the signal (Volkow et al, 2002). Instead, task-driven BOLD signal
changes under different physiological conditions are frequently examined in studies of
appetite regulation, the most common paradigm being the viewing of food cues,
which when compared to non-foods, elicit changes in activity of similar networks
described upon food ingestion itself, including insula (Cornier et al, 2007; Frank et al,
2003; Fuhrer et al, 2008; Killgore et al, 2003; LaBar ef al/, 2001; Porubska et al,
2006; Schur et al, 2009; Siep et al, 2009; Simmons et al, 2005; St-Onge et al, 2005;
Uher et al, 2006), OFC (Beaver et al, 2006, Frank et al, 2003; Fuhrer et al, 2008;
Porubska et al, 2006; Schur et al, 2009; Siep et al, 2009; Simmons et al, 2005),
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DLPFC (Cornier et al, 2007; Goldstone et al, 2009; Killgore et a/, 2003; Schur et al,
2009; Siep et al, 2009; Uher et al, 2006), ACC (Goldstone et al, 2009; Passamonti et
al, 2009; Siep et al, 2009; Simmons et al, 2005; St-Onge et al, 2005), striatum
(Beaver et al, 2006; Passamonti et al, 2009; Porubska et al, 2006, Schur et al, 2009),
parahippocampal gyrus (Goldstone et al, 2009; Siep et al, 2009; Simmons et al, 2005;
St-Onge et al, 2005), amygdala (Goldstone et al, 2009; Killgore et al, 2003; LaBar et
al, 2001; Passamonti et al, 2009; Schur et al, 2009; Siep et al, 2009), and thalamus
(Fuhrer ef al, 2008; Killgore et al, 2003; Schur et a/, 2009; Uher et al, 2006).

Responses to food cues predict appetite and eating behaviour. For example, in a study
of lean females, visual food cue-evoked NAcc activity predicted the quantity of food
eaten during an ad libitum meal, whilst OFC activity predicted self-reported food
craving (Lawrence et al, 2012). Manipulating the incentive value of food stimuli
influences their motivational value or “wanting” of food. This can be achieved by
using food images of different calorie content, assuming that pleasurable foods are
more energy dense. For example, in a study of lean women, high-calorie food images
elicited greater medial PFC, DLPFC, thalamic and hypothalamic activation, whilst
low-calorie food images elicited insula, somatosensory cortex, medial OFC and
hippocampal activation (Killgore et al, 2003). When high- and low-calorie food
images were directly compared, the former evoked greater responses in medial PFC,
DLPFC and thalamus, whilst the latter elicited greater medial OFC, lingual and
middle temporal gyrus activation. Another study similarly showed greater DLPFC,
OFC, insula, striatum, thalamus, VTA, hypothalamus and amygdala activation on
viewing fattening food images compared to non-food or low-calorie food images in
lean women (Schur et al, 2009). Furthermore, “high hedonic” food image-evoked
DLPFC activation is negatively correlated with energy intake during an ad libitum
meal in lean volunteers, supporting its role in inhibitory control of eating behaviour
(Cornier et al, 2010). Changes in nutritional state, assuming foods are more
“rewarding” when fasted, may also modify the incentive value of food cues. For
example, food images elicit responses in amygdala, parahippocampal and fusiform
gyri in fasted but not fed states (LaBar et al, 2001), and when compared directly,
fasting elicits greater responses than fed states to food images in fusiform gyrus (Uher
et al, 2006), amygdala and ACC (Fuhrer ef a/, 2008). Similarly, oral glucose reduces

food image-evoked activation of striatum, ACC, medial frontal and middle temporal
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gyri and increases activation in precuneus and visual cortex in lean volunteers
(Kroemer et al, 2013b). The post-glucose rise in plasma insulin levels was associated
with decreasing responses to food images in insula, striatum, cingulate, PFC,
thalamus, amygdala and hippocampus, in keeping with a role for insulin in mediating

the post-prandial suppression of food-evoked corticolimbic activity.

A meta-analysis of 14 studies in 207 non-satiated subjects revealed activation of
amygdala, insula, lateral OFC, ventral striatum, fusiform gyrus, thalamus, ACC and
medial frontal lobe on viewing food compared to non-food images (Tang et al, 2012).
A larger meta-analysis of 18 studies in 246 lean subjects showed insula, lateral OFC
and posterior fusiform gyrus activation on viewing food compared to non-food
images, with feeding increasing parahippocampal-amygdala and lateral OFC
responses, whilst high- compared to low-energy food images evoke greater ventral
striatum-hypothalamus activation (van der Laan et al, 2011). Different inclusion
criteria are likely to have produced the different findings, with the high degree of
variation and low concurrence between individual studies being an effect of study
design. For example, passive food image viewing compared to explicit tasks alters
OFC engagement (Siep et al, 2009). Cognitive attributes, such as external eating
behaviour, where food evokes the desire to eat even in the absence of hunger, may

also affect food cue-evoked brain responses (Passamonti et a/, 2009).

External (calorie content) and internal (hunger state) modifiers of “reward” may have
interacting cerebral effects. A study of healthy female volunteers showed a 500 kcal
meal following a prolonged fast decreased high-calorie food image-evoked activity in
medial OFC, insula and striatum, and increased low-calorie food image-evoked
activity in these regions (Siep ef al, 2009). A similar study of lean men and women
showed that fasting elicited greater OFC, ventral striatum, insula and amygdala
responses to high- than low-calorie food images, without any differences in response
to these different food stimuli when fed, and the change in “appeal bias” for high-
over low-calorie food images between fasted and fed states positively correlated with
the respective changes in OFC activity (Goldstone et a/, 2009). This is in keeping
with the OFC utilising information about internal states and food energy values to
award their valence. Other studies show overfeeding attenuates hypothalamus and

visual attention centre activation specifically to “high hedonic” compared to
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“utilitarian” food images (Cornier et al, 2007), whilst increasing the interval between
breakfast and subsequent fMRI increases the appeal of fattening food images, with
such ratings predicting the volume of a post-scan ad libitum meal (Mehta et al, 2012).
Moreover, the differential dorsal striatum response to fattening over non-fattening
food images was associated with greater fullness, and that of medial OFC, amygdala,
insula and NAcc predicted greater consumption of fatty food during the ad libitum
meal. These data suggest homeostatic and reward networks are sensitive to internal
and external cues of food and energy availability, integrating these signals to calculate

the incentive salience of food and determine food choice.

As with the response to meal ingestion, gender may also influence brain responses to
food cues. One study showed that women had greater responses to high- compared to
low-calorie food images in middle frontal gyrus, inferior lateral and ventromedial
OFC than men (Killgore and Yurgelun-Todd, 2010). Additional region of interest
(ROI) analyses also demonstrated greater insula responses in women and greater
amygdala responses in men. Greater DLPFC activation on viewing hedonic food
images has similarly been shown in women in the fasted state, who ate significantly
less during a subsequent ad libitum meal compared to the pre-scan eucaloric diet,
reflecting greater self-reported dietary restraint, than in men (Cornier et al/, 2010).
Larger responses to visual food cues in fusiform gyrus and to food tastants in insula
and medial PFC have also been shown in women (Uher et al, 2006). Whilst no
differential effects of gender on the impact of prior meal ingestion on evoked
responses were detected in this study, a subsequent analysis of responses to high-
calorie food images alone showed women had greater responses in superior medial
frontal lobe and fusiform gyrus when hungry, whilst there was no effect of meal
ingestion in these brain regions in men (Frank et al, 2010a). Greater responses to
high- compared to low-calorie food images in OFC during the luteal phase and in
NAcc during the follicular phase is accompanied by greater food ingestion during the
luteal phase (Frank et al, 2010b), whilst greater food image-evoked activity in insula
and inferior frontal gyrus in fed than fasted states in the late follicular phase has also
been shown (Alonso-Alonso et al, 2011) suggesting sex hormones, or other cycle-
associated changes such as insulin sensitivity (Brown et al, 2015), influence reward

network responses to food.

30



1.2.4 Brain response to visual food cues in obesity and diabetes

As with food ingestion per se, central processing of visual food cues appears to be
altered by conditions associated with systemic insulin resistance. In one study,
patients with T2DM had greater food image-evoked activity in insula, OFC and
striatum than controls (Chechlacz et al, 2009). Patient self-reported dietary adherence
correlated positively with food-related activity in lateral OFC and negatively in NAcc,
putamen and amygdala, suggesting greater prefrontal inhibitory control and lower
reward processing of food stimuli are linked to dietary changes in T2DM. However,
diabetic subjects were older and many used insulin. Another study showed the food
cue-evoked insula, OFC and amygdala activations when fasted and post-prandial
reduction in insula and OFC activation were greater in overweight diabetic patients
than lean controls (ten Kulve et al, 2015), whilst food cue-evoked activation during a
somatostatin pancreatic-pituitary clamp in diabetic patients was greater in left insula
than lean, insulin-sensitive subjects, but lower in right insula than BMI-matched

insulin-resistant non-diabetic individuals (van Bloemendaal et a/, 2014).

These studies cannot tease apart effects of diabetes, obesity, insulin resistance, and
educational and medical interventions on the food cue-evoked responses in these
interoceptive, reward and salience processing centres. However, studies in women
with polycystic ovarian syndrome (PCOS) support an effect of systemic insulin
resistance, with increasing insulin resistance (based on 2-hr post-75g oral glucose
tolerance test (OGTT) glucose:insulin ratios) associated with smaller discriminatory
responses to high- compared to low-calorie food images in OFC, DLPFC, insula,
VTA, ventral pallidum and midbrain, and greater differential activation in dorsal
striatum, 5-hrs post-breakfast (Van Vugt et al, 2013). These striatal discriminatory
responses were smaller with increasing insulin resistance immediately after ingesting
glucose (Van Vugt et al, 2014), suggesting diminished salience processing and
hypersensitive reward processing of visual food cues during a period of fasting, the

latter diminishing immediately after a caloric load, with increasing insulin resistance.
When divided into insulin sensitive and resistant groups, defined by homeostatic

model assessment of insulin resistance (HOMA2%S)<60% (equivalent to HOMA-

IR>1.7) and post-OGTT glucose:insulin<l.5 mg/cl/pU/ml, oral glucose immediately
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attenuated the hunger observed after water ingestion equally (Van Vugt et al, 2014).
However, oral glucose reduced the differential response to high- compared to low-
calorie food images in DLPFC, insula, thalamus and midbrain in insulin sensitive
women, but only in temporal lobe in insulin resistant women. Direct comparisons
between groups showed that responses to viewing food images converted from
activations after water ingestion to deactivations after glucose ingestion in insula,
ACC, midbrain and precuneus in insulin sensitive women, the opposite occurring in
insulin resistant women. These data are consistent with a corticolimbic network that
is hypersensitive to external food cues with little discrimination for caloric content,
and hyposensitive to internal cues of energy availability in states of peripheral insulin
resistance, where the normal inhibitory effect of ingested glucose on these networks

when exposed to further food converts to an activation that may impair satiety.

The effects of obesity have been more widely examined. A meta-analysis of 10
published studies showed the obese response to food compared to non-food images is
attenuated in left DLPFC and insula and exaggerated in left DMPFC, right ACC,
precentral and parahippocampal gyri, consistent with diminished inhibitory control
(DLPFC) and interoceptive awareness (insula) and greater “wanting” (ACC) when
exposed to food cues (Brooks ef al, 2013). An impact of obesity on reward centre

responses was not found, possibly due to differences in cue salience between studies.

When the energy content of the food cues is manipulated, non-fasted obese women
have exaggerated activation of caudate, putamen, hippocampus and insula to high-
calorie food cues, with such responses in these regions and lateral OFC positively
correlating with BMI (Rothemund ef al, 2007). Frontal responses to low-calorie food
images were also exaggerated in this study, but as these images were rated as most
appealing, there were no significant discriminatory responses between food cues
classes. In another study, responses in fasted obese women to high compared to low-
calorie food cues were exaggerated in OFC, ACC, insula, NAcc, caudate, amygdala,

hippocampus and ventral pallidum (Stoeckel et al, 2008).

When feeding status is manipulated, a meta-analysis of published and unpublished
fMRI studies showed the obese response to food cues is exaggerated in hippocampus

and amygdala and attenuated in insula within the pre-meal state, whilst it is
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exaggerated in caudate and medial PFC post-prandially (Kennedy and Dimitropoulos,
2014). An effect of obesity on DLPFC responses was not detected. However, in one
study responses to food compared to object cues were exaggerated in anterior PFC
pre-lunch and in DLPFC and OFC post-prandially, despite hunger falling equally in
obese and lean groups (Dimitropoulos et al, 2012), which might be interpreted as an
attempt to control the exaggerated post-prandial reward network activity observed in
the meta-analysis by Kennedy and Dimitropoulos (2014). Pre-meal responses to
high- compared to low-calorie food images in parahippocampal gyrus and insula were
attenuated in obesity, suggesting interoceptive centres in obesity may be less

discriminatory of energy value of food cues, when highly salient, pre-meal.

A limitation of the meta-analysis by Kennedy and Dimitropoulos (2014) is that data
directly comparing differences in the change in food cue-evoked brain response from
before to after eating, between obese and non-obese subjects, were excluded, instead
only including data comparing groups within each nutritional state. However, one
study showed lean subjects had activation responses to high-calorie food cues that
attenuated post-prandially in OFC and deactivated in caudate and insula, whilst obese
subjects showed opposite findings in insula, with OFC and caudate activation being
insensitive to the meal (Dimitropoulos et al, 2012). Another study detected
interactions between stimulus, feeding state and subject group in ACC and putamen,
where lean subject responses to food images in ACC were deactivation when fasted
and activation when fed, the opposite observed in overweight subjects (Martens et al,
2013). Analyses within the fed state also showed PFC activation to food cues in lean
subjects, with deactivation in overweight subjects. Additionally, food cue-evoked
activity was positively correlated with BMI in ACC when fasted and negatively
correlated in PFC when fed. These data were interpreted as greater food-“wanting”
ACC signalling in obesity in the fasted state when food is most salient, that falls after
meal consumption, whilst post-prandial PFC inhibitory control of food-related
behaviour is diminished in obesity. This is consistent with the attenuated DLPFC

response to meal ingestion per se in obesity (Le et al, 2006, 2007).

Studies examining the neural correlates of cognitive processes such as imagery,
inhibitory control and attention to food cues support this hypothesis. Overweight

women have greater post-prandial activation of ACC, OFC, striatum, insula,
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parahippocampal gyrus and DLPFC than lean women when imagining the taste of
high-calorie foods, which may represent greater “wanting” (Frankort et al, 2012).
Decreasing pre-prandial DLPFC and increasing post-prandial putamen responses to
low-calorie food images are associated with self-reported impairment of satiety in
obesity (Ho et al, 2012). Greater recruitment of corticolimbic reward centres is
observed in obese than lean women when passively viewing high-calorie food images
(Scharmiiller et a/, 2012). However, after consciously reducing the perceived value
of these foods, activity in lateral OFC, DLPFC, insula and striatum increased above
that elicited from passive food image viewing in lean subjects, whilst this was limited
to OFC in obese volunteers, with appetite falling in lean subjects only. Similarly,
when lean, overweight and obese adolescent females were instructed to press a button
on viewing images of vegetables, but to inhibit responses to desserts, increasing BMI
was associated with faster and more erroneous presses, and lesser OFC, medial PFC,
VLPFC, superior and middle frontal gyri activation to desserts, consistent with
diminished prefrontal inhibitory control of responses to appetising foods (Batterink et
al, 2010). Greater insula activation during these inhibitory responses to desserts was
also observed with increasing baseline BMI, suggestive of greater food salience and
interoceptive awareness. At the same time, smaller opercula responses were
associated with greater weight gain 1 year later, suggesting that diminished gustatory
processing may be a risk factor for future weight gain. A visual attention study in the
same subjects similarly demonstrated increasing BMI was associated with faster
reaction times, and greater activity in insula, operculum and lateral OFC when
attending to cues that signalled the imminent presentation of appetising foods, with

OFC activation correlated with increases in BMI 1 year later (Yokum et al, 2011).

The observation that corticolimbic responses to food cues might predict future weight
brings into debate whether reward network activity alterations play a causative role in
obesity. In non-obese volunteers, increasing BMI is associated with decreasing PFC
and cingulate cerebral metabolic rate for glucose (CMRgjucose) in fluorodeoxyglucose
(["*F]FDG)-PET (Volkow et al, 2009) and greater ventral striatal D, receptor
availability (Caravaggio et al, 2013). One fMRI study showed meal ingestion
reduced insula, inferior and medial PFC responses to food images only in “obesity
resistant” subjects who maintain current weight with ease, whilst “obesity prone”

subjects showed post-prandial activation in medial and anterior PFC (Cornier et al,
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2013), similar to the studies in established obesity. However, the “obesity prone” had
greater BMI, and the history of fluctuating weight that characterised the propensity to
weight gain, itself may have affected PFC activity making it difficult to establish if
differences in brain activation were altered prior to weight gain. Another study
showed food cue-evoked NAcc responses in non-fasted women were associated with

weight gain at 6 months, although baseline BMI was unreported (Demos ef al, 2012).

Collectively these data are in keeping with a network of reward, incentive salience
and interoceptive centres that is hyper-responsive to external food cues, responses to
which are hyposensitive to the blunting effects of internal cues of recent meal
ingestion, potentially through inadequate prefrontal inhibitory control, in established
obesity and states of systemic insulin resistance, but may also provide a predilection
to future weight gain and obesity through impaired satiation. Longitudinal studies of

subjects who are initially of normal weight are required to confirm this hypothesis.

However, data consistent with a reward deficit or hyporesponsive model of obesity,
where greater food consumption is proposed to be needed to evoke the same degree of

18] jodobenzamide SPECT demonstrate lower striatal D,/D;

reward, also exist.
receptor availability in severely obese women (de Weijer et al, 2011). A
[11C]raclopride/[lgF]FDG—PET study also showed reduced striatal D, receptor
availability in severely obese compared to lean subjects, with increasing BMI
associated with reduced receptor availability in obesity (Wang et al, 2001). Whilst
there were no global or regional CMRyjucose differences in this study, striatal D,
receptor availability was positively associated with CMRgjueose in DLPFC, medial
OFC, and ACC in obesity (Volkow et al, 2008b). This was interpreted as diminished
bottom-up dopaminergic modulation of prefrontal inhibitory and reward salience
centres in obesity, although impaired prefrontal regulation of striatal activity is also
possible. Furthermore, a ['*F]fallypride-PET study has shown Ds receptor availability
in ventromedial striatum was negatively associated with BMI, consistent with a
hyporesponsive reward model, but within dorsolateral striatum was positively
associated with BMI and with measures of susceptibility to “opportunistic” or
habitual eating (Guo et al, 2014). A limitation of all these studies is that low D,
receptor availability could either represent a reward deficit system with low D,

receptor levels, or a hypersensitive striatum with increased dopamine release in
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obesity. In terms of food cue-evoked activity, one fMRI study has shown BMI to be
negatively correlated with responses to both high- and low-calorie foods in inferior
OFC, and to the former in ACC, suggesting diminishing prefrontal food salience
processing with weight gain (Killgore and Yurgelun-Todd, 2005a). However, feeding
status was not clearly controlled, with a minimum 90 mins duration of food

abstinence, and scans were performed at night, which may have affected performance.

1.2.5 Brain anticipatory (“liking”) and consummatory (“wanting”) responses to
food cues and food in health and obesity

The previous sections have shown that responses to meal ingestion and food cues, and
the effect of the former on the latter, are altered in conditions associated with systemic
insulin resistance. In a series of studies, based on the incentive motivation model
(Berridge et al, 2010), Stice et al (2009) highlight the importance of distinguishing
anticipatory (“liking”) responses to food cues from consummatory (“wanting”)
responses to food ingestion, but in the context of the sight or smell of food increasing
the anticipation for their subsequent consumption. Indeed, most fMRI studies
described above did not follow food cue presentation by consumption of the same
food. In healthy volunteers, cues alerting the imminent administration of an
appetising glucose tastant elicited greater midbrain, NAcc and amygdala responses
than to tasting glucose per se, whilst consummatory responses were greater than
anticipatory responses in OFC (O’Doherty et al, 2002). Using odours to signal later
tastant delivery, others have shown anticipatory responses were greater in lateral
OFC, thalamus, midbrain, ventral pallidum and amygdala, whilst consummatory
responses were greater in insula, conjunction analyses indicating insula/operculum

and OFC to have both anticipatory and consummatory functions (Small ez al, 2008).

Anticipatory and consummatory responses also appear to be altered in obesity. Obese
compared to lean females show greater anticipatory responses in insula and ACC, and
greater anticipatory and consummatory responses in operculum (Stice et al, 2008).
Increasing BMI was associated with greater anticipatory responses in DLPFC,
VLPFC and operculum and consummatory responses in operculum and insula, and
falling consummatory responses in caudate. This was interpreted to suggest a

hypersensitive anticipatory and consummatory reward network involving insula and
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PFC, and a consummatory reward deficit in caudate in obesity. Women expressing
high “food addiction” had greater anticipatory responses in DLPFC and caudate and
lower consummatory responses in lateral OFC compared to low “food addiction”
women, with increasing ‘“food addition” associated with greater anticipatory
responses in ACC, medial OFC and amygdala (Gearhardt ef a/, 2011). This could be
interpreted as lateral PFC inhibitory activity increasing in an attempt to control the
desire to eat (represented in medial OFC and ACC) when exposed to food cues.
Naturally, not all obese people are “food addicted”, as indicated by a lack of
association between addiction scores and BMI, and the data are at odds with the PET
study of chocolate cravers (Small et a/, 2001), possibly due to differences in weight

concern between the studies.

In a similar study, dorsal striatum and operculum consummatory responses were
greater, without any differences in anticipatory responses to food cues, in adolescents
at high risk of future obesity than those at low risk, where risk was based on parental
weight (Stice et al, 2011). However, a longitudinal study in overweight and obese
volunteers showed that weight gain reduced dorsal striatal consummatory responses
(Stice et al, 2010). It was thus proposed that a dorsal striatum network hypersensitive
to food consumption predisposes one to weight gain by overeating, but that once
obesity has developed, diminishing dopaminergic reward processing leads to the need
to consume more in order to achieve sufficient reward, similar to habituation models
of drug addiction. However, the fact that subjects were already overweight in the
longitudinal study, with baseline BOLD parameter estimates being activation in those
who gained weight and deactivation in those who later lost weight, limits this
hypothesis. In addition, tastant delivery rather than actual meal ingestion was used to
elicit “consummatory” responses in all these studies, whilst some used arbitrary
shapes as cues to which the association with subsequent “consummatory” tasks was
learned (Stice et al, 2008). The studies in the previous section describing the effect of
meal ingestion on responses to food cues may thus be more physiologically relevant,
but the data in this section highlight the need to differentiate consumption and

satiation, from anticipation and satiety.
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1.2.6 Impact of weight reduction on brain response to food ingestion and visual
food cues

Research examining whether changes in neural responses to food and food cues in
obesity are persistent or amenable to therapy, potentially as a treatment target, is
emerging. A [°O]H,O-PET study initially showed obese and “post-obese” subjects,
the latter with phenotypes matching lean subjects after maintaining weight loss for at
least 3 months through lifestyle changes, both had similarly greater increases in insula
rCBF on tasting food, and decreases in hippocampal rCBF after a satiating meal, than
lean subjects (DelParigi et al, 2004). However, as statistical methodology was
suboptimal, subsequent random-effects re-analyses showed post-prandial DLPFC
activity in “formerly obese” women did not differ from that of lean subjects, but was
attenuated in obesity (Le ef al, 2007). This suggests weight loss interventions may
normalise impaired post-prandial prefrontal inhibitory control centre activity in
obesity, improving satiation. An fMRI study of individuals achieving similar degrees
of weight loss as the PET study showed greater visual food cue-evoked activity in
frontal and temporal regions than lean and obese subjects (McCaffery et al, 2009). As
“post-obese” subjects also have longer reaction times on Stroop colour naming tasks
for high-calorie food words, a task dependent on response inhibition (Phelan et al,
2011), these data suggest greater engagement of inhibitory control centres on

exposure to food in those who successfully lose weight.

In keeping with previous investigations (Small ef al, 2001), a study of lean, non-
dieting females showed less ventral striatal and greater amygdala food cue-evoked
responses in those pre-fed milkshake than water, indicative of suppressed food reward
and increased food aversion centre activity when satiated (Demos et al, 2011).
Opposite findings in dieters suggestive of greater reward and reduced vigilance after
a meal appear to conflict with the hypothesis that improved inhibitory control and
suppression of food reward processing reduces weight through appetite suppression.
However, these dieters may not reflect “post-obese” states as weight history was
unknown, with the authors proposing this was an aversion response to violating usual
dietary restraint. In another study, overfeeding reduced food cue-evoked
hypothalamic and insula activity in lean subjects but not in individuals who had lost

weight through dietary changes (Cornier ef al/, 2009). Diminished homeostatic and
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hedonic centre responsiveness to excess food in this study may represent a persistent
obesity-prone trait with risk of weight regain, but this apparent lack of normalisation
of food-related brain activity may have been due to residual excess weight in the

“reduced obese”.

Food-related brain activity may also predict the efficacy of weight loss intervention.
A recent study demonstrated that a 12-week structured dietary weight loss programme
in obese volunteers reduced high-calorie food image-evoked activity in medial PFC,
consistent with earlier cross sectional studies, but also that greatest weight loss was
achieved in those with the smallest baseline ACC, operculum and insula responses
(Murdaugh ef al, 2012). Greater reductions in activity over the intervention period in
VTA, putamen, insula and hippocampus were associated with greater weight loss
maintenance 9 months later, consistent with earlier studies where lower food cue

reactivity is associated with less weight gain (Yokum et al, 2011).

Neuroimaging has also demonstrated activity in corticolimbic networks that regulate
eating may be consciously controlled to modulate food cue salience and reduce
habitual eating tendencies. In healthy volunteers, evaluating the health and taste value
of food images modulated VMPFC activity, whilst self-control when choosing foods
engaged DLPFC (Hare et al, 2009). Active restraint towards appetising food images,
by thinking about the long term consequences of eating such foods, engaged OFC,
inferior frontal gyrus, insula and DLPFC in healthy females, with greater restraint
associated with greater food-related DLPFC activity (Hollmann ef al, 2012). In a
similar study, “up-regulation” of thoughts about the pleasure of eating high-calorie
foods increased reward network activity in ventral striatum, VTA, medial OFC,
VMPEFC, operculum and insula (Siep et al, 2012). Activity of these networks is less
well developed in adolescence, where “cognitive appraisal” of appetising foods does
evoke greater superior frontal gyrus and VLPFC activity, but “suppression” is less
effective in engaging prefrontal control centres, instead increasing operculum activity

(Yokum and Stice, 2013).

Physical activity may also have complementary effects on food-related brain activity.
Observational studies show greater self-reported physical activity was associated with

decreasing differential responses to high- compared to low-calorie food images in
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medial OFC and anterior insula (Killgore ef al, 2013). However the study included
lean, overweight and obese subjects, which may have confounded the results, and
whose feeding state was not well defined. Acute high intensity aerobic exercise in
fasted lean volunteers reduced responses to food images in putamen, insula and
operculum, post-central and supramarginal gyri (Evero et a/, 2012). A 6 month
exercise programme resulting in reduced food intake, fat mass and a trend towards a
reduction in total body weight in overweight and obese volunteers, reduced food
image-evoked activity in insula, parietal and visual cortex, with greater reduction in
fat mass and body weight associated with greater attenuation of insula responses
(Cornier et al, 2012). The collective findings may represent a reduction in food-

salience and interoception encoding with both acute and chronic exercise.

The changes in activity of central homeostatic and hedonic networks after bariatric
surgery are also of interest. PET/SPECT data are currently conflicting, with increases
(Steele et al, 2010), decreases (Dunn et al, 2010), and no change (de Weijer ef al,
2014) in post-bariatric surgery striatal dopamine receptor availability reported.
However, current BOLD fMRI data are more consistent with each other.
Longitudinal studies show that whilst differences in somatosensory cortex responses
to ingested glucose in obese compared to lean individuals persisted despite Roux-en Y
gastric bypass (RYGB), defective hypothalamic responses in obesity improved post-
operatively, with hypothalamic functional connectivity with OFC and somatosensory
cortex changing in pattern towards that of lean subjects (van de Sande-Lee et al,
2011). RYGB also reduced post-prandial DLPFC, precuneus, dorsal cingulate,
lentiform nucleus and ventral striatum activation to visual and auditory cues of high-
compared to low-calorie foods, such that there were no longer any differences in cue-
evoked activation or desire to eat between the two food categories, due to greater
reduction of responses to high-calorie food cues post-operatively (Ochner ef a/, 2011).
These post-operative changes in lentiform nucleus, caudate, DLPFC, ACC, thalamus
activity were associated with the post-operative reductions in “wanting” or desire to
eat the presented stimuli, but not “liking” (Ochner et al, 2012b). Cross-sectional
studies show high-calorie food images were less appealing and elicited lower OFC,
striatum, hippocampus and cingulate gyrus activation in post-RYGB patients than
post-gastric banding patients (Scholtz ef al, 2014). Together these data are consistent

with a corticolimbic network that is hypersensitive to food cues in obesity, which
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normalises following bariatric surgery. Unlike weight-loss achieved via lifestyle
interventions, the post-operative reduction in DLPFC activity suggests this is a direct
reduction in reward network activity rather than being dependent on increased

prefrontal inhibitory control, and may be less prone to disinhibition (Volkow et al,

2011).

To date, only one study has examined the effect of therapies in patients with T2DM
on food related brain activity. As discussed earlier, the normal reduction in
hypothalamic BOLD signal with oral glucose is absent in T2DM (Vidarsdottir et al,
2007). Men with early T2DM undergoing just 4 days of an insulin sensitising very
low-calorie diet showed restitution of this response (Teeuwisse ef al, 2012), which the

authors suggest may represent an improvement in hypothalamic insulin sensitivity.

1.2.7 Impact of normal ageing on brain responses to food ingestion and food cues
In keeping with post-mortem data (Rinne et al, 1990), PET studies demonstrate
reduced striatal dopamine D; and D, receptor availability with age, decreasing by
7.4% and 7.9% per decade of life passed respectively from young adulthood (Volkow
et al, 1996; Wang et al, 1998). These studies mirror ['"*F]FDG-PET data where
ageing was associated with reduced fasting CMRgjucose 1n regions including OFC and
DLPFC in healthy volunteers, as well as insula in men and caudate in women (Kim et
al, 2009). This is in keeping with an increasing deficit in dopaminergic reward

processing with age that could explain the weight gain observed in middle age.

The post-prandial reduction in food cue-evoked corticolimbic BOLD signal in adults
(van der Laan et al, 2011) has also been demonstrated in younger children in OFC,
insula, parahippocampal gyrus, cingulate and fusiform gyri (Holsen et al, 2005).
However, prefrontal responses to high-calorie food images appear to be significantly
smaller in children and adolescents than young adults, with OFC responses increasing
in strength as children get older (Killgore and Yurgelun-Todd, 2005b). This would
suggest that responses to food in prefrontal cortical regions involved in processing
reward salience and self control continue to develop and mature from adolescence
through to young adulthood, with voxel based morphometry data showing associated

structural changes in both PFC and striatum (Sowell ef al, 1999).
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The central effects of obesity have been examined in children. Non-fasted responses
to food images were exaggerated in DLPFC and diminished in caudate in obese
compared to lean children, in keeping with a reward deficit model (Davids et al,
2010). Another study showed that responses to food images in obese children were
exaggerated in PFC when fasted and OFC when fed (Bruce ef al, 2010). Whilst both
groups of children showed post-prandial decreases in prefrontal and insula activation,
the reduction in PFC activity was smaller in the obese, with post-prandial reductions
in striatal, amygdala and parahippocampal responses observed in lean children only,
in keeping with adult data. Fasting insulin concentrations positively correlated with
post-prandial food cue-evoked hippocampal and insula activation, and negatively
correlated with frontal gyrus and thalamus activation (Wallner-Liebmann et al, 2010).
A study showing overweight children who lost weight after a 45 week diet and
exercise programme had greater food image-evoked putamen activation than non-
responders to the intervention (Kinder et al, 2014), contrary to adult data (Murdaugh

et al, 2012), may suggest a restoration of dopaminergic striatal reward processing.

As obesity is most prevalent in older, middle aged adults (Flegal et al, 2010), it is
prudent to investigate the impact of further ageing from young adulthood on such
food-associated neural responses. One group investigated the effect of ageing when
evaluating the pleasantness of a number of taste cues such as sucrose, caffeine, and
citric acid, before and after a 700kcal meal with greater responses to such stimuli in
older than younger adults, in both fasted (generally activation) and fed (generally
“negative activation” or deactivation) states, in regions including OFC, superior,
medial and inferior frontal gyri, caudate and parahippocampal gyrus (Jacobson et al,
2010). Significant negative associations between BMI or waist circumference and
responses in dopaminergic reward centres including caudate, NAcc, and amygdala in
older adults when fasted, but not when fed have been observed, with no such
associations detected in younger adults when either fasted or fed (Green ef a/, 2011).
However, these studies compared a group of young adults aged between 18-29 years,
with a group of older adults aged between 65-87 years, using artificial tastants rather
than food related stimuli. Examination of potential changes in corticolimbic
regulation of satiety and satiation that may be observed during the intervening years

when obesity is most prevalent is called for.
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1.2.8 Interim summary

Functional neuroimaging has shown that whilst changes in nutritional status alter
activity of homeostatic brain centres (hypothalamus), activity also changes in regions
that process reward (striatum), food salience (OFC), interoceptive awareness (insula),
memory (parahippocampal formation) and inhibitory control (DLPFC, lateral OFC).
The response to external food cues in these centres depends on the energy value of the
stimuli and an individual’s current nutritional status, which modulate cue valence and
its representation in these centres. Central homeostatic and hedonic network
regulation of appetite appears to mature from childhood to adulthood, and is altered in
obesity and T2DM, conditions associated with systemic insulin resistance. Indeed,
many studies show associations between circulating insulin, insulin resistance, and
neural responses to food and food cues. Whilst hyperinsulinaemic euglycaemic clamp
measures of peripheral (predominantly skeletal muscle) insulin resistance do not
predict future weight gain after adjusting for baseline BMI (Rebelos et al, 2011),
studies using fasting surrogate markers that predominantly reflect hepatic insulin
resistance under physiological conditions, do (Chen et al, 2015; Howard et al, 2004;
Mosca et al, 2004). Evidence for the involvement of circulating insulin at
physiological concentrations in appetite regulation via these brain networks, and how
defects in these processes might promote overeating in man and thus explain this

association between systemic insulin resistance and future weight gain are discussed.

1.3 Insulin modulates homeostatic and hedonic networks of appetite

control

Pancreatic insulin, circulating concentrations of which are associated with increasing
adiposity, modulates central responses to satiation signals (reviewed by (Woods and
D’Alessio, 2008)). The majority of cerebral insulin derives from circulating insulin
which crosses the BBB via saturable transporters, with highest transport rates in the
olfactory bulb, hypothalamus and pons-medulla (Banks, 2004; Banks et al, 2012;
Schwartz et al, 1992). As reviewed by Schwartz et a/ (1992), mathematical models
suggest insulin crosses the BBB into brain interstitial fluid first, before reaching

cerebrospinal fluid (CSF), consistent with observations that insulin concentrations in
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CSF are only 5-10% that of plasma. However, recent data reviewed by Gray et al
(2014) suggests a small proportion of insulin leaves the circulation via the ventricular
choroid plexus directly into CSF before reaching the subarachnoid space, with a
larger proportion crossing the BBB, the two admixing in the paravascular Vichow-

Robin space before eventually entering brain interstitial fluid (Figure 1.3).
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Figure 1.3

Insulin transport from circulation to brain interstitial fluid. BMEC = brain microvascular endothelial

cell (BBB). From Gray et al (2014).

Whichever model is correct, the finding that whilst peripherally infused insulin
reaches CSF relatively slowly (Wallum et al, 1987), insulin reaches brain tissue
rapidly (Banks and Kastin, 1998), is in keeping with the hypothesis that circulating
insulin may act as a satiety signal in the brain. Insulin receptors with intrinsic
tyrosine kinase activity are located in hypothalamic arcuate nucleus, ventromedial
hypothalamus (VMH), LH and PVN, VTA, olfactory bulb, hippocampus, cerebellum,
cerebral cortex and NTS in rats (Havrankova et al, 1978), with post-mortem data
suggesting similar patterns of distribution in humans (Hopkins and Williams, 1997).
Whilst insulin up-regulates peripheral GLUT4 glucose transporters, glucose transport
across the BBB (GLUT1) and into neurones (GLUT2/3), astrocytes (GLUT1) and glia
(GLUTS) is largely insulin independent. Instead, activation of neuronal insulin
receptor signal transduction pathways that involve mitogen-activated protein kinases
(MAPK) and phosphatidylinositol 3-OH kinase (IRS-PI3K), modulate neural
membrane potential by opening Kartp channels, and neuropeptide production

(Belgardt and Briining, 2010; Plum et a/, 2005, 2006). ICV injection (Air et al, 2002;
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Brown et al, 2006; Chavez et al, 1995) or intranasal inhalation (Hallschmid et al,
2004a, 2012) of insulin or insulin mimetics, increasing brain insulin whilst avoiding
systemic hypoglycaemia, reduces feeding and weight, presumably through altering
such central signalling mechanisms. Insulin (and leptin) increases arcuate nucleus
transcription of pro-opiomelanocortin (POMC), a precursor of o-melanocyte-
stimulating hormone (a-MSH), which acts on melanocortin receptors (MC3R and
MCA4R) to reduce food intake, and decreases transcription of neuropeptide Y (NPY)
and the melanocortin receptor antagonist, Agouti-related peptide (AgRP), which both
directly inhibit POMC neuronal activity. Downstream actions on LH and PVN
reduce food intake (Belgardt and Briining, 2010; Plum et a/, 2005, 2006).

As insulin receptors are located in VTA, prefrontal and insular cortices (Havrankova
et al, 1978), circulating insulin may not only regulate food intake with respect to
physiological requirements via the hypothalamus, but may modulate eating behaviour
through higher motivational and reward networks (Figlewicz, 2003; Figlewicz and
Benoit, 2009). In addition, the findings that (i) insulin activates peripheral nodose
ganglion vagal afferent neurones in vitro (Iwasaki et al, 2013), and (ii) insulin
administration into the dorsal vagal complex where these afferent neurones terminate
within the area postrema reduces food intake in vivo (Filippi ef al, 2014), may suggest
the appetite suppressive effects of insulin are also mediated via vagal afferents to the
brain. Parenthetically, centrally applied insulin, mediated through Kasrp channel
activation, improves peripheral effects of meal-related insulin by decreasing hepatic
gluconeogenesis in animal studies (Pocai et al/, 2005), an important mechanism in

post-prandial glucose control.

1.4 Defective central insulin signalling leads to obesity in animal models

Schwartz and Porte (2005) proposed that obesity and T2DM may develop through
impaired processing of central adiposity- or nutrient-related signals, including insulin,
leading to weight gain and further insulin resistance. Animal data support this model,
showing impaired transport of insulin across the BBB in diet-induced obese dogs

(Kaiyala et al, 2000) and obese Zucker fa/fa rats (Stein et al, 1987); development of
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obesity and peripheral insulin resistance following knockout of brain insulin receptors
or use of anti-insulin receptor antibodies (Briining ef al, 2000; Obici et al, 2002); and
impairment of downstream hypothalamic insulin signalling, POMC expression,
reduced weight loss and reduced suppression of feeding with ICV insulin in animals
fed a high fat diet (Arase et al, 1988; Clegg et al, 2005, 2011). Additionally, other
studies have shown obese IRS-2 knockout mice have intact suppressive responses to
insulin in hypothalamic orexigenic ghrelin-responsive neurones, but impaired insulin
responses within nodose ganglion afferents (Iwasaki ef al, 2013), whilst high-fat fed
rats failed to respond to insulin injected into the dorsal vagal complex (Filippi et al,
2014), suggesting that insulin resistance within the vagus may also contribute to the
development of obesity. The finding that rats prone to diet-induced obesity have pre-
existing impaired central insulin signalling, as do animals fed a high fat diet prior to
weight gain, suggests that central insulin resistance may play a causative role in the
development of obesity (Clegg et al, 2005, 2011). Insulin resistance may also affect
reward networks that influence non-homeostatic eating behaviour and energy balance.
Evidence to support a role of the diminished effects of insulin on the suppression of
reward network activity and resultant hyper-responsiveness to food-related stimuli
include the consumption of high fat diets that reduce ICV insulin- (or leptin-)
mediated suppression of sucrose self-administration (Figlewicz ef al, 2006) and loss
of conditioned place preference to amphetamine (Davis et al, 2008). High fat diet-
induced central insulin resistance could be a primary event leading to systemic
metabolic dysfunction both directly, and through dysregulated eating, subsequent
weight gain (Pagotto, 2009). The mechanisms involved in the development of
neuronal insulin resistance continue to be investigated, but include altered availability
of insulin receptors and IRS through overexpression of suppressor of cytokine
signalling 3 (SOCS3) and protein phosphatase 1b, tumour necrosis factor-alpha and
IL-6, which are involved in inflammation and induced by high fat diets, as well as
saturated fatty acids directly (Belgardt and Briining, 2010). However the finding that
a change back to a low fat diet in rats with diet-induced obesity reduces weight,
increases CSF insulin after peripheral administration of insulin, and regains the
anorexic effects of centrally applied insulin, suggests that defects in cerebral insulin

transport and action are reversible (Begg ef al, 2013).
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1.5 Insulin modifies brain activity in healthy humans

The following studies discussed show that intravenous insulin modulates spontaneous
and task-driven brain activity, although none have primarily been studies of appetite

regulation, unlike the studies of intranasal insulin.

1.5.1 DC potential, EEG and MEG studies of the effect of intravenous insulin

Electrophysiological techniques have demonstrated cerebral effects of circulating
insulin. In one electroencephalographic (EEG) study, an intravenous insulin and
glucose bolus produced a negative direct current (DC) potential shift in frontal brain
regions that started within 7 mins of insulin administration and reached a maximum
40-50 mins post-injection, occurring concurrently with changes in plasma insulin,
indicating a rapid effect of circulating insulin on brain activity (Hallschmid et al,
2004b). This was attenuated and delayed when hypoglycaemia was permitted,
suggesting nutrient depletion may override central insulin signalling. In a
magnetoencephalographic (MEG) study during a stepped hyperinsulinaemic
euglycaemic clamp, high rate insulin infusions increased spontaneous global beta and
theta activity, as well as activation of mismatch fields in the auditory cortex during
auditory discriminant tasks to two different tones (Tschritter et al, 2006). Two further
EEG studies have examined the effect of circulating insulin on brain activity during
cognitive tasks. In one study, insulin infusion, under hyperinsulinaemic euglycaemic
clamp conditions, altered auditory evoked potential (AEPs) responses specifically to
target stimuli, presented amongst standard stimuli during an oddball vigilance task,
increasing “P3” (positive deflection 280-700 ms post-stimulus, an indicator of target
processing) latency in parietal, frontal and central leads and frontal slow negative
potentials (280-700 ms) (Kern et al, 2001). Better performance during declarative
memory word recall and Stroop attention tasks, improvements in mood and decreased
hunger were also observed, which may have been facilitated by the changes in frontal
brain activity. However, a second study failed to show an effect of intravenous
euglycaemic insulin infusion, with concurrent somatostatin infusion, on occipital
visual evoked potentials (VEPs) to viewing a reversing chequerboard, potentially due

to this task being less cognitively demanding (Seaquist et al, 2007). However, these
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studies are generally in keeping with an effect of circulating insulin on activity of

attention and memory processing centres.

1.5.2 PET studies of the effect of intravenous insulin

Electrophysiology has good temporal, but poor spatial resolution, a limitation
overcome by functional neuroimaging. Early studies employed PET. Peripheral
insulin infusion to physiological concentrations, whilst suppressing endogenous
insulin production using somatostatin, increased global CMRgjycose by 15.3+12.5% in
healthy men, measured using ['"F]FDG)-PET (Bingham et al, 2002). Regional
analyses showed physiological concentrations of insulin had less effect on cerebellar
and brainstem CMRgiucose, hypothesised to be a protective property, ensuring
sufficient glucose uptake during starvation in these homeostatic centres at times when
insulin levels are particularly low. In a subsequent study using the same protocol,
insulin sensitive men showed a 17.4% insulin-induced global increase in CMRgjycose
(Anthony et al, 2006). With respect to global glucose uptake, insulin infusion was
associated with relative local increases in glucose uptake in bilateral ventral striatum,
and PFC (insula, ACC, retrosplenial cortex) and local decreases in cerebellar and
bilateral amygdala/hippocampal regions. Such changes in CMRjucose reflect altered
neuronal activity, either as a direct phenomenon of insulin on cellular metabolic
processes, or by indirectly influencing neuronal activity, and suggest systemic insulin
resistance is associated with regional brain resistance to circulating insulin. However,

behavioural effects of these changes in brain activity were not examined.

1.5.3 BOLD fMRI studies of the effect of intravenous insulin

BOLD fMRI has been used to examine the effect of circulating insulin on brain
activity during cognitive tasks. One of the first studies examined BOLD signals
evoked by viewing a reversing chequerboard before and during hyperinsulinaemic
euglycaemic clamp conditions, combined with somatostatin infusion (Seaquist et al,
2007). Insulin reduced visual cortex responses by 16%. However, with just 5
subjects, only subject-level analyses were performed, with no control for order
effects. Another study examined temporal lobe BOLD responses to a picture

encoding task during a baseline session followed by hyperinsulinaemic euglycaemic
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clamp on one day, and on another day a baseline study followed by either saline
infusion or a higher rate hyperinsulinaemic euglycaemic clamp (Rotte et al, 2005).
The combined effect of insulin at all rates was reported to reduce reaction times
compared to baseline, although direct comparisons between pairs of scans showed no
effect of insulin. Compared to saline, low rate insulin infusion was associated with
right fusiform gyrus activation, and when all 15 insulin infusion studies were
grouped, bilateral fusiform gyrus activation was observed, a region involved in visual
attention processing. The lack of significant findings with the high rate insulin
infusion alone and thus lack of a dose-response relationship, makes the validity of
these data questionable, but may be due to the study being underpowered. At present,
the effects of intravenous insulin on BOLD fMRI measures of brain activity during

studies of appetite have not been examined.

1.5.4 Behavioural / phenotypic studies of the effect of intranasal insulin

Intranasally applied insulin increases CSF insulin concentrations without significant
effects on peripheral insulin or glucose concentrations (Born ef al, 2002), reaching the
brain rapidly via direct extracellular pathways (Balin et al, 1986). Groups in
Germany have performed a series of investigations of the metabolic and neurological

effects of intranasal insulin.

Intranasal insulin acutely has implicit effects on satiation in men, reducing energy
intake during an ad-libitum meal without explicit effects on satiation or satiety as
measured by subjective hunger ratings before or after a meal (Benedict et al, 2008).
This was not observed in women, who instead showed acute cognitive improvements.
Prolonged intranasal insulin therapy over 8 weeks also reduced total body weight and
body fat in lean men, but not lean women (Hallschmid ez a/, 2004a). The weight loss
may have been due, in part, to reduced hunger observed after acute drug
administration, but also increased post-prandial thermogenesis (Benedict ef al, 2011).
Insulin also improved delayed word recall, mainly for emotional and neutral, rather
than for food-related words at 8§ weeks in men and women, and improved mood,
implying insulin acted on hedonic brain networks (Benedict ef al, 2004). A further
study replicated the observation that intranasal insulin administered when fasted had

no effect on satiation during a subsequent meal in women, but it did demonstrate an
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effect on satiety when administered immediately after eating, curtailing the post-
prandial rise in hunger and reducing the palatability of a subsequent pleasant snack
(Hallschmid et a/, 2012). Intranasal insulin thus appears to have differential effects in
men and women on satiation and satiety. Such “resistance” to the satiation effects of
cerebral insulin in women is consistent with observations in animal studies (Clegg et
al, 2003). This may not be a sex hormone dependent phenomenon, given the lack of
effect of intranasal insulin on hunger or food intake during a subsequent ad libitum
meal in both pre-menopausal women (all on oral contraception) and post-menopausal

women, of similar degree of insulin resistance (Krug et al, 2010).

In addition to these appetite effects, intranasal insulin also reduces pancreatic insulin
secretion, pre- and post-meal ingestion, with either no effect or small but significant
reductions in serum glucose (Benedict et a/, 2008, 2011; Heni et al, 2012), which may
be attributed to insulin-mediated activation of a central neural pathway, in keeping
with animal data showing cerebral insulin reduces hepatic glucose production,
interference of which reduces the suppressive effects of circulating insulin on hepatic
gluconeogensis (Pocai et a/, 2005). Furthermore, improvements in insulin sensitivity
after an acute administration of intranasal insulin, quantified by HOMA-IR (mainly
representing hepatic insulin sensitivity) (Heni et al, 2012) and hyperinsulinaemic
euglycaemic clamp techniques (predominantly representing skeletal muscle insulin
sensitivity) in lean, but not obese men, that were associated with changes in heart rate
variability (Heni et al, 2014c), may provide evidence that the acute peripheral insulin
sensitising effects of cerebrally-applied insulin are mediated by the parasympathetic

nervous system, effects that are diminished in obesity

1.5.5 EEG studies of the effect of intranasal insulin

Intranasal insulin has been found to have similar effects to intravenous insulin, on
resting brain activity during EEG studies of healthy men, inducing marked negative
DC potential shifts in frontal brain regions (Hallschmid et al, 2004b). Repeated,
pulses of intranasal insulin in healthy men alter AEPs to target stimuli during an
oddball vigilance task, increasing P3 latency as found with intravenous insulin, and
reducing “N1” (100 ms post-stimulus vertex negative deflection, a nonspecific

cortical arousal response) and P3 AEP component amplitudes, being most pronounced
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over frontal brain regions (Kern et al, 1999). Hunger was unaltered although this

study was not designed to examine intranasal insulin effects on appetite.

1.5.6 BOLD fMRI studies of the effect of intranasal insulin

Functional neuroimaging studies of spontaneous, task-independent BOLD signal or
“resting state” activity are now emerging. Two reports by the same group examined
the effect of intranasal insulin in healthy females on the fractional amplitude of low-
frequency fluctuation (fALFF) in spontaneous BOLD signal. Intranasal insulin
improved markers of peripheral insulin sensitivity. Increasing insulin sensitivity 30
mins after intranasal insulin, was associated with concurrent decreasing hypothalamic,
putamen and OFC activity, whilst at 120 mins, increasing insulin sensitivity was
associated with greater insula activity (Heni ef al, 2012). The authors suggested the
improvements in peripheral insulin sensitivity were mediated by insulin signalling in
brain reward networks. However, a transient rise in serum insulin concentrations was
observed after insulin inhalation, before a subsequent fall in serum glucose, insulin
and c-peptide during fMRI, suggesting intranasal insulin leaked into the systemic
circulation. The reduction of glucose and endogenous insulin secretion puts the use of
HOMA-IR as a measure of dynamic changes in insulin sensitivity into question and
the placebo data were not included in the analyses. A reduction in resting OFC and
hypothalamic activity between 30-90 mins after intranasal insulin compared to
placebo administration was later reported, suggesting central insulin signalling might
reduce spontaneous activity of homeostatic and reward processing centres in the
fasted state (Kullmann ef al, 2013). This suppressive effect of activity by insulin
diminished with increasing body mass in ACC at 30 mins, and PFC at 90 mins,
suggests a possible resistance to the effects of insulin, although all subjects were lean,
precluding any conclusion about its effects in obesity. In addition, whilst subjective
hunger in the fasted state was unaffected by intranasal insulin, the study was not

designed to examine central appetite control mechanisms.

BOLD fMRI is more conventionally used to examine task-driven signal changes.
One study investigated the effect of intranasal insulin during visual stimulus-evoked
fMRI (Guthoff et al, 2010). Intranasal insulin increased blood insulin concentrations

when the post-insulin fMRI commenced, returning to baseline concentrations by the
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time fMRI was completed, without affecting glucose concentrations. Subjects
identified blurred images that gradually became clear, faster if they were food than
object images. Although intra-nasal insulin did not affect response times, it did
attenuate the deactivation to food images in bilateral fusiform gyrus, right
hippocampus, right superior temporal cortex and left post-central cortex for the “pop-
out condition” between image presentation to recognition, and the right middle frontal
cortex for the “response condition” between recognition to the end of stimulus
presentation. These data suggest cerebral insulin may alter activity of regions
involved in visual processing, recognition and decision making, with preferential
effects towards food-related stimuli, and may imply a role for post-prandial insulin on

appetite regulation when faced with food cues.

1.5.7 ASL fMRI studies of the effect of intranasal insulin

pASL fMRI has shown the acute administration of intranasal insulin does not affect
visual cortical rCBF, nor concurrent BOLD signal, at rest and during visual
stimulation (Grichisch et al, 2012). However, this study was small with a limited ROI
analysis, such that effects of insulin elsewhere in the brain were not measured, nor its

effect on appetite or weight.

A larger randomised control cASL study showed intranasal insulin acutely increases
bilateral insula, opercula and left putamen and caudate rCBF in healthy men, regions
that process interoception, gustatory sensation and reward (Schilling et al, 2013).
Insulin did not alter subjective measures of appetite, which may have been due to the
much lower doses of insulin used compared to previous studies, and may have been
affected by the variable period of fasting prior to the scan, with subjects being studied
either in the morning or afternoon. Previous studies also show lack of effect on
subjective measures of appetite using visual analogue scales, despite reductions in
food intake (Benedict et al, 2008; Jauch-Chara et al, 2012; Kern et al, 1999,
Kullmann et al, 2013), suggesting intranasal insulin may induce satiation implicitly.
Interestingly, a study of the cognitive effects of intranasal insulin in patients with non-
insulin treated T2DM demonstrated increases in insula rCBF with intranasal insulin
that were not observed in the non-diabetic control group (Novak et al, 2014).

However, the use of the same low dose of insulin in a much older age group
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compared to previous studies, the mixed gender and unreported BMI of both groups,
and the use of oral hypoglycaemic agents that may potentially influence cerebral
responsiveness to insulin, may explain the apparently greater effects of intranasal

insulin in diabetic subjects and the apparent lack of effect in controls in this study.

As described earlier, intranasal insulin immediately improves peripheral insulin
sensitivity, as indicated by an increase in glucose infusion rates during a concurrent
hyperinsulinaemic euglycaemic clamp (Heni et al, 2014c). In a sub-section of
subjects, pASL-measured changes in hypothalamic rCBF after intranasal insulin, were
correlated with the accompanying changes in insulin sensitivity. Collectively, these
ASL data are consistent with an effect of intranasal insulin, via homeostatic and

reward processing centres, on peripheral insulin sensitivity and appetite, respectively.

1.5.8 Brain MR spectroscopy studies of the effect of intranasal insulin

The intraneuronal effects of insulin in man are now being examined through other
MRI techniques. For example, the reduction in calorie intake during an ad-libitum
meal by the preceding administration of intranasal insulin is associated with insulin-
evoked increases in cortical ATP and phosphocreatinine concentrations measured by
3'P magnetic resonance spectroscopy (Jauch-Chara er al, 2012). The authors interpret
these data to suggest that the availability of cerebral energy substrate per se influences
eating behaviour, with less energy leading to greater food intake, and that insulin may
manipulate brain energy levels. However, it is also possible that insulin may similarly
increase ATP levels in brain networks that regulate appetite, reflecting changes in

neuronal activity, in order to induce satiation.

1.5.9 Interim summary

By increasing cerebral insulin levels whilst avoiding hypoglycaemia, intranasal
insulin acutely increases brain energy substrate (Jauch-Chara et al, 2012), post-
prandial thermogenesis (Benedict et al, 2011) and satiation (Benedict ef al, 2008) in
healthy men, whilst chronic administration reduces body weight and fat (Hallschmid
et al, 2004a). Cognitive effects of acute intranasal insulin are more apparent in

women (Benedict et al, 2008; Krug et al, 2010), but subtle changes in satiety,
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influencing post-prandial food choices, have been shown (Hallschmid et al, 2012).
Physiological concentrations of circulating insulin increase global CMRgiycose
(Bingham et al/, 2002) with local increases in CMRgjucose 1n ventral striatum, insula,
PFC and ACC and decreases in cerebellum, amygdala and hippocampus (Anthony et
al, 2006), and reduce visual cortex responses to visual stimuli (Seaquist et al, 2007).
Insulin administered intravenously with glucose, or intranasally, alters EEG
(Hallschmid et al, 2004b; Kern et al, 1999, 2001) and MEG (Tschritter et al, 2006)
measures of frontal brain activity, as well as resting state OFC and hypothalamic
BOLD signal (Kullmann et al, 2013) in non-appetite studies, improves processing of
food-related visual stimuli with changes in frontal and temporal cortical, fusiform
gyrus and hippocampus BOLD signal (Rotte ef al, 2005; Guthoff et al, 2010), and
increases insula, operculum and ventral striatum perfusion (Schilling et al, 2013).
Whilst acute improvements in peripheral insulin sensitivity associated with changes in
hypothalamic resting state activity and perfusion following intranasal insulin are
consistent with changes in homeostatic network activity by cerebral insulin (Heni et
al, 2012, 2014c), these data support the hypothesis that insulin may suppress appetite

by modulating dopaminergic “wanting” and opioid “liking” reward network activity.

1.6 Evidence of brain insulin resistance in man

CSF insulin levels are lower in obesity, and CSF:plasma insulin ratios are negatively
associated with BMI, fat mass, waist and hip circumference, and positively associated
with insulin sensitivity, the latter explaining 40% of the variance in this ratio (Kern et
al, 2006), this relationship persisting after adjusting for age, gender and BMI (Heni et
al, 2014b). Insulin transport across the BBB and brain insulin receptor expression
diminish with age in animal (Frank et al, 1985) and human post-mortem studies
(Frolich et al, 1998), and CSF:plasma insulin also falls with age (Sartorius et al,
2015). These data suggest that insulin transfer across the BBB falls with normal

ageing, and is impaired in insulin resistant states.
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1.6.1 fMRI studies of resting state activity

Increasing HOMA-IR is associated with increasing pASL measures of resting rCBF
in somatosensory cortex, operculum and insula, DLPFC and posterior cingulate cortex
(PCC) in healthy, fasted volunteers (Ryan ef a/, 2013). This suggests systemic insulin
resistance modulates activity of regions considered to be part of the default mode
network (DMN), which is active at rest and reflects spontaneous, non-task-driven
activity, that are also regions involved in corticolimbic reward processing. Functional
connectivity or synchronicity within neural networks is another measure of resting
state brain activity. In a study of functional connectivity within five networks, some
proposed to be involved in food processing, functional connectivity strength in the
fasted state was greater in precuneus and PCC (DMN) and lower in right ACC
(DMN) and left insula (temporal lobe network) in obesity (Kullmann et al, 2012).
The authors proposed that this might indicate altered connections between regions
involved in higher cognitive (PCC) and affective processing (ACC) and in orexigenic
regions (insula) that regulate eating in obesity. Functional connectivity strength was
also positively associated with BMI, independent of fasting insulin levels, in left OFC
(prefrontal higher executive function network) and left precuneus (DMN) and
negatively associated with BMI in right ACC (DMN) and left insula (temporal cortex
network). Interestingly, fasting functional connectivity strength was negatively
associated with the screening Matsuda index of insulin resistance, independent of
BM]I, in left OFC (prefrontal network) and right putamen (basal ganglia network),
suggesting that increasing peripheral insulin resistance is associated with increasing
activity in regions involved in reward processing and higher executive or inhibitory
control. The impact of systemic insulin resistance on central appetite control

mechanisms using functional connectivity techniques has yet to be explored.

1.6.2 EEG/MEG studies of the effect of intravenous insulin

Electrophysiological studies provide more conclusive evidence for cerebral resistance
to insulin. For example, the insulin-induced increase in magnetic mismatch negativity
and spontaneous beta and theta band cortical activity discussed earlier in lean subjects
during hyperinsulinaemic euglycaemic clamp conditions, was either diminished or
absent in obese subjects (Tschritter ef al, 2006). When stratified by Insulin Receptor

Substrate-1 polymorphism, insulin-induced beta activity was greater in subjects
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carrying wild-type Gly/Gly than Gly/Arg or Arg/Arg genotypes (Tschritter et al,
20006), the latter genotypes linked with reduced insulin signalling and peripheral
insulin resistance (Marini ef al, 2003). Similarly, when stratified by 70O genotype,
reduced insulin-induced beta activity is observed in subjects carrying the obesity (AC
or CC) than wild-type (AA) allele, independent of /RS-1 polymorphism (Tschritter et
al, 2007b). Whilst these earlier studies demonstrated a negative association between
insulin-induced beta and theta activity with BMI (Tschritter ef al, 2006, 2007b), more
recent analyses suggest increasing BMI is independently negatively associated with
theta activity, and ageing may reduce insulin-induced beta activity (Tschritter et al,
2009a). These also demonstrated an association between peripheral insulin sensitivity
and beta and theta activity. Although these associations were no longer significant
after adjusting for BMI and age, a subsequent study showed insulin-induced theta
activity was inversely associated with fasting saturated NEFA, visceral fat and liver
fat, independent of BMI, with the effect of fasting saturated NEFA remaining
significant after correcting for the latter fat depots, suggesting dietary fat may play a

role in the development of cerebral insulin resistance (Tschritter ef al, 2009b).

In clinical practice, the use of detemir, a longer acting insulin analogue, compared to
intermediate acting NPH insulins, has been associated with less weight gain. The
long duration of action of detemir is achieved by a '*C fatty acid side chain that binds
to albumin. As albumin may reach the CSF via the choroid plexus epithelia, detemir
may have greater access to the brain than human insulin. Indeed, healthy men
undergoing a hyperinsulinaemic euglycaemic clamp showed more negative DC-
potential shifts with intravenous detemir than human insulin, the degree to which was
associated with differences in carbohydrate and protein intake during a post-clamp ad-
libitum meal, with significantly lower total energy intake after infusion of detemir
(Hallschmid et al, 2010). This was not associated with any differences in subjective
appetite between the two clamp conditions, suggesting that the greater anorexigenic
effects of detemir may by mediated by satiation signals that terminate meal ingestion,
independent of the motivation driven by hunger or fullness. Much higher doses of
detemir than human insulin were used to compensate for pharmacodynamic
differences, in order to achieve comparable effects on peripheral glucose and glucose
infusion rates during the clamp. However, whilst the peripheral effects may have

been equipotent, animal data suggest the central pharmacodynamics of the two
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insulins are not, detemir having greater central effects than human insulin, at doses of

equal systemic glucose lowering effect (Hennige et al, 2006).

Nevertheless, if cerebral insulin resistance does occur at the BBB level, these studies
may suggest that it can be overcome by insulin detemir. A recent study demonstrated
beta activity was unaffected by human insulin during hyperinsulinaemic clamp
conditions in overweight subjects, but increased when infused with detemir to levels
observed in lean subjects receiving human insulin (Tschritter et a/, 2007a). It should
be noted that in overweight subjects the initial bolus of detemir was 5-fold greater and
infusion rate double that of human insulin, resulting in 40-fold higher level of detemir
than human insulin due to albumin binding with the former, whilst the glucose
infusion rate to maintain euglycaemia was significantly greater with human insulin.
However, the authors reported that this increase in beta activity persisted after
correcting for differences in glucose infusion rate. Interestingly, in patients with type
1 diabetes, detemir compared to NPH insulin increases fullness and reduces weight,
increases CSF levels of insulin, and increases rCBF in appetite-reward networks
(insula, putamen, caudate, thalamus, ACC, PCC and right medial inferior frontal
cortex) as measured with [’O]H,0-PET without any difference in cerebral glucose
metabolism during ['"*F]FDG-PET, and reduces visual food cue-evoked insula BOLD
signal (van Golen et al, 2013, 2014).

1.6.3 PET studies of the effect of intravenous insulin

When compared to insulin sensitive subjects, insulin resistant subjects (HOMA-IR
>2.77, representing the upper 20% distribution of HOMA-IR) infused with insulin
reaching physiological concentrations, with endogenous insulin secretion inhibited by
somatostatin, showed smaller increases in CMRgjucose globally and locally in ventral
striatum and PFC (including insula), with no difference in local reductions in
amygdala, during ["*FJFDG-PET (Anthony et al, 2006). Although not directly
examined, the authors interpret these data within the context of eating behaviour,
hypothesising that greater post-prandial insulin responses to a meal are required to
generate a pleasant experience in people with systemic insulin resistance, whilst a
greater reduction in activity in regions involved in processing fear and anxiety from

such an insulin response may exaggerate the sensation of comfort after a meal.
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Supraphysiological concentrations of insulin under hyperinsulinaemic euglycaemic
clamp conditions increase whole brain CMRgjycose by 18% in patients with impaired
glucose tolerance (IGT), with no significant effect in healthy volunteers during
['"*FIFDG-PET (Hirvonen et al, 2011). This effect of insulin in IGT patients was
maximal in insula, even after correcting for age. Whole brain blood flow measured
by [*O]H,O-PET was not different between the two groups, and did not change with
insulin infusion, although changes in rCBF were not assessed. Whilst the effects of
hyperglycaemia, obesity and insulin resistance cannot be disentangled, the data from
these two studies suggest there is a maximal effect of the lower physiological
concentrations of insulin on brain metabolism in insulin sensitive subjects, whilst
such responses to insulin are only observed at much higher concentrations in states of

peripheral insulin resistance, especially in interoceptive processing centres.

A more recent study of people with newly diagnosed, untreated T2DM or prediabetes
showed increasing insulin resistance was associated with decreasing fasted
CMRjucose, after correcting for fasting and 2 hour post-75g OGTT glucose levels, in
OFC, precuneus, PCC, temporal and parietal cortices (Baker et al, 2011). Whilst this
study’s use of HOMA-IR to quantify insulin resistance in abnormal glucose states is
questionable, the data are consistent with the earlier PET studies of diminished

activity in brain regions involved in processing food salience.

1.6.4 MR spectroscopy studies of the effect of intravenous insulin

A 'H-MRS study demonstrated no differences in baseline cerebral metabolite
concentrations between healthy men with low and high insulin sensitivity defined by
median whole-body glucose wuptake during a subsequent hyperinsulinaemic
euglycaemic clamp (Karczewska-Kupczewska et al, 2013). However, insulin during
the clamp increased frontal concentrations of N-acetylaspartate (NAA), a marker of
neuronal density, integrity and functionality, and in frontal and temporal regions
insulin increased glutamine/glutamate/GABA (Glx) neurotransmitters, and decreased
choline and myo-inositol, glial cell markers, in high insulin sensitive subjects only.
Insulin sensitivity was also associated with insulin-mediated changes in frontal NAA
and temporal myo-inositol and GIx across the groups. This suggests high

concentrations of circulating insulin increase frontal metabolic activity, and alter
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frontal and temporal synaptic plasticity, cellular signalling and membrane turnover,
effects that are impaired in systemic insulin resistance. These results differ from the
[ISF JFDG-PET studies that showed the increases in frontal and insula CMRgjycose With
physiological insulin concentrations in insulin sensitive subjects (Anthony et al,
2006), were only demonstrable in insulin resistant subjects during hyperinsulinaemic
conditions (Hirvonen et al, 2011), but are consistent with a diminished effect of
circulating insulin on prefrontal activity in systemic insulin resistance, the threshold

for which being dependent on the metabolic process being measured.

1.6.5 Behavioural / phenotypic studies of the effect of intranasal insulin

In addition to characterising the effects of intranasal insulin in health, groups in
Germany have used intranasal insulin to demonstrate diminished effects of cerebral
insulin in conditions of, or associated with, peripheral insulin resistance. Obese men
randomised to receive an 8-week course of intranasal insulin showed no significant
change in hunger, body weight, fat or composition, compared to volunteers receiving
placebo (Hallschmid et a/, 2008), unlike the weight loss observed in non-obese men
(Hallschmid et al, 2004a). This lack of effect in obesity supports the concept of
cerebral insulin resistance, but unlike the intravenous insulin studies, at a post-BBB

level, which may play a role in the development of obesity.

1.6.6 EEG / MEG studies of the effect of intranasal insulin

A MEG study showed that fasting resting state functional connectivity was no
different between lean and overweight volunteers, but differences in insulin-induced
theta band path length (a measure of global interconnectedness) became apparent 30
mins after intranasal insulin (Stingl ef a/, 2010). A positive relationship between BMI
and theta band path length across the whole group was observed, which the authors
interpret as worsening global network communication efficiency with obesity, and

thus decreasing signalling between appetite regulatory centres in response to insulin.
Intranasal insulin did not affect performance for a visual memory task of food and

non-food pictures, but selectively increased M2 (140-190ms) higher visual cortex-

evoked potentials to food pictures in lean subjects only, without affecting MEG
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responses to non-food pictures in either group (Guthoff et a/, 2011). Higher fasting
glucose, insulin and c-peptide in overweight subjects were suggestive of greater
insulin resistance. This is consistent with subconscious effects of insulin on brain
responses to food-related stimuli and satiety processing, effects to which the brain is

“resistant”, in systemic insulin resistance.

1.6.7 fMRI studies of the effect of intranasal insulin

In the study described earlier that examined the effect of intranasal insulin on resting
state brain activity in healthy women, BMI was positively correlated with changes in
fALFF 30 mins after drug administration in superior frontal gyrus, and with changes
in fALFF 60 mins after drug administration in ACC (Kullmann et al, 2013). Thus
increasing BMI in normal weight subjects is associated with increasing responses to
centrally applied insulin in the fasted state in regions involved in functions such as
decision-making and attention, which are implicated in regulating eating behaviour.
As BMI is commonly associated with systemic insulin resistance, it is possible that
the latter may be involved in mediating these findings, although these subjects were
all of normal BMI, and measures of insulin resistance were not reported. These data
contradict the reduced MEG responses to intranasal insulin in obesity, although the

incongruence of BOLD vs MEG responses is recognised (Grummich et al, 2006).

As described earlier, acute improvements in peripheral insulin resistance, quantified
by HOMA-IR, have been observed 120 mins post-intranasal insulin (Heni et al,
2012). Greater improvements in peripheral insulin sensitivity were associated with
greater reductions in resting state activity, as defined by fALFF, in hypothalamus at
30 mins post-intranasal insulin and putamen and OFC at 120 mins, and greater
increases in resting state insula activity at 120 mins. This may suggest impaired
suppression of homeostatic and reward processing and impaired activation of
interoceptive processing networks by acute central insulin administration results in
diminished improvements in systemic insulin resistance. Given the involvement of
these networks in appetite regulation, and the previously described lack of
improvement in satiety and weight with longer-term intranasal insulin treatment in
obesity, the relationship between peripheral and central insulin responsiveness and

appetite regulation require further exploration.
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1.6.8 PET/SPECT studies of neurotransmitter activity

Dopaminergic and opioid reward pathway signalling in insulin resistance-associated
conditions are now being investigated. A ['*’I]iodobenzamide SPECT study in obese
women prior to bariatric surgery found a non-significant trend towards decreased
resting striatal D,/Ds receptor availability with decreasing peripheral (but not hepatic)
insulin sensitivity based on a two step hyperinsulinaemic euglycaemic clamp with
stable glucose isotopes, suggesting impaired striatal dopaminergic reward processing
in states of peripheral insulin resistance (de Weijer et al, 2014). A PET study showed
that the insulin sensitivity index for glucose disposal using oral glucose minimal
modelling, was negatively associated with ventral striatal ['*F]fallypride binding in a
mixed group of lean and obese, fasted women (Dunn ef al, 2012b). As ['*F]fallypride
competes with endogenous dopamine, it is possible that increased extracellular
dopamine and therefore striatal signalling occurs with increasing insulin sensitivity.
However, the only relationship between ['*F]fallypride binding and peripheral
hormones measured during the study to survive correction for BMI was ghrelin,
where increasing fasting ghrelin levels were associated with reduced ['*F]fallypride

binding in caudate, putamen, striatum and amygdala (Dunn ef al, 2012b).

Lastly, a [''C]carfentanil-PET study in obese, insulin resistant (based on HOMA-IR)
women with PCOS had greater p-opioid receptor availability than lean insulin
sensitive non-PCOS controls in NAcc/ventral pallidum and amygdala (Berent-
Spillson et al, 2011). Whilst effects of altered sex hormone secretion or obesity
cannot be excluded, the authors interpreted this to represent a hyporesponsive reward

network in insulin resistance with compensatory opioid receptor upregulation.

1.6.9 Insulin resistance and cerebral perfusion

Regional cerebral blood flow as measured by ASL correlates with BOLD fMRI
measures of resting state activity (Li et al, 2012b; Viviani et al, 2011; Zhu et al,
2013). Based on the concept of neurovascular coupling, the haemodynamic responses
detected with these neuroimaging techniques act as surrogate markers of neuronal
activity. However it is conceivable that insulin resistance may elicit cerebrovascular
effects per se. Early studies in T2DM demonstrated diminished cerebrovascular

133

reactivity to inhaled carbon dioxide using ~~Xe-inhalation methods (Dandona ef al,
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1978) and transcranial Doppler ultrasonography (Novak et al, 2006). pASL MRI has
detected lower global CBF in insulin resistant, non-diabetic volunteers, compared to
insulin sensitive volunteers and patients with T2DM, decreasing with increasing waist
circumference (Rusinek et al, 2015), although insulin resistant and diabetic groups
were of greater BMI and had more female volunteers, and the diabetic group were
generally taking antihypertensive therapies. Similarly, *"Tc-HMPAO SPECT
measures of temporal, occipital and superior frontal CBF are lower in volunteers with
metabolic syndrome (Efimova ef al, 2014). pCASL measures of global grey matter
CBF after a 4 hour fast in volunteers with metabolic syndrome was 15% lower than
controls, with high waist circumference and triglycerides independently predicting
CBF, with voxel-wise analysis demonstrating lower medial and lateral frontal parietal

lobe and lateral temporal and occipital lobes rCBF (Birdsill ef a/, 2013).

1.6.10 Intervention studies

A 9-month lifestyle intervention study, adapted from the Diabetes Prevention Study
(Tuomilehto ef al, 2001), of healthy volunteers showed that whilst the 2.7+0.8 kg
weight loss observed at 9 months was not sustained at 2 years follow-up, reductions in
total and visceral adipose tissue and intrahepatic lipid were observed at 2 years
(Tschritter et al, 2012). Baseline beta and theta MEG responses to insulin during a
hyperinsulinaemic euglycaemic clamp were negatively associated with absolute total
and visceral adipose tissue (adjusted for change in body weight) at both 9 months and
2 years. Baseline cerebral insulin sensitivity as defined by the insulin-stimulated theta
responses did not predict final body weight, but was associated with lower self-
reported fat and saturated fatty acid intake at the end of the study, as well as being
associated with greater adherence to the dietary and physical activity changes of the
intervention. These findings are compatible with inter-individual differences in
cerebral insulin sensitivity contributing to the variance in success of lifestyle
interventions in achieving weight loss and preventing diabetes, which may also play
an aetiological role in the development of obesity. Unfortunately, the impact of the
intervention itself on brain insulin sensitivity was not examined, bringing into

question whether this may potentially be modifiable.
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1.6.11 Interim summary

Obese humans have low CSF insulin concentrations (Kern et al, 2006) and are
resistant to weight loss and satiety effects of intranasal insulin (Hallschmid et al,
2008). MEG studies show reduced responses to peripheral insulin infusion under
euglycaemic conditions in obesity, carriers of obesity-related FTO genotype and
diabetes-associated IRS-1 polymorphisms, which are restored by insulin detemir
infusion (Tschritter et al, 2006, 2007b, 2007a, 2009b), whilst responses to intranasal
insulin per se correlate with BMI (Stingl et al/, 2010), with attenuated effects of
intranasal insulin on food image-evoked responses in obesity (Guthoff et al, 2011).
The diminished changes in ventral striatal and PFC glucose metabolism evoked by
physiological levels of circulating insulin in systemic insulin resistance states
(Anthony ef al, 2006) only reach normality with supraphysiological insulin
concentrations (Hirvonen et al, 2011), consistent with reduced dopaminergic reward
signalling in systemic insulin resistance (Dunn et a/, 2012b; de Weijer et al, 2011).
Cerebral sensitivity to insulin predicts the success of lifestyle intervention in

achieving sustained weight loss (Tschritter et al, 2012).

1.7 Other circulating hormones that may regulate weight and appetite

modulate brain activity in man

Evidence that other circulating hormones involved in appetite regulation modulate

brain homeostatic and hedonic networks activity are briefly reviewed.

1.7.1 Leptin

Leptin, an adipokine, reduces food intake and increases energy expenditure, resulting
in weight loss in obese patients with congenital leptin deficiency, and has been used
as a model to investigate the central effects of this hormone (Farr et al, 2015). Leptin
therapy in three adults with congenital leptin deficiency reduced post-prandial BOLD
fMRI signal responses to high- compared to low-calorie food images in insula,
fusiform and parahippocampal gyri and increased medial, superior and middle frontal

gyri responses (Baicy et al, 2007). In teenagers with congenital leptin deficiency,
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leptin therapy reduced food cue-induced activation of striatum (Farooqi et a/, 2007),
amygdala, substantia nigra and VTA and increased OFC activation (Frank et al,
2011). Leptin deficiency is also observed in lipodystrophy, conditions associated
with marked insulin resistance. Leptin analogue therapy reduced fasting caudate and
post-prandial amygdala, hippocampus, insula, and striatal responses and increased
OFC responses to food images in 10 lipodystrophic subjects (Aotani et al, 2012).
These data support a role for leptin in suppressing food-related striatal reward activity
in both fasted and fed states and the normal suppressive effect of meal ingestion on

interoceptive processing in insula and increasing satiation processing within PFC.

In the absence of leptin deficiency, post-prandial leptin concentrations are positively
associated with post-prandial visual food cue-induced ventral striatal activity
suggesting a possible role in normal appetite regulation (Grosshans et al, 2012).
However, leptin levels are generally greater in obesity, reflecting greater adiposity,
which falls after weight loss (Considine et al, 1996), whilst leptin analogue therapies
are not associated with weight loss, indicative of a resistance to the weight loss effects
of leptin (Zelissen et al, 2005). The finding that increasing fasting leptin levels are
associated with decreasing putamen and opercula grey matter volumes, regions
involved in reward and gustatory processing, may reflect this resistance to the weight

loss of effects of leptin in obesity (Pannacciulli ef al, 2007a).

1.7.2 GLP-1 and GLP-1 receptor agonists

GLP-1, an incretin hormone secreted from L cells of the gastrointestinal tract upon
food ingestion, stimulates insulin secretion and suppresses glucagon in a glucose
dependent manner. As GLP-1 secretion is diminished in T2DM, GLP-1 receptor
agonists are a treatment strategy, inducing glucose lowering and weight loss, the latter
via appetite suppressive effects. In rodents, ICV injected GLP-1 binds to thalamic,
hypothalamic and amygdala receptors to reduce food intake (Turton et al, 1996),
whilst satiating effects of intraperitoneal GLP-1 receptor agonist injection are blocked
by ICV injected GLP-1 receptor antagonists (Kanoski et a/, 2011), implicating brain
homeostatic and hedonic networks in mediating the satiety-inducing effects of
circulating GLP-1. Human post-mortem data show GLP-1 binds to cerebral cortex,

hypothalamus, thalamus, hippocampus, striatum and brainstem receptors (Alvarez et
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al, 2005; Farr et al, 2016). Circulating post-prandial GLP-1 concentrations positively
correlate with post-prandial changes in DLPFC and hypothalamic rCBF in healthy
volunteers on ["OJH,0-PET (Pannacciulli e al, 2007b), and with changes in food-
cue evoked OFC BOLD signal in lean and obese subjects (Heni et al, 2015), whilst
GLP-1 receptor antagonist infusion blocked post-prandial reduction in hunger and
meal-induced reduction in insula and OFC BOLD responses to visual food cues in
overweight subjects with T2DM, but not lean controls (ten Kulve et al, 2015). This
might suggest endogenous GLP-1 modulates post-prandial inhibitory control centre
activity to initiate satiation, whist effects in the fasted state appear to be detectable in
diabetic patients but not healthy controls when viewing food cues, potentially as the

former started off with greater responses prior to GLP-1 blockade.

GLP-1736 infusion reduces CMRgjucose globally on [ISF]FDG—PET, with greatest
effects in hypothalamus and brainstem (Alvarez et al, 2005; Lerche et al, 2008).
Intravenous infusion of exenatide, a GLP-1 receptor agonist, increases hypothalamic
functional connectivity with the rest of the brain specifically when viewing food
images only in obese subjects who responded to the satiating effects of the drug
(Schlogl et al, 2013). The differences in the effect of exenatide on eating behaviour
were thus proposed to be driven by interindividual differences in the responsiveness
to exenatide of homeostatic networks, but not hedonic ones given the lack of effect on
subjective ratings of the visual stimuli and the meal, although the effects of exenatide
on reward network connectivity was not specifically interrogated. Other studies have
demonstrated potential effects on such reward systems. Intravenous exenatide
infusion during a somatostatin pancreatic-pituitary clamp reduced food image-evoked
activation of insula and amygdala in obese subjects, and insula, putamen and OFC in
diabetic subjects, insula and caudate activity correlating with the reduction in food
intake during a subsequent ad-libitum meal in both groups, all effects reduced by co-
infusion of a GLP-1 receptor antagonist, whilst no significant neurological effect of
exenatide was observed in lean subjects (van Bloemendaal et a/, 2014). Additionally,
exenatide decreased anticipatory responses to a chocolate tastant in OFC in lean
subjects, and putamen, insula and amygdala in diabetic subjects, whilst increasing
consummatory responses in caudate in lean subjects, OFC in obese subjects and
putamen, insula and amygdala in diabetic subjects, effects all blocked by GLP-1

receptor antagonism (van Bloemendaal ef al, 2015). A short course of the GLP-1
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receptor agonist liraglutide reduced food-cue evoked insula and putamen activation
prior to weight loss in diabetic patients (Farr et al, 2016). These data therefore
suggest the clinical effects of GLP-1 receptor agonists on suppressing appetite are

mediated centrally through interoceptive and reward processing centres.

1.7.3 PYY

Meal ingestion increases gastrointestinal L cell PYY secretion (Adrian ef al, 1985).
Obesity is associated with lower fasting and post-prandial PYY levels, but intact
anorectic effects of exogenous PYY (Batterham et al, 2003). As reviewed by
Simpson et al (2012), the appetite suppressive effects of PYY are mediated by
inhibiting arcuate nucleus NPY activity, either directly after crossing the BBB, or via
the vagus. Peripheral infusion of PYY to post-prandial concentrations that reduce
subsequent food consumption, results in spontaneous BOLD signal changes in VTA,
OFC, insula, ACC, globus pallidus, putamen, and hypothalamus that are positively
associated with PYY concentrations (Batterham ez al, 2007). Hypothalamic activity
accounted for 59% of the variance in energy intake during an ad libitum meal
following saline infusion, but after PYY infusion this decreased to 1%, whilst OFC
activity predicted 77% of this variance. In another study, PYY infused alone or co-
infused with GLP-1, reduced food-cue induced activation in insula, as did meal
ingestion (De Silva et al, 2011). These data suggest the satiating effect of meal
ingestion may in part be mediated by modulation of activity from homeostatic to

reward and interoceptive processes by postprandial PYY.

1.7.4 Cholecystokinin

Protein and free fatty acid ingestion increases cholecystokinin (CCK) secretion from
small intestinal I cells, which amongst other actions, slows gastric emptying and
reduces food intake by acting on NTS through acting on the vagal nerve, but
potentially directly in the brain, as reviewed by Simpson ef a/ (2012). By using
dexloxiglumide, a CCK-1 receptor antagonist, the activation of a number of regions
including brain stem, hypothalamus, caudate, precuneus, cingulate gyrus, temporal
gyrus and thalamus during ingestion of free fatty acids in healthy volunteers has been

shown to be CCK dependent (Lassman et a/, 2010). Whilst appetite did not change
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with dexloxiglumide, given that that many of these brain regions are involved in
homeostatic and reward processing, and such effects were found to occur rapidly after
free fatty acid ingestion, the satiating effects of a meal may in part be mediated in

these centres through CCK signalling in the vagal nerve.

1.7.5 Ghrelin

Ghrelin is the only known incretin hormone to date to initiate eating, its secretion
from the stomach being greatest when fasted and declining after meal ingestion
(Cummings et al, 2004). Ghrelin binds to receptors on NPY/AgRP hypothalamic
neurones, increasing food intake, but such receptors are also distributed amongst
reward centres including VTA, NAcc, amygdala and hippocampus (reviewed by
Ferrini et al (2009)). Fasting ghrelin levels are positively associated with fasting food
cue-evoked activity in striatum, operculum, amygdala, hypothalamus, thalamus and
ACC (Kroemer et al, 2013a). In studies of food cue-evoked activity, a post-prandial
intravenous ghrelin bolus increased OFC, amygdala, insula, VTA, caudate, and
hippocampus activity, and OFC and amygdala activity was associated with the
ghrelin-induced rise in hunger (Malik et al, 2008), whilst post-meal subcutaneous
ghrelin administration attenuated the meal-induced reduction in high energy food
salience and mimicked the fasted OFC and hippocampal responses (Goldstone ef al,
2014). Resting fMRI studies show a post-prandial intravenous ghrelin bolus reduced
BOLD signal in hypothalamus, insula, parahippocampal gyrus, thalamus, cerebellum,
medulla and midbrain, whilst continuous ghrelin infusion in the pre-meal state
increased BOLD signal in similar regions, and attenuated the subsequent BOLD
signal increase after free fatty acid ingestion (Jones ef al, 2012). Fasting endogenous
ghrelin thus appears to increase food-salience by increasing reward centre activity,

whilst supraphysiological ghrelin administration when fed replicates the fasted state.

Whilst fasting ghrelin levels are lower in hyper- than normoinsulinaemic obese
individuals and highest in lean individuals, the post-prandial reduction in ghrelin
secretion is attenuated in obesity (Erdmann ef al, 2005). Central responses to ghrelin
might confer an obesity risk: whilst low obesity risk TT genotype carriers of the F70
gene show a normal positive association between fasting ghrelin and food cue-evoked

activity in NAcc, OFC, hypothalamus, thalamus, parahippocampal gyrus and
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cingulate and a similar association between post-prandial ghrelin and caudate activity,
this relationship is reversed in high risk obesity risk AA carriers, in whom the post-

prandial suppression of ghrelin was also attenuated (Karra ef al, 2013).

1.8 Improving brain insulin sensitivity pharmacologically

Reversing insulin resistance, by improving diet and exercise and pharmacologically
using the insulin sensitising agent metformin, prevents the onset of T2DM and lowers
weight in high-risk populations (Knowler et a/, 2002, 2009). The predominant mode
of action of metformin is hepatic AMP-kinase activation, reducing hepatic
gluconeogenesis (Viollet ef al, 2012). Animal studies show oral metformin crosses
the BBB and is detectable in cerebellum, olfactory bulb, pituitary and hypothalamus,
frontal cortex, hippocampus and striatum after acute administration, remaining
detectable after chronic administration, although concentrations fall in the striatum,
cerebellum, hypothalamus and olfactory bulb (Labuzek et al, 2010; Lv et al, 2012).
Lipopolysaccharide-induced inflammation increases pituitary, hypothalamic and
striatal concentrations of metformin (Labuzek et al, 2010). Metformin also increases
hypothalamic leptin receptor expression (Aubert et al, 2011) and sensitivity (Kim et
al, 2006) in vivo. It also restores insulin-stimulated tyrosine phosphorylation of the
insulin receptor, IRS1 and PI3K activity in in vitro models of neuronal insulin
resistance (Gupta ef al, 2011). It increases AMP-K activity in the central nervous
system in some (Duan et al, 2013; Gupta et al, 2011; Kim et al, 2013a; Ma ef al,
2007; Nath et al, 2009), but not all studies (Chau-Van et al, 2007; Stevanovic et al,
2012), suggesting other mechanisms of action such as STAT3 (signal transducer and
activator of transcription 3) and mTOR (mammalian target of rapamycin)/S6 kinase
signalling (Kim et al, 2013a; Lv et al, 2012) are involved. Metformin reduces
hypothalamic orexigenic NPY in vitro (Chau-Van et al, 2007), whilst ICV and oral
metformin decrease NPY expression in vivo and reduces food intake (Duan et al,
2013; Lv et al, 2012). Oral metformin reduces AgRP (Lv et al, 2012) and ICV
metformin increases hypothalamic POMC (Lee et al, 2012) and suppresses ghrelin-
induced food intake through AMP-K inhibition (Stevanovic et a/, 2012). The central

effects of metformin may also be mediated via the vagal nerve, either directly or
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through altering incretin and other peripheral hormone secretion, given that orally
administered metformin decreases food intake and increases c-FOS expression in

NTS of high fat diet-induced obese mice (Kim et al, 2013b).

In humans, metformin causes weight loss in childhood obesity (Brufani et al, 2013),
and reduces weight gain in insulin treated patients with T2DM by reducing food
intake (Yki-Jarvinen ef al, 1999). In a [''C]carfentanil-PET study of women with
insulin resistant PCOS, the increased availability of p-opioid receptors in
NAcc/ventral pallidum and amygdala normalised after 4 months metformin therapy
(Berent-Spillson ef al, 2011), although a later report did not show any accompanying
change in BOLD signal evoked by negative emotional pictures (Marsh et al, 2013).
Whilst improvements in HOMA-IR and weight after treatment did not reach statistical
significance, pre-treatment HOMA-IR was correlated with baseline p-opioid receptor
availability (Berent-Spillson et al, 2011). Metformin may therefore be expected to
reduce food intake and weight through direct pharmacological effects on
hypothalamic homeostatic processes but also through neuronal insulin sensitisation in
hedonic and higher executive function networks and may be a potential therapeutic

target for preventing and treating both diabetes and obesity.

1.9 Conclusion

Hunger and satiation, and external food stimuli in these different energy states elicit
detectable changes in activity in neural networks involved in homeostasis, reward,
interoception, memory and inhibitory control that likely reflect changes in appetite
regulation by the brain (Small et al, 2001; Siep et al, 2009; Goldstone et a/, 2009). In
obesity, T2DM and PCOS, conditions associated with systemic insulin resistance,
inhibitory PFC activity after meal ingestion per se appears to be diminished (Le et al,
2006, 2007), whilst striatal reward and insular interoceptive responses to food cues
that are highly salient when fasted are exaggerated, these centres being less sensitive
to modulatory effects of meal ingestion (Dimitropoulos et al, 2012; ten Kulve et al,
2015; Martens et al, 2013; Van Vugt et al, 2013). Nasally applied cerebral insulin

suppresses appetite, reduces weight, and modulates these brain network activities,
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effects that are diminished in obesity, especially in men (Guthoff et al, 2011;
Hallschmid et al, 2008). As circulating insulin has reduced effects on reward network
activity in systemic insulin resistance (Anthony et a/, 2006), this implies that the brain
may become resistant to the anorexigenic and weight loss effects of insulin through

defective modulation of reward and control networks.

It is however unclear if the apparent abnormal central mechanisms of appetite
regulation in these networks are a cause or effect of these insulin resistant states, as
the studies examining responses to food have largely been performed in established
disease.  The specific effects of systemic insulin resistance, in the absence of
associated disease, on the central mechanisms of appetite regulation are yet to be
determined. Furthermore, whether the normalisation of altered reward network
responses to food and food cues after weight loss interventions is mediated through
changes in insulin sensitivity is unknown (Le et al, 2007; McCaffery et al, 2009).
Lastly, whilst developmental changes in these appetite networks have been
demonstrated during the transition from adolescence to young adulthood (Killgore
and Yurgelun-Todd, 2005b), any changes that might occur with further ageing into

middle life, when obesity is most prevalent, needs further exploration.

1.10 Research approach

This thesis aimed to investigate whether (a) healthy ageing, (b) systemic insulin
resistance in the absence of obesity and (c) improvements in insulin sensitivity
influence how the brain processes satiation after meal ingestion using cASL fMRI,
and the impact of a meal on viewing visual food cues using BOLD fMRI in man.
Specifically, based on the data described above, I hypothesise that systemic insulin
resistance is associated with diminished post-prandial prefrontal inhibitory centre
activity (Le et al, 2006, 2007), and striatal reward and insular interoceptive responses
to food cues are exaggerated when fasted and less sensitive to the effects of a meal
(Dimitropoulos et al, 2012; ten Kulve et al, 2015; Martens et a/, 2013; Van Vugt et
al, 2013). In the first study, 24 healthy non-obese men and women (age range 19.5-

52.6 years) were studied on two separate days, after water and meal ingestion in
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random order, to examine the association between ageing and BMI with regional
brain responses to meal ingestion, and the impact of a meal on brain responses to
visual food cues. This provided the opportunity to assess and develop the
experimental protocol for subsequent studies. In the second study, 16 insulin resistant
and 17 insulin sensitive non-obese men underwent a modified version of the protocol
used in the first study. Fourteen of the 16 insulin resistant men consented to take part
in a 12-week insulin sensitisation programme involving lifestyle intervention and

metformin therapy, before the experimental protocol was repeated.
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2 Methods

2.1 Nuclear magnetic resonance and magnetic resonance imaging

The concepts behind MRI have been reviewed comprehensively Huettel ef al (2008).
I here summarise these as relevant to my studies. Atomic nuclei with odd numbered
atomic mass and charge possess angular momentum as each nucleus rotates about its
axis, creating a current that generates a magnetic field with a rotational force or torque
(the magnetic moment) perpendicular to the spin’s axis. These nuclear “spins” are
oriented randomly. In an externally applied magnetic field, such as the static field
(Bo) of an MRI scanner, these spins align and gyroscopically precess, like a spinning
top, at a characteristic frequency around a precession axis that lies parallel with the
longitudinal direction (z axis) of this external field. If an electromagnetic pulse
oscillating at the same characteristic frequency is then applied, energy is transferred
from the pulse to the spins, an effect called resonant absorption. The frequency at

which maximum energy transfer is possible is termed the resonant frequency.

Hydrogen nuclei (protons) are most widely imaged in MRI, given their widespread
presence and large magnetic moment. More spins precess in a lower energy state in
the same longitudinal (z) direction of the scanner’s static magnetic field, than in the
higher energy state in the opposite direction, the net sum of all the magnetic moments

producing a net magnetisation (M) (Figure 2.1). Increasing external field strength
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Figure 2.1

Proton “spins” precess, with more aligning in the direction of the magnetic field (By) than in the
opposite direction (left), producing a net magnetisation with longitudinal (z) and transverse (x-y)

components (right). Adapted from Huettel et al (2008) and Kandel et al (2013).
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increases the net magnetisation, with more spins lying in the lower energy state. As
the phase or rotational angle of precession (the starting point of rotation) about the
direction of the external field is random for each spin, these effectively cancel each
other out, resulting in no net magnetisation along the transverse (x-y) plane, 90° to B.
The precession angle is determined by the frequency at which the spins precess, the
Larmor frequency (w), which in turn is dependent on the strength of the external
magnetic field (By), scaled by a factor, the gyromagnetic ratio (y):

w = YBy
Equation 1

This ratio is dependent on the spins’ nuclear charge and mass. The Larmor frequency
for a proton in the 1.5T field used in the present experiments is approximately 63.8

MHz. The Larmor frequency is also a spin’s resonant frequency.

In MRI, the net magnetisation is perturbed by applying a radiofrequency pulse (B))
oscillating at the Larmor frequency, to excite more spins held in the static external
field (Bp) from the low to the higher energy state. When applied long enough for
equal numbers of spins to exist in low and high energy states, the net longitudinal
magnetisation falls to zero, with the spins spiralling or nutating to a new precession

angle, the flip angle, 90° to By along the transverse (x-y) plane (Figure 2.2).

Figure 2.2

The application of a radiofrequency pulse (B;) of
Larmor frequency leads to nutation of the net
magnetisation to a new precession angle (flip angle) in

the transverse (x-y) plane. From Huettel ef a/ (2008)

Laboratory frame

The flip angle (0) is determined by the gyromagnetic ratio, the duration (T) and field
strength (B,) of the excitation pulse:

9 = yBlT
Equation 2

The change in net transverse magnetisation in turn elicits a current or “MR signal” in

the detector coil that is used to construct MR images. The MR signal from the
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transverse magnetisation will start to diminish, a process called free induction decay.
Initially, spins within a spin system will undergo transverse relaxation along the x-y

plane, precessing out of synchronicity or phase of each other (Figure 2.3).

lime e ——— >
Figure 2.3

Dephasing of spins (blue arrows) in the transverse plane leads to decay of net magnetisation (red

arrow) to zero in this plane (T2 decay). From Huettel ef a/ (2008)

This dephasing is in part due to intrinsic spin-spin interactions, leading to irreversible
MR signal loss known as T, decay, and due to inhomogeneity of the external
magnetic field, the combination of which is termed T, decay. This signal loss due to
T,>* decay can be “re-focussed” by application of another 180° radiofrequency pulse,
rephasing the spins to produce an “echo” signal (the time between the 90°

radiofrequency pulse and the echo being the “echo time”, TE).

Longitudinal relaxation along the z plane also occurs when spins in the high-energy
anti-parallel state return back towards the lower energy parallel state (Figure 2.4), an
effect termed T, relaxation. Despite the loss of longitudinal magnetisation, the
instantaneous magnitude of magnetisation that remains available can be obtained
again by application of a further excitation radiofrequency pulse. By changing the
echo time and time to complete a pulse sequence, the repetition time (TR), the
“weighting” of T, and T, relaxation can be optimised to control the MR image

contrast between grey and white matter and CSF.
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Figure 2.4

Longitudinal decay of spins (blue arrow), results in the net magnetisation (red arrow) returning to the

longitudinal axis (T relaxation). From Huettel ef a/ (2008)

2.2 Blood Oxygenation Level Dependent (BOLD) fMRI

Infrared spectroscopic studies indicate that neural activity is associated with an early
transient increase in deoxygenated haemoglobin concentrations in local brain tissue
through a rise in oxidative metabolism, followed by a delayed nadir below baseline
concentrations, whilst oxyhaemoglobin concentrations show a delayed gradual rise
within a larger brain volume which is sustained for longer and with greater amplitude

than the deoxyhaemoglobin rise (Malonek and Grinvald, 1996) (Figure 2.5A).
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Figure 2.5

A: Changes in brain deoxyhaemoglobin (Hbr) and oxyhaemoglobin (Hbo,) concentrations during
visual stimulation (grey bar). From Malonek and Grinvald (1996). B: MR signal changes after a

stimulus (red bar) modelled as a haemodynamic response function. From Amaro and Barker (2006).

This suggests neural activity elicits a haemodynamic response in the form of an
increase in rCBF that supplies more oxygen to metabolically active brain regions with

an overshoot in supply, and removal of deoxyhaemoglobin, which are thought to be
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responsible for the change in MR signal that lags behind neural activity, modelled to a
gamma-variate function (Figure 2.5B). Whilst oxyhaemoglobin is diamagnetic (no
unpaired electrons, zero magnetic moment), deoxyhaemoglobin is paramagnetic (four
unpaired electrons, magnetic moment of 5.46 uB) (Pauling and Coryell, 1936) and
alters the local magnetic fields experienced by hydrogen spins, causing greater decay
of transverse magnetisation, reducing T,* (Thulborn et al/, 1982) and MR signal
detected on T,* sensitive gradient echo sequences (Ogawa et al, 1990b). These
different susceptibility effects of oxyhaemoglobin and deoxyhaemoglobin on gradient
echo images were first demonstrated in vivo and in vitro by Ogawa and colleagues
(Ogawa et al, 1990b; Ogawa and Lee, 1990), with greater MR signal occurring during

neural activation (Ogawa et al, 1990a).

This BOLD signal, which continues beyond the duration of neuronal activity, is thus
thought to represent a functional hyperaemia that takes place during such activation,
although the exact mechanisms remain under debate (Kim and Ogawa, 2012;
Steinbrink ef al, 2006). The rate of regional delivery of oxygenated blood is linked to
the level local of neuronal activity. As discussed by Attwell et al (2010), this
‘neurovascular coupling’ phenomenon is thought to be mediated by synaptic
neurotransmitters including glutamate that in turn modulate astrocyte arachidonic acid
derivatives including prostaglandins and epoxyeicosatrienoic acids, and neuronal
nitric oxide (which also modulates astrocyte arachidonic acid signalling) and GABA
leading to changes in rCBF by acting on arteriolar wall smooth muscle. In addition,
ambient oxygen directly influences the rates of production of the vasoconstrictor 20-
hydroxyeicosatetraenoic acid from arachidonic acid and vasodilatory nitric oxide,
whilst oxygen consumption during neural activation may lead to a reduction in
oxidative phosphorylation and increase in glycolysis, increasing adenosine and

lactate, that cause vasodilatation.

The BOLD signal amplitude is influenced by stimulus duration, with longer durations
producing greater BOLD signals, up to approximately 6-8s when the BOLD response
reaches a maximum. Beyond this point, if the stimulus continues, the BOLD signal
remains approximately constant. However, similar stimuli presented in succession
will produce a BOLD signal of greater amplitude and duration. In the block design
protocols used in the present BOLD fMRI studies, where stimuli of interest (food
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images) are presented in groups or blocks, alternating with blocks of control stimuli
(object images, blurred images), the BOLD signals evoked by individual stimuli
within a block superimpose, with large responses sustained until the end of a block.
Comparison of BOLD signals evoked by the stimulus of interest with that of a control
stimulus permits correlation of specific neural responses to the experimental

condition, in these studies the food-cue evoked response in specific satiety states.

2.3 Perfusion-weighted contrast imaging using pseudo-continuous flow-

driven inversion arterial spin labelling (pCASL) fMRI

Perfusion, the volume of blood travelling through a unit of tissue volume over time,
can be measured by invasive techniques such as the infusion of iodinated contrast
agents during computerised tomography (CT), the detection of gamma photons
following beta decay and annihilation of radioisotopes such as ['°O]H,O during PET,
or tracers such as chelated gadolinium contrast agents that are detected during MRI.
These techniques introduce exogenous agents into the circulation and in CT and PET
expose individuals to ionising radiation that may prohibit repeated imaging. Arterial
spin labelling (ASL) fMRI avoids this by using radio-frequency pulses to “label”
arterial water spins selectively, and takes advantage of the ability of such spins to act

as a freely diffusible endogenous tracer.

Continuous ASL (CASL), first described in 1992, applies a continuous adiabatic
radiofrequency pulse (B;) perpendicular to the scanner’s main linearly varying
gradient field (G) (Detre et al, 1992; Williams et al, 1992). Unlike conventional
radiofrequency pulses that elicit flip angles that are proportional to the field strength
of the pulse (Equation 2), the flip angles elicited by adiabatic pulses depend on how
the size and frequency or phase of the pulse are modulated during the pulse, allowing
the flip angle to remain constant at any pulse field strength once above a certain
threshold. The resultant effective field (Bes, the combined gradient field G and pulse
field B,) gradually rotates from a direction parallel to the main field (+z) to an anti-
parallel (-z) direction. Arterial spins flowing along the direction of the gradient field

experience this effective field, tracking the direction of the rotating effective field
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whilst flowing past the labelling plane, and invert before entering the brain prior to

image acquisition (Figure 2.6).
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The inverted spins continue to decay in magnetisation as they perfuse through tissue,
limiting the magnitude of “labelling” that arterial spins have accumulated once a
steady state has been reached. The radiofrequency pulse also causes off-resonance
saturation (magnetisation inversion) of tissue-bound water distal to the labelling
plane, transferring magnetisation from tissue to free water, reducing the signal and T,
of free water. In early CASL studies a control scan, with radiofrequency pulses
applied distal to the tagging plane outside the brain, was performed to correct for
these magnetisation transfer effects. Subtracting labelled from control images creates
a “perfusion weighted difference image”, which is used to generate a CBF map in
physiological units of tissue perfusion (f, [mL blood]/[100g tissue]/s) (Figure 2.7A),
using a model that depends only on the magnitude of signal difference at each voxel
and the sequence parameters, assuming that the entire labelled water is delivered to
the brain with no outflow (which is generally valid as the pool of tissue water is
greater than that of blood water), and that the relaxation of labelled water spins is
determined by the T; of blood. Until recently, most scanners used pulsed
radiofrequency amplifiers that cannot be used continuously. In addition, only single
slices could be imaged using distal radiofrequency pulse control labelling, as it

produces magnetisation transfer effects identical to that of the proximal tagging pulse
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only at a level midway between control and tagging planes. Magnetisation transfer
also reduces resting magnetisation and T; of the tissue imaged, decreasing signal-to-

noise ratios (Detre and Alsop, 1999).

Figure 2.7

A: Subtraction of labelled from control images produces a perfusion weighted image, AM. B: Arterial
water is tagged (label image: single inversion, green line = tagging plane; amplitude-modulated
control: double inversion, yellow lines = tagging plane) before image acquisition (white lines). Arrows

= arterial spins (blue: unlabelled; red: inverted). From Petersen et al (2006).

The recently developed amplitude-modulated control labelling, applied at the level of
the tagging plane, effectively inverts the spins twice (Figure 2.7B), producing
identical magnetisation transfer effects without tagging blood, permitting multi-slice
imaging, although reduced signal strengths reduce the efficiency of spin inversion
(O’Gorman et al, 2006). A more recent modification to the ASL pulse sequence is
pseudo-CASL (pCASL). Instead of a continuous radiofrequency pulse, a train of
pulses that are positive during the labelled scan, and alternate from positive to
negative during the control so that the average gradient between pulses is zero,
shifting the phase by 180°, is applied. A steady state in effective magnetisation B
comparable to that of a continuous pulse is achieved, but with greater efficiency, and
therefore greater signal-to-noise ratios (Dai ef a/, 2008). The relationship between
CBF and the signal intensity of labelled blood (Slcontror — Sliaber) that has entered brain
tissue by perfusion, calculated from the perfusion weighted difference image, depends
on the labelling efficiency (a, 95%) of the train of radiofrequency pulses, the labelling
duration (t, 1.5 s), the post-labelling delay (PLD, 1.5 s), during which labelled blood
flows into the brain before image acquisition, and the longitudinal relaxation time of

blood (T, blood, 1350 ms at 1.5T) at each voxel:

79




PLD
__ 6000- 7\'(Slcontrol—SIlabel)'C’Tl’bloo

CBF L2008 (ml/100g/min)

2- @T1piooa-Slpp-(1—e ' Lblood)

Equation 3

where A is the blood:brain partition coefficient (0.9 ml/g) which scales the signal
intensity of tissue to that of blood and Slpp is the signal intensity of a proton density-
weighted image, to estimate the signal intensity of fully relaxed blood spins to be used

as a scaling factor (Alsop et al, 2015).

2.4 Clinical research application of BOLD and pCASL fMRI

ASL can be applied clinically to investigate cerebrovascular disease and other
neurological conditions. Whilst functional neuroimaging has widely used BOLD
fMRI, as discussed this does not measure an entity with physiological units, but a
composite representing blood flow and volume, and oxygen extraction, unlike ASL
which measures tissue perfusion in standard units. BOLD signals show greater
sensitivity and temporal resolution, whilst ASL is more suitable for low frequency
stimuli, since it is less sensitive to low-frequency sources of contamination. In order
to overcome issues of low signal:noise ratios, the shorter duration BOLD signal is
better suited to investigating neural responses of rapid onset and short duration to
explicit stimuli such as briefly presented visual stimuli (e.g. food images). In
contrast, ASL permits investigation of gradually changing neural activity over longer
time frames, at rest and to explicit stimuli such as caffeine and alcohol (Detre et al,
2012). It is therefore well suited to delineate the neural responses that may occur

during and after meal ingestion.

2.5 Quantification of insulin resistance

Insulin resistance is defined as a reduction in the ability of insulin to evoke a
biological response on a target tissue. Whilst arguments have been put forward

proposing that initial defects in insulin action lie in skeletal muscle (DeFronzo and
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Tripathy, 2009), liver (Perseghin, 2009), adipose tissue (Iozzo, 2009) or brain
(Pagotto, 2009) in T2DM and obesity, most in vivo studies refer to a diminution of
insulin-mediated peripheral tissue glucose disposal and/or inhibition of hepatic
glucose production. Insulin sensitivity, the reciprocal of insulin resistance, may be
defined pharmacodynamically by the concentration at which insulin evokes half the
maximal response, with a right-shift of the dose-response curve indicating greater
insulin resistance, whilst the maximal evoked effect depicted by the height of the
plateau of the curve indicates insulin responsiveness (Muniyappa et al, 2008). If an
insulin-resistant body can adequately increase insulin concentration, through
increased secretion and/or reduced clearance, normal glucose tolerance can be
maintained (Jones et al, 2000). Thus at any given glucose concentration, insulin

concentrations are greater in insulin resistant than insulin sensitive individuals.

In vivo methods of quantifying insulin sensitivity can be classified as either dynamic
or static. Dynamic tests include those that examine responses to exogenous insulin,
and those that detect endogenous insulin responses to exogenous glucose challenges.
The hyperinsulinaemic euglycaemic clamp is considered as the gold standard method
(DeFronzo et al, 1979). Insulin is infused intravenously at supraphysiological
concentrations at which suppression of hepatic glucose production is assumed. The
rate of concurrent glucose infusion required to maintain steady state euglycaemia
reflects the rate of peripheral (predominantly skeletal muscle) glucose disposal (M),
which if normalised for glucose concentration and change in insulin concentrations,
produces the insulin sensitivity index (Slcamp), the change in glucose clearance per
unit change in insulin concentration. Hepatic glucose production may be estimated by
infusing radiolabelled glucose tracers and construction of insulin dose-response
curves can enhance accuracy of measurement of both hepatic and peripheral insulin
sensitivity. Whilst highly reproducible, this method has limitations. It is labour
intensive, time consuming and costly. It quantifies the sensitivity of peripheral tissues
to insulin at supraphysiological concentrations, reverses the ratio of insulin
concentration in portal compared to peripheral circulatory systems, and no longer
reflects physiological hepatic insulin clearance nor the homeostatic effect of
circulatory glucose on beta cell insulin secretion. The insulin suppression test

(Harano et al, 1977) adds co-infusion of somatostatin or octreotide to suppress

81



endogenous insulin secretion, with similar practical limitations to hyperinsulinaemic

euglycaemic clamp methods.

Modelling responses to exogenous glucose reflects both beta cell responsiveness to
ambient glucose levels and secretory capacity, and insulin sensitivity. Intravenous
glucose challenges such as the hyperglycaemic clamp (DeFronzo et al/, 1979) and
continuous infusion of glucose with model assessment (Hosker et al, 1985) model
insulin sensitivity in the steady state, whilst the frequently sampled intravenous
glucose tolerance test (Bergman et al, 1979) models dynamic changes in glucose and
insulin. As with insulin clamp methods, intravenous glucose reverses the ratio of

glucose concentrations in peripheral and portal circulatory systems.

Modelling responses to oral glucose is more physiological. The Matsuda (Matsuda
and DeFronzo, 1999), Belfiore (Belfiore et al, 2001) and Gutt (Gutt et al, 2000)
indices model insulin sensitivity from changes in glucose and insulin alone, whilst
others such as the Stumvoll index (Stumvoll et al, 2000) include other factors such as
BMI, based on linear regression models of population data. These models involve
both a fasting steady state and dynamic changes that occur after glucose ingestion,
thus reflecting hepatic and peripheral tissue insulin sensitivity more, respectively.
These methods are less reproducible, in part due to varying gastric emptying and
absorption. Furthermore, these tests not only reflect direct beta-cell responsiveness to
glucose, but also incretin hormone secretory capacity and beta-cell responsiveness to
such hormones. Meta-analyses have failed to show any consistent alteration in GLP-1
or GIP secretion in established diabetes (Calanna et al, 2013a, 2013b), and limited
data indicate apparently normal effects of oral glucose on insulin, GLP-1 and GIP
secretion in first-degree relatives of people with T2DM and controls (Nauck et al,
2004), whilst GLP-1 responses are diminished in prediabetic states (Ferch et al,
2015). This makes comparisons between data from the different glycaemic control

states more difficult to interpret.

Static tests use surrogate markers of insulin resistance in the fasted state. They
assume steady state conditions, where rates of insulin secretion are sufficient to
achieve steady state glucose concentrations by maintaining a balance between whole

body glucose disposal and suppression of hepatic glucose production (DeFronzo et al,
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1989), and provide an estimate of whole body insulin sensitivity from the fasting
insulin and glucose concentrations. Such models are predominantly employed in
population studies as they are simple to perform (requiring one fasting blood sample)
and much less time consuming compared to dynamic tests. As insulin assays are not
standardised, such tests should not be used for absolute quantification of insulin
resistance in an individual, and as with oral glucose-based models, they are not
suitable in established T2DM when insulin secretion is impaired. However, they have
been used as indicators of comparative degrees of insulin resistance with reference to
population data (Anthony et a/, 2006), and may be appropriate for screening large
numbers of individuals. In addition, fasting surrogate markers predicted 5-year
weight gain in 424 5-year old children in the Da Qing study (Chen et al, 2015), 3-year
weight gain in 3390 post-menopausal women in the Women’s Health Initiative study
(Howard et al, 2004), and 14-year weight gain when combined with dietary fat intake
in 782 adults in the San Luis Valley (Mosca et al, 2004), unlike hyperinsulinaemic
euglycaemic clamp measures of insulin resistance in 1028 adults in the Relationship
Between Insulin Sensitivity and Cardiovascular Disease (RISC) study which did not
predict 3-year weight changes (Rebelos et al, 2011). Surrogate markers of relative
insulin resistance were therefore employed to identify potential volunteers in the

present study of the effects of systemic insulin resistance.

Two commonly used surrogate static markers are the Quantitative insulin sensitivity
check index (QUICKI) (Katz et al, 2000) and Homeostatic Model Assessment
(HOMA) (Matthews et al, 1985), recently updated to the HOMA2 (Levy et al, 1998).
QUICKI is the inverse sum of logarithmically transformed fasting insulin and
glucose, whilst HOMAZ? is based on non-linear relationships between fasting glucose
and insulin, modelling homeostatic feedback between glucose-dependent beta cell
secretion of insulin and insulin-mediated suppression of hepatic glucose production
(Wallace ef al, 2004). In one of the largest studies comparing methods of quantifying
insulin resistance, the correlation between HOMA-IR and hyperinsulinaemic
euglycaemic clamps was -0.82 (Bonora et al, 2000). However, in a recent meta-
analysis the pooled correlation coefficient between HOMA-IR and hyperinsulinaemic
euglycaemic clamp M values was only -0.53 (95% CI -0.6, -0.46), although this
improved to -0.64 (95% CI -0.76, -0.48) when the M values were normalised for the

steady state glucose achieved and the increment in insulin concentrations during the
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clamp (Otten et al, 2014). This relatively low degree of correlation between surrogate
markers and clamps is understandable given that each primarily reflect insulin
sensitivity in different organs (liver in the static post-absorptive state when peripheral
glucose uptake is minimised by virtue of being at rest; and peripheral tissues in the
insulin stimulated state respectively), although degrees of insulin sensitivity between

different organs are considered to correlate with each other.

In the present study, HOMA2-IR, rather than QUICKI, was used to differentiate
insulin sensitive (IS) from insulin resistant (IR) subjects recruited from first-degree
relatives of patients with T2DM. The former models glucose uptake in brain, muscle
and fat, and accounts for renal glucose losses (Wallace ef al, 2004). Furthermore, I
was able to obtain non-diabetic population data for the distribution of both HOMA-IR
(Bonora et al, 1998) and HOMAZ2-IR (personal communication, (Sierra-Johnson ef al,

2007)) from which I was able to create a reference range.

2.6 Subjects with insulin resistance

Healthy first-degree relatives of people with T2DM are at high risk of future diabetes
through increasing insulin resistance. While still normally glucose tolerant they have
increased fasting hepatic glucose production measured using glucose isotopes, which
Osei (1990) demonstrated at similar insulin levels, but higher fasting c-peptide levels
compared to controls, suggesting higher portal insulin concentrations and therefore
hepatic insulin resistance. Indeed, Henriksen ef a/ (2000) also showed 25% less
suppression of hepatic glucose production in first-degree relatives during euglycaemic
near-normoinsulinaemic pancreatic clamp studies, as well as greater peripheral insulin
resistance. Likewise, Nyholm ef al (1996) and Eriksson ef al (1989) showed reduced
peripheral insulin sensitivity during hyperinsulinaemic euglycaemic clamp studies in
first-degree relatives compared to controls, although they did not find a difference in
hepatic glucose production either in the fasted or insulin stimulated state. More
recently, clamp data from the European Group of Insulin Resistance database of 235
individuals with and 564 without a family history of T2DM showed greater peripheral

insulin resistance based on reduced insulin-stimulated glucose disposal and lower
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insulin sensitivity indices during the clamp after adjusting for BMI in the former,
again with no significant differences in hepatic glucose production during basal and
clamp conditions (Vaag ef al, 2001). Thus whilst greater peripheral insulin resistance
in relatives of people with T2DM is established, data regarding hepatic insulin
resistance based on insulin-induced suppression of hepatic glucose production are
inconsistent. However, similar to studies demonstrating cerebral brain insulin
resistance (Anthony et al, 2006), it may be that hepatic insulin resistance is more
reliably demonstrable at physiological insulin concentrations (Henriksen et al, 2000).
HOMA-IR, which represents predominantly fasting hepatic insulin resistance, is
greater in first-degree relatives (e.g. first-degree relatives vs controls: 2.1 [1.9-2.3] vs
1.7 [1.6-1.8] p<0.005, (Mansfield et al, 1996); pair-matched for age, BMI, waist:hip
circumference ratio and sex 2.1 vs 1.8, p=0.02, (Humphriss et al, 1997); age and
BMI-matched 2.03+0.5 vs 0.9£0.1, p=0.003, (Rudovich et al/, 2004)), supporting the
notion that first-degree relatives have greater hepatic insulin resistance. Increasing
hepatic fat mass is associated with decreased suppression of hepatic glucose
production during low dose hyperinsulinaemic euglycaemic clamp conditions
(Kotronen et al, 2008), and high fat feeding increases hepatic fat mass and glucose
production under fasting and hyperinsulinaemic euglycaemic clamp conditions in
healthy individuals (Brens et al, 2009; Seppéld-Lindroos et al, 2002) implicating
current energy-dense diets in inducing hepatic insulin resistance, with the potential to
be amenable to intervention. These data support the use of HOMA-IR in first-degree
relatives of people with T2DM as an appropriate group in which to investigate the
impact of insulin resistance in non-diabetic, non-obese individuals, who are also at

high risk for the development of T2DM.

2.7 Methods of improving insulin sensitivity

Lifestyle interventions are fundamental in treating T2DM and obesity. Intensive
changes in diet and physical activity reduced the incidence of T2DM in high risk
individuals with either impaired fasting glucose or impaired glucose tolerance by 58%
in both the diabetes prevention programme (DPP) (Knowler et al, 2002) and the
Finnish diabetes prevention study (DPS) (Lindstrém et al, 2003), and by 31-46% in

85



the Da Qing study (Pan er al, 1997) and have persistent beneficial effects in
preventing (or delaying) diabetes onset beyond the trial duration (Knowler et al, 2009;
Lindstrom et al, 2006). Whilst such effects were detected after a relatively long
follow up period (DPP: 2.8 years (Knowler et al, 2002); DPS: 3.2 years (Lindstrom et
al, 2003); Da Qing: 6 years (Pan et al, 1997)), with greatest effect in those at greatest
risk (Sussman et al, 2015), insulin sensitivity, although not specifically measured, is
likely to have improved earlier. In a study of 438 overweight or obese, non-diabetic
women, compared to no intervention (baseline vs follow-up HOMA-IR: 2.83 vs 2.78),
insulin resistance improved in those randomised to receive either dietary advice alone
(2.59 vs 1.96, p<0.001 compared to control) or combined with an intensive exercise
(2.50 vs 1.84, p<0.001 compared to control), with accompanying reductions in fasting
glucose, c-peptide and insulin over 12 months (Mason ef al, 2011). The failure of
exercise without dietary intervention to improve insulin sensitivity (2.55 vs 2.33,
p<0.19 compared to control) is surprising. This might be explained by the intensity of
exercise achieved, with one study observing an exercise intensity “threshold” in non-
obese individuals, only above which improvements in insulin sensitivity are observed
and are correlated with exercise intensity (Magkos et al, 2008). Mason et a/ (2011)
also found insulin sensitivity only improved in those with impaired fasting glucose, in
keeping with observations by Magkos et al (2008) that a single bout of aerobic

exercise had greatest impact on insulin sensitivity in those with highest HOMA-IR.

In order to maximise the ability to improve systemic insulin sensitivity during the
short timeframe of the present proof-of-concept study, lifestyle interventions,
focussing particularly though not exclusively on dietary manipulation, were combined
with pharmacological methods. Thiazolidinediones (“-glitazones”) and biguanides
(metformin) are classes of diabetes therapies that improve insulin sensitivity.
Rosiglitazone (no longer in clinical use) reduces T2DM incidence by 62% (Gerstein
et al, 2006), and metformin by 31% (Knowler et al, 2002) in high risk individuals.
Thiazolidinediones were not considered in the present study due to concerns
regarding weight gain, risk of heart failure and urological malignancy. However, the
safety profile of metformin is well established. Metformin is weight neutral, is
advocated by the American Diabetes Association for T2DM prevention in high risk
groups (Inzucchi et al, 2012), and is used to treat PCOS, another condition associated

with insulin resistance.
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In a systematic review of hyperinsulinaemic euglycaemic clamp with glucose isotope
studies of patients with T2DM, a 6+2% reduction in fasting basal (pre-clamp)
endogenous glucose production was observed for every lg of metformin used
compared to placebo (Natali and Ferrannini, 2006). Whilst metformin suppresses
hepatic glucose production during basal conditions, this action has not been
consistently demonstrated during hyperinsulinaemic euglycaemic clamp conditions,
likely due to the complete suppression of hepatic glucose production at
supraphysiological insulin concentrations masking any effect of metformin. A
stepped hyperinsulinaemic isoglycaemic clamp study performed after just two doses
of metformin were administered (500 mg at 5 and 1 hour prior to the clamp),
demonstrated a reduction in hepatic glucose production in both lean and obese
subjects with T2DM during basal and low dose insulin infusion conditions (with
greater glucose infusion rates needed to maintain isoglycaemia), but not during high
dose insulin infusion (Perriello ef al, 1994). The pooled analysis did not show an
effect on peripheral insulin sensitivity, although some individual studies have shown
this improves after metformin treatment in obese but not lean diabetic subjects,
possibly due to weight loss rather than direct pharmacological effects (DeFronzo et al,
1991). Metformin therapy in people with T2DM does not appear to alter insulin
signalling processes such as such as IRS-1 phoshorylation, PI3-kinase activity, and
Akt phosphorylation in skeletal muscle biopsied following exposure to insulin during
hyperinsulinaemic euglycaemic clamp conditions, although it increases atypical PKC
activity (Karlsson et al, 2005; Luna ef al, 2006; Musi et al, 2002). Therefore, the

predominant insulin sensitising effect of metformin in diabetes is hepatic.

There are more hyperinsulinaemic euglycaemic clamp studies of the effect of
metformin in established T2DM than in non-diabetic insulin resistance. Widén et al
(1992) compared metformin against placebo during hyperinsulinaemic euglycaemic
clamp studies with [3-*H]-glucose and indirect calorimetry in insulin-resistant first-
degree relatives with normal glucose tolerance. Prior to the clamp, hepatic glucose
production and total body glucose metabolism did not differ between relatives after
metformin or placebo therapy, and control subjects. This might initially be
interpreted to suggest that hepatic insulin resistance was not different between
controls and relatives, but basal insulin concentrations were higher in the latter,

consistent with greater hepatic insulin resistance. Insulin-mediated total body glucose
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disposal during the clamp was impaired in relatives due to a reduction in non-
oxidative glucose metabolism, which improved after an acute dose of metformin.
This may suggest metformin acutely had a predominant effect on peripheral insulin
resistance. Lehtovirta et al (2001) found 6 months metformin therapy compared to
placebo in impaired glucose tolerant, first-degree relatives did not alter fasting
glucose metabolism during indirect calorimetry, but did improve total body glucose
disposal by approximately 20%, due predominantly to improvements in glucose

oxidation. Hepatic glucose production was not assessed in this study.

The insulin sensitising effect of metformin has also been quantified using surrogate
markers of insulin resistance in insulin resistant, non-diabetic subjects. Two
randomised placebo controlled studies of the impact 500 mg twice daily metformin
have been performed: a three month treatment period reduced HOMA-IR by 26% in
volunteers meeting the WHO definition of the metabolic syndrome (Metformin: 3.39
to 2.5, Placebo; 3.42 to 3.37, p=0.01 (Vitale et al, 2005)), whilst a six-month
treatment period showed similar reductions in HOMA-IR in non-diabetic obese
adolescent first-degree relatives (Metformin: 6.6+0.7 to 3.6+0.3; Placebo: 5.4+0.1 to
5.3+1.7, p<0.01, (Freemark and Bursey, 2001)). Jensterle et al (2008) showed
improvements in HOMA-IR in non-diabetic women with PCOS either receiving 6
months treatment with metformin 1700 mg daily (2.98+£3.17 vs 1.24£1.54), or
rosiglitazone 4 mg daily (2.72+1.58 vs 1.64+1.93), with no significant difference
between treatments. James et al (2005) also found non-diabetic obese insulin
resistant volunteers (HOMA-IR>2.0) showed improvements in HOMA-IR when
randomised to receive either 8 weeks’ treatment with metformin 2g daily (4.0+0.7 vs
2.9£0.3) or rosiglitazone 8 mg daily (2.9+0.4 vs 1.94+0.3) compared to an untreated
control group (3.6+£0.4 vs 4.5+0.3). These studies had small sample sizes, but a meta-
analysis of a pooled group of 320 non-diabetic obese children and adolescents showed
treatment with at least 6 months with metformin, compared to placebo, reduced
HOMA-IR by 2.01 (95% confidence interval 0.75-3.26, (Park et al, 2009)). In a study
by Morel et al (1999), obese volunteers with impaired glucose tolerance underwent a
cross-over study, with a 2 week run-in period with placebo, followed by 5 weeks of
either placebo or metformin 1700 mg daily, and then 2 weeks placebo-based washout
during which basal insulin sensitivity by HOMA-IR, and dynamic responses to

insulin via a modified intravenous insulin tolerance test during somatostatin infusion
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were assessed. HOMA-IR improved with metformin, compared to placebo, with
lower levels of fasting glucose, insulin and c-peptide, whilst the intravenous insulin-
stimulated glucose disposal was no different between treatment arms. The authors
suggest that this discrepancy may be due to metformin having greatest effects at
lower, basal insulin concentrations (consistent with the effect of basal insulin per se
on brain activity described earlier (Anthony et al, 2006)), as opposed to the
hyperinsulinaemic levels observed during the dynamic tests, with glucose disposal

effects of metformin being masked by that of intravenous insulin.

I concluded that metformin evokes its main effect on improving hepatic insulin
resistance, which can be quantified in non-diabetic insulin resistant subjects with

surrogate markers of insulin resistance such as HOMA-IR.

2.8 General study design

As the design of the ageing and insulin resistance studies were similar, the general

protocol methodology is described, and discrepancies between studies described.

2.8.1 Subject recruitment

Subjects were recruited by email advertisement to staff and students at King’s Health
Partners (King’s College London, King’s College Hospital NHS Foundation Trust,
Guy’s and St. Thomas’ Hospital NHS Foundation Trust). For the insulin resistance
study, leaflets were also given to patients attending diabetes clinics at the above
hospitals and Lambeth and Southwark primary care sites, at a community diabetes
clinic I held at Paxton Green GP Surgery, and patients taking part in the South
London Diabetes (SOUL-D) study (REC reference 08/H0808/1), to pass on to non-
diabetic male relatives. Advertisements were placed on the Diabetes UK website, the
patient and public webpage for the comprehensive Biomedical Research Centre at
Guy’s and St. Thomas’ NHS Foundation Trust and King’s College London, and the

Desang magazine (www.desang.net).
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2.8.2 Inclusion/Exclusion criteria

Subjects were right-handed (Oldfield, 1971) healthy, non-obese (BMI 18-30 kg/m?)
adults, aged 18-65 years. Non-diabetic status was confirmed by self-report and
HbAlc, and in the insulin resistance study by a 75g oral glucose tolerance test
(OGTT) (World Health Organization, 2006a, 2011) (Section 2.8.3). All subjects
understood English and had normal or corrected-to-normal vision. Exclusion criteria
included any active medical illness or use of any medication, including treatments that
could alter weight or appetite, blood glucose levels, brain activity or CBF (i.e.
psychiatric or neurological disorders (including previous eating disorders),
antidepressant, antipsychotic, anticonvulsant or antihypertensive agents, diabetes
medication, oral, topical or inhaled glucocorticoids, orlistat), claustrophobia, or
implants that could affect MRI signal or are MRI contraindications (e.g. pacemaker,
tattoos in head and neck region, previous penetrating eye trauma, metal surgical clips,

extensive dental work etc.).

HOMA2-IR was used to measure insulin resistance. One of the first ['*FJFDG PET
studies to demonstrate altered central effects of circulating insulin at physiological
concentrations in men with systemic insulin resistance (Anthony et al, 2006)) defined
subjects as insulin resistant (IR) by HOMA-IR > 2.77 or insulin sensitive (IS) by
HOMA-IR < 1.55, based on the upper quintile and lower two quintiles, respectively,
of the distribution of HOMA-IR in 888 volunteers aged 40-79 years, selected from the
general population of Bruneck (Bonora et a/, 1998). This study included people with
non-insulin treated T2DM, with HOMA-IR validated by labelled hyperinsulinaemic
clamp studies in 85 subjects (41 of whom had diabetes). In order to identify IR
volunteers from a non-diabetic population, including adults aged below 40 years, and
using the updated HOMAZ2-IR model, I contacted Dr. Justo Sierra-Johnson, author of
a study investigating ApoB/ApoA-I ratio as a predictor of insulin resistance in non-
diabetic men and non-pregnant women aged 20-90 years participating in the Third
National Health and Nutrition Examination Survey (NHANES-III) (Sierra-Johnson ef
al, 2007). The cut-offs for the upper and lower quartiles of HOMAZ2-IR distribution
in 6166 non-diabetic adults from NHANES-III were > 1.47 and < 0.76, respectively,
and were used to identify IS and IR subjects. As HOMAZ2-IR has a lower cut-off of
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0.4 (values below which continue to indicate IS status), the HOMA-IR was used

(which has no lower limit) for correlation analyses.

2.8.3 Oral glucose tolerance test

All potential subjects for the insulin resistant study underwent a standard 75g OGTT
following an overnight fast of at least 8 hours. A cannula was inserted in an
antecubital vein, and after a 10 mins rest period, blood was sampled at time 0 mins for
fasting plasma glucose, serum insulin, lipid profile, renal function, haemoglobin
estimation and glycated haemoglobin (HbAlc). Subjects then consumed 75 g glucose
(anhydrous preparation in 300 mL water or ready-to-consume 330 mL Glutole), with
blood sampling for plasma glucose and serum insulin performed at 10, 30, 60, 90 and
120 mins. Participants meeting the criteria for diabetes (fasting glucose > 7.0
mmol/L, 2 hour glucose > 11.1 mmol/L (World Health Organization, 2006a), HbAlc
> 6.5% (World Health Organization, 2011)) were excluded.

2.8.4 Power calculation

A formal power calculation was not performed in the ageing study, which was
performed to validate the protocol. For the insulin resistant study, power calculations
were performed using G*power (version 3.1.9.2) using 0.05 two-side significance
levels. Using data from the study by Anthony ef al (2006), where changes in insulin-
mediated ventral striatal metabolic rate for glucose were smaller in IR than IS
subjects, 19 subjects in each group would be needed to provide 80% power to detect
an effect size of 0.96, using a two-independent group t-test. Three studies of the
effect of metformin on HOMA-IR measures of insulin sensitivity in non-diabetic
subjects, showed effect sizes of 0.74 (Vitale et al, 2005), 1.80 (James et al, 2005) and
4.49 (Freemark and Bursey, 2001), the latter study differing from the others by the
higher baseline HOMA-IR, and hence a greater impact of treatment. Using data from
the study by Vitale et a/ (2005) in which 3 months of metformin was used, 17 subjects
receiving metformin provides 80% power to detect an effect size of 0.74 in HOMA-

IR, using a two sample matched paired t-test.
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2.8.5 Randomisation procedures

Subjects in the ageing study, and IS subjects in the insulin resistance study, underwent
MRI scanning procedures twice on two separate mornings at least one week apart,
during which subjects either received water or a mixed meal. The order was block

randomised using an online randomisation programme (www.randomization.com).

As IR subjects repeated these two MRI scanning visits after the intervention, the order
for water/mixed meal scans, pre-/post-intervention was block randomised by King’s
Clinical Trials Unit randomisation service. Subjects did not know whether they

would receive water or the mixed meal until it was presented during the first visit.

2.8.6 fMRI study procedure

The general experimental procedures in both studies were similar (Figure 2.8). All
studies were performed the morning after an overnight fast of at least 8 hours at the
Centre for Neuroimaging Science, King’s College London. Each visit was at least
one week apart. An intravenous cannula was first inserted into a left antecubital vein,
and kept patent with 0.9% saline. After at least 10 mins rest, fasting blood samples
were drawn. Subjects were then positioned supine in the MRI scanner. The
radiofrequency head coil was placed over the subject’s immobilised head, and
overhead mirrors positioned making the projector screen at the foot of the scanning
table visible. After a localiser scan confirmed head position, a pCASL scan
(pCASL1) measuring CBF was performed at -14 mins. Subjects were then withdrawn
from the scanner and sat to consume either a mixed meal (Section 2.8.7) or 50mL
water between -6 and 0 mins. Subjects were then repositioned in the scanner, and
after another localiser scan, two further pCASL scans (pCASL2-3) were performed at

0 and +& mins.

At +16 mins, subjects viewed alternating blocks of images of food (which in the
insulin resistance study were divided into high- and low-calorie food blocks) and non-
food related objects (and in the insulin resistance study, additional blocks of blurred
images) presented on the projector screen during BOLD signal acquisition (Section
2.8.8). Subjects were instructed through headphones to “Imagine you are eating the
following foods/using the following objects” before each food and object block,

respectively (and to “Please look at the following images” before each blurred image
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Figure 2.8

A: Ageing study protocol. B: Insulin resistance protocol. See text for abbreviations.

block in the insulin resistance study). After each block, subjects were asked “How
hungry do you feel?” through the headphones, which was answered using a handheld
keypad that moved a marker along a visual analogue scale that was anchored with
“Not-at-all” and “Extremely” (Flint et a/, 2000) projected on the screen. After BOLD
fMRI, a final pCASL scan (pCASL4) was performed. Before pCASLI1, after each
pCASL1-4 scan, and after the image-viewing task, subjects answered the hunger
question, and the questions “How sick to you feel?”, “How full do you feel?” and,
“How pleasant would it be to eat right now?” on the visual analogue scale (Flint et al,

2000), with concomitant blood sampling.
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2.8.7 Mixed meal

The mixed meal consisted of partially melted Hidagen-Dazs Belgian Chocolate ice
cream (Uxbridge, Middlesex, UK), based on that used in previous non-neuroimaging
studies investigating the role that PYY and bile acid secretion during meal ingestion
may play in insulin resistance and obesity (Glicksman et al, 2010; le Roux et al,
2006). A fixed quantity of the mixed meal was chosen, rather than varying the
amount according to a subject’s weight or body-mass, as this would be equivalent to a
subject consuming a fixed amount of food provided in a ready-meal or a single

serving in a restaurant in the real world.

2.8.8 Visual images

In the ageing study, subjects viewed alternating blocks of photographs of food (Table
2.1) and non-food related objects (Table 2.2). Seventy-two different food and 72 non-
food pictures provided by Prof. Janet Treasure, King’s College London, that had
previously been rated highly for recognition, pleasantness, appeal, visual complexity,
colour and palatability in healthy volunteers (Uher et al, 2006) were viewed. T2*-
weighted images were not acquired whilst instructions were being delivered and

questions answered.

In the insulin resistance study, subjects viewed blocks of photographs of high calorie
food (Table 2.3), low calorie food (Table 2.4), non-food related objects (Table 2.5),
and a mixture of these images that were Gaussian blurred, presented in a block design
in one of two pseudo-randomised orders at each visit. Foods of different energy
densities were chosen, due to evidence that the neural response to high compared to
low calorie food images are affected by feeding status (Goldstone et al, 2009).
Photographs kindly provided by Prof. Michael Stumvoll, Leipzig, Germany, were
first rated by a group of 13 healthy volunteers who did not take part in the
neuroimaging study, for pleasantness and appeal on a 1-7 scale, with ratings summed
for each picture, and whether they felt the food presented was easily recognisable and
of high or low calorie content, based on whether they perceived the food was
appropriate for a healthy diet (yes/no). Photographs with the highest scores were
selected and only identifiable images that were correctly perceived to be of high or

low calorie content were used. There were no significant differences in the combined
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pleasantness and appeal scores between high (305.9+111.94 kcal/100g) and low
(67.6£37.1 kcal/100g) calorie food images (8.62+0.58 vs 8.75+1.08, p=0.462).
During BOLD signal acquisition, 50 images of each category were viewed. T2*-

weighted images were acquired continuously.

2.8.9 MRI acquisition
Imaging was performed in a 1.5T MRI scanner (1.5T GE Signa HDx, General

Electric, Milwaukee, WI, USA) equipped with echo-speed gradient coils and full
fMRI capability.

2.8.9.1 Localiser scan
Performed to confirm head position (21 slices, slice thickness Smm, slice gap 5.5mm,
matrix 256x128, field of view [FoV] 240mm, flip angle 30°, TE 1.32 ms, TR 4.844

ms, duration 10 s).

2.8.9.2 pCASL image

pCASL images were acquired using 3D fast spin-echo “stack-of-spirals” readout
(labelling duration 1.5s, post-labelling delay 1.5 s, slice location thickness 3mm, no
slice gap, 512 points per spiral, 8 spiral arms per slice location, echo train length 64,
FoV 240mm, flip angle 90°, TE 32 ms, TR 5.5 s; voxel size 2x2x3mm, duration 5.5
mins; 3 tag-control pairs and 2 reference images [fluid suppressed and combined fluid
and white matter suppressed images] were acquired to derive a perfusion weighted
difference image, together with a proton density image to compute CBF maps in
physiological units (Equation 3), computed automatically by GE software), with

background suppression pulses to minimise static signal.

2.8.9.3 BOLD image

In the ageing study, 108 T2*-weighted whole-brain images were acquired (41 slices,
slice thickness 2.4mm, slice gap 0.3mm, matrix size 64 x 64, FoV 240mm, flip angle
90°, TE 40 ms, TR 4 s, duration 10 mins). As more stimuli were presented in the

insulin resistance study, 320 T2*-weighted images were acquired (41 slices, slice
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thickness 3mm, slice gap 0.3mm, matrix size 64 x 64, FoV 211mm, flip angle 90°, TE
40ms, TR 3s, duration 16 mins).

2.8.9.4 High-resolution GE EPI (gradient echo, echo planar image)

Structural images used for coregistration of BOLD images and spatial normalisation
(43 slices acquired in the anterior commissure-posterior commissure plane, slice
thickness 3mm, slice gap 0.3mm, matrix 128x128, FoV 240mm, flip angle 90°, TE
40ms, TR 3s, duration 3 mins).

2.8.9.5 Axial T1 FSPGR (Fast Spoiled Gradient-Recalled-Echo) image
Structural image used for coregistration of pCASL images and spatial normalisation
(146 slices, slice thickness 1.1mm, no slice gap, matrix 256x160, FoV 280mm, flip

angle 18°, TE 4.836ms, TR 11.16ms, inversion time 300ms, duration 6 mins).

2.8.9.6 ASSET (Array Spatial Sensitivity Encoding Technique) calibration image

Calibration scan for parallel imaging (49 slices, slice thickness Smm, no slice gap,

matrix 32x32, FoV 300mm, flip angle 70°, TE 1.672ms, TR 150ms, duration 1 min).

2.8.9.7 Axial T2 FR-FSE (Fast-Recovery Fast Spin-Echo) image

Anatomical image to exclude structural lesions (ageing study: 36 slices, slice
thickness 4mm, no slice gap, matrix size 320 x 320, FoV 240mm, flip angle 90°, TE
87.104ms, TR 4380ms, duration 2 mins; Insulin resistant study: 72 slices, slice
thickness 2mm, no slice gap, matrix size 320 x 320, FoV 240mm, flip angle 90°, TE
54.48ms, TR 3 s, duration 6 mins).

2.8.9.8 Axial T2 FLAIR (Fluid Attenuated Inversion Recovery) image

Anatomical image to exclude structural lesions (36 slices, slice thickness 4 mm, no
slice gap, matrix size 256 x 128, FoV 240mm, flip angle 90°, TE 128ms, TR 8002ms,

inversion time 2000ms, duration 4 mins).
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2.8.10 Eating behaviour questionnaires

Eating behaviour was characterised to exclude eating disorders in the insulin
resistance study. In the fasted state, volunteers completed the Questionnaire on
Eating and Weight Patterns-Revised [QEWP-R] (Spitzer et al, 1993), the Dutch
Eating Behaviour Questionnaire [DEBQ] (van Strien et al, 1986), and Eating Disorder
Examination Questionnaire [EDE-Q 6.0] (Fairburn and Beglin, 2008). The DEBQ
assesses restrained, emotional and external eating patterns, based on psychosomatic
theory (Kaplan & Kaplan 1957) of eating in response to arousal states, externality
theory (Schachter et al 1968) of eating in response to food-related stimuli irrespective
of current state of hunger or satiety, and restraint theory (Herman and Polivy 1980)
where diminution or impairment of self-control processes that control eating leads to
disinhibited, external and emotional eating. The QEWP identifies DSM-IV diagnostic
criteria for Binge Eating Disorder, Bulimia Nervosa and subclinical abnormal eating
behaviours (episodic overeating, binge eating, binge eating syndrome and binge
eating syndrome with distress), applied to patients attending weight control
programmes, non-patient communities, and people attending overeaters anonymous
(Spitzer et al, 1992). The EDE-Q is based on the Eating Disorders Examination, a 62
item semi-structured interview of eating behaviour over the preceding 4 weeks that
was developed from review of eating disorder literature and unstructured interviews.
Compared to the EDE semi-structured interview, the QEWP-R has a sensitivity of
0.85 (although a low specificity of 0.20) for identifying severe binge eating, whilst the
frequency of binge eating identified by QEWP-R and EDE-Q correlate well with that
identified by the EDE interview (Celio et al, 2004).

2.8.11 Insulin sensitisation

The insulin sensitisation intervention for IR subjects started after the initial two (meal
and water) visits. A registered diabetes specialist dietitian reviewed self-reported
three-day food diaries, and provided personal individual plans for each subject, setting
SMART (specific, measurable, achievable, realistic, time-limited) goals. Diets high
in fibre and low in glycaemic index carbohydrates were encouraged (National
Institute for Health and Care Excellence, 2009). Face-to-face or telephone contact
was made following the initial consultation to review progress. Slow-release

metformin (Glucophage® SR, Merck Serono) was also initiated in a dose escalation
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regimen, starting at 500 mg daily for the first two weeks, increasing by 500 mg every
two weeks to a maximum of 2g daily or the maximum dose tolerated by the subject.
Subjects were contacted every two weeks to supervise dose escalation and monitor for
side effects. At the end of the intervention period, blood samples were collected for

HbAlc and HOMA2-IR. Metformin was not taken on the morning of the scan.

2.8.12 Ethical approval

The research study protocol and participant recruitment material were approved by
the London-Dulwich research Ethics Committee of the NHS National Research Ethics
Service (Ageing study: reference 07/H0808/137; Insulin resistance study: reference
10/H0808/47).  The Medicines and Healthcare Products Regulatory Agency
confirmed the insulin sensitisation intervention was not a Clinical Trial of an
Investigational Medicine Product as defined by the EU Directive 2001/20/EC.
Participant recruitment materials were reviewed by the lay panel of the National

Institute for Heath Research North East London Diabetes Research Network.

2.8.13 fMRI analysis

In order to compare data, pCASL and BOLD images are spatially normalised,
correcting for anatomical differences between subjects, and spatially smoothed or
blurred to meet Gaussian random field theory (described later) requirements, and
improve coregistration and signal-to-noise ratios. Additionally, as BOLD fMRI
collects runs of images, these are corrected for motion-artefacts before the “time-
series” of changes in BOLD signal in 3D space over time are modelled to the

experimental paradigm.

Pre-processed subject-level images are then entered into mixed-effects group-level
models that assume subjects are randomly selected so that results are generalisable to
a population. Three levels of statistical inference are available (Poldrack ef al, 2011).
Voxel-level inference examines whether activity in each voxel is significantly
different to the null hypothesis at that voxel by determining whether each voxel’s
statistic passes a “height” threshold (Figure 2.9A). This method does not use spatial

information, such as the likelihood that contiguous voxels co-activate due to anatomy
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(brain regions being larger than individual voxels) and to the spatial normalisation and
smoothing performed during pre-processing, which averages adjacent voxels. It is

thus often used in studies of a priori regions of interest.

A Voxel-Level Inference
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Figure 2.9

A: Left cluster passes the height threshold (u); B: Two clusters pass the cluster-forming threshold (u.)

but only the right one passes the cluster-extent threshold. From Poldrack et a/ (2011).

Cluster-level inference does take this into account, by first defining clusters as
contiguous voxels passing an arbitrary voxel-level primary threshold, before
ascertaining cluster significance by comparing their size to a critical cluster size
(Figure 2.9B). This method is more sensitive but spatially less specific than voxel-
wise inference, as the significance of individual voxels within a cluster cannot be
inferred. Lastly, set-level inference establishes the number of clusters at an arbitrary
cluster-defining threshold that are larger than an arbitrary cluster-size threshold, but
does not identify which clusters are significant. Cluster-level inference is the most

commonly used method (Woo et a/, 2014), and is employed in this thesis.

As statistical tests are performed on each of the thousands of voxels of data contained
in the volume of each brain map, the thresholds used in subject- and group-level
analyses must correct for the number of tests to minimise type 1 errors that a voxel is
falsely labelled as active. Bonferroni correction is considered overly conservative, as

an alpha value (family-wise error rate, Prwg) divided by the number of voxels within
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the brain map would produce extremely low uncorrected voxel-level p-values. It also
assumes that each statistical test is independent, an assumption that cannot be met as
activity in adjacent voxels will be highly correlated as discussed earlier, reducing the
number of independent observations. To account for this, two different approaches,
Gaussian random field theory and permutation methods, were employed for pCASL

and BOLD data respectively in this thesis.

2.8.13.1 Subject-level pCASL pre-processing

pCASL images were pre-processed using Statistical Parametric Mapping version 8
(SPM-8) (University College London, 2008) (Figure 2.10). Each perfusion map
acquired through 3D pCASL fast spin-echo stack-of-spirals and the associated
structural T1-weighted FSPGR scan for each subject were reoriented to the anterior
commissure-posterior commissure line, with the origin changed to the anterior
commissure. The segmentation function was then applied to the structural image,
which spatially normalised the image into the standard space of the Montreal
Neurological Institute (MNI, voxel size 2x2mm) and produced grey and white matter
and CSF maps (Ashburner and Friston, 2004a). These segmentation parameters were
used to remove the skull from the structural scan, and create a brain-only binary mask.
Co-registration followed, where pCASL scans were superimposed onto the
anatomically detailed skull-stripped structural image, permitting accurate
normalisation and localisation of activation (Ashburner and Friston, 2004b). In the
ageing study, pCASL scans were directly co-registered to the structural scan.
However, as structurally less detailed (but more devoid of extra-cerebral signal)
equilibrium magnetisation maps (MO0) acquired in each pCASL scan were available in
the insulin resistance study, each M0 image was co-registered to the structural scan
first, with these transformations subsequently applied to the CBF map. The binary
mask was then applied, removing extra-cerebral signal from the co-registered CBF
map. The parameters used to normalise the structural scan during segmentation were
applied to each co-registered CBF map, transforming them into standard space.
Finally, the normalised CBF maps were spatially smoothed using a Gaussian filter

(full-width at half maximum, FWHM kernel = 8§ mm).
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Pre-processing steps of CBF maps (described in main text). Solid arrow = transformation; dashed
arrow = parameters used for transformation.
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2.8.13.2 Group-level pCASL analysis
Statistical analyses in SPM-8 utilise the general linear model to examine the

relationship (b) between independent predictors (X) and a continuous response (Y):

Y=BX+e
Equation 4

Where Y is the vector of observed data, X is the study design matrix of the
explanatory variables investigated (e.g. feeding status, group, treatment), and f is a
matrix parameter vector that describes the linear relationship between the explanatory
variable (regressor) and observed data and is estimated by the restricted maximum
likelihood method to minimise e, the vector of residual errors between the fitted
model and the data. Whole brain voxel-wise group-level analyses were performed by
entering each subject’s CBF maps into group-level matrices, with each column
representing either a main factor or an interacting factor of interest. The flexible
factorial model was applied, which accounts for intra-subject variability, using
subject, feeding status (2 levels: water vs meal) and time (4 levels: pCASLI1-4) as
factors, with independence and variance configured to the recommendations of
Gléascher and Gitelman (2008), with subject as main effect and [feeding status x time]
as an interaction effect. The full factorial model was used when three interacting
factors (e.g. in the insulin resistant study, [group x meal x time] and [treatment x meal
X time]) were interrogated, as the flexible factorial model only permits two interacting

factors.

Analyses were restricted to grey matter using an explicit mask (created by making a
binary mask image of SPM’s grey matter template with a threshold of 0.25) and mean
global grey matter CBF was used as a nuisance covariate in an analysis of covariance
(ANCOVA). T-contrast vectors were defined to compare rCBF between different
conditions or between groups, and voxel-wise multiple regression analyses were
performed to examine potential relationships between age and BMI in the ageing

study, and HOMA-IR in the insulin resistance study.

SPM-8 employs random field theory to approach the problem of multiple

comparisons introduced earlier. First, the number of “resolution elements” (resels) is
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estimated, the volume of each of these “virtual voxels” being dependent on the
smoothness (FWHM) of the brain map (which in turn depends on the intrinsic
smoothness of the data and the kernel applied), thus accounting for the topology of
the map. Greater smoothness decreases the number of resels and the Prwg correction
needed (Worsley ef al, 1992), but is not equivalent to the Bonferroni correction. The
Euler characteristic, which can be thought to represent the number of activated
clusters in a brain map at a given threshold, is next estimated based on the number of
resels in a map, and approximates the probability of observing an activated cluster at
that threshold. Thus a Euler characteristic of 0.05 determines the corrected voxel-
extent threshold at which the likelihood that any clusters present are due to chance is
5% (Brett et al, 2011). Random field theory also determines cluster-extent thresholds
based on cluster size (Friston et al, 1994). A corrected cluster-wise Prwg < 0.05 was
used in this thesis, with the cluster-forming voxel-wise thresholds and further details

of the analyses performed for each study described in their respective chapters.

Anatomical identities of the regions of detected voxels were determined using the
Wake Forest University PickAtlas (Maldjian et al/, 2003, 2004) and anatomical
automatic labelling (AAL) atlas (Tzourio-Mazoyer et al, 2002). Unsmoothed data
were extracted using Marsbarr (Brett ef a/, 2002) to examine both global grey matter
CBF (with statistical tests performed in SPSS) and from the functionally identified
regions from these voxel-wise analyses to illustrate changes or differences in rCBF

when further clarification was required.

2.8.13.3 Subject-level BOLD pre-processing and analysis

BOLD fMRI analysis involves fitting a BOLD signal time series to a model of the
haemodynamic response function, and estimating the effect of the experimental
conditions (e.g. picture viewing) on the signal. In the ageing study BOLD signal
acquisition was interrupted whilst instructions were administered and hunger
questionnaires answered. As pre-processing and first-level SPM analyses of BOLD
signal are best suited to uninterrupted time-series, data were analysed using XBAM
version 4.1 (Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology &

Neuroscience, King’s College London, 2012), a BOLD fMRI package which uses
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non-parametric approaches to minimise assumptions of normality, median statistics to
control the effects of outliers, permutation rather than normal theory-based inference,
and standardises an individual’s response sizes from the fitted model with respect to
their variance, permitting mixed-effects group-level analyses whereby intra-subject
residual error and inter-subject variability are modelled (Brammer et al, 1997,
Bullmore et al, 1999). The same methods were used in the insulin resistance study

for consistency.

T2*-weighted images were first pre-processed, minimising motion-related signal
artefact (Bullmore ef al, 1999), by calculating a 3D volume of the average intensity at
each voxel of the images (108 in the ageing study, 320 in the insulin resistance study)
collected during the picture-viewing task, to be used as a template to which each of
the volumes was realigned. The data were then smoothed using a Gaussian filter
(FWHM kernel=5 mm) to improve signal-to-noise characteristics, before responses to
viewing the visual stimuli were detected by convolving each component of the
experiment (the effect of the different pictures viewed) with each of two gamma
variate functions (peak responses at 4 and 8 s). A weighted sum of these two
convolutions that provided the best fit to the time-series at each voxel was then
computed using a constrained BOLD effect model (Friman et al, 2003). A goodness
of fit statistic, the sum of squares (SSQ) ratio was computed, comprising the ratio of
the SSQ of deviations from the mean image intensity (over the whole time-series) due
to the model, to the SSQ of deviations due to the residuals (analogous to T-scores for
the B-parameter estimates of fitted GLMs of BOLD contrasts in subject-level SPM
analyses). A data-driven null distribution of SSQ-ratios under the assumption of no
experimentally determined response was formed by permutation by cyclic rotation
with Donoho denosing of the wavelet-transformed time series (Bullmore et a/, 2001),
repeated 20 times at each voxel, and the critical value of SSQ-ratio needed to
threshold the map at a type 1 error <1 was calculated. The size of the BOLD
response, the effect size, was computed by expressing differences between maximum
and minimum values of the fitted model at each voxel for each picture-stimulus

condition, as a percentage of the mean image intensity over the whole time-series.

Observed and permuted effect size maps for each subject were transformed into the

standard space of Talairach and Tournoux (1998), by computing the transformations
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required to map the average image intensity map to the structural GE EPI image and
then to the Talairach template, with these transformations applied to the SSQ-ratio
and BOLD effect size maps (Brammer et al, 1997).

2.8.13.4 Group-level analyses

Group activation maps examining the BOLD signal contrast within each separate
feeding state evoked by food or blurred vs object pictures were computed by
determining the median SSQ-ratio and effect size at each voxel across the group in the
observed and permuted data maps (permuted 20 times). The distribution of median
SSQ-ratios and effect sizes over all intra-cerebral voxels from the permuted data was
then used to derive the null distribution of SSQ-ratios and effect sizes. Cluster level
maps were thresholded to yield <1 false positive cluster per brain map to the null

distribution, and a voxel-wise threshold of p<0.05 (Bullmore et al, 1999).

After restricting analyses to grey matter using a mask, comparisons of the
aforementioned BOLD contrasts between conditions (e.g. feeding state; treatment) or
between groups were made by fitting the data at each voxel at which all subjects have
non-zero data using a linear model, computing differences in median effect size
between measurements at each voxel (b), whilst minimising the sum of absolute

deviations to reduce outlier effects:

Y=a+bX+e
Equation 5

Where Y is the vector of BOLD effect size for each individual, X is the contrast
matrix for inter-condition/group contrasts, a is the mean effect size across all
individuals in all conditions/groups, b is the computed median difference between
conditions/groups, and e is the vector of residual errors. The computed difference in
median effect size between condition or groups at each voxel (b) was compared with
the null distribution of b (computed by random wavelet permutation of condition
membership [1000 times per voxel], assuming the null hypothesis of no effect of
condition/group and refitting the model), using cluster-level thresholds yielding < 1

false positive cluster per map to the null distribution of b at a voxel-wise threshold p <
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0.05 (Bullmore et al, 1999). Further details of the analyses performed in each study

are described in the respective chapters.

Correlation analyses were also performed, to examine the relationship between age or
BMI in the ageing study, and HOMA-IR measures in the insulin resistance study,
with the above picture-evoked BOLD signal contrast were examined by computing
voxel-level Pearson product moment correlation coefficients between the variable of
interest and BOLD signal contrast (limited to grey matter by a mask) across all
volunteers, to produce one correlation (r) per intra-cerebral voxel. A null distribution
of r was formed by randomly permuting the variable of interest without replacement
to recalculate the respective correlation coefficients, repeated 1000 times per voxel.
The observed correlation coefficient could then be assessed under the null hypothesis
of no associations, using cluster-level thresholds yielding <1 false positive cluster per
map to the null distribution of effect sizes formed by the permuted data, at a voxel-
wise threshold p<0.05 (Bullmore et al, 1999). Further details of the analyses

performed are described in the respective results chapters.

The anatomical identities of the regions of detected voxels were determined using
Talairach daemon (Lancaster et al, 1997, 2000). Data were extracted from the
functionally identified regions from these voxel-wise analyses to illustrate changes or

differences in BOLD signal when further clarification was required.

2.8.14 Biochemical analyses and non-imaging statistics

Blood samples for glucose were collected in sodium fluoride tubes, insulin, leptin and
adiponectin in plain tubes, and gut peptides in aprotinin-treated tubes. Collected
blood was kept on ice until the end of each session, then centrifuged for 10 min at
4°C, before pipetting the supernatant to 2 mL cryogenic screw-to vials. Plasma
glucose was analysed in duplicate using a glucose oxidase technique (Yellow Springs
Glucose Analyser, Yellow Springs Inc, Arizona USA, coefficient of variation [CV]
2%) immediately after each experiment. Serum was stored at -20°C for later
measurement of insulin using two-site sandwich chemiluminence immunoassays.
Initially, the Immulite-2000 assay (Siemens Healthcare Diagnostics Ltd, Surrey, UK),

utilising bead-bound murine monoclonal antibodies and sheep polyclonal anti-insulin
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antibodies conjugated to alkaline phosphatase, was used but with a reported
sensitivity of 3.0 mU/L, it did not accurately quantify the low concentrations of
insulin observed in the fasted state. The ADVIA-centaur assay (Siemens Healthcare
Diagnostics Ltd, Surrey UK) which utilises two monoclonal murine anti-insulin
antibodies, one acridinium ester-labelled in the Lite reagent, the other bound to
paramagnetic particles, was subsequently used, as it had greater sensitivity (minimum
detectable concentration 0.5 mU/L) and lower inter-assay coefficient of variation
(Table 2.6). Serum was also stored for later measurement by sandwich ELISA assays
at -80°C for total GLP-1 and GIP (Millipore Corporation, Billerica, Massachusetts
USA), and -20°C for adiponectin and leptin (R&D Systems Europe, Abingdon, Oxon,
UK). Stored samples were analysed in batches at Viapath, King’s College Hospital
NHS Foundation Trust, such that a complete data-set for each subject was analysed

together.

Net incremental areas under the curves (1IAUC) for data collected during the OGTT
and during each MRI study visit (using the mean of the two pre-ingestion data
collection points as baseline) were calculated using the trapezoidal method. Statistical
tests were performed using IBM SPSS statistics for Mac version 21 (IBM Corp.,
Armonk, New York, USA). Data were assessed for normality using the Shapiro-
Wilks test. Parametric data were analysed using t-tests, ANOVA and Pearson’s
correlation. Non-parametric data were analysed using Mann-Whitney U, Kruskall-

Wallis and Spearman rank and Chi-square tests as indicated.
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Table 2.1

Food images in ageing study

Almond croissant

Biscuit selection

Chips (Fries)

Chocolate éclair

Cheese and salad bread roll

Mille-feuille

Tuna and salad bread roll

Chocolate bar (mars bar)

Chocolate biscuits

Chicken and salad bread roll

Cashew nuts

Lindt chocolate bar

Guylian chocolate shells

Tinned spaghetti and bread slice

Tortilla chips

Chocolate covered hazelnuts

Iced chocolate cupcake

Fruit cake

Kitkat chocolate covered biscuit

Quality street chocolates

Fish and chips with peas

Cooked breakfast (toast, fried eggs,
mushrooms, baked beans)

Whole cheese and mushroom pizza

Doughnut with cream

Mashed potato, roast pork with gravy,
broccoli and carrots

Tortilla wrap with guacamole and
potato wedges

Vanilla ice cream banana split

Pretzels

Penne pasta with carbonara sauce

Strawberry ice cream cornetto

Slice of chocolate cake

Bread with cheese spread

Cooked breakfast (fried eggs, baked
beans, potato waffle, poached tomato)

Brie

Iced bun

Pasta shells with sauce

Marshmallows

Slice of chicken, sweetcorn and
pineapple topped pizza

Crisps (potato chips)

Chocolate éclair

Chicken and salad seeded bread roll

Cheese, lettuce and tomato bread roll

Marathon chocolate bar

Sandwich selection (chicken salad and
cheese salad)

Chocolate digestive biscuits

Cheese, cucumber and tomato bread roll

Peanuts

Chocolate bar

Chocolate pieces

Cheese and crackers

Salt and pepper crisps (potato chips)

Sliced iced chocolate cupcake

Spaghetti Bolognese Chocolate kitkat
Pecan nuts Boiled sweets (hard candy)
Egg custard tart Breaded fish with salad
Chips (fries) with tomato sauce Slice of cheese and mushroom pizza
Wine gums Jam doughnuts
Bounty coconut chocolate bar Chow mein
Danish pastry Baked beans and jacket potato
Slice of Swiss roll Penne pasta with tomato sauce and
Scone cheese
Chocolate chip cookies Almonds
Raspberry tart
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Table 2.2

Object images in ageing study

Roll of string
Matchbox

Scrubbing brush
Compass

Stapler

Mousetrap

Bath sponge selection
Brush

Wrench and pliers
Corkscrews
Spectacle case
Seashells

Cellotape

Plastic clothes pegs
Necklace

Ball of string

Wallet

Shoelaces

Hairbands

Coloured pencils
Coloured rubber bands
Rope

Pencils and pens
String

Open box of matches
Pencils

Selection of sewing thread
Mobile/cell phone
Shoe polish kit
Telephone

Bath sponge

Open wallet

Wool

Wooden clothes pegs
Candle selection
Candle

Bulldog clip

Purse

Address book

Cassette tape

Calculator

Light bulbs

Screws

Iron

Black floppy disks
Hairdryer

Doorstop

Flashlight

Chessboard and chess pieces
Shoe brush

Gaffer and masking tape
Coat hanger

Drawing pins

Hairgrip

Ball of string

Coloured plastic clothes pegs
Ballpoint pens
Measuring tape

Open purse

CD Walkman
Dishwasher sponge
Balloons

Coloured felt tip pens
Coloured paints and paintbrush
Rubber ink stamp
Hairdryer

Comb

Envelopes

Coloured floppy disks
Coloured key rings
Computer mouse
Swimming goggles
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Table 2.5

Object images in insulin resistant study

Gardening gloves
Red ball
Baseball
Basket
Spectacles
Books

Brush

Toy aeroplane
Baubles
Standing knife
Straw hat
Telephone
Floppy discs
Iron

Electric shaver
Candle

Paints
Shuttlecock
Windscreen scraper
Lighter
Fisherman's hat
Coins

Watch

Wallet

Hammer

Woolly hat
Dumbbell

Glass bottle

Light bulb

Rubber duck
Beads

Mobile phone
Gardening sheers
Shoes

Electric power tool
Comb

Feather duster
Dustpan
Wallpaper scraper
Swiss army knife
Coat hanger
Wool
Headphones
Chess piece
Paint brush
Calculator
Clothes pegs
Flashlight

Tape measure
Sponges
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3 Ageing and cerebral response to meal ingestion

3.1 Introduction

The global population aged above 60 years will soon outnumber the population aged
under 15 years (UN Department of Economic and Social Affairs., 2009). Our obesity
pandemic (World Health Organization, 2006b) is most prevalent in middle-aged
adults (Flegal ef al, 2010), driven by increasingly available, highly palatable, energy-
dense foods and reduced physical activity. Through its exacerbation of conditions
such as cardiovascular disease, diabetes, musculoskeletal problems and some cancers,
obesity will have huge implications on health care provision for our ageing

population.

As discussed in Chapter 1, brain networks involved in hedonics, mood and memory
influence eating behaviour (Berthoud and Morrison, 2008; Trinko et al, 2007).
Human functional neuroimaging has shown altered brain responses to food ingestion
in obesity, which may persist despite weight loss, in corticolimbic appetitive
motivational networks, and in higher executive regions involved in self-control of
eating, e.g. dorsolateral prefrontal cortex (DLPFC) (Cornier et al, 2009; Le et al,
2006).

In this chapter, the impact of ageing on the brain’s response to food consumption per
se 1s examined, to determine whether brain appetite network processing of satiation
when approaching middle age is altered using pseudo-continuous arterial spin

labelling (pCASL) fMRI.

3.2 Methods

3.2.1 Subjects
Recruitment methods and inclusion criteria have been described (sections 2.8.1-2).
Twenty-four (12 male) healthy right-handed subjects were recruited. Twelve subjects

had participated as control subjects for a study of patients with T2DM by my
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supervisors’ group, whilst I recruited the remaining 12 subjects specifically to expand

the age range.

3.2.2 Study protocol

The general experimental design and MRI acquisition details are described in full in
section 2.8. All subjects underwent the same protocol (Figure 3.1), and the BOLD
fMRI study is described in Chapter 4. With regard to the CBF study, in brief, subjects
were studied on two separate mornings following an overnight fast of at least 8 hours.
After intravenous cannulation, subjects were positioned in the scanner. Following a
GE EPI structural scan used for BOLD image pre-processing, 3D pCASL scans each
lasting 6 mins were performed before (pCASL1 at -14 mins) and after (pCASL2-4 at
0, +8 and +28 mins, respectively) subjects were sat up out of the scanner to consume
a mixed-meal (200ml, 554kcal, 36.8g fat, 7.8g protein, 47.6g carbohydrate,
22.8+3 .8kcal/kgem™) or 50ml water between -6 to 0 mins, in random order across the
two sessions. Before (-16 mins) and after (-8 mins) pCASL1, after each subsequent
pCASL scan (+7, +14 and +34 mins) and after the BOLD fMRI task (+16 mins,
Chapter 4) that took place between pCASL3-4, subjects rated appetite on a projected
1-10 visual analogue scale using a handheld keypad, with concurrent blood sampling.
The visit was completed with ASSET (a calibration scan for parallel imaging), Axial
T1-weighted Fast, Spoiled Gradient Recalled acquisition (FSPGR), Axial T2-
weighted Fast Spin Echo (FR-FSE) and Axial T2-weighted Fluid Attenuated
Inversion Recovery (FLAIR) scans.

Localiser pCASL 1
GE EPI

CHETESELLR

pCASL 3 BOLD fMRI pCASL 4 ASSET
and task T1 FSPGR
T2 FR-FSE
T2 FLAIR

| | | |

-23 -14 -6 0 +8 +16 +28 +36 +46
Minutes

pCASL 2

Blood sampling &
satiety questionnaire

Figure 3.1

Study protocol
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The order of the water/meal visits in the 12 subjects I had recruited was randomised
with equal distribution (6 water first, 6 meal first). However pCASL data from two
subjects who received the meal first were not saved or usable, and studies had to be

repeated on another day.

3.2.3 Blood sampling
Failure of cannulation caused incomplete glucose sample collection in six of 24

subjects, and insulin samples were not obtained in all visits in a further three subjects.

3.2.4 Statistical analyses

General non-imaging statistical methods are described in section 2.8.14. Data are
presented as mean+SEM or median with the interquartile range. pCASL image pre-
processing and statistical analyses are described in sections 2.8.13.1-2. Smoothed,
normalised CBF maps calculated for each subject, were entered into a flexible
factorial mixed-effects GLM, with subject as a main factor, and an interaction factor
of feeding status (2 levels: meal vs water) vs time (4 levels: pCASL1-4) (Figure 3.2).
Analyses were restricted to grey matter, with mean global grey matter CBF used as a
nuisance covariate. As the final pCASL image was not acquired for one subject, the

model represents data from 23 subjects.

Figure 3.2 Subject columns
Flexible factorial model design .

matrix. Each row represents an
individual CBF map, at a specific
time poiont (pCASL1-4), within
each feeding condition
(Meal/Water) for an individual
subject (the light coloured bar in
the feeding status x time
interaction columns: W1-4 =
Water pCASL1-4; M1-4 = Meal
pCASLI1-4, respectively, [1=pre-
ingestion;  2-4=post-ingestion]).
The scans are grouped together
for each subject, as indicated by
the 23 subject main effect
columns. The mean global grey
matter CBF is used as a nuisance
covariate in the global mean
column.

| | | B
M1
M2
M3
_M4
Global
mean

[N W1
| | | |1

III III III |II III III III III III III
II II II II II II II II I| II
II II ll II II II II II II II

Individual CBF maps

IIl III III III III III
IIIIIIII II
1 0 I |

) A1 Y AT
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T-contrast vectors were defined to: (a) exclude differences in rCBF pre-water
compared to pre-meal (W1 vs M1); (b) examine the effect of the meal compared to
water within each post-ingestion time point, pCASL2, 3 and 4 (i.e. W2 vs M2, W3 vs
M3, W4 vs M4); (c) examine the main effect of the meal compared to water across
the 3 post-ingestion time points, pCASL2-4 (i.e. W2-4 vs M2-4); (d) the interaction
between feeding status and pre- vs post-ingestion (i.e. [meal vs water] x [pCASLI vs

pCASL2, 3 and 4, separately]).

Voxel-level multiple regression analyses were performed to examine the association
between age, correcting for BMI (which was positively correlated with age (=0.539,
p=0.007), with pre-ingestion rCBF (W1 and M1) separately, using global grey matter
CBF as a nuisance covariate (n=24). After creating maps of the difference in rCBF
between post-meal and post-water states at each voxel within each time point ([M2-
W2], [M3-W3] (n=24 each) and [M4-W4] (n=23)), similar analyses were performed
with these “difference maps” using the respective difference in global grey matter
CBF between feeding states as a nuisance covariate (Figure 3.3). The effect of ageing
was the primary endpoint, but exploratory analyses for the effect of BMI were

performed.

Mean Age BMI Global Mean

Individual CBF maps

e S VPR "W 5 THT 5 SO (o I ool P o Y 1A W L0 THNY S aty JE J JE (Y

Figure 3.3

Multiple regression model. Global mean = global grey matter mean CBF
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A cluster-forming uncorrected voxel-wise threshold of P<0.005 was employed, but
only clusters that survived statistical significance (Prwe-corrected<0.05) after correction
for multiple comparisons are reported. Unsmoothed, normalised data were extracted
from brain maps to examine global grey matter CBF (with statistical tests performed
in SPSS) and functionally-defined regions from these voxel-wise analyses to quantify

rCBF in physiological units and further characterise the regression analyses.

Exploratory analyses of a priori regions of interest, involved in appetite regulation
(Berthoud and Morrison, 2008), were also performed. Anatomical masks of left and
right insula, amygdala, caudate, putamen, thalamus, hippocampus and midline
hypothalamus were created from the Automated Anatomical Labelling (AAL) atlas
(Tzourio-Mazoyer et al, 2002) provided within the SPM analysis suite. In addition,
masks of left and right medial and lateral orbitofrontal cortex (OFC) and DLPFC were
created within the WFU PickAtlas (Maldjian et al, 2003, 2004) as follows: medial
OFC by union of the gyrus rectus with the orbital parts of the medial and superior
frontal gyri; lateral OFC by union of orbital parts of the middle and inferior frontal
gyri and; DLPFC by union of Talairach daemon Brodmann areas 9, 10 and 46,
inflated by 3 voxels, then using the interception of this mask with the middle frontal
gyrus (Hutcherson et al, 2012), and subtracting the above OFC regions to ensure no
overlap. Unsmoothed normalised data were extracted using these masks, and by
using the time at which each ASL scan was completed, net incremental area under the
curves (1IAUC) for rCBF for each region was calculated. Paired t-tests were
performed in SPSS, applying the Bonferroni correction for multiple comparisons (19

regions).

3.3 Results

3.3.1 Subjects

Subjects were aged 19.5-52.6 (median 35.9) years. None were obese (mean+SD BMI
of 24.9+4.0 kg/m?), or diabetic (meantSD HbAlc 5.3+0.4%, fasting glucose 4.8+0.1
mmol/L) at screening (Table 3.1). Age was positively correlated with BMI (#~=0.539,
p=0.007).
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3.3.2 Glucose and Insulin

Baseline glucose (pre-water vs pre-meal (mean+S.D.): 4.6+0.4 vs 4.4+0.4 mmol/L,
t(17)=1.743, p=0.099) and insulin (pre-water vs pre-meal (median (interquartile
range)): 4.7 (2.0) vs 6.1 (5.4) mU/L, WSR Z=-0.710, p=0.478) were similar between
visits, but compared to water, meal ingestion evoked a small but significant increase
in glucose (post-water vs post-meal net iAUC: 6.7+15.7 vs 28.7+£30.5 mmolemin/L,
t(17)=-3.434, p=0.003) and an increase in insulin (post-water vs post-meal net iAUC:
-0.7(2.0) vs 2.2(8.9) mUemin/L, WSR Z = -3.237, p=0.001) (Figure 3.4).

i 6- 40: *%
= 5h -0 |, F
g 41 S 30F
[ < F
E 3r = 20F
o 2 2 -
» B < 10F
g 1 =m — :I_I_I
2 0-| | L | L | L | L | L 0:
O -20-10 0 10 20 30 40 WaterMeal
Time (minutes)
B 50: - *%
P I w— 0600; -
=2 o N
2 30F 2400¢
£ 20F = 200F
S5 2 f
2 10F, 0
) S 19 _200:
-20-10 0 10 20 30 40 WaterMeal
Figure 3.4 Time (minutes)

Glucose (A) and insulin (B) after the meal (solid line) and water (dashed line). Left: Mean (+SEM).
Horizontal bars: black = time of water/meal; white = BOLD task. Right: net iAUC; ** p <0.01.

3.3.3 Symptom scores

Analyses are based on 22 subjects, as data were incomplete for two. No differences
in baseline symptoms were observed between visits (hunger: t(21)=1.23, p=0.228;
fullness: WSR Z=—0.119, p=0.905; pleasantness to eat: WSR Z=-1.460, p=0.144;
nausea: WSR Z=-1.091, p=0.275). Net iAUC analyses showed the meal, compared
to water, induced greater fullness (t(21)=4.826, p<0.001) and reduced hunger (WSR
7=-2.062, p=0.039) and pleasantness to eat (WSR Z=—1.460, p=0.144), without
effect on nausea (WSR Z =—1.091, p=0.275) (Figure 3.5).
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Figure 3.5
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After correcting for BMI, age was positively associated with net iAUC for hunger

after meal ingestion (r=0.449, p=0.041, Figure 3.6), with less suppression of hunger

by the meal with increasing age. There were no significant associations between age

and net 1AUC for hunger post-water ingestion, nor with differences in net iAUC for

hunger between feeding conditions.

symptoms with age/BMI reached statistical significance.

No other associations for the remaining

120




R? Linear = 0.202
300.00

200.009

100.00+

004

Hungry iAUC Meal residuals

~100.009

-200.004

T T T T T
-20.00 -10.00 .00 10.00 20.00
Figure 3.6 Age residuals

Partial correlation of post-meal hunger net iAUC with age, after adjusting for BMI.

3.3.4 Global grey matter CBF

The extracted global grey matter CBF during the study was subjected to repeated-
measures ANOVA in SPSS. There was no significant main effect of the meal
(F(1,22)=0.131, p=0.721) on global grey matter CBF, but there was a main effect of
time, (F(1.9,41.802)=8.818, p=0.001), with a time x meal interaction (F(3,66)=4.808,
p<0.001) (Figure 3.7). Post-hoc t-tests showed no significant difference at baseline
(pre-ingestion) (paired t-test p=0.136 uncorrected) between the two visits, and that the
time x meal interaction was due to a fall in global grey matter CBF after the meal over
time (paired t-tests for pPCASL2, pCASL3 and pCASL4 compared to pCASL1 post-
meal ingestion: p=0.001, p=0.020, p<0.001 uncorrected, respectively). There were no
significant relationships between age or BMI with global grey matter CBF at any time

point in either meal or water studies on multiple linear regression analyses.
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Global grey matter perfusion. Bars are S.E. Dashed line = water; solid line = mixed meal. Black bar =
time of water/mixed meal.
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3.3.5 Difference in pre-ingestion rCBF (pCASL1)

T-contrasts were created to compare rCBF within each time point between visits,
adjusting for global grey matter CBF to ensure that any detected regional changes
were not driven by post-prandial reduction in global CBF. No differences in pre-meal
and pre-water rCBF were expected. However, whilst no regions showed greater rCBF
pre-meal than pre-water ingestion, rCBF was lower in bilateral middle occipital-
lingual gyrus pre-meal (Figure 3.8A, Table 3.2). To determine if this was due to an
order effect, a paired t-test was performed showing that rCBF was lower in bilateral
inferior occipital and cerebellum, and greater in bilateral insula and supplemental
motor areas during the first than the second wvisit, irrespective of what was

subsequently consumed (Figure 3.9, Table 3.3).

3.3.6 Difference in post-ingestion rCBF (pCASL2, 0 to +6 mins)
rCBF immediately after the meal, compared to water, was greater in bilateral insula

and parahippocampal gyrus, and lower in right precuneus (Figure 3.8B, Table 3.2).

3.3.7 Difference in post-ingestion rCBF (pCASL3, +8 to +14 mins)
At +8 to +14 mins, rCBF after meal compared to water ingestion was greater in left
inferior frontal gyrus (lateral PFC) and in a cluster extending from the cingulate gyrus

to the supplementary motor area, and lower in right precuneus (inferior parietal

lobule) and left lingual gyrus (Figure 3.8C, Table 3.2).

3.3.8 Difference in post-ingestion rCBF (pCASL4, +28 to +34 mins)
At +28 to +34 mins, rCBF after meal compared to water ingestion was greater in left
insula, right operculum and anterior cingulate and lower in bilateral lingual gyrus, left

precuneus and left cerebellum (Figure 3.8D, Table 3.2).

3.3.9 Difference in post-ingestion rCBF (main effect meal across pCASL2-4)
Given the similarity in changes in rCBF at each post-ingestion time point, T-contrasts
were constructed to summarise the main effect of post-meal vs post-water ingestion.

Meal ingestion was associated with greater rCBF in bilateral insula, right cingulate
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gyrus and frontal gyrus/anterior cingulate, and lower rCBF in right precuneus and

bilateral lingual gyrus, compared to water ingestion (Figure 3.10, Table 3.2).

3.3.10 Difference in change from pre- to post-ingestion rCBF between feeding
conditions.

To confirm that the higher post-meal insular rCBF was not driven by the non-
significant higher global CBF pre-meal compared to pre-water, three T-contrasts were
calculated for the interaction between feeding status (meal vs water) and pre- vs each
post-ingestion time point (pCASL1 vs pCASL2, 3 and 4 separately). The only
interaction that revealed a significant change was from pre-ingestion to immediately
post-ingestion (pCASL1 vs 2) in left insula (MNI coordinates X=-36, Y=2, Z=—18,
T-value 4.30, 457 voxels, cluster Prwg-correctea=0.018), the right insula failing to reach
statistical significance (X=32, Y=—2, Z=12, T-value 5.22, 312 voxels, Prwg-corrected =
0.101). The mean rCBF data in this left insula cluster showed a post-meal rise from
baseline compared to a post-water fall (Figure 3.11). There were no clusters that
reached statistical significance when T-contrasts were constructed to examine
differences in the main effect of meal vs water ingestion across the three post-

ingestion time points (pCASL2,3 and 4) compared to baseline (pCASL1).

44
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Mean (+SE) CBF (ml/100g/min)
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T values
Figure 3.11

A: Group T-contrast brain CBF map of the feeding status x pre- vs immediately post-ingestion
interaction; B: Extracted rCBF from cluster (insula) in (A). Dashed line = water; solid line = meal.
Voxel-threshold Pypeomected < 0.005. Cluster-threshold Prwe-corrected < 0.05.
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3.3.11 Multiple regression: Pre-ingestion pCASL1 (pre-water and pre-meal)

As there were differences in rCBF pre-meal compared to pre-water ingestion, separate
multiple regression analyses were performed, with age and BMI as covariates, and
global grey matter CBF as a nuisance covariate. For both visits, there were no regions
where age was associated with rCBF after adjusting for BMI. However, after
adjusting for age, BMI was positively associated with rCBF in right subcallosal
gyrus-putamen, left medial OFC (superior orbital frontal gyrus), right lateral OFC
(superior frontal and middle orbital frontal gyri) and bilateral supplemental motor
areas, and negatively associated with rCBF in left posterior cingulate/precuneus, right
middle occipital gyrus and left cerebellum pre-water ingestion, and positively
associated with rCBF in superior frontal gyrus and negatively associated in

cerebellum pre-meal ingestion (Figure 3.12, Table 3.4).

3.3.12 Multiple regression: Post-meal minus post-water pCASL2 (0 to +6 mins)

Similar multiple regression analyses were performed using [meal-minus-water] CBF
difference maps at each post-ingestion time point (pCASL2, 3 and 4), with age and
BMI as covariates and the respective difference in global grey matter CBF as a

nuisance covariate.

Age was positively associated with the difference in rCBF immediately after meal
compared to water ingestion (pCASL2) in the superior frontal gyrus (OFC) and
negatively associated in the cerebellum after adjusting for BMI (Figure 3.13, Table
3.5). After plotting the linear regression lines for the extracted rCBF data, the
intercept with the x-axis was 35.4 years for OFC (above which increasing age is
associated with increasingly greater perfusion after meal compared to water ingestion)
and 35.4 years for cerebellum (below which increasing age is associated with
increasingly greater perfusion after the meal compared to water ingestion). There

were no regions that demonstrated an association with BMI after adjusting for age.
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3.3.13 Multiple regression: Post-meal minus post-water pCASL3 (+8 to +14 mins)

There were no regions demonstrating an association between age and difference in
rCBF between post-meal and post-water states after adjusting for BMI, whilst BMI
was positively associated with the difference in rCBF in the cerebellum (Figure 3.14,
Table 3.5). The plot of the linear regression line of the extracted rCBF data showed
the intercept with the x-axis to be 26.44 kg/m’® (above which increasing BMI is
associated with increasingly greater perfusion of the cerebellum after meal compared

to water ingestion).

3.3.14 Multiple regression: Post-meal minus post-water pCASL4 (+28 to +34 mins)

Age was positively associated with the difference in rCBF between post-meal and
post-water states after adjusting for BMI in the precentral gyrus, inferior frontal gyrus,
medial frontal gyrus and superior temporal gyrus (Figure 3.15, Table 3.5). The plots
of the linear regression lines showed that increasing age was associated with
increasingly greater perfusion of these regions after meal compared to water ingestion
above the ages of 38.2 years, 35.9 years, 36.4 years and 35.9 years for the respective
regions. There were no regions demonstrating an association between BMI and

difference in CBF between feeding states.
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3.3.15 Region of interest analyses

Given that there were regional differences in the pre-water and pre-meal rCBF, net
1AUC for the extracted rCBF of 19 a priori regions of interest were calculated. The
greater reduction in CBF from baseline after meal compared to water ingestion in the
right lateral OFC, right thalamus and right hippocampus survived Bonferroni
correction (p=0.0470, p=0.0125, p=0.0364 respectively) (Figure 3.16). There were no
regions in which the difference in net iIAUC-CBF between meal and water studies was

associated with age or BMI.
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Figure 3.16

Change in rCBF (ml/100g/min) after water (dashed line) and meal ingestion (solid line) (left) and the
respective net iAUC (ml/100g) (middle) for (A) right lateral OFC, (B) right thalamus and (C) right
hippocampus anatomical regions of interest (masks depicted). *p < 0.05 Bonferonni corrected.
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3.4 Discussion

This study aimed to characterise changes in normal human brain activity following
meal ingestion, and how age and weight may influence such responses, using pCASL
fMRI. Global grey matter CBF decreased during the 34 mins post-meal observation
period, to a detectable degree that was surprising given the premise of cerebral
haemodynamic autoregulation (Willie et al, 2014), and which to my knowledge has
not previously been demonstrated. One possible explanation is a “steal” effect, with
food ingestion diverting blood to the gastrointestinal tract. Post-prandial blood flow
has been shown to increase rapidly in the coeliac artery and more gradually in the
superior mesenteric artery, although common carotid, internal carotid and vertebral
artery blood flow, as markers of global CBF, has not been shown to change post-
prandially (Eicke et al, 2003; Someya et al, 2008; Totman et al, 2009; Xu et al,
2015). Potential reasons for the discrepancies between the current findings and these
studies are that Totman et a/ (2009) and Xu et a/ (2015) investigated the response to
oral glucose rather than a meal using MRI, whilst Eicke et a/ (2003) used duplex
Doppler sonography to quantify CBF changes after a mixed-meal, a method that has
lower reproducibility. Unfortunately, previous [?OJH,O-PET studies did not report
post-meal changes in global CBF (Gautier et al, 2001; Tataranni et al, 1999). This
diversion of blood may be accompanied by post-prandial hypotension, a phenomenon
defined as a reduction in systolic blood pressure by 20 mmHg, that peaks 45 mins
after eating and more commonly affects individuals with existing autonomic
dysfunction (Trahair et al, 2014). Changes in blood pressure are likely to have been
minimal in the present study, as subjects were healthy, and supine immediately after
eating. Nevertheless, subtle changes in blood pressure may have resulted in small

fluctuations in cerebral perfusion.

3.4.1 Effect of meal ingestion

Voxel-wise analyses were performed to investigate regional changes in brain activity,
as reflected by changes in rCBF, upon meal compared to water ingestion, at each time
point of the study, correcting for changes in global grey matter CBF. The observation
that rCBF was greater pre-water compared to pre-meal ingestion in bilateral lingual

and fusiform gyri, regions predominantly involved in visual processing, was
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unexpected as subjects were fasted and had yet to consume the meal or water, with
identical conditions at this point of each visit. This may have been due to an order
effect of visits, as lower rCBF in bilateral inferior occipital and cerebellar regions was
observed during the first compared to the second visit at this pre-ingestion (pCASL1)
timepoint, irrespective of what was subsequently consumed. The imbalance in
randomisation caused by re-acquiring lost data for two subjects, although minor, may
have contributed to the greater activity of these occipital brain regions in the pre-
water than pre-meal scan, as the two subjects repeating their first study would have
known by default what they would be consuming during the repeat of their first visit
and differences in expectation and spontaneous thought during this period would be
expected to affect activation in brain regions involved in resting state activity. A
recent meta-analysis has shown that the anterior insula and lingual gyrus play a role in
this (Fox et al, 2015), in addition to the recognised “default mode network™ described
by Raichle (2015). The greater insular rCBF during the pre-ingestion scan of the very
first visit compared to that of the second visit (irrespective of what was later
consumed) is in keeping with this, but differences in activity were no longer observed
when visit order was almost equally balanced across the water and meal visits,

indicating the randomisation process controlled for this order effect in the insula well.

The increased activity within bilateral insula/opercula regions affer meal compared to
water ingestion (significant immediately after eating and during the final scan, with
the non-significant change in the intermediate post-prandial scan accompanied by
increased rCBF in part of the right lateral pre-frontal cortex that was spatially close to
the insula), and the significantly greater rCBF in bilateral insula observed when the
main effect of the meal was compared to water across the three post-ingestion studies,
can be attributed to meal ingestion, especially in the absence of any regions where
rCBF was greater pre-meal compared to pre-water. The effect was spatially greatest
within bilateral insula immediately after meal ingestion. Furthermore, the rise in
rCBF from pre-meal to immediately post-meal in the left insula was significantly
greater than the decrease observed after water ingestion in the interaction analysis
(water/meal vs pre-/immediately post-ingestion), with similar findings in the right
insula not reaching statistical significance. This is consistent with the insula and
operculum functioning as the primary gustatory cortex (de Araujo et al, 2012),

processing taste and interoceptive awareness, with this early response likely to
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represent both the taste of the meal but also the process of satiation, the immediate
drive to terminate a meal, whilst later responses signal satiety, influencing subsequent
eating behaviour, which is explored further in the next chapter. Interestingly,
decreased rather than increased insular rCBF after meal (Gautier et al, 2001;
Tataranni et al, 1999) and glucose ingestion (Page et al, 2013) have been shown with
PET and pulsed ASL (pASL) fMRI respectively. The timing of meal ingestion and
scanning in these studies may explain the disparity between these findings and those
of the present study. In the PET studies, two 1 minute scans were performed “at
baseline and two after feeding, with intervals of 10-15 mins between scans”, which
presumably refers to the time difference between the two scans, as feeding of the
liquid meal was completed over a 25 mins period, whilst in the pASL study, CBF data
were acquired every 5 mins during the hour following glucose/fructose drink, and it is
not clear at what point changes in insula activity occurred. These studies therefore do
not characterise the changes in insular activity observed immediately post-ingestion.
Conversely, Frank ef al (2012), using pASL fMRI, demonstrated a small decrease in
insula rCBF at 30 mins, and a much larger increase in rCBF at 120 mins when low fat
yoghurt was eaten, the latter observation being absent when high fat yoghurt was
consumed. It is conceivable that a triphasic response may occur, with an immediate
post-prandial increase in insular rCBF, followed by a decrease and a late increase,

reflecting roles in processing taste, satiation and satiety.

The increases 1 observed in activity in the lingual gyrus, precuneus and cerebellum
following meal ingestion are compatible with the PET findings by Gautier et al
(2001) and Tataranni ef al (1999), both in contrast to the pCASL studies post-fructose
ingestion by Page ef al (2013). Glucose ingestion was not found to affect activity in
these regions in the latter study. Given that some of these regions comprise or interact
with the default mode network discussed earlier, a possible interpretation is that the
meal diverted the subjects’ thoughts or attention towards how they felt after eating the

meal.

The above voxel-wise analyses statistically accounted for any changes in brain
activity that may have been driven by differences in global grey matter CBF during
each scanning session. For the analysis of the data extracted from the a priori regions

of interest, this was managed by calculating net incremental areas under the curve of
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the changes in perfusion. Right lateral OFC, thalamus and hippocampus showed
greater reduction in perfusion post-meal compared to post-water ingestion, surviving
correction for multiple comparisons. Increasing BOLD signal in lateral OFC was
observed by Small ef al (2001) after subjects who identified themselves as chocolate
cravers ate chocolate until it was no longer pleasant. In my study, the meal reduced
pleasantness to eat, but it did not increase feelings of nausea, therefore the gradual
reduction in perfusion I observed within the lateral OFC may reflect an intermediate
stage of satiation before revulsion, “liking” but no longer “wanting” (Berridge and
Robinson, 2003), which in turn influences satiety. The differences in the direction of
change of activity (increase in BOLD signal in the study by Small ef a/ (2001) and the
reduction in rCBF in the present study) may be explained by the use of very different
fMRI modalities, as well as differences in study design, as subjects in the present
study and the mixed meal provided were not chosen to examine craving. The failure
to see significant change in the insula with meal ingestion in these region of interest
analyses is likely due to the size of the anatomical insula mask, extending well
beyond the functional region identified in the voxel-wide analysis, encapsulating
anterior and posterior insula which may have different functions. It is possible that
using smaller defined masks may have avoided “dilution” from non-activated regions
within the insula when calculating the mean voxel-wise rCBF from the mask and the

discrepancy shows the value of using both methodologies.

3.4.2 Effect of ageing

The absence of association between resting global or regional grey matter CBF with
age, after correcting for BMI, is consistent with a CASL fMRI study showing that
after a rapid drop in global CBF during adolescence, CBF remains constant in
adulthood (Biagi ef al, 2007). Other CASL and PASL studies with subjects ranging
in age from the 3™ to 9" decade, beyond the range of the current study, show a
reduction in global CBF by 0.38-0.78% per year of life (Chen et a/, 2011; Liu et al,
2012; Parkes et al, 2004). °[H,O]-PET and SPECT studies have shown reductions in
rCBF with age may actually be an artefact of partial volume effects (a limitation of
spatial resolution of brain imaging) that may be increased due to grey matter loss
(Meltzer et al, 2000; Van Laere and Dierckx, 2001). It is important to note that the

current study specifically focussed on changes between young and middle age
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adulthood and my data do not rule out an effect of greater extremes of age (childhood

and old age).

The relationship between increasing age, adjusted for BMI, with increasing
differences in rCBF between the two feeding states immediately after meal ingestion
in the anterior cingulate and orbital part of the superior frontal gyrus, and at +28 to
+34 mins post-ingestion in the anterior cingulate/medial prefrontal gyrus, pre/post-
central gyrus and bilateral insula, was found to have a critical age point in the mid-
thirties, below which rCBF was greatest after water ingestion and above which rCBF

was greater after meal ingestion.

The OFC processes food-related reward salience after receiving sensory inputs that
include visual stimuli via the visual cortices, taste from the primary gustatory cortex
(frontal operculum and insula), smell from the pyriform cortex and touch from
primary somatosensory cortex, to influence appetite and subsequent eating behaviour
through decision-making processes, goal-driven behaviour and habitual behaviour via
the medial prefrontal cortex, anterior cingulate and striatum respectively (Rolls,
2015). [°O]H,0-PET studies have shown rCBF decreases in OFC, insula and striatal
regions after meal ingestion following a prolonged fast, which may reflect the
immediate increase in satiation that leads to meal termination (Gautier et al, 2001;
Tataranni ef al, 1999). I found similar data for the under 30s immediately after meal
ingestion in the OFC/ACC, but as age increased, there was not only a diminution in
the suppressive effects of eating on hunger, but an increase in food-related activity in
these reward salience and goal-directed processing centres, which might be supposed
to promote further eating. I am not aware of existing data that demonstrates how
ageing to middle age may modify the brain response to meal ingestion per se. Green
et al (2013) showed that young adults (aged 19-26 years) had greater insula and
pre/post-central gyrus BOLD signal changes upon tasting sucrose compared to
caffeine, with this sucrose response being greater than that observed in middle age
adults (aged 45-54 years) who showed no differences in response between these
stimuli, despite no differences in the reported pleasantness or intensity of the stimuli
between the groups. This may suggest an age-dependent reduction in the
responsiveness of interoceptive centres to rewarding stimuli that could encourage

increased food intake in middle age in order to compensate for these deficits.
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Jacobson ef al (2010) showed young subjects (mean age 23.9 years) had lower BOLD
signal than old subjects (mean age 72.2 years) to tastants in the anterior cingulate,
PFC, OFC, caudate and amygdala in both fasted and fed states, although in this study,
the effect of ageing on how feeding modulates the cerebral response to tastants was
not examined. The authors suggest that the exaggerated responses in the older group
may be compensatory for diminished food-related processes, although this requires

further confirmation with other imaging modalities.

The association between age and the later response at +28 to +34 mins to the meal in
the anterior cingulate/medial PFC demonstrates good internal consistency with the
immediate post-prandial observations. The additional late post-prandial involvement
of the bilateral insula in this relationship is of interest. GLP-17.35 amide reduces food
image-evoked BOLD signal in the insula in a similar manner to that observed after
meal ingestion (De Silva et al, 2011), and as does the GLP-1 receptor agonist,
exenatide (van Bloemendaal et al, 2014). 1 did not collect sufficient GLP-1 samples
during the present study to investigate the role incretin hormone secretion may have
had, but we can expect a greater rise post-meal than post-water that has not been
shown to be affected by ageing (Geloneze et al, 2014; Maclntosh ef al, 1999) and,
given their role in suppressing appetite possibly via the insula, it is possible that the
insula becomes less sensitive to the post-prandial incretins beyond middle age,

allowing it to be increasingly more active after a meal.

3.4.3 Effect of BMI

The positive association between BMI, independent of age, with rCBF in prefrontal
(PFC) and orbitofrontal (OFC) cortices and putamen pre-water ingestion (not
replicated pre-meal ingestion, again possibly due to an order effect) is inconsistent
with data from Volkow et al (2009) where increasing BMI was associated with
decreased activity in PFC and anterior cingulate gyrus, as quantified by ["*F]FDG-
PET. In their study, cognitive function decreased with increasing BMI, with
performance on cognitive function tests associated with resting prefrontal glucose
metabolism, although not with task-related changes in activation. One reason for the
discrepancies between those studies and the present study lies in the impact of my

subjects knowing that they would either receive meal or water soon after the first
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pCASL scan: it is conceivable that food-related cognitive processes such as the
anticipation of a possible upcoming meal may have altered this relationship between
BMI and resting cerebral activity. Indeed, changes in PFC activity during the
anticipation of food, and how they may be influenced by body weight, have been
demonstrated in a number of BOLD fMRI studies. For example, Yokum et a/ (2011)
observed that increasing BMI in a group of adolescent girls was associated with
greater BOLD signal responses in the lateral OFC, insula and ventrolateral prefrontal
cortex (VLPFC) to arrows that signalled the presentation of food images. Frankort et
al (2012) showed greater prefrontal, OFC and striatal activity in overweight than
normal weight individuals whilst they imagined tasting food. Batterink et a/ (2010)
also showed that when subjects explicitly inhibited responses to appetising food
images during a go/no-go task, increasing BMI was associated with decreasing BOLD

signal in superior and middle frontal gyri, VLPFC, medial PFC and OFC.

The only significant association between BMI and the difference in rCBF post-meal
vs post-water was found during the intermediate +8 to+14 mins interval (during
which no relationship with age was detected), was in the cerebellum, where in low
BMI subjects, activity was greater post-water compared to post-meal, but that
increasing body mass beyond overweight reversed this relationship. The cerebellum
is often identified in neuroimaging studies of appetite, but its role in controlling food
ingestion is not fully understood in humans. However, in animal studies, it has been
shown to modulate intestinal motility and hypothalamic regulation of food-seeking

behaviour and responses to glucose (Zhu and Wang, 2008).

3.4.4 Limitations and conclusions

The meal did not elicit complete satiation, nor completely suppress hunger and whilst
caloric intake per BMI unit was similar for all subjects, energy intake was not
adjusted for BMI, preventing us from establishing the impact of feeding to full
satiation. Although subject preferences for ice cream were not examined, they were
made aware of the nature of the mixed-meal prior to study, and we can assume people
with an active distaste for it will have been self-excluded. Anecdotally, subjects
reportedly enjoyed eating the ice cream but it is possible that differences in personal

taste, including changes that might occur with age, could have influenced the results.
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Nevertheless, the meal was sufficient to impact upon hunger, fullness and
pleasantness to eat scores, suggesting it was adequate for our purposes. The subjects
were fasted for at least 8 hours before scanning, but diet between scans was not
controlled. We also need to consider the timing of the different scans performed in
the present study, when comparing it to others, as this will affect the data. The effect
of food (and non-food) image viewing during the BOLD fMRI task may have
influenced brain activity during the final pCASL acquisition, by both placing
demands on visual attention networks, but also bringing subjects thoughts and
attentions to the food pictures viewed, rather than their internal feelings related to the
meal consumed, although the response to such tasks is usually considered restricted to
the actual performance and my own data described in the following chapter certainly

showed instantaneous responses in terms of food-cue evoked hunger.

In summary, this study has validated the use of pCASL fMRI in the characterisation
of the normal human brain response to meal ingestion, with the predominant response
being an increase in insular activity, a region that processes taste and interoceptive
awareness, which may then influence activity of prefrontal regions such as the OFC to
induce satiation and alter later satiety. Multiple regression analyses did not
demonstrate an effect of age on resting (fasting) brain activity in the age group
studied, but increasing age was associated with increasingly greater OFC and insular
responses to meal compared to water ingestion above a critical age during the mid-
thirties, that is opposite to the suppression of activity that occurs below this age.
Longitudinal studies would be optimal to establish whether this is cause or effect but
it seems likely that changes in brain response to meal ingestion occurring with healthy

ageing will facilitate the weight gain observed in middle age.
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Table 3.1

Subject characteristics

N=24
Age [median (range, interquartile range)] 35.9 (19.5-52.6, 19.84) years
Sex 12 males : 12 females
BMI [mean + SD (range, interquartile range)] | 24.9 +4.0 (19.4-23.7, 6.58) kg/m"
HbAlc (mean + SD) 5.3+0.4%
Fasting glucose (mean + SD) 4.840.1 mmol/L
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4 Ageing and the modulation of cerebral responses to food
cues by meal ingestion

4.1 Introduction

The previous chapter described the impact of ageing and BMI on changes in post-
prandial rCBF, a marker of cerebral processes of satiation. Functional neuroimaging
has also demonstrated altered brain responses to food cues in obesity, which may
persist despite weight loss, in corticolimbic appetitive motivational networks, and in
higher executive regions involved in self-control of eating, e.g. dorsolateral prefrontal
cortex (DLPFC) (Martin et al, 2010; Stoeckel et al, 2009). Such neural responses to
visual food cues are present in childhood, with greater corticolimbic and paralimbic
reward pathway responses in fasted compared to fed states (Holsen et al, 2005).
These responses continue to develop from adolescence to young adulthood (Killgore
and Yurgelun-Todd, 2005b), associated with structural changes in the brain during
this period (Sowell et al, 1999). Given the increased prevalence of obesity in middle
age (Flegal et al, 2010), this study aimed to examine the impact of ageing from young
adulthood to middle age on brain responses to food cues in fed and fasted states using

BOLD fMRI.

4.2 Methods

4.2.1 Subjects

The 24 subjects were the same as those in Chapter 3. Recruitment methods and

inclusion criteria have been described (sections 2.8.1-2.8.2).

4.2.2 Study protocol

The general experimental design and MRI acquisition details are described in section
2.8 (Figure 3.1). The pCASL fMRI methods and results are described in Chapter 3.
With regard to the BOLD fMRI study, in brief, subjects were studied on two separate
mornings following an overnight fast of at least 8 hours. After intravenous
cannulation, subjects were positioned in the scanner, and a high-resolution gradient

echo, echo planar image (GE EPI) scan, and baseline pCASL1 scan were performed.
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Between -6 and 0 mins, subjects were withdrawn from the scanner and sat up to
consume a mixed meal (200ml, 554kcal, 36.8g fat, 7.8g protein, 47.6g carbohydrate)
or 50ml water, in random order across the two sessions. After repositioning in the
scanner and two further pCASL (pCASL2-3) scans, BOLD-fMRI data were acquired
between +16 and +26 mins whilst subjects viewed 72 photographs each of food and
non-food related objects that had previously been wvalidated for recognition,
pleasantness and appeal, visual complexity and colour, and for food images,
palatability (Tables 2.1, 2.2) (Uher ef al, 2006). These were shown in alternating
blocks of 12 different pictures of either food or objects, each presented for 3 s (Figure
4.1). Subjects were asked to “Imagine you are eating the following foods/using the
following objects” before viewing food and object blocks respectively. Subjects
responded to the question “How hungry do you feel?” after each block, on a projected
1-10 visual analogue scale using a hand-held keypad. Subjects similarly rated
appetite before and after pCASL1, after pPCASL2-3, at the end of BOLD fMRI and the
final pCASLA4, with concurrent blood sampling.

e
XNe ) XN
\)5\‘\% e’b’(‘\(\%
2 N ,&e
(0) xS oV L
a@“62°“\ec 5 e,"°°&
"\((\ \vi\“ 12 object images 1-10 "\‘(\ \N'\(\ 12 food images 1-10
™\ VAS o X VAS
Time
Figure 4.1

BOLD fMRI task (between pCASL3 and 4): Block design, each block consisted of auditory
instructions, then 12 object or 12 food images, each image presented for 3 s with no inter-stimulus
interval, and then the question “How hungry do you feel?” was answered using a 1-10 visual analogue
scale. Food (n=6) and object (n=6) blocks alternated, in a pseudo-randomised playlist.

4.2.3 Statistical analyses
General non-imaging statistical methods are described in section 2.8.14. Each
subject’s mean hunger scores during image viewing for each stimulus-condition

combinations (water-food, meal-food, water-object, meal-object) were submitted to
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repeated measures ANOVA with feeding status (water/meal) and image (food/object)
as factors. Associations between age with net symptom 1AUC and hunger scores
taken during image viewing, and between symptoms and BOLD signal, were assessed
using Pearson’s correlation coefficient/Spearman’s rank test for normally/non-
normally distributed data respectively (uncorrected P). Data are presented as

mean+SEM or median with the interquartile range.

Subject-level BOLD image pre-processing and statistical methods using XBAM
version 4.1 (Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology &
Neuroscience, King’s College London, 2012) are described in section 2.8.13.3. After
normalised BOLD effect size maps of the response to food vs object images were
calculated for each subject, group maps within each feeding state were generated to
examine food vs object image-evoked BOLD signal contrast compared to a null
distribution derived from the permuted data set (section 2.8.13.4). After restricting
analyses to grey matter, differences in the median effect size of the food vs object
signal contrast at each voxel between feeding states were computed and compared to
a null distribution derived by permutation of feeding status. The direction of BOLD
signal contrast (food > objects, food < objects) of the sub-clusters between feeding

conditions was determined by phase clarification.

In separate analyses, the association between age and food vs object image-evoked
BOLD signal contrast after water ingestion, and between age and the difference in
food vs object BOLD signal contrast between feeding conditions, were examined by
calculating voxel-wise Pearson product moment correlation coefficients compared to
a null distribution derived by permutation of age. Correlation analyses were adjusted
for BMI, which was positively correlated with age (,=0.539, p=0.007). The primary
endpoint was the effect of ageing, but exploratory correlation analyses were
performed for BMI after adjusting for age. All the above group maps were
thresholded to yield <0.5 false positive clusters per map at a voxel-wise threshold

p<0.05 (Bullmore ef al, 1999) (section 2.11.4).
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4.3 Results

4.3.1 Subjects, Glucose and Insulin
Subject characteristics, and changes in glucose and insulin during the study are

described in sections 3.3.1-2.

4.3.2 Symptom scores

Analyses are based on 22 subjects, as symptom scores were incomplete for two.
Responses to the four appetite questions collected at the defined time points before
and after meal and water ingestion have been described (section 3.3). Hunger scores
were collected after viewing each block of food and object pictures during BOLD
fMRI. As expected, hunger scores were lower post-meal compared to post-water
ingestion (main effect of feeding condition, F(1,23)=30.268, p<0.001), but more
hunger was elicited after viewing pictures of foods than of objects (main effect of
image type, F(1,23)=13.024, p=0.001) (Figure 4.2). There was no significant
interaction between feeding status and image type (F(1,23)=0.155, p=0.697).
However, when the mean hunger scores for each feeding status x image type

combination in each subject were subjected to the following calculation:

“net” hunger = [water-food — meal-food]nunger — [Water-object — meal-object]hunger

with negative numbers indicating greater suppression of hunger by the meal during
food than object image-viewing, there was a trend towards a positive association
between age and “net” hunger after adjusting for BMI (1=0.407, p=0.054), suggesting
less meal-induced suppression of the hunger evoked by viewing food images with

increasing age.
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Figure 4.2

Mean (+SEM) hunger elicited by food (open bars) and object (solid bars) image viewing after
water/meal ingestion. **main effect of meal, p < 0.001; ***main effect of image class, p = 0.001.
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4.3.3 Effect of meal ingestion on brain responses to visual food cues

Food-vs-object picture-evoked BOLD signal contrast was greater after meal
compared to water ingestion in a single cluster that was identified as precuneus, that
included bilateral superior parietal lobule, and superior and middle temporal gyri
(Figure 4.3, Table 4.1). Phase clarification showed this was largely due to greater
deactivation on viewing food images (food < object) after drinking water, with

activation (food > object) or a lesser degree of deactivation after the meal.

The BOLD signal contrast was lower after meal compared to water ingestion in a
single cluster identified as right putamen that included right thalamus, amygdala and
posterior insula. Phase clarification indicated that visual food image-evoked
activation was greater after water ingestion in the right putamen, thalamus and
posterior insula, whilst deactivation of the right amygdala was greater (BOLD signal

contrast more negative) after the meal.
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(A) Group map of the effect of meal compared to water on food-vs-object image-elicited BOLD signal
contrast (voxel-wise p < 0.05, cluster-wise p < 0.01), showing clusters with greater (red) or lesser
(blue) activity after meal than after water. (B) Extracted mean effect size from sub-clusters identified
from phase clarification of clusters identified in (A), after water (open) and meal (grey) ingestion.
Whiskers indicate lowest/highest datum within 1.5 IQR of lower/upper quartile. Positive effect size
indicate greater BOLD signal elicited by food than object images. SPL: superior parietal lobule.
Effect size units = % BOLD signal change.
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Differences in net iAUC for symptoms of hunger, nausea, fullness, and pleasantness
to eat, collected throughout the study visit, between feeding conditions were assessed
for correlation with the respective differences in BOLD signal in these two clusters.
Greater meal-induced reduction in hunger was associated with greater meal-induced
suppression of the putamen cluster activity (=0.483, p=0.023) (Figure 4.4). All other
associations did not meet statistical significance. There was no association between
BOLD signal changes and “net” hunger score (representing meal-induced suppression

of the hunger evoked by viewing food images).
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Figure 4.4

Correlation between the differences in net iAUC-hunger (from scores at predefined intervals during
visit) and differences in effect size in right putamen (blue cluster, Figure 4.3) between meal and water
conditions (r = 0.483, p = 0.023). Positive values: greater net IAUC hunger / BOLD signal after meal
than after water; negative: greater net IAUC hunger / BOLD signal after water than after meal. Effect
size = % BOLD signal change.

4.3.4 Effect of ageing on brain responses to visual food cues after water ingestion
Voxel-wise correlation analyses of the food-vs-object picture-evoked BOLD signal
contrast after water ingestion with age, adjusting for BMI, were performed.
Increasing age was positively correlated with BOLD signal contrast in left superior
temporal gyrus and middle temporal gyrus bilaterally, posterior cingulate and
cerebellum, and left anterior insula sub-region of the ventrolateral prefrontal cortex
(VLPFC) after adjusting for BMI (Figure 4.5, Table 4.2). The extracted mean effect
size (mean BMlI-adjusted percentage BOLD signal change) indicated that the
associations were largely due to a reduction in food image-evoked deactivations (less
food < object), with increasing age. Ageing was negatively correlated with right
fusiform gyrus, precuneus and DLPFC BOLD signal contrast, after adjusting for
BMI, the latter due, conversely, to diminishing food image-evoked activation (less

food > object), with increasing age. Fullness correlated with activation in culmen
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(r=0.501, p=0.018) and left posterior cingulate (+=0.440, p=0.041); pleasantness to
eat correlated with right fusiform gyrus (=0.486, p=0.022).
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Figure 4.5

(A) Group map of whole-brain correlation of activation after water with age, showing clusters
exhibiting linear positive (red) or negative (blue) correlation of age with food-vs-object picture-evoked
BOLD signal contrast (corrected for BMI, voxel-wise p < 0.05, cluster-wise p < 0.02) (B) Mean BMI-
adjusted effect size from clusters identified from (A) for each subject against age. Positive mean effect
size: food > object. Effect size units = % BOLD signal change. Lines indicate linear regression.
MTG, middle temporal gyrus; PCC, posterior cingulate cortex; STG superior temporal gyrus.

4.3.5 Effect of ageing on the modulation of brain responses to visual food cues by
meal ingestion
Voxel-wise correlation analyses of the difference in food-vs-object picture-evoked
BOLD signal contrast between feeding conditions with age, adjusting for BMI, were
next performed. Increasing age was positively correlated with differences in
magnitude of the BOLD signal contrast between feeding conditions in right DLPFC,
amygdala and caudate body, a cluster extending from the right ventral (putamen) to
dorsal (caudate head) striatum, and another cluster extending from the left dorsal
striatum (caudate head) to left globus pallidus and left amygdala, after adjusting for
BMI (Figure 4.6A, Table 4.2). The extracted mean effect size data indicated that this
positive correlation in right DLPFC, right amygdala and left dorsal striatum/globus
pallidus/amygdala clusters was largely due to the food vs object image-evoked BOLD
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signal contrast being of greater magnitude after water than meal ingestion in younger
subjects, with less differentiation between feeding conditions with increasing age, and
that of the right ventral/dorsal striatum cluster being even greater after meal than

water ingestion with increasing age (Figure 4.6B).

Caudate

i i ¢
¥y N\

¢ \ﬁ, v U
4 o Precuneus /

VLPFC PCC MTG/STG L

-1+ - - - -

Liaal RS PP B B | Liss KA | 1 R L P G

LVLPFC  LOFC Lprecuneus LPCC = RPCC

1 ° * & o ~ ~ & o
o : : : ]

1 1 £ I 1 aaalaailoa, rasl 1 | 1

0 20 40 60 0O 20 40 60 O 20 40 60 0O 20 40 60 O 20 40 60
Age (years)

Mean difference in effect size
between fed and fasted studies

Figure 4.6

(A) Group map of whole-brain correlation of the difference in activation between feeding states with
age, showing clusters exhibiting linear positive (red) or negative (blue) correlation of age with the
difference in food-vs-object picture-elicited BOLD signal contrast between meal and water conditions
(corrected for BMI, voxel-wise p < 0.05, cluster-wise p < 0.02). (B) Mean differences in BMI-adjusted
effect size between meal and water conditions for clusters identified from (A) for each subject against
age. Positive difference: meal > water. Effect size units = % BOLD signal change. Lines indicate
linear regression. Caud, caudate; glob. pall., global pallidus; MTG, middle temporal gyrus; OFC,
orbitofrontal cortex; PCC, posterior cingulate cortex; STG, superior temporal gyrus.

As the direction of signal contrast (food > object, or food < object) cannot be
determined from these analyses, these clusters were used as masks from which mean
effect size data from the activation maps within each feeding condition were extracted
(Figure 4.7). These relationships with ageing appeared as driven predominantly by
post-water activation and post-meal deactivation in the right DLPFC, right amygdala
and left dorsal striatum/globus pallidus/amygdala cluster that diminished with age,
whilst in the right ventral/dorsal striatal cluster, a deactivation response was observed

after water ingestion, with progressive post-meal activation with increasing age.

154



R amygdala R caud. body R caud. head L glob. pall. R DLPFC

1F -

Mean effect size

0 20 40 60 O 20 40 60 O 20 40 60 O 20 40 60 O 20 40 60

Age (years)
Figure 4.7

Mean BMI-adjusted effect size from each subject after meal (filled circles) and water (open circles),

extracted from clusters identified in Figure 4.6. For illustrative purposes only, lines indicate linear
regression (solid = meal, dashed = water). Positive effect size: food > object. Effect size units = %

BOLD signal change. See Figure 4.6 for abbreviations.

Ageing was negatively correlated with differences in magnitude of the food vs object
image-evoked BOLD signal contrast between feeding conditions in regions including
the left inferior frontal gyrus, with VLPFC and orbitofrontal cortex (OFC), left
superior frontal gyrus, left middle and superior temporal gyri, posterior cingulate
cortex and left precuneus, after adjusting for BMI (Figure 4.6A, Table 4.2). The
extracted mean effect size data indicated the negative correlation in the left VLPFC
and inferior frontal gyrus/OFC to be due to greater magnitude of food vs object
image-evoked BOLD signal contrast observed after meal than water ingestion in the
younger adults, with less differentiation between feeding conditions with increasing
age, although this was less clear in the precuneus, due to a transition from greater
activity after meal than water ingestion in younger adults, to greater activity after
water than meal ingestion in older adults. (Figure 4.6B). When the mean effect size
data from the original activation maps within each feeding condition were extracted
from these clusters further to determine the responses as activation/deactivation to
food images (Figure 4.7), these relationships appeared as driven by post-meal
activation and post-water deactivation in the left VLPFC and inferior frontal

gyrus/OFC that both diminished with age.
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There was no significant association between extracted effect size, reflecting
differences in food vs object image-evoked BOLD signal contrast between feeding
conditions, with the respective differences in net symptom iAUC, or with “net”

hunger scores during image viewing.

4.3.6 Effect of BMI on brain responses to visual food cues after water ingestion

Voxel-wise correlation analyses of the food vs object image-evoked BOLD signal
contrast after water ingestion with BMI, adjusting for age, were performed.
Increasing BMI, independent of age, was positively correlated with BOLD signal
contrast, predominantly in a cluster that included right post-central gyrus and insula,
due to a reduction in the relative food image-evoked deactivation (less food < object)
with increasing BMI, and decreasing BOLD signal contrast in left middle temporal
gyrus and caudate tail, and right anterior cingulate, in the latter region due to a
reduction in the relative food image-evoked activation (less food > object) with

increasing BMI (Figure 4.8, Table 4.3).
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Figure 4.8

(A) Group map of whole-brain correlation of activation after water with BMI, showing clusters
exhibiting linear positive (red) or negative (blue) correlation of BMI (kg/mz) with food-vs-object
picture-evoked BOLD signal contrast (corrected for age, voxel-wise p < 0.05, cluster-wise p < 0.02).
(B) Mean age-adjusted effect size from four of the clusters identified from (A) for each subject, against
BMI. Positive mean effect size: food > object. Effect size units = % BOLD signal change. Lines
indicate linear regression. MTG, middle temporal gyrus; PCC, posterior cingulate cortex; STG,
superior temporal gyrus.
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4.3.7 Effect of BMI on the modulation of brain responses to visual food cues by
meal ingestion

Voxel-wise correlation analyses of the difference in food vs object image-evoked

BOLD signal contrast between feeding conditions with BMI, adjusting for age, were

next performed. Increasing BMI, independent of age, was positively correlated with

the difference in magnitude of the BOLD signal contrast between feeding conditions

in regions including left VLPFC (inferior frontal gyrus), bilateral middle temporal

gyri, anterior cingulate cortex, midbrain, precuneus and left superior parietal lobule

(Figure 4.9A, Table 4.3).
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Figure 4.9

(A) Group map of whole-brain correlation of the difference in activation between feeding states with
BMI, showing clusters exhibiting linear positive (red) or negative (blue) correlation of BMI (kg/mz)
with the difference in food-vs-object picture-evoked BOLD signal contrast between meal and water
conditions (corrected for age, voxel-wise p < 0.05, cluster-wise p < 0.01). (B) Mean differences in age-
adjusted effect size between feeding conditions for selected clusters identified from (A) for each
subject, against BMI for visualisation. Positive difference: meal > water. Effect size units = % BOLD
signal change. Lines indicate linear regression. ACC, anterior cingulate cortex; VLPFC, ventrolateral
prefrontal cortex; MTG, middle temporal gyrus.
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Extracted effect size data from the largest cluster, the precuneus, indicated this
positive correlation to be due to the magnitude of BOLD signal contrast being
increasingly greater after the meal as BMI increased, whilst the ACC and VLPFC
showed a greater magnitude of BOLD signal contrast after water in thinner subjects,
with decreasing differentiation between feeding states as BMI increased, and
subsequently being greatest after meal ingestion in the latter structure in subjects with

the highest BMI (Figure 4.9B).

As the direction of signal contrast (food > object, or food < object) cannot be
determined from these analyses, these clusters were used as masks from which mean
effect size data from the original activation maps within each feeding condition were
extracted (Figure 4.10). These relationships appeared as driven predominantly by
diminishing post-water activation in the ACC as BMI increased, whilst in the other
structures, this appeared as an interaction effect of both meal and water, with
increasing deactivation responses after water ingestion and diminishing deactivation

after the meal with increasing BMI.
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Figure 4.10

Mean age-adjusted effect size from each subject after meal (filled circles) and water (open circles),
extracted from clusters identified in Figure 4.9. For illustrative purposes only, lines indicate linear
regression (solid = meal, dashed = water). Positive effect size: food > object. Effect size units = %

BOLD signal change. See Figure 4.9 for abbreviations.

Increasing BMI, independent of age, was negatively correlated with the difference
magnitude of the BOLD signal contrast between feeding conditions in the bilateral
caudate head, bilateral insula cortex and left cingulate gyrus (Figure 4.9A, Table 4.3).

The extracted effect size data indicated this negative correlation to be due to greater
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insula cortical BOLD signal contrast after meal than water ingestion observed in
thinner volunteers, with less differentiation between the two feeding conditions as
BMI increases, whilst in the caudate, BOLD signal contrast is of greater magnitude
after water than meal ingestion with higher BMI (Figure 4.9B). When mean effect
size data from the original activation maps within each feeding condition were
extracted from these clusters further to determine the responses as activation or
deactivation to food images, these relationships appeared as driven by post-meal
activation and post-water deactivation in the insula that both diminished with
increasing BMI, whilst in the caudate there was progressive post-meal deactivation

with increasing BMI (Figure 4.10).

4.4 Discussion

This study has shown that visual food cue-evoked activation of striatal reward centres
is converted to a deactivation by prior meal ingestion, consistent with existing BOLD
fMRI research (Fuhrer et al, 2008; Goldstone et al, 2009). However, this study shows
that increasing age from the 3™ to the 6™ decade is associated with both a diminution
of the satiety-inducing effects of a meal and of the modulatory effects of prior meal
ingestion on visual food cue-evoked in striatal regions, as well as prefrontal centres
involved in reward salience representation and inhibitory control. Increasing BMI
was also associated with diminishing discriminatory responses to food images
between feeding conditions in the centres involved in interoception, and greater post-

prandial deactivation of the striatum.

4.4.1 Effect of meal ingestion

Meal compared to water ingestion reduced food image-evoked responses in
dopaminergic corticolimbic structures in the network that subserves appetitive
motivation and incentive saliency of cues and interoception (putamen, amygdala,
thalamus and insula) (Berridge ef al, 2010), the degree to which was significantly
associated with suppression of subjective hunger experienced after eating. The early

increase in insular rCBF after a meal described in the previous chapter likely
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represents the processing of taste and satiation to terminate a meal, whilst the later
increase in insular rCBF is accompanied by this meal-induced suppression of
responses to visual food cues, which is consistent with existing BOLD fMRI data
(Fuhrer et al, 2008; Goldstone et al, 2009), supporting the concept that neural
representations of incentive salience or hedonic value of food are modulated by
satiety states. The meal increased food cue-evoked neural activation (or decreased
cue-evoked deactivation) in regions normally recruited in abstract visuospatial mental
imagery tasks (precuneus, superior parietal lobule, superior and middle temporal gyri)
(Cavanna and Trimble, 2006). As subjects were asked to imagine eating viewed food
images, differential activation of precuneus and superior parietal lobule between
nutritional states may reflect changes in imagined or anticipated taste of the food cues
by the recent meal, which may in turn influence prospective eating. Imagining the
smell of foods can modulate subsequent perception of such odours (Djordjevic et al,

2004). Conversely, it is possible that experiencing food may influence its imagery.

4.4.2 Effect of ageing

There is substantial evidence that elderly populations have lower energy intake, lower
fasting and post-prandial hunger and greater post-prandial fullness compared to
younger populations (Giezenaar et al, 2016). However, there is a paucity of research
into the changes in appetite that occur from young adulthood to middle age. My
subjects’ ages ranged from 19.5-52.6 years, in order to allow the investigation of the
hypothesis that altered appetite control mechanisms may contribute to the increased
tendency to weight gain in middle age. Although the meal reduced hunger across the
age spectrum, ageing was associated with greater hunger during and after meal
ingestion, after adjusting for BMI, with a trend towards less suppression by meal
ingestion of the hunger evoked by viewing food images. With increasing age,
differences in magnitude of the food cue-evoked BOLD signal between fed
(deactivation) and fasted (activation) states fell in the right DLPFC, bilateral
amygdala and striatum (caudate body), as did the difference in food cue-evoked
BOLD signal between fed (activation) and fasted (deactivation) states in left OFC and
VLPFC/insula. These data are consistent with reduced sensitivity of corticolimbic
networks to current nutritional states, when responding to food cues, with ageing from

young adulthood to middle age.
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DLPFC activation by stimuli representing high calorie (Goldstone et al, 2009;
Killgore et al, 2003), “fattening” (Schur et al, 2009), highly appealing (Passamonti et
al, 2009) and neutral hedonic foods (Cornier et al, 2007), its association with post-
prandial secretion of anorexogenic incretin hormones (Pannacciulli et a/, 2007b), and
its engagement during attempts to control the desire to eat (Hollmann et al, 2012)
have been described in human neuroimaging studies, as has the ability to reduce food
cravings and hedonic valuation of food by transcranial direct current and magnetic
stimulation of the DLPFC in healthy volunteers (Camus et al/, 2009; Fregni et al,
2008). DLPFC is activated on eating to satiation per se (Small et al, 2001) and to
food cues when satiated (Smeets et a/, 2006) and its responses towards images of
appealing foods are inversely associated with ad libitum food intake (Cornier et al,
2010). Furthermore, this effect is lost after a period of overfeeding (Cornier et al,
2007), with diminished post-prandial activity observed in obesity (Le et al, 2006).
DLPFC responses to food cues are also increased in young adults compared to
children and adolescents (Killgore and Yurgelun-Todd, 2005b) suggesting the role of
the DLPFC in controlling eating behaviour continues to develop in youth. This is in
keeping with laboratory studies of eating behaviour that show children are able to
regulate food intake according to energy requirements, but that food “neophobia”
diminishes and food preferences are formed as they get older (Tanofsky-Kraff et al,
2007). DLPFC activation by reward incentives during attention tasks also increases
from childhood through to middle age (Smith et al, 2011), suggesting a general
maturation of the function of this inhibitory control centre. We may speculate that
weaker mechanisms of satiety in early childhood may ensure sufficient energy intake
to support linear growth during this period of development. However, diminution of
satiety mechanisms in middle age, when there is little benefit, and indeed positive
disadvantage, to excess energy intake appears paradoxical and the observed reduced
responsiveness of food cue-evoked activity in the DLPFC to meal ingestion with
ageing to middle age is consistent with reduced engagement of these satiety

mechanisms as a contributor to weight gain.

Functional connectivity fMRI analyses suggest that the DLPFC controls motivated
behaviour, such as eating, by processing information on expected reward, modulating
dopaminergic meso-cortical and -limbic networks (Ballard et a/, 2011), including the

OFC (Hare et al, 2009), which represents hedonic properties of food or associated
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stimuli (Berridge ef a/, 2010; Kringelbach and Rolls, 2004). A recent BOLD fMRI
meta-analysis showed consistent OFC activation upon viewing food images that was
modulated by hunger (van der Laan ef al, 2011). The present observation of
decreasing modulation of food cue-evoked OFC activity by meal ingestion with
ageing may represent reduced sensitivity to meal ingestion, possibly due to reduced
dopamine DI receptors (Jucaite et al, 2010) and glucose metabolism (Kim et al,
2009) in the OFC from adolescence to middle age which could promote continued

eating.

The suppressive effects of meal ingestion in other dopaminergic structures that
process incentive saliency of stimuli, including bilateral striatum (right caudate body,
left globus pallidus) and right amygdala (Berridge et al, 2010), were also reduced
with ageing due to diminishing post-water activation and post-meal deactivation
responses to food images. Age-associated reductions in striatal dopamine transporter
expression (Erixon-Lindroth et a/, 2005), D; and D, receptor densities (Volkow et al,
1996; Wang et al, 1998) may explain the reduced responses to food cues with ageing
in the present study in the fasted state, but the impact of ageing from young adulthood
to middle age on striatal dopamine signalling in response to eating has not previously
been investigated. However, significant differences in BOLD signal contrast to taste
stimuli have been shown between the elderly and young adults in caudate, OFC and
ACC, thalamus and hippocampus, in fed and fasted states which may represent
changes in dopaminergic signalling (Jacobson et al, 2010). Negative associations
between waist circumference and BMI with BOLD signal changes in the striatum to
taste stimuli in older volunteers when fasted have been described that are not present
when fed, or in younger volunteers (Green ef al, 2011). Lower responses during
hedonic evaluation of sweet tasting stimuli in middle age compared to young
volunteers in regions including the putamen, globus pallidus and insula have been
demonstrated, such regions showing discriminatory responses to sweet and bitter
stimuli in younger subjects only (Green ef al/, 2013). These studies, together with the
present findings, may suggest a mechanism for promoting further food intake, through
deficient activation of dopaminergic reward pathways when encountering food-
associated stimuli when fasted, requiring greater food exposure to elicit sufficient
reward, and diminutions in deactivation and reduction reward value of food cues after

eating, with increasing age to middle age. These regions may be potential therapeutic
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targets with dopamine agonists (Pijl and Romijn, 2006). In addition, given the
obesity-associated increase in functional connectivity between striatum, amygdala and
insula on viewing appetising food cues may be secondary to impaired inhibitory
control by the DLPFC (Nummenmaa et al/, 2012), it is possible that the present
findings may also represent altered regulation by the DLPFC in middle age with
resultant downstream effects on corticolimbic networks. A further suggestion is that
the attenuation of responses with age reflects an altered “hedonic set point”, such that
the amount of calorie intake or deprivation necessary to elicit a complete satiety

response are larger than that required in younger adults (Egecioglu et al, 2011).

4.4.3 Effect of BMI

Increasing BMI, after adjusting for age, was associated with greater activation of the
right insula on viewing food images after water ingestion. This is consistent with
existing data showing greater food image-evoked insula responses in obesity
(Scharmiiller et al, 2012; Stoeckel et al, 2008), with regression analyses
demonstrating similar positive associations between BMI and food-image evoked
insula responses during passive viewing (Rothemund ez a/, 2007) and attention tasks
(Yokum et al, 2011). The insula is involved in interoceptive awareness processing
(Craig, 2009; Verdejo-Garcia et al, 2012), but is also part of the primary gustatory
cortex processing not only consummatory responses to taste and texture of food, but
also the anticipation of food, with such responses being greater in obesity (Stice et al,
2008), and with the OFC using this information to process the hedonic value of food
(Rolls, 2015). The present findings that food image-evoked insula responses in the
fasted state, when food is most appetising and rewarding, rise as BMI increases could
be interpreted to represent increased attention and reward processes to food cues that
promote food-seeking behaviour and facilitate greater food intake food when food is
subsequently consumed, leading to further weight gain. The response to food images
in the ACC decreased with increasing BMI after water ingestion. This is opposite to
existing fMRI data showing greater ACC responses to food images in obese
compared to lean individuals (Dimitropoulos et al, 2012; Martens et al, 2013; Martin
et al, 2010; Stoeckel et al, 2008), although these studies were not designed to
investigate the correlational relationships between BMI and food image-evoked

responses in the non-obese weight range. Volkow et al (2009) demonstrated
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decreasing activity of prefrontal cortices and ACC, with increasing BMI as quantified
by ['"®*F]FDG-PET, which might provide a physiological explanation for the current
findings, which the authors suggest may be a cause rather than a consequence of

obesity, through reduced inhibitory self-control of eating behaviour.

Positive associations between BMI and the difference in magnitude of food cue-
evoked BOLD signal between feeding states were observed in regions including the
ACC, precuneus and VLPFC. In the ACC, this relationship was driven by the greater
activation toward food images after water compared to meal ingestion in lean subjects
diminishing with rising BMI as described previously, whilst the smaller post-meal
responses were largely unaffected by BMI. In the precuneus, lean subjects showed
little difference in activation responses to food images between feeding states, but
greater post-water deactivation and less post-meal deactivation / greater activation
were observed as BMI increased. Based on earlier discussions, this may suggest
greater imagery of further eating in response to visual food cues with increasing BMI
after consuming a meal. Indeed, explicit imagery instructions upon viewing images
of high calorie palatable food, compared to passive viewing, appear to elicit greater
responses in overweight compared to normal weight individuals in the precuneus, as
well as in regions involved in reward processing and higher executive control
(Frankort et al, 2012). In the left VLPFC, this positive association was driven by
changes in responses to food images after meal ingestion, being predominantly
deactivation responses in lean subjects, transitioning to activation responses as BMI
increased. The lateral prefrontal and orbitofrontal cortices are implicated in inhibitory
control of behaviour, including eating (Burger and Stice, 2011; Hollmann et a/, 2012).
Deficiencies in inhibitory control may be expected to lead to increased food intake,
but excessive activity may infer excessive restraint, which through subsequent
disinhibition has been implicated in increasing food intake, although others propose
that rather being implicated in its causation, restraint is a marker of the tendency to

overeat (Johnson et al, 2012).

Negative associations between BMI and the difference in magnitude of food cue-
evoked BOLD signal between feeding states were observed in the left insula and
bilateral caudate. In the left insula, this was driven by post-water deactivation and

post-meal activation to food images (the opposite of the activity in the right insula)
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that both diminished with increasing BMI. As previously discussed, the insula is
involved in interoceptive awareness (Craig, 2009; Verdejo-Garcia et al, 2012) and in
both anticipatory and consummatory responses to food (Stice et al, 2008). The
present findings of smaller differences in response to food images between feeding
states as BMI increases may suggest diminishing consummatory responses with lesser
ability to differentiate cues of hunger from those of fullness, which could facilitate
continued food intake. These result may appear to conflict with data of Stice et al
(2008), showing greater anticipatory and consummatory responses in obesity, but in
that study, the anticipatory responses were towards learned cues of subsequent food
that would otherwise be meaningless, whilst consummatory responses represented the
effects of tasting rather than eating food, and direct comparisons between pre- and
post-consumption responses were not examined. The present findings are consistent
with data showing lesser deactivation of the insula to food images after a period of
overfeeding in individuals who had successfully lost weight, but at risk of weight

regain, compared to those who had never been overweight (Cornier et al, 2009).

The difference in magnitude of food-image evoked striatal responses was negatively
associated with BMI after adjusting for age, whilst it was positively associated with
age after adjusting for BMI. As discussed above, the latter association was driven by
diminishing activation post-water and deactivation post-meal to food images with age
after adjusting for BMI. However, the former association was driven by increasingly
greater deactivation responses to food images after eating as BMI increased, whilst
activation responses after water appeared relatively stable across the range of BMI,
after adjusting for age. Thus whilst these regions appear less responsive to the effects
of meal ingestion when subsequently exposed to food cues with progressive age,
increasing BMI is associated with increasing deactivation responses to food cues after
eating. Stice et al (2008) have demonstrated decreased consummatory activation in
the caudate in obesity, and others have shown obesity-associated reductions in striatal
dopamine transporter (Chen et al, 2008) and dopamine receptor (de Weijer et al,
2011), which in turn is associated with prefrontal activity (Volkow et al, 2008b).
However, reduced activation is not the same as increasing deactivation, which few
fMRI studies report, and it is unclear if the present observation of greater deactivation

to food cues infers “negative reward” after meal ingestion as BMI increases.
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4.4.4 Limitations and conclusions

As noted in the previous chapter, the meal did not elicit complete satiation, nor
completely suppress hunger, and it therefore does not establish the impact of maximal
satiation on food cue-evoked BOLD signals. Nevertheless, the meal was sufficient to
reduce scores of appetite during the 34 min observation period, and suppress the
hunger elicited by food pictures, and thus the associated neural responses. The ability
to detect associations between BOLD signal and symptoms may have been limited by
assessing hunger after each image block rather than each image and not measuring
food restraint. The group was of mixed gender, which is known to affect brain
responses to food images (Frank ef al, 2010a; Geliebter ef al, 2013; Uher ef al, 2006),
and scans were not timed with menstrual cycles in women, a factor known to

influence responses to food images (Frank et al, 2010b), due to logistical reasons.

The present findings and existing data may imply that satiety processing develops
during childhood through to young adulthood, diminishes in middle age to coincide
with the greater prevalence of obesity, but then increases in the later stages of life
with the resultant reduced food intake that is observed in the elderly. However, my
study was limited to recruiting subjects between 18-65 years of age, and future studies
using similar experimental protocols beyond these age ranges are needed to confirm
this proposal. As age and BMI are inextricably associated, as demonstrated both in
the present study and in larger scale epidemiological studies, we are limited to
controlling for BMI statistically when assessing independent effects of age, and vice
versa. Differentiating cause from effect is not possible and there is the danger of
making circuitous or even conflicting interpretations of the effect of age on central
mechanisms of appetite regulation that may influence future weight, at the same time
as the effect of current BMI on such neural processes. Future, longitudinal studies are
therefore warranted to elaborate further the changes that occur in the central
regulation of appetite. The BOLD signal response to visual food cues may either be
positive or negative in direction, with respect to the control non-food related object
images. Negative responses have been interpreted as deactivation, such that the
correlation analyses may suggest a critical age or BMI at which neither activation or
deactivation may occur, which should be interpreted with caution. Nevertheless, the

present study suggests that physiological ageing into middle age has effects
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independent of BMI on the impact of meal ingestion in response to unconditioned
stimuli that promote further eating, which may be involved in the predilection to

weight gain observed in middle age.
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Table 4.1

Impact of meal compared to water ingestion on food-vs-object picture-evoked BOLD signal contrast
(voxel-wise P < 0.05, cluster threshold < 0.5 false positive clusters/brain map on Figure 4.3).

Talairach coordinates of voxel

Size with peak effect size P< BA  Brain regions
X Y z
Meal > Water (cluster-wise P < 0.007246)
1021 8 =77 41 0.000092 7 Precuneus
Phase clarification of Meal > Water*:
Meal (activation) > Water (activation)
13 -4 -78 23 0.011858 18  Left cuneus
6 32 -60 36 0.023772 39  Right sub-gyral, parietal lobe
Meal (activation) > Water (deactivation)
163 -22 -78 30 0.021284 6 Left cuneus
365 26 -71 37 0.008486 19 Right precuneus
141 -32 -59 43 0.018988 Left superior parietal lobule
65 -11 -63 53 0.01094 Left superior parietal lobule
Meal (deactivation) > Water (deactivation)
60 42 -61 21 0.043656 39 Right middle temporal gyrus
54 -24 -73 34 0.052488 19 Left precuneus
60 -54 -41 20 0.052488 13 Left superior temporal gyrus
Meal < Water (cluster-wise P < 0.011905)
612 32 -22 0 0.002474 N/A  Right putamen
Phase clarification of Meal < Water*:
Meal (activation) < Water (activation)
8 18 7 -7 0.026056 N/A  Right putamen
33 11 -19 13 0.098643 N/A  Dorsal nucleus of thalamus
7 58 -15 30 0.062388 3 Right postcentral gyrus
Meal (deactivation) < Water (activation)
26 29 19 -10 0.012827 13 Right extra-nuclear sub-lobar
63 32 -22 0 0.051789 N/A  Right putamen
6 6 -36 27 0.12558 31 Right cingulate gyrus
120 61 -19 26 0.065915 2 Right postcentral gyrus
40 21 -17 38 0.099397 24 Right cingulate gyrus
61 47 -19 46 0.057949 Right postcentral gyrus
36 18 -26 63 0.039162 Right precentral gyrus
Meal (deactivation) < Water (deactivation)
21 30 -2 -18 0.013288 N/A  Right amygdala
17 19 -24 38 0.117613 31 Right cingulate gyrus

"Phase clarification of the parent cluster. Activation = Food > Objects; deactivation = Food < Objects.
P values are the mean values of the cluster / sub-clusters. BA = Brodmann area.
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Table 4.2

Whole brain linear correlation of age with food-vs-object picture-evoked BOLD signal contrast after

water ingestion, and of difference in food-vs-object picture-evoked BOLD signal contrast between

meal and water conditions after adjustment for BMI (voxel-wise P < 0.05, cluster threshold < 0.5 false

positive clusters/brain map, Figure 4.5, Figure 4.6).

Talairach coordinates of voxel

Size with peak effect size P< BA  Brain regions
X Y z
Water
Positive correlation with age, after correction for BMI (cluster-wise P < 0.011364)
17 11 -67 -40 0.000347 N/A  Right inferior semi-lunar lobule,
cerebellum
13 -13 =31 -10 0.001991 N/A  Left culmen, cerebellum
13 56 -31 0.000717 21 Right middle temporal gyrus
14 -31 25 5 0.000046 45 Left inferior frontal gyrus,
VLPFC, anterior insula
16 -9 -55 22 0.002918 31 Left posterior cingulate
120 -41 -53 22 0.000001 39  Left superior temporal gyrus
11 -18 37 40 0.001464 8 Left superior frontal gyrus
22 33 29 41 0.000277 8 Right middle frontal gyrus
11 -11 23 57 0.005055 6 Left superior frontal gyrus
Negative correlation with age, after correction for BMI (cluster-wise P < 0.016129)
41 39 -55 -12 0.000001 37  Right fusiform gyrus
18 44 34 14 0.001672 46  Right middle frontal gyrus
(DLPFC)
14 21 -69 47 0.010973 7 Right precuneus

9
76
36
15

162

22
16
9
17
23
40
14

12

17

26
185

17

30
-14
11
16
24

-35
22

-28

-13

-5
4
11
19
48

5
-59
19
-73
-70
28
19

-45
32
57
71

23

-15
-3
0
13
31

-32

-26

17
14
22
34

57

Meal-minus-water

0.008076
0.000001
0.000001
0.000075
0.000001

0.000001
0.000173
0.000187
0.005403
0.000273
0.000001
0.001019

0.007732
0.000047
0.000001
0.000001

0.00068

N/A
N/A
N/A
N/A
9

21
N/A
38
N/A
N/A
47
45

29
N/A
31
19

6

Positive correlation with age, after correction for BMI (cluster-wise P < 0.017241)

Right amygdala

Left lateral globus pallidus
Right caudate head

Right caudate body

Right superior frontal gyrus,
including DLPFC

Negative correlation with age, after correction for BMI (cluster-wise P < 0.009434)

Left middle temporal gyrus
Right culmen, cerebellum
Left superior temporal gyrus
Right declive, cerebellum
Left uvula, cerebellum

Left inferior frontal gyrus, OFC
Left inferior frontal gyrus,
VLPFC

Right posterior cingulate
Left caudate tail

Left posterior cingulate

Left precuneus, superior and
middle temporal gyri

Left superior frontal gyrus

P values are the mean values of the clusters. BA = Brodmann area.
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Table 4.3

Whole brain linear correlation of BMI with food-vs-object picture-evoked BOLD signal contrast after
water ingestion, and of difference in food-vs-object picture-evoked BOLD signal contrast between

meal and water conditions, after correction for age (voxel-wise P < 0.05, cluster threshold < 0.5 false

positive clusters/brain map, Figure 4.8, Figure 4.9).

Talairach coordinates of voxel

Size with peak effect size P< BA Brain regions
X y z
Water
Positive correlation with BMI, after correction for age (cluster-wise P < 0.015152)
24 -12 -38 -39 0.000035 30 Left cerebellar tonsil
14 40 -78 -3 0.000545 19 Right inferior occipital gyrus
245 52 -12 17 0.000001 43 Right postcentral gyrus, Insula
Negative correlation with BMI, after correction for age (cluster-wise P < 0.015625)
13 -4 -59 -16 0.004697 N/A Left declive, cerebellum
35 -54 -45 3 0.000026 22 Left middle temporal gyrus
21 -24 -38 13 0.000001 N/A  Left caudate tail
43 6 14 24 0.000001 24 Right anterior cingulate

Meal-minus-Water
Positive correlation with BMI, after correction for age (cluster-wise P < 0.011628)

13 11 -74 -26 0.001407 N/A  Right cerebellar pyramis
32 35 -62 -12 0.000001 N/A Right cerebellar declive
10 -55 -51 0 0.006249 37 Left middle temporal gyrus
10 -4 -19 -7 0.00907 N/A Red nucleus, midbrain
22 -49 35 2 0.00028 47 Left inferior frontal gyrus,
VLPFC
12 41 -58 14 0.000175 19 Right middle temporal gyrus
48 -21 -35 15 0.000001 N/A Left caudate tail
13 6 14 24 0.000071 24 Right anterior cingulate
211 -31 -73 34 0.000001 19 Left precuneus
18 -21 -59 54 0.000394 7 Left superior parietal lobule
24 -25 -4 56 0.000013 6 Left subgyral frontal lobe,
Putamen
Negative correlation with BMI, after correction for age (cluster-wise P < 0.012195)
8 -29 -52 -40 0.002695 N/A Left cerebellar tonsil,
Hippocampus
9 -7 7 0 0.008489 N/A  Left caudate head
42 -42 8 9 0.000001 44 Left precentral gyrus, Insula
77 11 15 0 0.000001 N/A  Right caudate head
34 62 -10 11 0.000001 42 Right transverse temporal
gyrus
40 -5 -31 42 0.000001 31 Left cingulate gyrus

P values are the mean values of the clusters. BA = Brodmann area.
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5 Systemic insulin resistance and central responses to meal
ingestion

5.1 Introduction

Systemic insulin resistance is associated with a range of health disorders, including
obesity, type 2 diabetes (T2DM) and cardiovascular disease. The rising prevalence of
these conditions has been attributed to recent changes in lifestyle, with increased
intake of energy-dense foods in the absence of increased energy expenditure. As
discussed in Chapter 1, the main role of circulating insulin in the periphery is that of
glucose homeostasis, but within the brain insulin is implicated in anorexigenic
signalling, reducing food intake, decreasing weight and increasing peripheral insulin
sensitivity, amongst other central functions that are still being elucidated (Belgardt

and Briining, 2010; Heni et al, 2012, 2014c, Plum ef al, 2005, 2006).

Using changes in regional cerebral blood flow (rCBF) as a surrogate marker of
regional brain activity, [?O]H,O-PET studies have demonstrated increased rCBF in
the dorsolateral prefrontal cortex (DLPFC) after consumption of a satiating liquid
meal in healthy volunteers, with diminished responses observed in obese men and
women who, given their higher circulating fasting and post-prandial insulin levels,
were presumably insulin resistant (Le ef al, 2006, 2007). Whilst there are studies
examining the response to tasting food in volunteers who appear to be prone to or at
risk of obesity (Stice ef al, 2011), as well as to visual food cues in systemic insulin
resistance in the context of polycystic ovarian syndrome (Van Vugt ef al/, 2013), there
are no studies to date investigating whether men, who are at risk for clinical
conditions such as obesity and T2DM by virtue of family history and systemic insulin
resistance, show altered central responses to a satiating meal per se, before overt
clinical conditions ensue. Using pCASL fMRI, I have evidence for an early increase
in rCBF in bilateral insula, right medial frontal gyrus/anterior cingulate cortex and
cingulate gyrus, and a reduction in rCBF in lingual gyrus and precuneus after meal
compared to water ingestion in healthy volunteers (Chapter 3), centres involved in
processing food-related reward and salience, under the inhibitory control of the

DLPFC (Hollmann et al, 2012; Siep et al, 2012). The present study therefore aimed
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to establish whether systemic insulin resistance, in the absence of obesity or diabetes,

is associated with altered satiation responses to meal ingestion in these brain regions.

5.2 Methods

5.2.1 Subjects

Recruitment methods and inclusion criteria have been described (sections 2.8.1-2). In
brief, insulin sensitive (IS) and resistance (IR) status were defined by HOMA2-IR of
<0.76 and > 1.47 respectively, cut-offs derived from the upper and lower quartiles of
distribution of HOMAZ2-IR in 6166 non-diabetic adults from the NHANES-III study
(personal communication, (Sierra-Johnson et al, 2007)). Subjects were restricted to
non-obese men to avoid effects of gender and menstrual cycle. As relatives of people
with T2DM are an enriched population for identifying IR, (see section 2.6 for
discussion), IR subjects were first-degree relatives of patients with T2DM (IS subjects
having no first-degree diabetic relatives). Diabetes was excluded by 75g oral glucose
tolerance test (OGTT) (World Health Organization, 2006a). Eating behaviours were
assessed by completion of the Questionnaire on Eating and Weight Patterns-Revised
(QEWP-R) (Spitzer et al, 1993), Dutch Eating Behaviour Questionnaire (DEBQ) (van
Strien et al, 1986) and Eating Disorder Examination Questionnaire (EDE-Q-6.0)
(Fairburn and Beglin, 2008) in the fasted state before the OGTT.

5.2.2 Study protocol

The general experimental design and MRI acquisition details are described in section
2.8. All subjects underwent the same protocol (Figure 5.1). The BOLD fMRI study
is described in Chapter 6. With regard to the CBF study, in brief, subjects were
studied on two separate mornings following an overnight fast of at least 8 hours.
After intravenous cannulation, subjects were positioned in the scanner. Following
ASSET calibration, Axial T2 FR-FSE and GE EPI scans, 3D pCASL scans each
lasting 6 mins were performed before (pCASL-1 at -14 mins) and after (pCASL2-4 at
0, +8 and +34 mins, respectively) subjects were sat up out of the scanner to consume
630 kcal mixed-meal (225ml, 630kcal, 42g fat, 9¢g protein, 54g carbohydrate) or 50ml
water (-6 to 0 mins) in random order across visits. A larger meal than in the ageing

study was used to maximise satiation. Before pCASLI, after each pCASL1-4 and
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after the BOLD fMRI task (+16 mins, Chapter 6) that took place between pCASL3-4,
subjects rated appetite on a projected 1-100 visual analogue scale, marked at every
10™ point, using a handheld keypad, with concurrent blood sampling. The visit was

completed with T1 FSPGR and axial T2 FLAIR scans.

BlE E A B

Localiser pCASL 1 pcAsL 2 [ pCASL 3 BOLD fMRI pCASL 4 T1FSPGR
ASSETT and task T2 FLAR
T2 FR-FSE
GEEPI

-26 -14 -6 0 +8 +16 +34 +42 +52

Blood sampling & Minutes

satiety questionnaire
Figure 5.1

Study protocol

5.2.3 Biochemical analyses

Laboratory methods for quantifying plasma glucose, serum insulin, GLP-1, GIP,
leptin and adiponectin are described in section 2.8.14. The first five subjects
identified as IS were studied, but were found to have HOMAZ2-IR between IS and IR
cut-offs when low sensitivity of the Immulite-2000 insulin assay was identified and
therefore no longer used, and samples were re-analysed using the ADVIA-Centaur

assay. These subjects formed a group of intermediate insulin sensitivity (“INT”).

5.2.4 Statistical analyses

General non-imaging statistical methods are described in section 2.8.14. Data are
presented as mean+SEM or median (with interquartile range). pCASL image pre-
processing and statistical analyses are described in sections 2.8.13.1-2. Smoothed,
normalised CBF maps calculated for each subject were entered into second-level
group analyses. Within-group analyses were performed using a flexible factorial
general linear model (GLM) as used in the ageing study (Figure 3.2). As flexible
factorial GLMs in SPM do not permit more than two interacting factors, between-
group analyses were performed using a full factorial mixed-effects GLM, with group

(2 levels: IS, IR), feeding status (2 levels: meal, water) and time (4 levels: pCASL1-4)
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as interaction factors (Figure 5.2). Analyses were restricted to grey matter, with mean
global grey matter CBF used as a nuisance covariate. T-contrast vectors were defined
to examine differences between IS and IR groups in (a) pre-ingestion rCBF
(pCASL1); (b) post-water rCBF and (c) post-meal rCBF across three post-ingestion
time points (pCASL2-4) and; (d) differences in the effect of meal compared to water
ingestion across three post-ingestion time points (pCASL2-4). Separate multiple
regression models using the combined IS, IR and INT dataset were also constructed to
examine linear relationships between insulin resistance (using HOMA-IR which is
continuous without a lower limit, unlike HOMA2-IR which has a lower limit of 0.4)
and DEBQ-restraint scores with rCBF, using mean global grey matter CBF as a
nuisance covariate. A cluster-forming uncorrected voxel-wise threshold of P<0.01
was employed, but only those clusters that survived statistical significance (Prwe.
corrected<0.05) after correction for multiple comparisons are reported. Mean CBF
values were extracted from unsmoothed CBF maps to examine global grey matter
CBF (with statistical tests performed in SPSS) and functionally identified regions
from these voxel-wise analyses to quantify differences in rCBF in physiological units

and for illustrative purposes to characterise the nature of the regression analyses.

Insulin sensitive Insulin resistant
r A AN A ‘f_‘u:
HNMVHNMQHNMVHNMV%'\:
" EEEE S EREEEEEE B}

Individual CBF maps

Figure 5.2

Full factorial GLM design matrix. W1-4 = pCASL1-4 on water visit; M1-4 = pCASL1-4 on meal visit.
Global mean = mean global grey matter CBF.
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5.3 Results

5.3.1 Subjects

A total of 125 men were screened until, 16 IR and 17 IS subjects meeting the inclusion
criteria (using the ADVIA-Centaur insulin assay) were identified and consented. The
primary outcome of differences between IS and IR groups during fMRI was
examined. However, with the additional five INT subjects, exploratory mixed model
ANOVA was only applied to the baseline characteristics for the three groups. All
subjects were matched for age, weight and neck circumference, although BMI, waist
circumference and systolic blood pressure were lower in the IS group (Table 5.1).
Fasting triglycerides were highest and HDL lowest in the IR group. The metabolic
syndrome (International Diabetes Federation, 2006) was identified in three IR

subjects and one INT subject.

5.3.2 Oral glucose tolerance test

Fasting plasma glucose during the OGTT did not differ between groups, but fasting
insulin levels were greater in IR than IS subjects (Table 5.1). Two-hour glucose
concentrations were higher in IR than IS, as were net iAUCs for glucose (Figure 5.3).
Net 1AUCs for insulin were significantly greater in IR than IS and INT. The Matsuda
index was higher in IS than IR and INT groups, consistent with HOMA2-IR.
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Figure 5.3 0 30 60 90 120 IS Int IR

Time (minutes)
Plasma glucose (A) and serum insulin (B) during 75 g oral glucose tolerance test. Mean (£ SE) (left)
and net iAUC (right). White circle and dashed line = IS; triangle and dot/dashed line = INT; black
circle and solid line = IR, insulin resistant. *p < 0.05; **p <0.01, ***p <0.001 (Bonferroni corrected).
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5.3.3 Eating behaviour

None of the subjects exhibited binge-eating or purging behaviour. Food restraint was
significantly greater in IR than IS subjects on the DEBQ (Table 5.2), with a trend to
being greater on the EDE-Q (Table 5.3). IR subjects had significantly greater weight
and shape concern and higher global scores on the EDE-Q. Weight and shape
concern appeared to affect self-value, with a trend towards weight or shape being
more important in how IR subjects evaluated themselves over the preceding 6 months
compared to IS subjects based on the QEWP (Table 5.4). There were no differences
in disinhibited eating based on DEBQ emotional and external scales. DEBQ-restraint,
and EDE-Q-restraint, -shape concern, -weight concern and -global scores were
positively associated with HOMA-IR. As a crude indicator of parental BMI, subject-

reported build of mothers at their heaviest was greater in IR than IS subjects.

5.3.4 Symptom scores

Symptom scores were subjected to statistical tests in IS and IR subjects only (Figure
5.4 shows all data for completeness). Repeated measures ANOVA of the mean pre-
meal/water (i.e. mean of pre- and post-ASL1) subjective scores indicated significantly
less hunger (main effect of group, F(1,31)=7.752, p=0.009), greater fullness
(F(1,31)=11.501, p=0.002) and less pleasantness to eat (F(1,31)=6.561, p=0.016) in
IR than IS subjects, whilst there were no differences in pre-ingestion nausea
(F(1,31)=0.294, p=0.591). To examine the effect of the meal compared to water, net
1AUC for each symptom were calculated, using the mean pre-ingestion score as
baseline to account for differences in baseline scores. The main effect of the meal
across all groups was reduced hunger (F(1,31)=24.993, p<0.001) and pleasantness to
eat (F(1,31)=34.163, p<0.001) and increased fullness (F(1,31)=55.316, p<0.001),
without significant effect on nausea (F(1,31)=1.888, p=0.179), and no significant

differences between groups, or group x meal interactions.

176



A 100 1500

5ok 1000f %k ek ek
- 9 500}
D
5 6of 2 m M
S 40F @ [
T - € -500F l
20 - -1000|
0 T | 1 | 1 | 1 | 1 | 1 | 1 _1500
-20 -10 0 10 20 30 40 50 IS Int IR
Time (minutes)
B 100 2000
50 " = — 1500 Ixkk  kkk Rk
§ 50 F 8 1000 B
_ <
é u : 500
Z 4OF g o0
20 = -500
ok . -1000
-20 -10 0 10 20 30 40 50 IS Int IR
Time (minutes)
C 100 1500
o N I 1000
z - O =
® 60F 2 2
" - < 9
‘:s“ 40F k] B
z F € -500F
20 Sl -1000[
0 C AT A A ! -1500
-20 -10 0 10 20 30 40 50 IS Int IR
Time (minutes)
D 100 — 1500
n Y S S T A
 sof 1000
- - O
E ook 3 500
» u g 0
8 40F ©
; F € -500
20 - — -1000
L1 11111 4500
-20 -10 0 10 20 30 40 50 IS Int IR
Time (minutes)
Figure 5.4

Hunger (A), fullness (B), nausea (C) and pleasantness to eat (D) scores after the meal (solid line) and
water (dashed line) in IS (circle), IR (square) and INT (triangle) group. Left: Mean (£ S.E.M);
horizontal bars: black = time of meal/water; white = BOLD task. Right: net iAUC; white bars = water;
black bars = meal; ***p <(0.001 main effect of meal.
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5.3.5 Glucose, insulin, GLP-1 and GIP during MRI scan visits
Biochemical data were subjected to statistical tests in IS and IR groups only (Figure

5.5 shows all data for completeness).

5.3.5.1 Glucose

There was a small but significant difference in fasting glucose levels, being higher in
IR than IS subjects (5.1£0.7 vs 4.9+0.8 mmol/L, p=0.034). The net iAUC data
showed a small but significant post-prandial rise in glucose across all subjects (main
effect F(1,31)=46.286, p<0.001), that was not significantly different between groups
(meal x group interaction F(1,31)=3.281, p=0.08).

5.3.5.2 Insulin

Fasting insulin levels were greater in IR than IS subjects (13.6+0.8 vs 5.3+0.7 mU/L,
P<0.001). The net iAUC data showed a post-prandial rise in insulin in both groups
(main effect of meal F(1,30)=64.193, p<0.001), being greatest in IR subjects (meal x
group interaction, F(1,30)=14.087, p=0.001).

5.3.5.3 GLP-1

Fasting GLP-1 levels were greater in IR than IS subjects (13.9+1.3 vs 8.6+1.4 pmol/L
p=0.01). Net iAUC showed a post-prandial rise in GLP-1 in both groups (main effect
of meal, F(1,28)=6.743, p=0.015), that was not significantly different between groups
(meal x group interaction, F(1,28)=0.158, p=0.694).

5.3.5.4 GIP

The difference in baseline GIP levels between groups did not reach statistical
significance (59.8+12.4 vs 30.951+13.3 ng/L, p=0.123). The net iAUC data showed a
significant post-prandial rise in GIP across all subjects (main effect of meal,

F(1,28)=59.604, p<0.001), being larger in IR subjects (F(1,28)=9.626, p=0.004).
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Figure 5.5

Glucose (A), insulin (B), total GLP-1 (C) and total GIP (D) after meal (solid line) and water (dashed
line) in IS (circle), IR (square) and INT (triangle) groups. Left: Mean (+ S.E.M.); horizontal bars: black
= time of meal/water; white = BOLD task. Right: net iAUC; white bars = water; black bars = meal; all
net iAUCs were significantly greater post-meal than post-water in all groups. *p <0.01 for IR vs IS.

5.3.6 Impact of systemic insulin resistance on global grey matter CBF

The extracted global grey matter CBF from IS and IR subjects was subjected to
repeated-measures ANOVA in SPSS. There were no significant differences between
pre-water and pre-meal ingestion scans (pCASL1) from the two visits (p=0.297).
During the course of each scan visit, there was a significant main effect of time

(F(1.68,52.18)=14.32, p<0.001) and a meal x time interaction (F(1.75,54.34)=3.997,
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p=0.029), due to greater reduction in global grey matter CBF after the meal.
Differences between groups did not reach statistical significance (main effect,
F(1,31)=3.102, p=0.088; all interactions also non-significant) (Figure 5.6). When the
INT group was included, there was no significant association between the average

pre-ingestion global grey matter CBF and HOMA-IR.
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Global grey matter CBF after water (dashed lines) and meal (solid lines) in IS (circle) and IR (square)
subjects. Black bar = meal / water ingestion; white bar = BOLD task.

5.3.7 Impact of meal ingestion on rCBF within insulin sensitive subjects

There were no differences in fasting, pre-ingestion rCBF (pCASL1) between planned
meal and water visits. T-contrasts for the main effect of post-meal vs post-water
ingestion (pCASL2-4) showed greater rCBF in right angular gyrus and less rCBF in
bilateral lingual gyrus after the meal (Figure 5.7A, Table 5.5).

5.3.8 Impact of meal ingestion on rCBF within insulin resistant subjects

No differences in fasting, pre-ingestion rCBF (pCASL1) were observed between
visits.  Post-meal compared to post-water rCBF across the three time points
(pCASL2-4) was significantly lower in right orbitofrontal cortex (OFC) (inferior
frontal gyrus, triangular part) (Figure 5.7B, Table 5.5), with a cluster in left insula
showing greater rCBF that did not reach statistical significance (MNI coordinates:

X=-38, Y=0, Z=48, cluster PrwEcorrectea=0.065, T-value 4.53, 839 voxels, not shown).
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5.3.9 Impact of systemic insulin resistance on fasting rCBF
T-contrasts of fasting rCBF showed IR subjects had lower rCBF in left
precuneus/inferior parietal lobule and right cerebellum, and greater rCBF in right

OFC (superior frontal gyrus, orbital part) than IS subjects (Figure 5.8A, Table 5.6).

5.3.10 Impact of systemic insulin resistance on post-water ingestion rCBF
T-contrasts of the main effect of group across all post-water time points (pCASL2-4),
were similar to the differences in fasting rCBF, with IR subjects demonstrating lower
rCBF in left inferior parietal lobule and right cerebellum, and greater rCBF in right
OFC (triangular part, inferior frontal gyrus, Figure 5.8B, Table 5.6).

5.3.11 Impact of systemic insulin resistance on post-meal ingestion rCBF

T-contrasts of the main effect of group on rCBF across all post-meal time points
(pCASL2-4) showed significantly lower rCBF in left mid frontal gyrus, left inferior
parietal lobe and right cerebellum (Figure 5.8C, Table 5.6), and greater rCBF in left
insula that failed to reach statistical significance (X=-28, Y=18, Z=-6, T-value 4.13,

cluster Prwe-corrected =0.052, 920 voxels, not shown) in IR subjects.

5.3.12 Exploratory analysis of right orbitofrontal cortex CBF

Both fasting and post-water ingestion OFC CBF were greater in IR than IS subjects
(Figure 5.8A, B), but there were no significant differences in CBF in this region when
comparing IR and IS subjects after meal ingestion. This is likely due to the reduction
in rCBF in IR subjects after meal compared to water ingestion (Figure 5.7B). To
visualise this, a right OFC region of interest (ROI) was created (Figure 5.9A) by
conjoining voxels present in both functional ROIs from the pCASL1: IR > IS (Figure
5.8A) and from pCASL2-4 (water): IR > IS (Figure 5.8B) contrasts. Unsmoothed
rCBF data were extracted from this region but not subjected to statistical analyses to
avoid inferential bias. As already known from earlier analyses, rCBF in right OFC
was greater in the fasted, pre-ingestion state in IR than IS subjects, remaining so after
water ingestion, being relatively static during the study period (Figure 5.9B). There
was little difference in OFC rCBF between feeding conditions in IS subjects, with
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post-meal CBF also being relatively static. However, post-meal rCBF in IR subjects

decreased from the higher baseline, to match that of the IS group.

5.3.13 Impact of systemic insulin resistance on post-meal vs post-water rCBF

In order to examine differences in rCBF between IS and IR subjects that specifically
occur after meal compared to water ingestion, T-contrasts were constructed for the
interaction of IS vs IR group with feeding status (post-meal vs post-water) across all
post-ingestion time points (pCASL2-4). The IS[Water > Meal] vs IR[Water < Meal]
contrast identified significant differences in rCBF within left insula (Figure 5.10,
Table 5.6). There were no regions identified in which IS[Water < Meal] vs IR[Water
> Meal] rCBF were significantly different. Separate exploratory analyses within each
post-ingestion time point only identified a significant interaction during the second
post-prandial scan (pCASL3), in the same left insula region (X=-36, Y=4, Z=-16,

1901 voxels, T-value 5.03, cluster Prwg-correctea=0.001, not shown).

5.3.14 Association between HOMA-IR and fasting rCBF

As paired voxel-wise t-tests of all 38 IS, IR and INT subjects did not detect any
regional differences in pre-water and pre-meal ingestion CBF (pCASL1), brain maps
of the average CBF at each voxel from these two fasting scans were calculated for
each subject and entered into a multiple regression model, to examine possible linear
relationships between HOMA-IR and fasting CBF. The respective average global
grey matter CBF for each subject was used as a nuisance covariate. No significant

clusters were identified.

5.3.15 Association between HOMA-IR and differences in post-meal compared to
post-water ingestion rCBF

In order to identify possible linear relationships between systemic insulin resistance

and differences in brain activity after meal compared to water ingestion, brain maps of

CBF post-water subtracted from CBF post-meal at each voxel, at each time point

(pCASL2, 3 and 4) were calculated for each subject, and entered into individual

multiple regression models, with HOMA-IR as a covariate of interest and global mean
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differences in CBF as nuisance covariate. There were no significant associations
between HOMA-IR and differences in rCBF between feeding states immediately
(pCASL2), nor at +34 to +40 mins (pCASL4) after the meal. However, between +8
to +14 mins (pCASL3), differences in rCBF between feeding states were positively
associated with HOMA-IR in a left insula/inferior frontal operculum cluster (X=-28,
Y=-16, Z=-30, T-value 5.0, 3272 voxels, cluster PrwEg-correctea=0.001) (Figure 5.11).
The extracted rCBF showed an intercept of HOMA-IR at 2.37 (it is not possible to
convert to HOMAZ2-IR, but based on the dataset, is approximately 1.4), above which

greater TCBF was observed after meal than water ingestion.

5.3.16 Association between food restraint and fasting rCBF

Given that insulin resistance was positively associated with food restraint reported in
the fasted state, a regression model of the average fasting (pCASL1) CBF maps with
DEBQ-restraint as a covariate of interest and the respective global grey matter CBF as
a nuisance covariate was performed. Restraint was positively associated with fasting
rCBF in left insula and rolandic operculum and negatively associated with fasting

rCBF in left cerebellum and right mid occipital gyrus (Figure 5.12, Table 5.7).
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5.4 Discussion

This study set out to examine whether systemic insulin resistance in the absence of
obesity or diabetes is associated with altered early central satiation responses to meal
ingestion using pCASL fMRI. Age- and weight-matched IS and IR subjects were
successfully recruited, with the lower Matsuda indices in the IR group in keeping their

insulin resistant status as defined by HOMA2-IR.

5.4.1 Eating behaviour

The observation that our IR subjects had greater self-reported food restraint and
weight and shape concern, and evidence for increasing insulin resistance as quantified
by HOMA-IR being associated with increasing levels of these constructs is consistent
with one published study showing that men, but not women, exhibit a positive
association between food restraint as measured by DEBQ, and insulin resistance as
measured by HOMA-IR (Jastreboff et al, 2014). Restraint theory suggests that eating
behaviours driven by conscious restriction of eating will reduce sensitivity to internal
satiety cues, lead to disinhibited eating if cognitive restraint is no longer sustained,
and explains the failure of lifestyle interventions to maintain weight loss (Stunkard
and Messick, 1985), but this concept is not universally agreed (Johnson et al, 2012),
with evidence that although increasing restraint in normal weight populations is
associated with higher weight and may be a marker of overeating tendencies, restraint
in obese populations is associated with greater propensity to successful weight loss.
Our subjects being non-obese, with a positive association between food restraint and
fasting rCBF in left insula (see discussion below), may be consistent with the former.
Our data cannot determine causality, but are consistent with the hypothesis that, in
people with a family history for metabolic syndrome disease, insulin resistance
evokes greater food restraint that is associated with overeating. However, we did not
measure usual food intake and cannot rule out the possibility that overeating in high

food restraint can induce greater insulin resistance.
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5.4.2 Orbitofrontal cortex

The replication of our finding of greater rCBF in the right lateral OFC in IR than IS
subjects before food and water ingestion and after water ingestion, indicates good
internal consistency of our neuroimaging data. rCBF in the lateral OFC was no
longer different between IR and IS subjects after meal ingestion, due to a post-
prandial reduction in rCBF in IR subjects. Current neuropsychological models of
eating behaviour suggest that the higher prefrontal regions including the lateral OFC
provide top-down inhibitory control of surrounding cortical and subcortical reward
networks, with diminished inputs from these prefrontal regions leading to
dysregulation of reward network responses to meal ingestion that could enable excess
eating (Volkow et al, 2008a, 2011). Our data suggest such a mechanism may be
operating in our non-obese but high risk insulin resistant subjects. As reviewed by
Elliott et al (2000), the lateral OFC is anatomically connected to the amygdala,
thalamus, insula and temporal pole, with fMRI studies demonstrating recruitment of
the lateral OFC when a response to a reward is suppressed. In studies of appetite
regulation, the lateral OFC becomes increasingly active in cravers of chocolate, when
chocolate becomes less pleasant when consumed to satiety (Small et al, 2001).
Active control of the desire for foods depicted on viewed images increases BOLD
signal in both OFC and DLPFC (Hollmann et a/, 2012). The greater fasting lateral
OFC activity in our IR subjects could thus be interpreted to represent the lower
degrees of hunger and feelings of pleasantness to eat, and greater fullness observed in
the fasted state, which could in turn be related to the greater degree of food restraint
observed in IR subjects. Whilst the incremental effect of meal ingestion on the
explicit responses to the appetite questionnaire during the MRI visit were no different
between IS and IR subjects, the subsequent post-prandial reduction in lateral OFC
activity may represent an implicit withdrawal of appetite control that could facilitate

continued eating.

5.4.3 Insula

As mentioned above, I have demonstrated a positive association between fasting
rCBF in left insula with food restraint. In response to meal compared to water
ingestion, left insular rCBF decreased in IS subjects whilst it increased in IR subjects,

with the difference in left insular rCBF between feeding conditions at +8 to +14 mins
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increasing with progressive insulin resistance across IS, INT and IR subjects. As
reviewed by Frank ef a/ (2013) and Berthoud (2011), the insula, with the overlying
operculum, is part of the primary taste cortex, but is also implicated in interoceptive
processing of the bodily state, receiving sensory inputs from a number of different
sources to influence processing of reward representation and motivation, including
those related to food and eating. Pulsed ASL studies have demonstrated a reduction
in insular CBF after oral glucose ingestion in healthy volunteers (Page ef al, 2013),
and early reductions in insular CBF after both low and high fat yoghurt ingestion
(Frank et al, 2012). A reduction in insular CBF has also been demonstrated by
[*O]H,0-PET imaging after a mixed meal was consumed to satiety following a
prolonged 36 hour fast in healthy men, with greater increases in post-prandial insulin
associated with greater reductions in post-prandial insular CBF (Tataranni et al,
1999). However, later studies showed obese individuals, who had higher fasting
insulin levels in keeping with greater insulin resistance, also had significantly greater
increases in post-prandial CBF in the left insula compared to lean subjects using the
same protocol (DelParigi et al, 2005). Greater insular BOLD signal both in
anticipation of and in response to tasting milkshake has been demonstrated in obese
compared to lean adolescent girls (Stice ef a/, 2008), whilst non-obese adolescent girls
at risk of future obesity based on parental obesity showed greater opercula BOLD
signal activation in response to tasting milkshake, compared to a relative deactivation
in these regions in those at low risk of obesity (Stice ef al, 2011). The present study
thus complements these findings, demonstrating a similarly abnormal increase in
activity of brain regions that receive internal satiation signals, possibly due to
diminished post-prandial inhibitory regulation by the lateral OFC, in otherwise
healthy men with systemic insulin resistance, compared to the reduction in activity
observed in insulin sensitive counterparts. Particularly, our data suggest that it is the
insulin resistance, not the obesity, which drives the difference from health, supporting
the view that insulin resistance may be the driver to obesity. Furthermore, in the
ageing study (Chapter 3), an increase in bilateral insular rCBF after meal compared to
water ingestion was observed, being most pronounced immediately after eating in the
left insula, whilst the later response at +28 to +34 mins in bilateral insula was a
deactivation in young adults, that converted from the 4" decade onwards to an
activation, a period of life when obesity is most prevalent. Insulin resistance was not

quantified and details of family history of T2DM were not captured, but based on the
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present findings it is possible that these changes in response to meal ingestion are

driven by systemic insulin resistance.

5.4.4 Mechanisms of the altered response to meal ingestion in systemic insulin
resistance

The mechanisms involved in these altered satiation responses are worth considering.
Whilst post-prandial GLP-1 responses were no different between IS and IR subjects,
both post-prandial insulin and GIP were exaggerated in the latter group. Small
intestinal K cells secrete GIP in response to intraluminal nutrients, which in turn
evoke an incretin effect on beta cells to release insulin in a glucose-dependent
manner. Greater GIP secretion in response to oral glucose has been observed in
normoglycaemic overweight/obese subjects with compared to without metabolic
syndrome (Calanna et a/, 2012) and in subjects with impaired glucose tolerance (IGT)
(Theodorakis et al, 2004). The present data are thus in keeping with these studies
demonstrating a relationship between systemic insulin resistance and GIP secretion.
Animal models of diet-induced obesity demonstrate hypersecretion of GIP, with
blockade of GIP signalling ameliorating the weight gain and insulin resistance
induced by high-fat diets (Miyawaki et al/, 2002). As intracerebroventricular (ICV)
insulin infusions in dogs reduce GIP secretion in response to intraduodenal glucose
(Yavropoulou et al, 2009), it is also conceivable that cerebral resistance to insulin
could facilitate GIP hypersecretion. However, further clarification is required given
recent in vitro studies of human subcutaneous adipocytes that exposure to GIP
improves their insulin sensitivity, and reduced GIP receptor expression in obesity
(Ceperuelo-Mallafré ef al, 2014). ICV administration of GIP in high-fat fed mice
leads to weight loss comparable to that of dietary restriction, although probably
through increased energy expenditure rather than reduced energy intake (Porter et al,
2011). Whether GIP has a significant role to play within the brain in weight and
eating behaviour in humans is unknown, but it is possible that insulin resistance is

associated with resistance to the weight loss effects of cerebral GIP.
An alternative mechanism could involve central responses to peripheral insulin

secretion. As discussed in Chapter 1, insulin can modulate activity of both

hypothalamic homeostatic (Belgardt and Briining, 2010; Plum et al, 2005, 2006) and
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corticolimbic reward networks (Figlewicz, 2003; Figlewicz and Benoit, 2009),
directly via action on residing insulin receptors, or via vagal afferents (Filippi et al,
2014), to reduce food intake and weight. Few studies have looked at insulin
signalling at specific cortical regions, but insulin has been shown to facilitate
repetitive spike firing via PI3K cascades in the insula (Takei et a/, 2010), whilst
muscarinic modulation of the activity of prefrontal GABAergic inhibitory neurones is
dependent on insulin signalling (Ma et a/, 2003). Intravenous infusion of insulin at
physiological concentrations, whilst endogenous insulin secretion is suppressed by
co-infusion of somatostatin, increases glucose uptake, as quantified by ['*F]JFDG-
PET, in a number of prefrontal regions including the insula in insulin sensitive
volunteers, an effect that is diminished in volunteers with peripheral insulin resistance
(Anthony et al, 2006). Pharmacological doses of intranasal insulin have been
reported to suppress appetite (Benedict et al, 2008; Jauch-Chara et al, 2012;
Kullmann et al, 2015), increase post-prandial energy expenditure (Benedict et al,
2011), reduce weight (Hallschmid er al/, 2004a) and improve peripheral insulin
sensitivity (Heni et al/, 2012, 2014c) in healthy volunteers without affecting peripheral
insulin or glucose levels, an effect that is lost in obesity (Hallschmid et a/, 2008). MR
spectroscopy studies reveal intranasal insulin increases brain energy levels, the
smaller the increase, the greater food intake observed during a subsequent ad libitum
meal (Jauch-Chara et al/, 2012). Intranasal insulin decreases resting state BOLD
activity of the OFC in lean subjects (Kullmann ef al, 2013), with greater
improvements in insulin sensitivity (as measured by reductions in HOMA-IR) 2 hour
later associated with greater insulin-induced decreases in OFC resting state activity
(Schilling ef al, 2013). Pulsed ASL studies also show intranasal insulin reduces CBF
in lean and increases CBF in obese subjects in the prefrontal cortex (Kullmann et al,
2015). It is therefore conceivable that the greater fasting CBF in the lateral OFC
observed in IR subjects in the present study is related to the higher levels of
circulating insulin. Furthermore, greater improvements in insulin sensitivity 2 hours
after application of intranasal insulin is associated with greater insulin-induced
increases in insula CBF (Schilling ef al, 2013). Whilst the validity of quantifying
insulin resistance by HOMA-IR dynamically soon after application of intranasal
insulin is speculative, it does suggest changes in insula activity in response to insulin
are modulated by systemic insulin resistance, which could explain the differential

insula response to meal ingestion observed in the present study.
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5.4.5 Limitations and conclusions

There are some limitations in the present study. The appetite questions during the
study did not specifically interrogate food restraint or disinhibition, which may have
provided further strength to the interpretation of the changes in lateral OFC activity
observed in the insulin resistant group. With regards to this brain region, significant
differences in rCBF were not observed in the interaction of feeding status vs insulin
sensitivity status, and were only demonstrated by an absence of difference in this
region in the post-prandial state. However, interaction analyses may not be sensitive
to such changes, as they model a relative increase caused by the meal (e.g. fed greater
than fasted state) in one group being significantly different from the opposite
observation (e.g. fed less than fasted state) in another group. We were unable to
model the CBF changes with peripheral changes in important mediators of satiation,
due to incomplete blood sampling. Lastly, given the cross-sectional nature of the
study, it not possible to determine causality, in terms of whether these observations
are a cause or effect of insulin resistance, or if these observations will indeed lead to
worsening metabolic status and overt clinical disease, or whether these observations
are a protective mechanism against future weight gain. However, rodent studies have
shown reduced sensitivity to ICV insulin in animals that subsequently gain weight
following a high fat diet, compared to animals that appear to be resistant to such diets,
suggesting a primary role for central insulin resistance in the development of obesity
(Clegg et al, 2005). Our data are consistent with a primary role for insulin resistance

but longitudinal studies are needed to confirm this.

In conclusion, the present study demonstrates that even in the absence of obesity,
systemic insulin resistance is associated greater levels of food restraint and weight and
shape concern, hyperactivity of brain regions that are involved in inhibitory control of
eating in the fasted state (left lateral OFC), with a subsequent post-prandial reduction
in activity that may represent a reduction in inhibitory control food-related behaviour.
Systemic insulin resistance is associated with meal-induced increases in insula
activity, a region involved in taste perception and interoception not observed in
insulin sensitive subjects, which may be a result of diminished control by the lateral
OFC. These altered responses to meal ingestion may be mediated by altered cerebral

responses to circulating insulin, and may facilitate continued eating after a meal,
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providing a mechanism whereby insulin resistance may be a driver to obesity and

obesity-related diseases.
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6 Impact of systemic insulin resistance on central responses
to food cues after meal and water ingestion

6.1 Introduction

In the last chapter, decreased post-prandial suppression of appetite was observed in
non-obese insulin resistant men, accompanied by a post-prandial reduction in lateral
orbitofrontal cortex (OFC) rCBF and increased left insula rCBF, as quantified by
pCASL fMRI, the latter associated with the higher levels of food restraint. It is
feasible that the observed changes in satiation processing in centres involved in
inhibitory control and interoception could delay meal termination and facilitate weight
gain. The neural processing of satiety (the effect of a prior meal on subsequent food
intake) has also been investigated in insulin resistance-associated conditions such as
polycystic ovarian syndrome (PCOS) (Van Vugt et al, 2013) and obesity
(Dimitropoulos et al, 2012; Martens et al, 2013), as well as in the ageing study
(Chapter 4), by examining the impact of a caloric pre-load on appetite brain network
responses to visual food cues using BOLD fMRI. The altered influence that meal
ingestion has on such corticolimbic activities in obesity, including the differential
response to food cues of varying caloric content, has been suggested to promote
intake of energy-dense foods in the post-prandial state, leading to weight gain.
However, it is possible that such effects are a result, rather than a cause, of obesity.
By investigating the impact of systemic insulin resistance on the modulation of
responses to food cues by a meal in non-obese, non-diabetic men, this study aims to
provide further evidence that dysregulated satiety processing by the brain, driven by

insulin resistance, plays a role in the development of obesity.

6.2 Methods

6.2.1 Subjects
The 17 insulin sensitivity (IS), 16 insulin resistant (IR) and 5 subjects of intermediate

sensitivity (INT) were described in Chapter 5.
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6.2.2 Study protocol

The general experimental design and MRI acquisition details are described in section
2.8. All subjects underwent the same protocol. The pCASL fMRI study is described
in Chapter 5. For the BOLD fMRI study, in brief, subjects were studied on two
separate mornings following an overnight fast of at least 8 hours. After intravenous
cannulation, subjects were positioned in the scanner. Following ASSET calibration,
Axial T2 FR-FSE, GE EPI and the initial 3D pCASL (pCASL-1) scans, subjects were
sat up out of the scanner to consume a 630 kcal mixed meal (225ml, 630kcal, 42g fat,
9g protein, 54g carbohydrate) or 50ml water between -6 to 0 mins. After re-
positioning in the scanner, and two further pCASL (pCASL2-3) scans, BOLD fMRI
data were acquired between +16 and +32 mins, whilst subjects viewed 50
photographs each of high-calorie (HiCal) and low-calorie (LoCal) foods, objects
(OBJ) and Gaussian blurred images (BLU), that were validated for use (section 2.8.8).
These were shown in blocks of 10 different pictures for each category, each block
presented in one of two pseudo-randomised orders, each picture presented for 3 s
(Figure 6.1). Subjects were instructed to “Imagine you are eating the following
foods/using the following objects” or “Please view the following images”, before
viewing food, object and blurred images respectively. After each auditory instruction,
but before the block of pictures was presented, an “X” placed in the centre of the
screen was shown for 3 s, alerting the subject that they were about to be shown the
pictures. After each block, subjects were asked, “How hungry do you feel?”” which
was answered on a projected 1-100 visual analogue scale, marked at every 10" point,
using a hand-held keypad. Subjects similarly rated appetite before and after pCASLI,
after each pCASL2-3, at the end of BOLD fMRI and the final pCASL4, with
concurrent blood sampling. The study visit was completed T1 FSPGR and axial T2
FLAIR scans.

6.2.3 Statistical analyses

General non-imaging statistical methods are described in section 2.8.14. Each
subject’s mean hunger scores during image viewing for each stimulus-condition
combination (water-HiCal, water-LoCal, water-OBJ, water-BLU, meal-HiCal, meal-
LoCal, meal-OBJ, meal-BLU) were submitted to mixed ANOVA with feeding status
(water/meal) and image (HiCal/LoCal/OBJ/BLU) as within-subject factors, and group
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(IS/IR) as between-subject factor. Estimated marginal means and standard errors

were reported for significant effects.

Subject-level BOLD image pre-processing and statistical methods using XBAM
version 4.1 (Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology &
Neuroscience, King’s College London, 2012) are described in section 2.8.13.3. After
normalised BOLD effect size maps of the response to HiCal, LoCal and BLU images
with the time-series for OBJ images used as the baseline ([HiCal/OBJ], [LoCal/OBJ]
and [BLU/OBJ]) were calculated for each subject, group maps within each feeding
state were generated for each contrast compared to a null distribution derived from the
permuted data set (section 2.8.13.4). After restricting analyses to grey matter, the
effect of feeding condition (meal vs water) on the median effect size for [HiCal/OBJ],
[LoCal/OBJ] and [BLU/OBJ] image-evoked BOLD signal contrast at each voxel was
computed separately and compared to a null distribution derived by permutation of
feeding status using traditional repeated measures ANOVA, within each IS and IR
group. The interaction effect of feeding status with [HiCal/OBJ] and [LoCal/OBIJ]
contrasts were computed using a complex factorial ANOVA within each group. The
interaction effect of feeding condition and group (IS vs IR) on the median effect size
for [HiCal/OBJ], [LoCal/OBJ], high vs low calorie food ([HiCal/LoCal], after voxel-
wise subtractions of [LoCal/OBJ] from [HiCal/OBJ] effect size for each subject
within each feeding condition) and [BLU/OBIJ] image-evoked BOLD signal contrast
at each voxel were computed and compared to a null distribution derived by

permutation of feeding status and group using a traditional split-plot ANOVA.

Voxel-level Pearson product moment correlation coefficients were also calculated to
examine the association between HOMA-IR and the above image contrasts after
water ingestion, and between HOMA-IR and the difference in BOLD signal contrast
between feeding conditions (after performing voxel-wise subtraction of post-water
from post-meal effect size evoked by each contrast), compared to a null distribution
derived by permutation of HOMA-IR for all 38 IS, INT and IR subjects. Talairach
daemon was used to identify the regions of detected voxels anatomically (Lancaster et
al, 2000). All group activation maps were thresholded to yield <1 false positive
cluster per map (equivalent p values are listed in each results table), at a voxel-wise

threshold of p<0.05 (Bullmore ef al, 1999) (section 2.11.4).
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6.3 Results

6.3.1 Hunger responses to visual stimuli

Mean hunger scores collected after each image block in IS and IR subjects (Figure
6.2) were greater after water than meal ingestion (main effect of feeding,
F(1,31)=24.873, p<0.001, estimated marginal mean: Water: 73.7£3.0, Meal:
55.443.7). They were significantly different depending on the type of visual stimulus
(main effect of stimulus F(1.891,58.631)=24.221, p<0.001). Post-hoc comparisons
indicated hunger was greater after viewing both high- and low-calorie food images
compared to both object (mean difference 9.5+1.7, p<0.001 and 10.0+1.7, p<0.001
respectively, Bonferroni corrected) and blurred images (8.7+1.7, p<0.001 and
9.2£1.9, p<0.001 respectively, Bonferroni corrected), with no significant difference in
the hunger elicited between the two food image classes, nor between object and
blurred images, irrespective of feeding status. There were no significant interactions
between meal and stimulus (F(2.079,64.449)=0.807, p=0.455). The lower hunger
scores evoked in the IR group did not reach statistical significance (main effect of

group, F(1,31)=3.508, p = 0.071) and there were no significant interaction effects of
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Figure 6.2 .
Stimulus

Hunger responses to visual stimuli. Mean hunger scores evoked after viewing blocks of high-calorie
(HiCal) and low-calorie (LoCal) food images, object and blurred images.
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insulin sensitivity status on image-evoked hunger scores (meal x group interaction,
F(1,31)=0.409, p=0.527; stimulus x group interaction, F(1.891,58.631)=0.482,
p=0.610; meal x stimulus x group interaction, F(2.079,64.449)=1.354, p=0.266).

6.3.2 Effect of meal ingestion on brain responses to food images in insulin
sensitive subjects

Separate voxel-wise ANOVAs were performed to assess the impact of meal vs water
ingestion on [HiCal/OBJ]-, [LoCal/OBJ]- and [BLU/OBJ]-evoked BOLD signal
contrast in IS subjects (Table 6.1). Meal ingestion converted responses from
deactivation to activation on viewing high-calorie food images in right precentral
gyrus, extending down to right insula, and left postcentral gyrus (Figure 6.3A), and on
viewing low-calorie food images in left postcentral gyrus (Figure 6.3B). The meal
converted midbrain activation responses to blurred images to a deactivation (Figure
6.3C). A factorial ANOVA examining differences in the effect of feeding status on
[HiCal/OBJ]- vs [LoCal/OBJ]-evoked BOLD signal contrast detected significant
interaction effects in right lingual gyrus, left caudate, and dorsolateral prefrontal
cortex (DLPFC, left middle frontal gyrus) (Figure 6.4). The extracted BOLD signal
from these regions indicated a lower degree of activation in lingual gyrus, and
deactivation in caudate and DLPFC when viewing low-calorie food images after
water ingestion, that converted to greater activation after the meal, whilst high-calorie
food images evoked greater activation after water ingestion that converted to lower

activation in lingual gyrus and deactivation in caudate and DLPFC after the meal.
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A. High calorie food images in IS group

»$PPHHDCe

Right precentral gyrus 02 Left postcentral gyrus
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B. Low calorie food images in IS group
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Mean (+SE) effect size
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C. Blurred images in IS grou
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R L

Midbrain

Mean (+SE) effect size
S
T

WATER MEAL
Figure 6.3

Voxel-wise ANOVA of the effect of meal ingestion on brain responses to visual cues in IS subjects.
Group activation brain maps show clusters with greater (red) or lesser (blue) BOLD signal contrast
evoked by (A) high- and (B) low-calorie food and (C) blurred images after meal compared to water
ingestion (object image-evoked time series as baseline, voxel-wise p < 0.05, cluster-wise p < 0.02) with
extracted effect size (% BOLD signal change) from each cluster (positive values: activation i.e. food or
blurred images > object images).
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Interaction between feeding status and high- vs low-calorie food images in IS group
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Figure 6.4

Voxel-wise ANOVA of effect of meal ingestion on brain responses to high- vs low-calorie food images
in IS subjects. Group activation brain maps show clusters with significant interaction effect of feeding
status (meal vs water) and stimulus (high- vs low-calorie food images (object image-evoked time series
as baseline, voxel-wise p < 0.05, cluster-wise p < 0.005) with extracted effect size (% BOLD signal
change) from each cluster [high- (solid line) and low- (dashed line) calorie food images]. Positive
values: activation i.e. foods > objects. DLPFC = dorsolateral prefrontal cortex.

6.3.3 Effect of meal ingestion on brain responses to food images in insulin
resistant subjects

Similar analyses were performed in IR subjects (Table 6.2). The meal converted
responses to high-calorie food images to a deactivation in left inferior parietal lobule
and right postcentral gyrus (Figure 6.5A). The meal also converted the responses to
low-calorie food images to a deactivation in right precuneus and left DLPFC (middle
frontal gyrus), reduced deactivation of left superior temporal gyrus and converted it to
an activation in right middle frontal gyrus (Figure 6.5B). The meal converted
responses to blurred images to a deactivation in right middle occipital gyrus and left
precuneus, and an activation in right superior frontal gyrus (Figure 6.5C). The

factorial ANOVA did not identify any regions where feeding status had significantly

different effects on responses to high- compared to low-calorie food images.
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A. High-calorie food images in IR group
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Figure 6.5

Voxel-wise ANOVA of the effect of meal ingestion on brain responses to visual cues in IR subjects.
Group activation brain maps show clusters with greater (red) or lesser (blue) BOLD signal contrast
evoked by (A) high- and (B) low-calorie food and (C) blurred images after meal compared to water
ingestion (object image-evoked time series as baseline, voxel-wise p < 0.05, cluster-wise p < 0.01) with
extracted effect size (% BOLD signal change) from each cluster (positive values: activation i.e. food or
blurred images > object images).
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6.3.4 Differences in brain response to food images in insulin sensitive compared
to insulin resistant subjects after water ingestion

Separate voxel-wise non-repeated measures ANOVA were performed to examine
differences in [HiCal/OBJ], [LoCal/OBJ] and [BLU/OBIJ]-evoked BOLD signal
contrasts between IR and IS subjects in the fasted (post-water ingestion) state (Table
6.3). Significant differences were observed between the two groups’ responses to
food cues in the continued fasted state, where high-calorie food images evoked
deactivation in medial frontal gyrus and activation in right claustrum/insula whilst
low-calorie food images evoked activation in right superior temporal gyrus in IS
subjects, with the opposite occurring in IR subjects (Figure 6.6A-B). Differences in
BOLD signal contrast on viewing blurred images were similar to that of high-calorie
food images, with additional significant differences observed in right putamen, where

blurred images evoked deactivation in IS and activation in IR subjects (Figure 6.6C).

A voxel-wise split-plot factorial ANOVA examining differences between
[HiCal/OBJ]- and [LoCal/OBJ]-evoked BOLD signal contrasts in the fasted (post-
water ingestion) state between the two groups (Figure 6.7) showed that within the left
DLPFC, an activation response to high-calorie images converted to deactivation on
viewing low-calorie food images in IS subjects, with an opposite pattern of activity
observed in IR subjects. Conversely, within the right superior frontal gyrus and
premotor cortex, deactivation responses to high-calorie food images converted to
activation on viewing low-calorie food images in IS subjects, with an opposite pattern

of activity observed in IR subjects.
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A. High-calorie food images: IS vs IR after water
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Figure 6.6

Voxel-wise ANOVA of brain responses to visual cues in IS vs IR subjects after water ingestion.
Group activation brain maps show clusters where compared to IS, IR subjects had greater (red) or
lesser (blue) BOLD signal contrast evoked by (A) high- and (B) low-calorie food and (C) blurred
images (object image-evoked time series as baseline, voxel-wise p < 0.05, cluster-wise p < 0.01) with
extracted effect size (% BOLD signal change) from each cluster (positive values: activation i.e. food or
blurred images > object images). MFG = medial frontal gyrus. STG = superior temporal gyrus.
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High- vs low-calorie food images: IS vs IR after water
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Figure 6.7

Voxel-wise ANOVA of brain responses to high- vs low-calorie food images in IS vs IR subjects.
Group activation brain maps show significant [IS(HiCal > LoCal) vs IR(HiCal < LoCal)] (red clusters)
and [IS(HiCal < LoCal) vs IR(HiCal > LoCal)] (blue clusters) interactions (object image-evoked time
series as baseline, voxel-wise p < 0.05, cluster-wise p < 0.005) with extracted effect size (% BOLD
signal change) from each cluster (positive values: activation i.e. food > object images) in IS (dashed
line) and IR (solid line) subjects.

6.3.5 Differential effect of meal ingestion on brain responses to food images in
insulin sensitive compared to insulin resistant subjects

Voxel-wise split-plot factorial ANOVAs for interaction effects between feeding status
and group on [HiCal/OBJ], [LoCal/OBJ] and [BLU/OBJ]-evoked BOLD signal
contrast were performed (Table 6.4). There were no regions where the meal had
significantly different effects between IS and IR groups on responses to high-calorie
food cues. On viewing low-calorie food images, deactivation responses decreased in
IS subjects and increased in IR subjects in left insula/DLPFC, and activation
responses decreased in IS subjects and increased in IR subjects in right DLPFC
(middle frontal gyrus) after meal compared to water ingestion (Figure 6.8A). The
meal converted responses to blurred images from deactivation to activation in IS and

activation to deactivation in IR in right cuneus and left precentral gyrus (Figure 6.8B).
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A. Low-calorie food images: feeding status vs group
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Voxel-wise ANOVA of brain responses to visual cues in IS vs IR subjects after meal compared to
water ingestion. Group activation brain maps show [IS(water>meal) vs IR(water<meal)] (red) and
[[S(water<meal) vs IR (water>meal)] (blue) interactions in BOLD signal contrast evoked by (A) low-
calorie food and (B) blurred images (object image-evoked time series as baseline, voxel-wise p < 0.05,
cluster-wise p < 0.01) with extracted effect size (% BOLD signal change) from each cluster (positive
values: activation [food/blurred images>object images]) in IS (dashed line) and IR (solid line) subjects.

Split-plot ANOVA of [HiCal/LoCal] contrast maps (constructed from voxel-wise
subtraction of [LoCal/OBJ] from [HiCal/OBJ]-BOLD signal contrast in each feeding

state for each subject), examining the meal’s impact on differential responses to high-

vs low-calorie food cues, identified in left DLPFC a greater activation to images of

high-calorie foods after water and low-calorie foods after the meal in IS subjects,

whilst IR subjects showed a greater activation to images of low-calorie foods after

water and high-calorie foods after the meal (Figure 6.9). Conversely, in right middle

frontal gyrus, greater activation to low-calorie food images after water diminished

after the meal in IS subjects, whilst IR subjects had greater activation to images of

high-calorie foods after water and low-calorie foods after the meal.
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High- vs low-calorie food images: feeding status vs group
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Voxel-wise ANOVA of brain responses to high- vs low-calorie food images in IS vs IR subjects after
meal and water. Group activation brain maps show significant [[S(water > meal] vs IR(water < meal)]
(red clusters) and [IS(water < meal) vs IR(water > meal)] (blue clusters) interactions (voxel-wise p <
0.05, cluster-wise p < 0.005) with extracted effect size (% BOLD signal change) from each cluster
(positive values: high > low calorie food images) in IS (dashed line) and IR (solid line) subjects.

6.3.6 Correlation between insulin resistance and brain responses to food images
after water ingestion

Voxel-wise Pearson correlation coefficients were calculated to examine linear
associations between HOMA-IR and [HiCal/OBJ]-, [LoCal/OBJ]-, [BLU/OBJ]- and
[HiCal/LoCal]-evoked BOLD signal contrasts in all 38 IS, INT and IR subjects in the
fasted (post-water ingestion) state (Table 6.5). Insulin resistance correlated positively
with responses to high-calorie food images in right putamen and precentral gyrus, and
negatively in right thalamus (Figure 6.10A), and correlated negatively with responses
to low-calorie food images in right middle temporal gyrus and left inferior parietal
lobule (Figure 6.10B). Insulin resistance correlated positively with responses to
blurred images in left medial frontal gyrus and negatively in right insula (Figure
6.10C). Insulin resistance correlated positively with differential responses to high-
compared to low-calorie food images in right precentral gyrus, and negatively in left

DLPFC (inferior frontal gyrus) and right middle occipital gyrus (Figure 6.11).
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A. High-calorie food images after water: correlation with HOMA-IR
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Group map of whole-brain correlation of activation after water with HOMA-IR, showing clusters
exhibiting linear positive (red) or negative (blue) correlation of HOMA-IR with BOLD signal evoked
by (A) high- and (B) low-calorie food and (C) blurred images (object image time series as baseline,
voxel-wise p < 0.05, cluster-wise p < 0.02) and extracted effect size (% BOLD signal change, positive
values: food/blurred>object).
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High- vs low-calorie food images after water: correlation with HOMA-IR
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Figure 6.11

Group map of whole-brain correlation of activation after water with HOMA-IR, showing clusters
exhibiting linear positive (red) or negative (blue) correlation of HOMA-IR with high- vs low-calorie
food image-evoked BOLD signal (voxel-wise p < 0.05, cluster-wise p < 0.01) and extracted effect size
(% BOLD signal change, positive values: high-calorie > low-calorie food).

6.3.7 Correlation between insulin resistance and difference in brain responses to
food images after meal compared to water ingestion

Voxel-wise subtractions of BOLD signal after water from the respective signal after

the meal for each image contrast in each subject, produced maps of the difference in

BOLD signal contrast between feeding states. Voxel-wise Pearson correlation

coefficients were calculated from these “difference” maps to examine linear
associations between HOMA-IR and changes in brain response to visual images after
meal compared to water ingestion in all 38 subjects studied (Table 6.6). Increasing
insulin resistance was negatively associated with differences in [HiCal/OBJ]-evoked
BOLD signal contrast in right precentral gyrus after the meal compared to water
(Figure 6.12A).

(extending to left DLPFC) and positively associated in right DLPFC (middle frontal

Insulin resistance was also negatively associated in left insula

gyrus) with the differences in [LoCal/OBJ]-evoked BOLD signal contrast after the
meal compared to water (Figure 6.12B). Differences in [BLU/OBJ]-evoked BOLD
signal contrast between feeding conditions were associated positively in right superior
temporal gyrus and negatively in right middle occipital gyrus and precentral gyrus
with insulin resistance (Figure 6.12C). The differential response to high- compared to
low-calorie food images after meal compared to water were associated positively in

left DLPFC (middle frontal gyrus) and negatively in right middle frontal gyrus with
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High-calorie food images: correlations with HOMA-IR
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Figure 6.12

Group map of whole-brain correlation of differences in activation after meal compared to water with
HOMA-IR, showing clusters exhibiting linear postive (red) or negative (blue) correlation of HOMA-IR
with differences in BOLD signal evoked by (A) high- and (B) low-calorie food and (C) blurred images
between feeding conditions (object image time series as baseline, voxel-wise p < 0.05, cluster-wise p <
0.02) and extracted effect size (% BOLD signal change, positive values: meal > water).
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increasing insulin resistance (Figure 6.13A-B). The respective [HiCal/LoCal] image
evoked-BOLD signal contrast from each feeding state were extracted from these two
regions (Figure 6.13C), showing these associations were due to larger responses to
high- than low-calorie food images after the meal and the reverse after water in left
DLPFC, and larger responses to low- than high-calorie food images after the meal and

the reverse after water in right middle frontal gyrus, with increasing insulin resistance.

A. [Meal minus water] High- vs Low-calorie food images: correlations with HOMA-IR
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Figure 6.13

A: Group map of whole-brain correlation of differences in activation after meal vs water with HOMA-
IR, showing clusters exhibiting linear postive (red) or negative (blue) correlation of HOMA-IR with
differences in BOLD signal evoked by high- vs low-calorie food images between feeding conditions
(voxel-wise p < 0.05, cluster-wise p < 0.02). B: extracted effect size (% BOLD signal change, positive
values: meal > water) from (A). C: extracted water (white circles, dashed line) and meal (black circles,
solid line) effect size from masks from (A) (positive values: high > low calorie food images).

6.4 Discussion

The present study set out to establish whether systemic insulin resistance influences
the modulatory effects of meal ingestion on the subsequent brain response to visual
food cues, using a BOLD fMRI paradigm that is commonly employed in the study of
central appetite regulatory mechanisms (van der Laan ef al, 2011; Tang et al, 2012).

The paradigm used in this study was a development of the paradigm used to study the
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effect of ageing (Chapter 4) to allow further manipulation of the incentive salience of

the cues by altering the calorie content of the food images, as well as nutritional state.

6.4.1 Effect of meal ingestion on responses to food images

The normal response was first established by examining IS subjects. High- and low-
calorie food images evoked greater subjective measures of hunger than object and
blurred images equally. Food images are routinely used as surrogates for food itself
in studies of appetite regulation, through the recognition that they create an
anticipation and desire to eat, in contrast to the expected response from food
consumption. Many studies select high-calorie food images that are more appealing
or “motivationally salient” than low-calorie cues, their salience manipulated further
by feeding status (Goldstone et al, 2009; Killgore et al, 2003), but there are studies
employing high- and low-calorie food images of equal palatability (Siep ef al, 2009).
The lack of difference in hunger evoked by high- compared to low-calorie food
images we observed may be due to a real lack of difference in the desire to eat, a lack
of sensitivity to detect difference in the paradigm or be due to the fact that images
were chosen in each class that had equal salience in a separate group of volunteers not
involved in the neuroimaging study, and that food salience may have influenced
hunger more than caloric content in the two feeding states in this study. Meal
ingestion reduced such evoked hunger in response to all visual cues equally,

compatible, given the timing relative to the meal, with satiation.

In contrast to the uniformity of the subjective response, there was an effect of feeding
status and food-cue group on the central responses to their viewing, with meal
ingestion increasing BOLD signal contrast evoked by images of high-calorie foods
compared to objects in IS subjects in a region that included the right insula, involved
in processing interoceptive awareness (Craig, 2009), a response not observed when
viewing low-calorie food images. In the earlier study (Chapter 4), there was a
reduction in BOLD signal in this region when observing mixed-calorie food images.
The difference is likely to be due to differences in stimuli and the volunteers studied,
with the earlier study examining responses in male and female volunteers with a wide

age range.
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Interaction analyses directly comparing responses to the different classes of food
images in the two feeding states, showed the meal had differential effects depending
on the energy density of the food cues, converting a deactivation on viewing low-
calorie food images after water ingestion (effectively continued fasting) to an
activation in the striatum and no response in the DLPFC. In contrast, meal ingestion
converted the high-calorie food image-evoked activation observed in these regions in
the continued fasted state, to a deactivation. The DLPFC is implicated in providing
higher executive control, in terms of inhibition and initiation of motivated behaviours
including eating behaviour (Ballard et al/, 2011; Camus et al, 2009), through
modulation of the activity of dopaminergic reward centres (Cho and Strafella, 2009;
Fregni et al, 2008; Lowe et al, 2014), including the striatum (Staudinger et al, 2011).
These responses are therefore consistent with meal consumption acting on these
corticolimbic centres to reduce the drive to eat high-calorie foods during a post-
prandial, energy-replete state. Meal compared to water ingestion also increased
activation to low-calorie food images and reduced it to high-calorie food images in
the right lingual gyrus, extending down to the right fusiform gyrus. The lingual and
fusiform gyri are implicated in visual processing and attention to visual food cues,
relaying such information to prefrontal regions (Frank et al, 2010a; Siep et al, 2009),
activity in which also appear to be sensitive to current nutritional status. My findings
are consistent with the observation by Goldstone ef a/ (2009) that fasting “biases”
reward networks to high-calorie food cues, increasing activation responses to high-
calorie food images and reducing activation or evoking deactivation responses to low-
calorie food images in ventral striatum, amygdala, insula and medial and lateral OFC
in non-obese healthy volunteers. Siep et al (2009) similarly showed that responses to
high-calorie food images were greatest after 18 hour fasting and to low-calorie food
images after meal ingestion in OFC, insula, ventral striatum, posterior cingulate and
fusiform gyrus in healthy female volunteers. Frank et a/ (2010) also showed superior
medial frontal lobe and fusiform gyrus responses to high calorie food images were
greater in the fasted state and to low calorie food images in the fed state in female
subjects only, but their study may have been underpowered to show similar findings
in men given the small sample size (6 male and 6 female subjects) and short, 3 hour
period of fasting, unlike the present study. My data extend these findings by
demonstrating in insulin sensitive men, that internal satiety signals following a meal

influence the way we react to potential external sources of further food by modulating
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the activity of corticolimbic networks involved in regulating eating behaviour,
“calorically biasing” responses towards food cues that are concordant with current

nutritional needs.

6.4.2 Effect of systemic insulin resistance

Systemic insulin resistance did not affect the subjective hunger evoked by the food
images, nor the reduction in such evoked hunger by prior meal ingestion. In addition,
unlike IS subjects, the meal did not alter reward network responses to high-calorie
food images, and decreased responses to low-calorie food images in left DLPFC.
Importantly, the interaction analyses in IR subjects failed to show the ‘“caloric
biasing” effects of greater reward network responses to low- than high-calorie food
cues when fed and high- than low-calorie food cues when fasted that was observed in
IS subjects. In fact, direct comparisons between groups indicated that this “caloric
bias” effect observed in left DLPFC in IS subjects, is the direct opposite to that
observed in IR subjects, with greater responses to high- than low-calorie food cues
when fed, and low- than high-calorie food cues when fasted, discordant with current

nutritional status.

This is the first study to explore the impact of non-obese, non-diabetic insulin
resistance on the modulation of brain’s response to food cues by feeding. However,
impaired modulatory effects of meal ingestion on reward network responses to
external food cues of differing nutritional value has been demonstrated in established
obesity, where the high calorie food cue-evoked OFC, caudate and insula activation
before lunch, decreased or deactivated after consuming lunch in lean subjects, similar
to our data, whilst obese subjects showed opposite patterns of activity in the insula,
and lack of any modulatory effects of the meal on food cue-evoked OFC and caudate
responses (Dimitropoulos ef al, 2012). Insulin sensitivity was not reported but insulin
resistance is common in obesity. In contrast, Van Vugt et al (2013) failed to find a
difference in brain responses to high- or low-calorie food images 5-6 hours following
breakfast between insulin sensitive and resistant women with PCOS, possibly due to
the use of metformin in some of the insulin resistant women, the relatively short
period of fasting, and did not examine the impact of the meal on such evoked

responses.
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My data are also consistent with a similarly designed study, that demonstrated
precuneus and fusiform gyrus activation to images of high-calorie foods and
deactivation to low-calorie foods after water ingestion following an overnight fast,
with the opposite pattern observed after a 75 g oral glucose load in lean subjects (Heni
et al, 2014a). Conversely, deactivation to images of high-calorie foods and activation
to low-calorie foods in these regions after water ingestion, without any difference
between responses to the two food image classes following the glucose load was
observed in overweight/obese subjects, who were significantly more insulin resistant.
The lack of involvement of more typical reward processing centres in producing
discriminatory responses to food cues of differing energy content, depending on
current nutritional status, may have been due to the lack of other macronutrients
consumed, such as fat, which has been shown to influence insular activity (Frank et
al, 2012), or to smaller hedonic effects of consuming glucose compared to a meal, as

used in the present study.

The above interpretations are supported by our voxel-wise regression analyses of the
combined IS/INT/IR groups. Increasing insulin resistance was associated with greater
striatal responses to high-calorie food cues and decreasing responses to low-calorie
food cues in right insula after water ingestion and diminishing discriminatory
responses between fed and fasted states to low-calorie food cues in left
DLPFC/insula. However, the relationship between HOMA-IR and response to high
calorie food images after water was similar to that for blurred images. Interestingly,
differences in response to blurred images after water between the two groups shared
similarities with the differences in response to both high and low calorie food images.
Anecdotally, some subjects reported that they were actively trying to identify original
food items in the blurred images, increasing the interest or salience of these images on
a par to that of high-calorie foods, which may have driven the accompanying neural
responses, but alternatively they could have been driven by the response to the object

images, the time-series for which was used as the baseline.

The differential response to high- compared to low-calorie food images may be more
physiologically meaningful. Increasing insulin resistance was positively associated
with the difference in the response to this contrast between feeding conditions in left

DLPFC, with greater responses to images of high-calorie foods after water and to
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low-calorie foods after the meal in the more insulin sensitive subjects, converting to
greater responses to low-calorie foods after water and high-calorie foods after the
meal as insulin resistance increased. Thus, the strength of the normal “caloric bias”
effect in this inhibitory control centre diminishes with increasing insulin resistance.
(Van Vugt et al, 2013) showed in women with PCOS that decreasing insulin
sensitivity (defined by 2 hour glucose:insulin ratio, post-75g oral glucose) was
associated with increasing activation in DLPFC, anterior cingulate and midbrain to
high-calorie food images and in OFC, ventral pallidum, substantia nigra, ventral
tegmental area (VTA) and thalamus to low-calorie food images in the pre-lunch state.
They also found that as insulin sensitivity decreased, the greater response to high- vs
low-calorie food images diminished in OFC, DLPFC, insula, ventral pallidum and
VTA, whilst the greater response to low- compared to high-calorie food images in the
caudate also fell. However, these findings could not be replicated when the more

validated HOMA-IR was used a covariate of interest

6.4.3 Limitations and conclusion

There is therefore mounting evidence that in conditions of systemic insulin resistance,
such as obesity and PCOS, the neural networks that regulate hedonic responses to
external cues of food and control food-seeking behaviour are insensitive to the
modulatory effects of homeostatic signals of energy balance, with the present study
compatible with a disruption to such networks in early insulin resistance, prior to
weight gain. Indeed, (Cornier ef al, 2013) have shown that subjects who self-identify
as being prone to weight gain demonstrate less meal-induced reduction of responses
to food images in the insula, inferior and medial prefrontal cortex than those who
identify as being resistant to obesity, with greater meal induced reduction in activity
associated with greater suppression of hunger, supporting an aetiological role for

altered corticolimbic activity in future obesity risk.

As discussed in Chapter 1, cerebral resistance to insulin could explain the present
findings. Kroemer et al (2013) showed that the endogenous peripheral insulin
response to an oral glucose load is associated with the glucose-evoked reduction in
corticolimbic responses to food images, in regions including the insula, inferior

prefrontal cortex and striatum. Exogenous insulin applied at physiological
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concentrations during euglycaemic clamps with somatostatin suppression of
endogenous insulin secretion increases striatal and prefrontal glucose uptake less
effectively in insulin resistant than insulin sensitive volunteers (Anthony et al, 2006).
Increasing cerebral insulin by intranasal inhalation, effects evokes anorexia (Benedict
et al, 2008), reduces body fat (Hallschmid et al, 2004a), enhances post-prandial
thermogenesis (Benedict et a/, 2011) and increases satiety and reduces food intake
(Hallschmid et a/, 2012) with increased brain energy levels (Jauch-Chara et al, 2012),
selectively reducing responses to food images in the fusiform gyrus, hippocampus,
middle frontal cortex and temporal lobe (Guthoff ez al, 2010). These effects of weight
loss and modulation of neural responses to food cues with intranasal insulin are
impaired in obesity (Guthoff ef al, 2011; Hallschmid et al, 2008), with recent studies
indicating increasing peripheral insulin resistance is associated with diminishing
intranasal insulin-evoked reductions in prefrontal cortical activity (Kullmann et al,
2015). Decreasing DLPFC responses to high calorie food cues predict greater food
intake (Cornier et al, 2010), with responses to meal ingestion per se being diminished
in established obesity (Le ef al, 2006). Striatal reactivity to food ingestion is also
diminished in established obesity (Stice ef a/, 2008), and decreases concurrently with
weight gain (Stice et al, 2010). It is therefore conceivable that the impaired
modulatory effects of meal ingestion on the corticolimbic responses to high- and low-
calorie food cues observed in insulin resistant individuals, at high risk of future
diabetes and obesity by family history, is mediated by an impaired response to post-

prandial insulin, altering satiety processing and increasing obesity risk.

There are some limitations to the present study. There was no effect of systemic
insulin resistance on the food image-evoked hunger. Although this may relate to the
reduced power of the symptomatic study, it is also likely that the observed differences
in neural activity influence eating behaviour through subconscious mechanisms.
Objective measures of eating behaviour, such as the use of an ad-libitum meal
following the first mixed meal, were not collected to support this hypothesis but it is
supported by existing evidence discussed earlier. As systemic insulin resistance
influenced responses to blurred images, perhaps because these evoked hedonic, food-
related responses, an alternative comparator such as prolonged viewing of a fixation
cross may help to confirm a food-specific effect of systemic insulin resistance on

reward network activity. Nevertheless, the present study has demonstrated that early

226



systemic insulin resistance is associated with a reversal of the normal “caloric bias” in
prefrontal executive control centres that direct eating behaviour towards food cues
appropriate to current energy status, which may permit continued eating and weight

gain.
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7 Impact of systemic insulin sensitisation on central
responses to meal ingestion in insulin resistance

7.1 Introduction

In Chapter 5, systemic insulin resistance in non-obese, non-diabetic men was
associated with greater degrees of food restraint and greater resting activity of the
right lateral orbitofrontal cortex (OFC) in the fasted state. Meal ingestion reduced
activity in this inhibitory control centre of eating behaviour to lower levels observed
in both fasted and fed states in insulin sensitive (IS) men, and increased activity in the
left insula in insulin resistant (IR) subjects, potentially due to reduced top-down
regulation of this interoceptive region by the lateral OFC, in contrast to the post-
prandial reduction in insula activity observed in IS men. I hypothesised that post-
prandial insulin may modulate the activity of these corticolimbic reward networks to
invoke satiation and satiety in health, and that central insulin resistance could explain
the current observations. Functional neuroimaging studies have shown that these
networks in obesity may be receptive to lifestyle changes, pharmacological therapies
or weight loss surgery, but whether changes in activity of these appetite control
centres are a cause or a consequence of these interventions is uncertain. The aim of
the present study was to investigate the effect of improving systemic insulin
sensitivity on the function of these corticolimbic centres, specifically in the insula and
lateral OFC, during meal ingestion in non-clinical insulin resistance, hypothesising an
aetiological role of central insulin resistance in altered satiation processing, and

seeking evidence of its reversibility.

7.2 Methods

7.2.1 Subjects

The IR subjects recruited for the study described in Chapters 5 and 6 also consented
to participate in a double-blind randomised control trial of insulin sensitisation using
metformin with lifestyle advice, compared to placebo, with lifestyle advice offered on
completion of the study. This was rendered impractical by regulatory delays (in

confirming the study did not constitute a clinical trial of an investigational medicinal
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product and in delivery and repackaging of the study medication sourced successfully
from Merck-Serono), as well as by insufficient numbers of participants to ensure an
adequately powered study. Instead, the protocol was converted to a proof-of-concept
study and re-designed as a single-arm, open-label study of the effect of insulin
sensitisation on the responses of interest. Of the 16 original IR subjects, one subject
withdrew consent due to lack of free time to continue with the study and one subject
emigrated, after completing the pre-intervention studies. In addition, two IR subjects
originally screened as IS controls, but found to be insulin resistant, consented to
lifestyle intervention but declined to consent to medical therapy. Thus 14 subjects
consented to a 3-month intervention of insulin sensitisation (two subjects through

lifestyle changes alone), before repeating the original neuroimaging protocols.

7.2.2 Study protocol

Once initial MRI studies, described in Chapters 5-6, were completed, subjects entered
the insulin sensitisation intervention phase of the study as described in section 2.8.11.
In brief, consenting subjects received 3 months of open-label metformin (Glucophage
SR, Merck Serono) in an escalating dose of 500mg od for 2 weeks, 1g od for 2 weeks,
1.5g od for 2 weeks, and 2g od for the remaining 6 weeks or the maximum tolerated
dose. Subjects could take the metformin in divided doses if they wished. Subjects
also received a consultation with a registered diabetes specialist dietitian, providing
dietary advice according to NICE guidance for the prevention and management of
type 2 diabetes (T2DM), with personalised individual plans made, setting specific,
measurable, achievable, realistic and timely (SMART) goals after assessment of a 3-
day food diary (National Institute for Health and Care Excellence, 2009). Written
information was also provided (“Get active, stay active”, (British Heart Foundation,
2014)). Subjects could see the dietitian as many times as they wished during the 3
month study period following the initial consultation: the majority of subjects kept in

contact via email and telephone, rather than in person.

At the end of the intervention period, subjects underwent the same study protocol as
described in Chapters 5-6, with MRI acquisition details as described in section 2.8,
the order of the total 4 scan visits balanced across the group through block

randomisation on study entry.
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The measures of insulin sensitivity, HOMA2-IR and HOMA-IR, were calculated from
fasting blood taken at the screening visit, and after the intervention on the morning of
the follow-up scan, after an initial 15 mins rest period, followed by a further 15 mins

rest after intravenous cannulation.

7.2.3 Biochemical analysis
Laboratory methods for quantifying plasma glucose, serum insulin, GLP-1, GIP,

leptin and adiponectin are described in section 2.8.14.

7.2.4 Statistical analysis

General non-imaging statistical methods are described in section 2.8.14. Data are
presented as mean+SEM or median with the interquartile range. pCASL image pre-
processing and statistical analyses are described in sections 2.8.13.1-2. Smoothed,
normalised CBF maps calculated for each subject were entered into second-level
group analyses. Post-intervention data were submitted to a flexible factorial model as
used in the ageing study (Figure 3.2). The complete pre- and post-intervention data
set were submitted to a full factorial repeated measures general linear model (GLM),
with intervention (2 levels: pre- and post-insulin sensitisation (“Rx’’)), feeding status
(2 levels: meal vs water) and time (4 levels: pre-ingestion and three post-ingestion
time points, pCASL1-4 respectively) as factors. Analyses were restricted to grey
matter, with mean global grey matter CBF used as nuisance covariates in the GLM
(Figure 7.1). A full rather than a flexible factorial model was used, as the latter only
permits interrogation of 2 interacting factors. T-contrast vectors were defined to
examine (a) the impact of the intervention on pre-ingestion rCBF (pCASL1) and (b)
the impact of the intervention on the effect of meal compared to water ingestion
(interaction of pre-Rx/post-Rx with feeding status across the three post-ingestion time
points, ASL.2-4). However, as the latter assumes that the intervention may have
different central effects dependent on feeding status, which may not necessarily be the
case, and to avoid a type II error, T-contrast vectors were constructed to examine the
effect of the intervention within each feeding state. If insulin sensitisation were to
normalise the pre- and post-ingestion brain activity, based on the results in Chapter 5,

one would hypothesise that the intervention would reduce right lateral OFC rCBF in
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the fasted state, and left insula rCBF in the post-prandial state. A priori regions of
interest analyses were not performed to avoid inferential bias, as the regions identified

from Chapter 5 are based on the same pre-intervention data used in this chapter.

Pre-intervention Post-intervention
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Global
mean

1
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2 =2=2333°3 =222z =
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Individual CBF maps
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Figure 7.1

Full factorial GLM design matrix. W1-4 = pCASL1-4 on water visit; M1-4 = pCASL1-4 on meal visit.
Global mean = mean global grey matter CBF.

rCBF data at each voxel pre-intervention were also subtracted from the respective
voxel post-intervention, within each feeding state and respective time point (e.g. post-
Rx meal pCASL4 minus pre-Rx-meal pCASL4 etc.) creating “difference” CBF maps.
These were submitted to separate multiple regression models to examine linear
relationships between changes in insulin sensitivity (difference in HOMA-IR) with
changes in rCBF within each feeding condition from pre-Rx to post-Rx, at each post-
ingestion time point, using the respective change in mean global grey matter CBF
after the intervention as a nuisance covariate. A cluster-forming uncorrected voxel-
wise threshold of P<0.01 was employed, but only those clusters that survived
statistical significance (Prwe-corrected<0.05) after correction for multiple comparisons
are reported. Mean CBF values were extracted from unsmoothed CBF maps to
examine global grey matter CBF (with statistical tests performed in SPSS) and

functionally identified regions from these voxel-wise analyses, to quantify differences
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in rCBF in physiological units and for illustrative purposes to characterise the nature

of the regression analyses.

7.3 Results

7.3.1 Subject characteristics

The mean (SD) age of the 14 subjects at baseline was 34.0+10.6 years. There was a
mean interval of 35.6+22.1 weeks between the second pre-intervention and first post-
intervention MRI visits. HbAlc, HOMA-IR and HOMAZ2-IR significantly improved
after the intervention (Table 7.1). There were no significant differences in fasting
leptin or adiponectin, suggesting that whilst indices of glycaemic index and insulin
sensitivity improved, there were no significant changes in fat mass, consistent with
absence of a significant change in the physically examined characteristics after the
intervention. FEight of the 12 subjects receiving metformin returned the medication
packaging and any remaining tablets at the end of the study (mean number of tablets
consumed 230+32 out of 252 supplied). The two subjects who followed dietary
advice only, showed the following pre- and post-intervention observations,
respectively: Subject #SCN023: HOMA-IR 2.52 vs 2.78, HOMA2-IR 1.50 vs 1.55,
HbAlc 5.5% vs 4.8%, Weight 99 vs 93.6 kg, BMI 24.75 vs 23.4 kg/m®; Subject
#SIR075: HOMA-IR 2.99 vs 1.88; HOMAZ2-IR 1.50 vs 1.05; HbAlc 5.2% vs 4.9%;
BMI 20.26 vs 20.29 kg/m’.

7.3.2 Appetite scores

There was no significant effect of the intervention on fasting measures of hunger
(main effect F(1,13)=0.297, p=0.154) or nausea (F(1,13)=1.321, p=0.271), whilst it
decreased sensations of fullness (main effect F(1,13)=6.623, p=0.023, estimated mean
difference -9.48+3.69) and increased pleasantness to eat (F(1,13)=5.682, p=0.033,
estimated mean difference=-7.9343.33) (Figure 7.2). Using net incremental areas
under the curves (1IAUC), allowed for the differences in baseline symptom scores.
The main effect of meal compared to water ingestion was to reduce hunger
(F(1,13)=5.439, p=0.036) and pleasantness to eat (F(1,13)=17.129, p=0.001) and
increase fullness (F(1,13)=33.071, p<0.001), without affecting nausea (F(1,13)=1.874,
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Figure 7.2

Hunger (A), fullness (B), nausea (C) and pleasantness to eat (D) scores after the meal (solid line) and
water (dashed line) pre-intervention (Pre-Rx, circle) and post-intervention (Post-Rx, square). Left:
Mean (= S.E.M); horizontal bars: black = time of meal/water; white = BOLD task. Right: net iAUC;
white bars = water; black bars = meal; Main effect of meal: *p < 0.05, **p < 0.01 ***p < 0.001; main
effect of intervention: fp < 0.05.
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p=0.194), irrespective of the intervention. There were no main or interaction effects
of the intervention on incremental changes in hunger (main effect F(1,13)=0.17,
p=0.897; interaction F(1,13)=0.019, p=0.894), nausea (main effect F(1,13)=4.006,
p=0.067; interaction F(1,13)=1.331, p=0.269) or pleasantness to eat (main effect
F(1,13)=2.284, p=0.155); interaction F(1,13)=0.150, p=0.705) after meal / water
ingestion. However there was a main effect of the intervention to increase the
incremental change in fullness after meal or water ingestion (main effect of
intervention F(1,13)=7.017, p=0.02, mean estimated difference 297.4+100.6 pre-Rx
vs 592.9+144.1 post-Rx), an effect independent of feeding status (meal x intervention
interaction F(1,13)=0.010, p=0.922).

7.3.3 Glucose, Insulin, GLP-1 and GIP during MRI scan visits

Whilst there was a significant reduction in HOMA2-IR and HOMA-IR from the
screening visit to post-intervention, after calculating the mean fasting glucose and
insulin levels across the two pre- and two post-intervention scanning visits, there were
no significant changes in fasting glucose (mean difference -0.05+0.08 mmol/L,
p=0.558), insulin (mean difference -1.65+1.14 mU/L, p=0.171), GLP-1 (mean
difference -0.49+1.17 pmol/L, p=0.682) or GIP levels (mean difference -20.1+18.2
ng/L, p=0.289) (n=14).

Based on the net iIAUC, post-meal glucose (n=8) and insulin (n=6) levels increased
across the four scan visits (main effect of meal: glucose F(1,7)=82.540, p<0.001;
insulin F(1,5)=27.246, p=0.002), and were unaffected by the intervention (main effect
of intervention: glucose F(1,7)=0.620, p=0.457; insulin: F(1,5)=1.529, p=0.271; meal
X intervention interaction: glucose F(1,7)=0.132, p=0.727, insulin F(1,5)=1.487,
p=0.277). Post-ingestion GLP-1 levels (n=4) were unaffected by the meal (main
effect of meal: F(1,3)=0.459, p=0.546) or intervention (main effect of intervention
F(1,3)=0.049, p=0.840; meal x intervention F(1,3)=0.021, p=0.893), whilst post-meal
GIP levels (n=3) increased across the four visits (main effect of meal F(1,2)=19.643,
p=0.047), but were unaffected by the intervention (main effect of intervention
(F1,2)=1.43, p=0.742; meal x intervention interaction F(1,2)=0.036, p=0.868),

although post-ingestion sample collection was incomplete.
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7.3.4 Effect of insulin sensitisation therapy on global grey matter CBF

Pre-ingestion (pCASL1) global grey matter CBF across the four visits were analysed
in SPSS, showing no significant differences between pre-water or pre-meal scans
(main effect of meal-allocation F(1,13)=0.001, p=0.979), nor any effect of the
intervention (main effect of intervention F(1,13)=0.050, p=0.826). When all the
global grey matter CBF maps (pCASL1-4) were entered into a repeated-measures
ANOVA, there was a significant main effect of time (F(3,39)=13.118, p<0.001) and
meal x time interaction (F(1.643, 21.356)=4.648, p=0.027), due to the fall in global
grey matter CBF during each visit being greater after the meal (Figure 7.3). Insulin
sensitisation had no significant impact on global grey matter CBF (main effect of
intervention, F(1,13)=0.107, p=0.749; intervention x meal interaction, F(1,13)=0.042,
p=0.841; intervention x time interaction, F(1.597, 20.767)=0.238, p=0.741;
intervention x meal x time interaction, F(1,964, 25.536)=0.522, p=0.596).
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Figure 7.3

Global grey matter CBF after water (dashed lines) and meal (solid lines) before (circle) and after
(square) insulin sensitisation. Black bar = meal / water ingestion; white bar = BOLD task.
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7.3.5 Effect of meal ingestion on rCBF within the post-intervention state
Post-intervention CBF maps were first examined in isolation. There were no
differences in fasting rCBF (pCASL1) between meal and water visits. T-contrasts of
post-meal vs post-water rCBF across the three time points (pCASL2-4) revealed a fall
in right lateral OFC rCBF that did not meet statistical significance (MNI coordinates
X=40, Y=32, Z=-4, cluster PrwEcorrected=0.054, T-value 4.95, 953 voxels, not shown).

7.3.6 Effect of insulin sensitisation therapy on fasting rCBF

Pre- and post-intervention data were next directly compared. T-contrasts of fasting
rCBF (pCASL1) showed after the intervention, tCBF was lower in a cluster in the
right inferior temporal gyrus, extending to angular gyrus of the inferior parietal lobule

and hippocampus, and greater in bilateral fusiform gyrus (Figure 7.4A, Table 7.2).

7.3.7 Effect of insulin sensitisation therapy on post-water ingestion rCBF

T-contrasts of the main effect of the intervention on rCBF across all post-water time
points (pCASL2-4, pre-Rx vs post-Rx) showed rCBF was lower in bilateral angular
gyri and bilateral mid-frontal gyri, with the right cluster extending to right lateral
orbitofrontal cortex (OFC) / dorsolateral prefrontal cortex (DLPFC), and greater in

left post-central gyrus after the intervention (Figure 7.4B, Table 7.2).

7.3.8 Effect of insulin sensitisation therapy on post-meal ingestion rCBF

Similar T-contrasts of the main effect of the intervention on rCBF across all post-meal
time points (pCASL2-4, pre-Rx vs post-Rx) showed rCBF was lower in left insula
after the intervention (Figure 7.4C, Table 7.2).

242



eve

"G0" () > PARRHOTEMAJ PIOYSAIYI-IAISN]D) [ () > PPN PIOYSAIYI-[OX0A Teowt (D) pue 1djem (g) 1ye ($-71SvDd) syutod swn uonsa3ur-ysod ssoioe pue (1 1SyDd)
J1e3s uonsagur-aid pase; ayy ul (y) uonuaarul-aid ueyy -3sod JgDOI (on)q) 19ss9l 10 (pal) 1938213 im SIAISN[O Surmoys gD Ul SOouIPIp Jo sdew ureiq jsenuood-J,

UOIIUOAISIUL-

1504 < -31 Son[eA J,

UOTUQAIdUL

180 > -91J sonjea I,

"L 3131

(p-z1SVOd)
[eaw-1s0J

D

(p-z1SVDOd)
JIorem-1sod

dq

(118v2d)
uorsagur

-o1d

v




7.3.9 Exploration of the right OFC/DLPFC and left insula rCBF

The regions identified in the preceding analyses showing reductions in rCBF
following the intervention after water (right lateral OFC/DLPFC) and meal (left
insula) were reminiscent of those identified to be different in the cross-sectional study
between IS and pre-intervention IR subjects (post-water right lateral OFC/DLPFC
rCBF greater in pre-intervention IR than IS subjects, and post-meal insular rCBF
increased in pre-intervention IR and decreased in IS subjects). In order to explore the
effect of the intervention in these centres further, two regions of interest were
constructed from voxels spatially present in these [IS vs pre-intervention IR] and [pre-
vs post-intervention IR] water/meal contrasts, from which unsmoothed rCBF data
were extracted for illustrative purposes (Figure 7.5). Statistical analyses were not
performed on these data, to avoid inferential bias. The intervention appeared to

reduce post-water ingestion CBF in the right lateral OFC/DLPFC and post-meal

ingestion CBF in the left insula in IR subjects towards rates observed in IS subjects.
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A: Right lateral OFC (blue) constructed from significant voxels in [water pCASL2-4: pre-Rx IR>IS]
and [water pCASL2-4: pre-Rx>post-Rx IR] analyses and left insula (red) from significant voxels in
[pPCASL2-4: (meal vs water) vs (pre-Rx IR vs IS)] and [post-meal pCASL2-4: pre-Rx IR>post-Rx IR].
B: extracted rCBF data from (A). Dashed line = water; solid line = meal. Circle =IS (n = 17); square =
pre-Rx IR (n=16); diamond = post-Rx IR (n=14); black bar = water/meal; white bar = BOLD task.
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7.3.10 Effect of insulin sensitisation therapy on post-meal vs post-water ingestion
rCBF
When T-contrasts for the interaction of intervention (pre-Rx vs post-Rx) and feeding
status (post-meal vs post-water) across all post-ingestion time points (pCASL2-4)
were constructed to examine effects of the intervention that were significantly
different between feeding conditions, no significant clusters were identified. When
these interactions were examined within each time point (pCASL2, 3, 4), a significant
cluster in left mid-frontal gyrus, extending from left lateral OFC, through the left
DLPFC to left ventrolateral prefrontal cortex, was identified immediately after
ingestion (pCASL2), where post-prandial rCBF decreased before, and increased after

the intervention (Figure 7.6).

The extracted rCBF data from this region in the IR subjects showed post-prandial
rCBF decreased before, and increased after the intervention. Data were also extracted
in this functional region of interest from the independent group of IS subjects, and
compared with the IR group using unpaired t-tests. There were no significant
differences in post-water rCBF between IR subjects, either before or after the
intervention, and IS subjects. However, post-meal rCBF in IR subjects prior to the
intervention was significantly lower than that of the IS subjects (p = 0.038,
uncorrected), increasing to levels after the intervention that were no longer

significantly different from the IS group.

No other significant clusters were identified on the interaction analysis at the later

post-ingestion time points (pCASL3 [+8 to +14 mins] or pCASL4 [+34 to +40 mins]).

7.3.11 Correlation between post-intervention changes in insulin sensitivity and
fasting rCBF

The mean fasting CBF at each voxel was calculated from the pCASL1 scans of the

water and meal visits, at both pre- and post-intervention visits in each IR subject.

These were then subtracted from each other, to produce maps of the change in fasting

CBEF after the intervention, which were entered into a voxel-wise multiple regression

model with HOMA-IR as a covariate of interest, and the respective post-intervention

change in mean fasting global grey matter CBF used as a nuisance covariate. No
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clusters demonstrating a significant association between change in HOMA-IR and

change in fasting CBF were detected.

7.3.12 Correlation between post-intervention changes in insulin sensitivity and
changes in post-water rCBF
Voxel-wise differences in pre- from post-intervention CBF within each time point
(pCASL2, 3 and 4) after water ingestion were calculated for each subject, to produce
maps of the change in post-water CBF after the intervention. These were submitted to
similar separate voxel-wise multiple regression models, with HOMA-IR as a
covariate of interest, and the respective post-intervention change in post-water global
grey matter CBF at each time point used as a nuisance covariate. No clusters
demonstrating a significant association between change in HOMA-IR and change in

post-water CBF at any time point were detected.

7.3.13 Correlation between post-intervention changes in insulin sensitivity and
changes in post-meal rCBF
Similar CBF maps representing the change in post-meal ingestion CBF at each time
point following the intervention in each subject were constructed, and submitted to
multiple regression analyses. Changes in the immediate post-meal ingestion rCBF
(pCASL2) were positively associated with the change in HOMA-IR in right
cerebellum (X=22, Y=-60, Z=-42, T-value 10.12, 1688 voxels, cluster Prwg-corrected
=0.001) and negatively associated in left anterior cingulate (ACC) (X =-2, Y=34,
7=6, T-value 7.0, 1143 voxels, cluster Prwe-corrected=0.01) (Figure 7.7A). There were
no clusters showing significant associations between change in post-meal ingestion
CBF at +8 to +14 mins (pCASL3) and change in HOMA-IR. However, the change in
post-meal ingestion CBF at +34 to +40 mins (pCASL4) was negatively associated
with the change in HOMA-IR in a cluster that included the right globus pallidum,
putamen, caudate and hippocampus (X=20, Y=2, Z=0, T-value 12.8, 1588 voxels,
cluster Prwe-corrected=0.001) (Figure 7.7B). The rCBF data were extracted from these
regions to examine the relationship between changes in rCBF and HOMA-IR after the
intervention (Figure 8.7C), demonstrating that greater improvements in insulin

sensitivity were associated with greater decreases in cerebellar rCBF and greater
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increases in anterior cingulate rCBF immediately after meal ingestion, and greater

increases in later post-prandial (+34 to +40 mins) right striatal rCBF.

7.4 Discussion

This study set out to investigate the impact of an insulin sensitisation intervention,
involving standard lifestyle advice as used in routine clinical practice in combination
with metformin therapy, on brain responses to meal ingestion in healthy but insulin-
resistant non-obese men. The intervention successfully improved glycaemic status
and fasting indices of insulin sensitivity, without affecting body weight (consistent
with the selection of insulin resistant participants of healthy body habitus), and

changed regional brain responses to food ingestion.

7.4.1 Effect of insulin sensitisation on appetite

Surprisingly, decreased fullness sensation and increased desire for prospective eating
in the fasted state were observed after the intervention. The incremental increase in
the sensation of fullness occurred after the intervention period, irrespective of whether
water or meal was consumed, suggesting an increase in satiation. This is in keeping
with a previous study showing a three-day course of metformin therapy in women
with diet controlled T2DM reduced subjective hunger and food consumption during

an ad libitum meal (Lee and Morley, 1998).

7.4.2 Insulin sensitisation and fasting brain activity

These were accompanied by decreases in fasting activity of inferior temporal gyrus
and increases in posterior fusiform gyrus activity at follow-up. These regions are
implicated in visual processing but, as reviewed by Rosazza and Minati (2011) they
are also recognised to be part of one of at least seven recognised ‘“resting state
networks” that have been identified in functional connectivity studies of BOLD fMRI
to be spontaneously active at rest. Whilst the present study did not investigate the
functional connectivity of brain regions, “static” measures of rCBF relative to the

global mean CBF show spatial similarities to functional connectivity analyses of CBF
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data in ASL studies (Zou et al, 2009). Given that the subjects did not have any
specific tasks to perform during data collection, it is possible that the changes in
activity as represented by changes in CBF after the intervention may reflect changes

in the connectivity of these resting state visual processing networks.

7.4.3 Insulin sensitisation and post-water lateral OFC activity

Cortical activity increased in post-central gyrus and decreased in angular and mid-
frontal regions including right lateral OFC after water ingestion following the
intervention, with exploratory analyses suggesting the changes in activity in the latter
region were towards that observed in IS men. In Chapter 5, greater food restraint was
reported in IR than IS subjects and was positively associated with HOMA-IR, a
construct that has been proposed to aid weight loss in obesity (Johnson et al, 2012),
but may be detrimental in normal weight through disinhibited eating if cognitive
restraint is no longer sustained (Stunkard and Messick, 1985). The lateral OFC and
DLPFC provide inhibitory control of eating behaviour (Hollmann et al/, 2012; Small
et al, 2001); whilst data on eating behaviours were not re-collected following the
intervention, the reduction in lateral OFC activity during a continued fasted state may
represent a reduction in active food restraint. Unlike the data from the cross-sectional
study (Chapter 5), where the cerebral effects of systemic insulin resistance were
similar in the fasted state and after water ingestion, the effect of the intervention on
cerebral activity in the fasted state and after water ingestion were different. It was
originally assumed that water ingestion represents a continued fasted state, with static
effects on cerebral activity during the post-ingestion observation period as observed
pre-intervention, so the above observations may represent a dynamic effect of the
intervention on continued fasting, or be a response to the consumption of water.
However, no regions were identified in which changes in fasting (or post-water)
activity were associated with changes in insulin sensitivity following the intervention.
This may have been due to lack of power, with two subjects from the original IR
cohort not taking part in the interventional arm of the study, or due to the intervention
having greatest impact on post-prandial brain activity, when insulin secretion

increases.
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7.4.4 Insulin sensitisation and post-meal insula, lateral OFC, ACC and striatal
activity

The main effect of insulin sensitisation on post-prandial brain activity was a reduction
in left insula activity across the post-meal observation period, approaching that of the
IS subjects. This may reflect an improvement in interoceptive processing of the
sensation of fullness and satiation (Frank ef al, 2013), supported by the greater post-
ingestion fullness observed after the intervention. The differential effects of the
intervention to increase left mid-frontal gyrus (lateral OFC, DLPFC and ventrolateral
prefrontal cortex) activity immediately after meal compared to water ingestion were
not sustained during the remainder of the observation period, which may reflect an
immediate and short-lived response to terminate meal ingestion (Hollmann et al,
2012; Small ef al, 2001). Correlation analyses indicated that larger decrements in
HOMA-IR were associated with greater increments in activity in the immediate post-
prandial period in ACC and ~30 mins later in the striatum following insulin
sensitisation. Post-prandial ACC activity has been shown to correlate with fullness,
independent of oral stimulation from a chocolate milk drink (Spetter et al, 2014), and
this early relationship between improvements in insulin sensitivity and post-prandial
activity may also reflect greater satiation. Unlike the ACC, post-prandial striatal
activity appears to be more dependent on the oral stimulation from meal (Spetter et al,
2014). Thus, the later association between improvements in insulin sensitivity and
post-prandial striatal activity may reflect greater meal-related reward processing

derived from the act of eating.

My data are compatible with studies in other insulin resistant states. As discussed in
Chapter 1, a series of BOLD fMRI studies in adolescent females showed
consummatory responses to food are positively correlated with BMI in insula and
operculum, and negatively correlated in caudate (Stice ef a/, 2008), and that weight
gain over a 6 month period is associated with a concurrent fall in caudate responses to
milkshakes (Stice et al, 2010). Elevating circulating insulin changes MR-
spectroscopic estimates of frontal and temporal metabolites in insulin sensitive but not
insulin resistant men (Karczewska-Kupczewska et al, 2013), whilst ['"*FIFDG-PET
studies have shown diminished increases in glucose metabolism in ventral striatal and

prefrontal cortex (including insula and ACC) evoked by physiological concentrations
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of circulating insulin in insulin resistant men, with similar diminution of insulin-
evoked increases in global cerebral glucose metabolism (Anthony et al/, 2006). A
["*FIFDG-PET study of elderly volunteers with pre-diabetes or established T2DM
also showed increasing insulin resistance, as defined by HOMA-IR, was associated
with reduced fasting cerebral glucose metabolism in posterior cingulate, precuneus,
parietal cortex, temporal/angular gyri and anterior and inferior prefrontal cortex
(Baker et al, 2011), whilst greater availability of striatal D2 receptors with decreasing
insulin sensitivity has been shown in a combined group of lean and obese volunteers
with ["*F]fallypride-PET, thought to be in response to diminished dopamine
availability (Dunn et al, 2012b). The results of the present study extend these
observations by demonstrating in younger, healthy, non-obese men with systemic
insulin resistance, at high risk of future T2DM, improvements in satiation with a
reversal of the exaggerated consummatory responses in regions that process
interoceptive awareness, and an augmentation of post-prandial reward centre activity
following metformin therapy and lifestyle changes, suggesting that altered satiation
processing in these dopaminergic networks exists and is receptive to insulin

sensitisation interventions in insulin resistant conditions, before obesity ensues.

Few studies to date have investigated the effect of insulin sensitisation interventions
on brain activity in man. In an observational ["*FIFDG-PET study, glucose
metabolism in metformin-treated patients with T2DM was greater in the white matter
of the right temporal, right frontal and left occipital lobes and lower in left
parahippocampal gyrus, left fusiform gyrus and right ventromedial prefrontal cortex
and medial frontal gyrus, compared to metformin-naive patients following a 6 hour
fast (Huang et al, 2014). However, measures of insulin resistance were not reported
and circulating glucose levels were not controlled for during data acquisition. As
HbAlc levels were non-significantly lower in the metformin naive group, differences
in ambient glucose may have affected cerebral glucose metabolic rates. A cross-
sectional [’O]H,0-PET study showed lean women and women who were previously
obese but now lean following lifestyle changes had significantly greater post-prandial
rCBF in left DLPFC than obese women, consistent with my observations immediately
after meal ingestion (Le et al, 2007). Although insulin resistance was not formally
measured, fasting insulin levels were significantly greater in the obese compared to

comparable levels observed in the two lean groups, fasting glucose levels being
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similar in the three groups, in keeping with normalised insulin sensitivity and cerebral
metabolism following lifestyle intervention. Recent functional connectivity BOLD
fMRI studies suggest increasing insulin resistance, independent of BMI, is associated
with increasing fasting connectivity of the left OFC in a prefrontal resting state
network, in the right putamen in a basal ganglia resting state network (Kullmann et a/,
2012) and in the left ventral striatum with the left anterior insula and anterior mid-
cingulate cortex (Ryan ef al, 2012). Six months exercise intervention in overweight
and obese adults reduced fasting connectivity of the precuneus part of the default
mode network (McFadden et al, 2013), whilst obese children undertaking 8 months
aerobic exercise intervention compared to sedentary attention control activities
reduced connectivity of the occipital gyrus, superior temporal gyrus and posterior
cingulate cortex parts of the default mode network, the cingulate and precuneus parts
of the cognitive control resting state network, and within the motor resting state
network decreased cuneus connectivity and increased medial, superior and middle
frontal gyri connectivity (Krafft ef al, 2014). Insulin sensitivity was not reported in
these intervention studies but it is likely to have improved. Interestingly, the acute
effects of a single 25 minute session of aerobic exercise in healthy adults include
reductions in hippocampal and insula rCBF as measured by pCASL MRI (MacIntosh
et al, 2014). Together, these studies may suggest in the fasted state there is a greater
recruitment of corticolimbic reward networks including OFC, striatum and insula in
insulin resistant conditions, which normalise with interventions that improve systemic
insulin sensitivity. The post-prandial responses in reward processing (striatum) and
inhibitory control (DLPFC, lateral OFC) centres that may be necessary for satiation
signalling may be diminished in insulin resistance, and the effect of insulin

sensitisation strategies on such responses have not been characterised until now.

As discussed in Chapters 1 and 2, haemodynamic responses detected with pCASL
fMRI and other neuroimaging techniques act as surrogate markers of neuronal activity
and changes in rCBF observed following the intervention in the present study are
assumed to represent changes in neuronal activity, but may also reflect current
cerebrovascular status, and it is conceivable that insulin sensitisation may elicit
circulatory effects. A study of patients with T2DM randomised to receive 12 months
pioglitazone and gliclazide therapy showed significant improvements in insulin

resistance and transcranial Doppler pulsatility indices of middle cerebral and basilar
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arteries, unlike those receiving gliclazide alone, despite equivalent improvements in
HbAlc (Park et al, 2007). This suggests that the improvements in vascular resistance
with pioglitazone may have been due to improved insulin sensitivity rather than
glycaemic status, although effects on regional cerebral perfusion were not examined.
Obese Zucker rat models of the metabolic syndrome have demonstrated reduced
density of cortical microcirculation, which is improved with insulin sensitisation by
either metformin or rosiglitazone (Chantler ef al, 2015). Experimental pre-clinical
models of cerebral ischaemia have shown metformin reduces post-ischaemic
inflammatory responses and disruption of the blood brain barrier, increases neuronal
autophagy and neurogenesis, enhances neuronal firing, decreases reactive hyperaemia
and blood flow during post-ischaemic reperfusion, increases cerebral angiogenesis
and reduces infarct size through mechanisms dependent on AMP-kinase activation
(Farbood et al, 2015; Jiang et al, 2014; Jin et al, 2014; Liu et al, 2014; Venna et al,
2014), suggesting protective effects at both neuronal and vascular levels, with
observational data from population-based registries showing metformin may prevent
stroke (Cheng ef al, 2014) and reduce 30 day mortality in diabetic patients compared
to sulphonylureas (Horsdal et al, 2012) providing early clinical support. Although
these latter findings are in the context of hypoxia-driven neurocirculatory changes,
similar effects may be at play in the preclinical models of the central effects of insulin
sensitisation in metabolic syndrome (Chantler ef a/, 2015), and in the present study. It
is not possible to determine if the observations from the present study represent
changes in neuronal activity alone, changes in cortical vascularity and/or vascular
responsiveness to meal ingestion with insulin sensitisation. Longitudinal studies after
withdrawal of such interventions and pre-clinical studies are therefore needed to

characterise the mechanisms involved.

7.4.5 Limitations and conclusions

The intervention was successful in improving measures of systemic insulin sensitivity
in the group as a whole. As expected, the response to the intervention as measured by
HOMA-IR showed considerable inter-individual variation, but the limitations of
HOMA-IR as an individual measure of insulin sensitivity have been discussed.
However, the significant improvement in HbAlc is indicative of the efficacy of the

intervention, and the observation that the magnitude of improvements in insulin
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sensitivity was associated with changes in post-prandial striatal activity following the
intervention circumvents to some extent the limitation of the lack of a placebo, and
supports the hypothesis that the activity of central reward pathways in early insulin
resistance may respond to attempts to improve early systemic insulin resistance.
Incomplete blood sampling prevents further interrogation of the neurohumoral effect
of the intervention. The eating behaviour questionnaires used during the screening
process were not used again after the intervention, which may have helped
deconstruct the changes in attitudes and eating behaviour constructs following insulin
sensitisation. Nevertheless, the present study provides early evidence that an insulin
sensitisation intervention in healthy men with systemic insulin resistance can improve
appetite and change corticolimbic network processing of satiation towards that

observed in insulin sensitive men.
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Table 7.1

Subject characteristics

MeantSD Pre-Rx Post-Rx p

Weight (kg) 82.52+10.92 81.04+£10.79 0.203
BMI (kg/m2) 25.99+2.45 25.53+2.48 0.197
Waist circumference (cm) 91.79+17.58 90.79+7.37 0.364
Neck circumference (cm) 39.57+2.06 39.21+1.85 0.431
SBP (mmHg) 128.5+12.3 130.0+11.8 0.656
DBP (mmHg) 76.9+10.0 79.946.1 0.201
HbA1c (%) 5.540.3 5.310.3 0.010
Leptin (mcg/L) 5.61+2.50 5.58+2.70 0.948
Adiponectin (mcg/L) 5052.84+1443.45 5514.96+2133.69 0.335
HOMA-IR 2.98+0.67 2.33+0.89 0.045
HOMA2-IR 1.72+0.33 1.34+0.46 0.020
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8 Impact of insulin sensitisation on central responses to food
cues after meal and water ingestion in systemic insulin
resistance

8.1 Introduction

In Chapter 6, I described modulatory effects of recent meal ingestion on corticolimbic
responses to external food cues, reducing neuronal activation to high-calorie food
images and increasing activation to low-calorie food images in insulin sensitive (IS)
men, which were absent in insulin resistant (IR), non-obese, non-diabetic men. The
brain regions exhibiting these effects of systemic insulin resistance were left
dorsolateral prefrontal cortex (DLPFC), which provides higher executive control of
eating behaviour, striatum, implicated in processing the motivational salience and
reward of food, and lingual gyrus, which directs visual attention to food cues. I
hypothesised that the inability of these regions to modify their responses appropriately
to external sources of food in the context of current nutritional and energy status may
predispose the IR individual to future weight gain through dysregulated eating
patterns, permitting continued eating beyond current physiological requirements. My
hypothesis is supported by other human and animal data that suggest systemic insulin
resistance is associated with cerebral resistance to potential satiety-inducing effects of
circulating insulin, and may provide a mechanistic explanation for this hypothesis. In
Chapter 7, I showed that systemic insulin sensitisation of IR subjects reduced hunger
and altered the insula response to satiation, a region that processes interoceptive
awareness, striatal reward centres, and lateral OFC and anterior cingulate centres
which provide inhibitory control to terminate a meal. This chapter describes the
cerebral effects of the intervention on the modulatory effects of meal ingestion on
cerebral responses to food cues, to investigate the potential reversibility of the

abnormal responses seen in systemic insulin resistance.
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8.2 Methods

8.2.1 Subjects

The IR subjects are described in section 7.2.1.

8.2.2 Study protocol

The intervention has been described in section 7.2.2. In brief, consenting subjects
received 3 months of open-label metformin (Glucophage SR, Merck Serono) in an
escalating dose regimen, combined with personalised dietary advice from a registered
specialist dietitian. At the end of the intervention period, subjects underwent the same
study protocol described in Chapters 5-6, with MRI acquisition details as described in
section 2.8, the order of scan visits balanced across the group by block randomisation.
The order of the playlists of images (each containing pseudorandomised order of high
calorie (HiCal), low calorie (LoCal), object (OBJ) and blurred (BLU) images) was
also randomised. HOMAZ2-IR and HOMA-IR were calculated from fasting blood
taken at the screening visit, and after the intervention on the morning of the follow-up
scan, after an initial 15 mins rest period, followed by a further 15 mins rest after

intravenous cannulation.

8.2.3 Biochemical analysis

Laboratory methods are described in sections 2.8.14 and 7.2.3.

8.2.4 Statistical analyses

General non-imaging statistical methods are described in section 2.8.14. Mean
hunger scores for each feeding status/image class combination were calculated as
described in section 6.2.3 and analysed using a 3-way repeated-measures ANOVA,
with intervention (2 levels: pre-Rx vs post-Rx), feeding status (2 levels: meal vs
water) and image class (4 levels: high calorie foods [HiCal], low calorie foods

[LoCal], objects [OBJ] and blurred [BLU] images) as factors.

Subject-level BOLD image pre-processing and statistical methods, and within-group

analyses used to examine the post-intervention data in isolation are described in detail
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in section 2.8.13.3 and section 6.2.3. The interaction effect of feeding condition and
intervention (pre-treatment vs post-treatment) on the median effect size for high-
calorie and low-calorie food images and blurred images with the time series for object
images as the baseline ([HiCal/OBJ], [LoCal/OBJ], [BLU/OBIJ]) and HiCal vs LoCal
[HiCal/LoCal] BOLD signal contrasts at each voxel were computed and compared to
a null distribution derived by permutation of feeding status and treatment using
factorial ANOVA. Voxel-level Pearson product moment correlation coefficients were
calculated to examine the association between change in HOMA-IR and change in
post-water BOLD signal for the above image contrasts pre- vs post-intervention (after
performing voxel-wise subtraction of pre-intervention from post-intervention effect
size evoked by each contrast), and between the change in HOMA-IR and change in
incremental post-meal BOLD signal contrast pre- vs post-intervention (after
performing voxel-wise subtraction of post-water from post-meal effect size evoked by
each contrast within each intervention phase, which are then subtracted from each
other), compared to a null distribution derived by permutation of the change in
HOMA-IR. All group activation maps were thresholded to yield <1 false positive
cluster per map (equivalent p values are listed in each results table), at a voxel-wise
threshold of p<0.05 (Bullmore ef al, 1999) (section 2.11.4). Talairach daemon was

used to identify the regions of detected voxels anatomically (Lancaster et al, 2000).

8.3 Results

8.3.1 Subject characteristics
The effect of insulin sensitisation on subject biometric parameters is described in

section 7.3.1.

8.3.2 Hunger responses to visual stimuli

The repeated-measures ANOVA of all pre- and post-intervention hunger scores in the
14 IR subjects showed a significant main effect of feeding on the mean hunger scores
collected after viewing each class of visual images (main effect of feeding,
F(1,13)=17.571, p=0.001, estimated marginal mean: Water: 70.1+4.5, Meal:
47.5+4.7), with the meal reducing hunger (Figure 8.1). There was also a significant

difference in the hunger evoked by each class of images (main effect of visual image,
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F(1.150, 14.951)=14.357, p=0.001). Post-hoc (Bonferroni corrected) comparisons
showed no differences in hunger elicited by high- and low-calorie food images, which
were both greater than that elicited by object (mean difference 11.1£2.9, p=0.011 and
11.5+2.7, p=0.005, respectively) and blurred images (9.4+2.8, p=0.03 and 9.8+2.7,
p=0.014, respectively), with hunger elicited by blurred images being slightly greater
than that after object images (1.7+0.5, p=0.022), irrespective of the intervention.
There were no significant interactions between meal and stimulus (feeding status x
stimulus, F(1.764, 22.928)=1.367, p=0.273). Insulin sensitisation did not alter hunger
responses to any of the images (main effect of intervention, F(1,13)=0.030, p=0.866);
intervention x feeding, F(1,13)=2.169, p=0.165; intervention x stimulus,
F(1.5,19.3)=0.418, p=0.604; intervention x feeding x stimulus, F(1.6,20.2)=0.211,
p=0.756), with no significant associations between the respective changes after the
intervention in HOMA-IR and in hunger scores evoked by the different image

categories in any condition.
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Hunger responses to visual stimuli. Mean hunger scores evoked after viewing blocks of high-calorie
(HiCal) and low-calorie (LoCal) food images, object and blurred images.
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8.3.3 Effect of meal ingestion on brain responses to visual food stimuli in insulin
resistant subjects post-intervention

Voxel-wise ANOVAs examining the impact of meal vs water ingestion on
[HiCal/OBJ]-, [LoCal/OBJ]- and [BLU/OBJ]-evoked BOLD signal contrasts in IR
subjects within the post-intervention state were performed (Table 8.1). The meal
converted a deactivation to an activation response in a cluster that included left
DLPFC and insula on viewing high-calorie food images (Figure 8.2A), in the left
ventrolateral prefrontal cortex (VLPFC) to low-calorie food images (Figure 8.2B) and
a similar region that extended to the left orbitofrontal cortex (OFC) to blurred images
(Figure 8.2C), with some spatial overlap in these three inferior frontal gyrus clusters
identified for each contrast. A factorial ANOVA examining differences in the effect
of feeding status on [HiCal/OBJ] vs [LoCal/OBJ]-evoked BOLD signal contrasts did
not show a significant effect of meal ingestion on the differential response to high-

compared to low-calorie food images.

8.3.4 Effect of systemic insulin sensitisation on brain responses to food images in
insulin resistant subjects after water ingestion

Next, voxel-wise ANOVAs examining the effect of the intervention compared to the
pre-intervention state on [HiCal/OBJ]-, [LoCal/OBJ]- and [BLU/OBJ]-evoked BOLD
signal contrasts in the fasted (post-water ingestion) state were performed (Table 8.2).
The intervention converted similar activation responses to both high- (Figure 8.3A)
and low-calorie (Figure 8.3B) food images to a deactivation in a cluster in the right
insula that extended to right lateral OFC, whilst it converted the activation response to
blurred images to a deactivation in right precuneus (Figure 8.3C). A two-way
repeated measures factorial ANOVA examining differences between [HiCal/OBIJ]-
and [LoCal/OBJ]-evoked BOLD signal contrasts, before and after the intervention,
did not identify any significant clusters where the intervention altered the differential

response to high- compared to low-calorie food images.
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Figure 8.2

Voxel-wise ANOVA of the effect of meal ingestion on brain responses to visual cues in IR subjects
after the intervention. Group activation brain maps show clusters with greater (red) or lesser (blue)
BOLD signal contrast evoked by (A) high- and (B) low-calorie food and (C) blurred images after meal
compared to water ingestion (object image-evoked time series as baseline, voxel-wise p < 0.05, cluster-
wise p < 0.02) with extracted effect size (% BOLD signal change) from each cluster (positive values:
activation i.e. food or blurred images > object images).
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Figure 8.3

Voxel-wise ANOVA of brain responses to visual cues after water ingestion, before (Pre-Rx) vs after
(Post-Rx) insulin sensitisation in IR subjects. Group activation brain maps show clusters where BOLD
signal contrast evoked by (A) high and (B) low calorie food and (C) blurred images decreased after the
intervention (object image-evoked time series as baseline, voxel-wise p < 0.05, cluster-wise p < 0.01)
with extracted effect size (% BOLD signal change) from each cluster (positive values: activation i.e.
food or blurred images > object images).
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8.3.5 Effect of systemic insulin sensitisation on the modulatory impact of meal
ingestion on brain responses to food images in insulin resistant subjects

Voxel-wise factorial ANOVAs examining the interaction between the intervention
and feeding status were then performed for [HiCal/OBJ]-, [LoCal/OBJ]- and
[BLU/OBJ]-evoked BOLD signal contrasts to determine whether there were specific
changes following the intervention in the effect of meal compared to water ingestion
on the cerebral response to the visual stimuli (Table 8.3). After the intervention, meal
ingestion converted a deactivation to an activation response to high-calorie food
images in left inferior parietal lobule (Figure 8.4A), and to low-calorie foods in left
VLPFC (inferior frontal gyrus) and DLPFC (middle frontal gyrus) (Figure 8.4B),
opposite to the deactivating effect of the meal before the intervention. Conversely, a
relatively activating effect of the meal was converted to a deactivating effect after the
intervention on the response to low-calorie foods in left middle temporal gyrus and
right pre-motor cortex (middle frontal gyrus) (Figure 8.4B). The intervention also
converted an activating effect of the meal to one of deactivation in left cerebellum,
and a deactivating effect of the meal to one of relative activation in right middle
temporal gyrus on the response to blurred images (Figure 8.4C). In order to examine
possible changes following the intervention of the impact of meal ingestion on
differential responses to high- compared to low-calorie food images, the evoked
[LoCal/OBJ] BOLD signal contrast was subtracted at each voxel from that of the
[HiCal/OBJ], before being entered into a two-way repeated measures factorial

ANOVA. No significant interaction effects were observed.

266



A. High-calorie food images

800DV

Left inferior parietal lobule

i F

> 0.2F

8 o04f 8

@

o Of > 4
7]

H-01f RN

& S
2702 o

WATER MEAL

B. Low-calorie food images

2BLPHBDD

Left inferior frontal gyrus 04 Left DLPFC 0 l.eft middle temporal gyrus 04 Right premotor cortex
4 . . X
o
X}
2 o02fF 0.2 0.2 0.2
@
: A -9
o 0 of of- e of <
Q O~ _< < 6"
§ -02F AR -02f -02f Q -02fF
=
-0.4 L -0.4 l -04 L  -0.4 L
WATER MEAL WATER MEAL WATER MEAL WATER MEAL

C. Blurred image images

Left cerebellum Right middle temporal gyrus
5 ; ® E
5 o2 5 0.2fF
& 04f £ g oaf
@ E —~ - 5 : ¢ ~ /‘
o Of z o OF =
@ - 7] F >~
HE-01F ‘J? \+ HE-01F s \¢
N <
g -0.2 :— § -0.2
1 |
WATER MEAL WATER MEAL

Figure 8.4

Voxel-wise ANOVA of brain responses to visual cues after meal compared to water ingestion, before
compared to after systemic insulin sensitisation in IR subjects. Group activation maps show meal
status x intervention interactions in BOLD signal contrast evoked by (A) high and (B) low calorie food
and (C) blurred images (object image-evoked time series as baseline, voxel-wise p < 0.05, cluster-wise
p < 0.02) with extracted effect size (% BOLD signal change) from each cluster (positive values:
activation [food/blurred images > object images]) before (dashed line) and after (solid) the
intervention. DLPFC = dorsolateral prefrontal cortex.
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8.3.6 Association between changes in insulin sensitivity and in post-water
ingestion brain responses to food images after insulin sensitisation
intervention

Maps of the change in fasted (post-water) [HiCal/OBJ]-, [LoCal/OBJ]-, [BLU/OBJ]-

and [HiCal/LoCal]-evoked BOLD signal contrasts following the intervention were

produced by voxel-wise subtractions of BOLD signal pre-intervention from the
respective signal post-intervention for each subject. Voxel-level Pearson product
moment correlation coefficients of these “difference” maps were then calculated to
examine possible linear associations between respective changes in HOMA-IR and
fasting (post-water ingestion) BOLD signal for each contrast following the
intervention (Table 8.4). There were no significant associations between changes in
insulin sensitivity and changes in response to high-calorie food or blurred images after
the intervention. However, changes in HOMA-IR were correlated with changes in
response to low-calorie food images in left thalamus and left lateral OFC (inferior
frontal gyrus) following the intervention, with greater improvements in insulin
sensitivity associated with reductions in [LoCal/OBJ]-evoked BOLD signal contrast
in the former and increases in signal contrast in the latter (Figure 8.5A). The
differential response to high- compared to low-calorie food images was found to
decrease as insulin sensitivity improved in the left medial OFC after the intervention

(Figure 8.5B).
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A. Low-calorie foods images after water: correlation between changes in BOLD signal with changes in
HOMA-IR
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B. High- vs low-calorie food images after water: correlation between changes in BOLD signal with
changes in HOMA-IR
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Group map of whole-brain correlation of changes in post-water activation with changes in HOMA-IR
after systemic insulin sensitisation, showing clusters exhibiting linear positive (red) or negative (blue)
correlation of respective changes in HOMA-IR with changes in BOLD signal after the intervention
evoked by (A) low-calorie food images (object image time series as baseline) and (B) high- vs low-
calorie food image-evoked BOLD signal (voxel-wise p < 0.05, cluster-wise p < 0.01) with extracted
effect size (% BOLD signal change, positive values: post- > pre-intervention). OFC = orbitofrontal
cortex. Negative change in HOMA-IR indicates improvements in insulin sensitivity.

8.3.7 Association between changes in insulin sensitivity and in incremental brain
responses to food images after meal ingestion following the intervention
Voxel-wise subtractions of BOLD signal after water from the respective signal after
the meal, within pre- and post-intervention states, were calculated for each subject, to
produce maps of the difference in BOLD signal for each stimulus contrast between
feeding states, with the resultant pre- and post-intervention “difference” maps then
subtracted from each other. Voxel-wise Pearson correlation coefficients of these

“difference of differences” maps were then calculated to examine possible linear
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associations between the respective changes in HOMA-IR and BOLD signal evoked
by the visual stimuli after meal compared to water ingestion, following the
intervention compared to baseline (Table 8.5). There were no significant associations
between the respective changes after the intervention in insulin sensitivity and in post-
meal (compared to post-water) [HiCal/OBJ]- or [BLU/OBJ]-evoked BOLD signal
contrasts. However, greater improvements in insulin sensitivity were associated with
greater differences in the differential [LoCal/OBJ]-evoked BOLD signal contrast after
the meal compared to water ingestion following the intervention, compared to
baseline in the cerebellum (Figure 8.6A-B). To characterise this relationship further,
the respective pre- and post-intervention differences in BOLD signal after meal
compared to water ingestion were extracted from this cluster, showing that the change
in evoked BOLD signal after the meal compared to water decreased pre-intervention
and increased post-intervention, with greater improvements in insulin sensitivity

(Figure 8.6C).
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Figure 8.6

Group map of whole-brain correlation of changes in post-meal vs post-water activation with changes in
HOMA-IR after systemic insulin sensitisation, showing clusters exhibiting linear negative correlation
of changes in HOMA-IR with changes in incremental BOLD signal after meal compared to water after
the intervention, evoked by (A) low-calorie food images (object image time series as baseline) (voxel-
wise p<0.05, cluster-wise p<0.01) with (B) extracted differences in effect size (%BOLD signal change,
positive values: post->pre-intervention) before vs after intervention and (C) extracted differences in
effect size (%BOLD signal change, positive values: meal>water) between meal and water states in pre-
(dashed line) and post-intervention (solid line) conditions. Negative change in HOMA-IR =
improvements in insulin sensitivity.
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8.4 Discussion

The present study aimed to establish the impact of insulin sensitisation on the cerebral
response to visual food cues, and on the modulatory effects of prior meal ingestion on
such responses, in insulin resistant, non-diabetic, non-obese men. 1 observed an
improvement in insulin sensitivity following the intervention (Chapter 7), with
significant changes in regional evoked BOLD signal in regions involved in appetite

regulation and in ways that would be expected to change eating behaviour.

8.4.1 Effect of insulin sensitisation on food-cue evoked hunger

Whilst meal ingestion reduced hunger, and viewing high- and low-calorie food cues
equally stimulated it, there was no significant effect of insulin sensitisation of IR
subjects on the hunger evoked by viewing any of the stimuli. In Chapter 6, there were
similarly no differences in evoked hunger between IR and IS groups. As discussed
previously, the lack of difference in hunger evoked by the different classes of food
images may be related to the high- and low-calorie food images being of equal
salience, which may have influenced hunger more than food energy content. The
absence of an effect of insulin resistance or its reversal on food-cue evoked hunger,
despite differences in food-cue evoked neurological activity, may be due to a relative

insensitivity of the paradigm on explicit symptoms.

8.4.2 Effect of insulin sensitisation on food-cue evoked brain activity

As discussed in Chapter 6, discriminatory responses or ‘“caloric bias” towards high-
over low-calorie food images when fasted, and low- over high-calorie food images
when fed, in brain regions involved in the top-down regulation of eating behaviour
(DLPFC), interoceptive processing (insula) and visual attention to food cues (lingual
gyrus) were demonstrated in IS subjects only, with such differential responses in the
DLPFC being significant different from that observed in IR subjects. When the post-
insulin sensitisation IR responses were examined in isolation (i.e. not compared to
pre-intervention), there again was no demonstrable “caloric bias” effect. However,
the deactivation response to low-calorie food image, after meal ingestion in the left

DLPFC pre-intervention converted to activation responses in the nearby VLPFC, to
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both high- and low-calorie food images may be in keeping with a partial
normalisation of this “bias effect” for low-calorie cues. A similar effect seen with

blurred image viewing does not undermine this hypothesis, as discussed earlier.

The more powerful direct comparison between pre- and post- intervention, in a
continued fasting (post-water ingestion) when food cues are most salient, were next
performed to examine the effects of the intervention on the cerebral representation of
the drive to eat. Responses to both high- and low-calorie food images in the right
insula/caudate decreased after the intervention, consistent with the reduction in fasting
insula responses to food cues observed after overweight/obese individuals completed
a 6 month exercise programme (Cornier ef a/, 2012). Interaction analyses of the
effect of insulin sensitisation on the modulatory effects of the meal on responses to
food cues, detected the intervention had converted a deactivating effect of meal
compared to water ingestion to one of activation effect on responses to low-calorie
food images in left DLPFC and inferior frontal gyrus, including left insula, with more
posterior cerebral effects to high-calorie food and blurred images. There were no
significant effects of the intervention on the relative response to high- compared to
low-calorie food images, compared to pre-intervention. Despite the lack of detectable
effect on hunger, the present findings demonstrate a period of insulin sensitisation in
non-obese but insulin resistant subjects at high risk of future T2DM, reduced activity
of regions involved in interoceptive awareness and food-reward representation on
exposure to food cues of any energy density, in the fasted state when food would
normally be highly salient, which may reduce the drive to eat when exposed to food.
Although post-prandial corticolimbic “appeal bias” against high-calorie food cues
remained impaired, greater activity towards low-calorie food cues in the fed state of
higher executive control centres that direct eating behaviour and food choice and of
regions processing interoceptive awareness after systemic insulin sensitisation, may

improve satiety and lead to healthier eating patterns.

Whilst the impact of systemic insulin sensitisation per se on food-cue evoked brain
activity has not previously been investigated, there are a number of studies examining
the effect of weight loss through lifestyle interventions. Cornier et al (2009) showed
that, while overfeeding reduced insula and hypothalamic BOLD responses to food

cues in thin subjects, it did not in individuals who had achieved 8% weight loss
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through dietary changes. Demos et a/ (2011) found female dieters randomised to
receive a milkshake had subsequently greater ventral striatal responses to food images
compared to those receiving only water, whilst the opposite was detected in non-
dieters. This might suggest an insensitivity of brain regions involved in signalling
current nutritional status and processing reward when viewing food cues in those who
successfully lose weight. McCaffery et a/ (2009) demonstrated that individuals who
were no longer obese after lifestyle changes had greater visual food cue-evoked
BOLD contrast changes in frontal and middle temporal regions compared to normal
weight and obese subjects, which they interpreted as a greater engagement of
inhibitory control mechanisms when exposed to food that is needed to successfully
maintain weight loss. These findings being cross-sectional, it is possible that they
relate to individual differences in brain responses to food cues that are pre-determined
and not susceptible to change. In contrast, my study looking longitudinally within the

same individuals is describing brain responses that are amenable to manipulation.

There are fewer longitudinal fMRI studies examining the effect of a weight-reducing
intervention and those mostly involve dietary restriction. Murdaugh et al (2012)
showed that a structured dietary weight loss programme in obese volunteers reduced
high-calorie food image-evoked activity in the medial prefrontal cortex (region of
interest analysis), involved in reward representation, and inferior parietal lobule and
precuneus (whole brain analysis), involved in sensory processing and imagery, in the
fasted state. The reduction in high- and low-calorie food cue-evoked activity
observed after insulin sensitisation in the insula/caudate, involved in interoceptive
awareness and reward processing, observed in the present study, is consistent with
this. In contrast to my data, their weight loss programme did not alter the response to
low-calorie food cues, but Murdaugh’s use of intensive cognitive behavioural
interventions to achieve their primary end-point of weight loss may have increased the
discriminatory faculties of the participants in assessing different food types.
Interestingly, the authors were unable to detect significant differences in the relative
response to high-calorie compared to low-calorie food images in the obese group,
before or after the weight loss intervention, which is consistent with the present study.
Differential responses to high- compared to low-calorie food cues were also not
detected in their normal weight subjects, which contrasts with my findings in insulin

sensitive subjects (Chapter 6). Murdaugh did not report insulin sensitivity, so it is
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possible their normal weight subjects included those with some degree of insulin
resistance. In another fMRI study, striatal activation 4 hours after meal ingestion to
high-calorie food images fell, whilst rising with low-calorie food images, in eight
overweight subjects after a 24-week weight loss programme of dietary restriction, a
pattern of changes in activation that was significantly different from that observed in
five subjects randomised to receive delayed intervention (Deckersbach et al, 2014).
These data should be interpreted with caution, given the analysis being limited to a
striatal region of interest and the small numbers of participants. However, it is
conceivable that changes in insulin sensitivity could have driven the changes in
reward system responses to visual food cues observed following weight loss, as

observed in the present study.

Data from longitudinal fMRI studies of the effect of weight-loss surgery have been
inconsistent between studies. Ochner et al, studying people 1 month after gastric
bypass surgery, showed greater reductions in striatum and DLPFC evoked responses
to high calorie food than low calorie food cues in the post-prandial state (Ochner ef al,
2011, 2012b), whilst other reports demonstrated a reduction in food cue activity in
insula, medial frontal gyrus and DLPFC in the pre-meal state only (Ochner et al,
2012a). Bruce et al (2012) have demonstrated food cue-evoked activity to increase in
middle and superior frontal gyri and decrease in medial frontal gyrus pre-meal, and
decrease in middle and inferior frontal gyri, parahippocampal gyri and insula post-
meal 3 months after gastric band insertion. Whilst these studies had different
numbers of subjects and used different statistical analyses, the biggest challenge may
be that both the dietary or bariatric surgery studies examined pre- and post-meal
responses in isolation, rather than directly comparing the responses in fed and fasted
conditions, which may explain the differences in findings in the present study.
However, the findings that the greatest DLPFC activity when explicitly suppressing
food cue-evoked hunger is observed in those who successfully lose and maintain
lower body weight after gastric bypass (Goldman et al, 2013), and that transcranial
stimulation of DLPFC decreases food craving (Fregni ef al, 2008; Goldman et al,
2011), support the interpretation of the present conversion from DLPFC deactivation
to activation after a meal following insulin sensitisation represents greater
involvement of executive control centres to direct eating behaviour, in this case

towards low-calorie foods, when insulin resistance is improved by lifestyle and
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metformin. In another study, greater cerebral insulin sensitivity, as defined by
insulin-evoked theta activity during hyperinsulinaemic euglycaemic clamp conditions,
predicted subsequent reductions in adipose tissue mass through lifestyle changes
(Tschritter et al, 2012). Thus my observation of changes in post-prandial food cue
evoked activity following systemic insulin sensitisation may well be expected to

facilitate weight loss through changes in appetite regulation.

8.4.3 Limitations and conclusions

There are limitations to the present study. As discussed in Chapter 7, the eating
behaviour questionnaires at screening were not used after the intervention. The
subjects had completed a three-day food diary that was reviewed by the dietitian, but
quantification of portions and in turn estimation of caloric intake was unreliable.
Robust data on changes in diet and eating behaviours during the intervention period
would have been useful, both for interpretation of neuroimaging data, but also for
implementation in clinical practice. The absence of a placebo control arm is also a
limitation, although the significant association between the change in insulin
sensitivity and changes in the differential response to high- compared to low-calorie
food cues in OFC in the fasted state following the intervention provide validity to a
proposed effect of systemic insulin sensitisation on the cerebral processing of food

cue valence.

In summary, a short period of systemic insulin sensitisation through lifestyle changes
with/without metformin in non-obese men with systemic insulin resistance, reduces
food-cue evoked activity in brain regions that process reward and interoception in the
fasted state, and alters the food-cue evoked activity in higher executive control centres
from the fasted to the fed state, in ways that may be expected to prevent future weight

gain and facilitate weight loss.
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9 Conclusion

9.1 Overview and summary of principal findings

This thesis aimed to examine the impact of systemic insulin resistance per se, in the
absence of associated conditions, and its treatment on the human neural representation
of two appetite constructs: satiation, the process of meal termination; and satiety, the
effect of a meal on hunger and subsequent food intake. Based on evidence discussed
in Chapter 1 that brain responses to food ingestion (satiation) and food cues (a
surrogate for food in appetite and satiety research) are altered in obesity and type 2
diabetes (T2DM), conditions associated with insulin resistance, and that anorexigenic
and weight loss effects of cerebral insulin with accompanying changes in brain
activity are defective in obesity, I hypothesised that prior to disease onset, systemic
insulin resistance is associated with diminished post-prandial prefrontal inhibitory
centre activity, and that striatal reward and insular interoceptive responses to food
cues are exaggerated when fasted and less sensitive to the effects of a meal. These
changes would increase obesity and diabetes risk, by altering appetite regulation and
eating behaviour, but may be amenable to intervention. To prove these hypotheses,
brain responses to meal ingestion and food cues in insulin resistant (IR) and sensitive
(IS) healthy non-obese men were examined using pCASL and BOLD fMRI
respectively, after first examining the effect of healthy ageing up to middle age on

these parameters to validate the research protocols.

9.1.1 The impact of ageing (Chapters 3-4)

Whilst other studies have examined the effect of food or food cues in childhood and
in the elderly (Green et al, 2011; Jacobson et al/, 2010; Killgore and Yurgelun-Todd,
2005b), this is the first study to examine the changes that occur with ageing to middle
age, a period in life when obesity is most prevalent (Flegal et al, 2010). Post-prandial
responses to a meal per se in insula (interoceptive awareness), orbitofrontal cortex
(OFC) and anterior cingulate (ACC) increased with healthy ageing. Decreasing
dorsolateral prefrontal cortex (DLPFC) inhibitory control centre responses to food
cues whilst fasted, when cues are expected to be most salient, and diminishing

differences in responses to food cues between fed and fasted states in DLPFC, OFC
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and striatum were seen with ageing. These neural responses are in keeping with the
observed diminishing suppression of hunger by the meal, and trends toward less
suppression of food image-evoked hunger by a meal, with age. Thus, reward and
interoceptive responses to a meal become more exaggerated, and responses to food
cues in centres that direct eating behaviour and process reward become less sensitive
to current nutritional status, consistent with existing neuroimaging data in established

obesity (DelParigi ef al, 2005; Dimitropoulos et al, 2012).

9.1.2 The impact of systemic insulin resistance (Chapters 5-6)

Using protocols based on the ageing study, the central effect of systemic insulin
resistance in the absence of obesity or associated diseases was examined. IR men,
who had first-degree relatives with T2DM, had greater food restraint, weight and
shape concern than weight-matched insulin sensitive (IS) controls, these constructs
increasing with worsening insulin resistance after including men of intermediate
sensitivity, in keeping with recent data (Jastreboff ef al, 2014). IR men had greater
fasting (and post-water) right lateral OFC (inhibitory control) resting activity, which
decreased after eating to levels observed in IS men in fasted and fed states. Compared
to fasted (post-water) states, left insula (interoceptive) activity increased in IR and
decreased in IS men after eating, in keeping with similar observations in established

obesity (DelParigi ef al, 2005; Stice et al, 2008).

IS men also demonstrated “caloric bias” effects in left DLPFC (inhibitory control),
striatum (reward) and lingual gyrus (visual attention): post-prandial responses
decreased to high- and increased to low-calorie food cues, the reverse observed in the
fasted (post-water) state, consistent with similar findings in women (Siep et al, 2009).
Direct comparisons with IS men showed the opposite pattern of greater left DLPFC
responses to high- than low-calorie food cues when fed, and low- than high-calorie
food cues when fasted in IR men, the strength of the “caloric bias” effect diminishing
with increasing insulin resistance across all subjects. This is in keeping with similar
observations of “caloric biasing” in lean but not in obese volunteers (Dimitropoulos et
al, 2012) and in IS, but not in IR overweight/obese women with polycystic ovarian

syndrome (Van Vugt et al, 2014).
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Thus, systemic insulin resistance per se is associated with abnormal interoceptive
centre activation responses to meal ingestion, whilst inhibitory control centre
responses to the energy content of food cues are discordant with current energy
requirements, observations that have not previously been demonstrated in established

or at risk groups for obesity.

9.1.3 The impact of insulin sensitisation (Chapters 7-8)

Consenting IR men then undertook lifestyle advice with metformin, which improved
insulin sensitivity and glycaemic status, without affecting weight. Fasting (post-
water) right lateral OFC (inhibitory control) and post-prandial left insula
(interoceptive) resting activity decreased after the intervention. Interaction analyses
also showed the intervention converted a previous reduction, to an increase, in activity
immediately after the meal in left DLPFC (inhibitory control), consistent with the
greater post-prandial DLPFC activity observed in previously-obese women after

weight loss compared to obese women (Le ef al, 2007).

The intervention also reduced right insula (interoceptive) responses to all food cues in
the fasted state, when they would be expected to be most salient, in keeping with the
effect of exercise in obesity (Cornier et al, 2012). The full “caloric bias” effect
towards low- over high-calorie food cues when fed and the reverse when fasted
remained impaired. However, compared to pre-intervention, left DLPFC showed a
normalisation of responses to low-calorie foods after the intervention, decreasing in
activity in the fasted state and increasing in the fed state, with greater improvements
in insulin sensitivity associated with greater DLPFC responses to high- compared to

low-calorie foods in the fasted state.

Therefore, the rise in interoceptive centre activity after eating, and the discordance in
inhibitory control centre responses to low-calorie food cues and current energy
requirements in IR men changed towards a pattern of responses observed in IS men

after a three-month period of insulin sensitisation.
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9.1.4 Overarching summary

These findings are generally in keeping with the original hypothesis. However, the
expected changes in activity were detected in the opposite imaging modalities with
exaggerated insular interoceptive responses to the meal per se both with ageing and
systemic insulin resistance in the pCASL fMRI studies, whilst prefrontal higher
executive responses to food cues were less sensitive to the effects of meal ingestion
with ageing, and discordant with current feeding status in systemic insulin resistance,
in the BOLD fMRI studies. This may be due to the results reflecting a spectrum from
satiation to satiety, rather than a dichotomy, given the relatively short period of time
between meal consumption and food picture viewing. These data collectively are
consistent with the hyper-responsive reward model of obesity put forward by
(Volkow et al, 2011) in which insufficient prefrontal executive control and enhanced
salience, conditioning and drive, may promote excess eating. Crucially, these effects
of insulin resistance were observed in the absence of obesity and improved with

insulin sensitisation.

9.2 Implications

Whilst obesity studies have demonstrated altered brain responses to meals (DelParigi
et al, 2005; Stice et al, 2008) and the effect of such meals on responses to food cues
(Dimitropoulos et al, 2012; Martens et al, 2013), my data are the first to show
systemic insulin resistance per se, in the absence of established obesity or other
insulin resistance-associated conditions, similarly alters central processes of appetite
regulation, with concurrent increases in food restraint behaviour. These data support
the notion that, rather than being a consequence of weight gain, the changes observed
in functional neuroimaging of appetite regulation in obesity represent a mechanism by
which the brain may promote continued eating and contribute to the aetiology of
future obesity and T2DM, but which is amenable to intervention, in a presently

healthy but high-risk population.
It is conceivable that the effects of systemic insulin resistance observed in this thesis

are a result of cerebral resistance to circulating insulin, given that: systemic insulin

resistance is associated with greater food restraint, a construct associated with weight
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gain (Jastreboff et al, 2014); insulin receptors are present in corticolimbic centres
involved in appetite regulation (Hopkins and Williams, 1997); the majority of cerebral
insulin is derived from circulating insulin (Banks, 2004; Banks et a/, 2012; Schwartz
et al, 1992); circulating insulin at physiological concentrations alter brain activity
(Bingham et al, 2002) (effects that are altered in systemic insulin resistance (Anthony
et al, 2006)); IRS-1 genotypes associated with peripheral insulin resistance are
associated with altered neural responses to circulating insulin (Tschritter ez al, 2006)
(effects that may also be affected by ageing (Tschritter et al, 2009a)) and; central
application of insulin in man can suppress appetite (Hallschmid ez al, 2004a, 2012)
(effects that are diminished in obesity (Hallschmid ez al, 2008)). Based on my data
and the more extensive discussions of the role of cerebral insulin signalling and its
defects on weight and appetite regulation and obesity in Chapter 1, I propose a model
in which circulating insulin modulates the activity of brain appetite control networks,
enhancing the top-down inhibitory control provided by prefrontal brain regions over
reward and salience attribution centres on exposure to high calorie food cues, and
suppresses post-prandial interoceptive and primary gustatory centre activity, effects
that are diminished in states of systemic insulin resistance (Volkow et al, 2011),
which may then facilitate over-eating beyond current energy requirements, and in turn
leading to obesity (Figure 9.1). Conversely, improving cerebral insulin sensitivity

may be a therapeutic target for the prevention and treatment of obesity.
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Figure 9.1

Proposed model of the modulatory effects of cerebral insulin on brain appetite control centres.
Insulin enhances DLPFC activity (solid blue arrows, +) and suppresses insula activity (dashed
blue arrows, —), these cerebral insulin effects being diminished in conditions of systemic
insulin resistance (solid lines at end of blue arrows). Adapted from Volkow et a/ (2011).
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Previous studies examining the effect of weight loss through lifestyle changes on
brain responses to food or food-cues have been inconsistent, either showing
normalisation (Le et al, 2007) or a persistence of activity observed in obesity (Cornier
et al, 2009; DelParigi et al, 2004). The latter findings might be explained by the
duration of established obesity, and hence insulin resistance, with defects in central
appetite network activity potentially being less responsive to lifestyle interventions
over time, the persistence of which would hypothetically increase risk of weight
regain. However, evidence that lifestyle changes which lead to weight loss, also
improve brain responses to circulating insulin (Tschritter ef a/, 2012) and the way the
brain responds to food (Cornier et al, 2012), are in keeping with my observations of
the susceptibility of the changes in brain appetite network activity in early systemic
insulin resistance to insulin sensitisation, without necessarily requiring weight loss.
Regular exercise, even without weight loss, has cardiovascular and musculoskeletal
benefits, and is effective at preventing diabetes by improving insulin sensitivity
peripherally (Kitabchi et al, 2005), but presumably also centrally in ways that may

improve and maintain healthy satiation and satiety.

The changes in eating behaviour and brain responses to food following bariatric
surgery are likely to be due to changes in gastrointestinal anatomy and incretin
secretion, but given the early improvements in hepatic insulin sensitivity observed
after such surgery in both diabetic and non-diabetic patients (Dunn et al, 2012a;
Promintzer-Schifferl et al, 2011), improved cerebral insulin sensitivity after bariatric
surgery may also play a role, identification of which may aid the development of
future non-surgical interventions that achieve equivalent degrees of sustainable
weight loss. In addition, one mechanism that has been proposed to explain the
surplus weight gain and often hunger that is attributed to insulin therapy in people
with diabetes is that of cerebral insulin resistance, with insufficient satiation and
satiety effects of exogenous insulin within the brain, which to a limited extent might
be overcome by using analogue insulins such as detemir, that have greater access to
the brain (van Golen et al, 2013, 2014; Hallschmid et al, 2010; Tschritter et al,
2007a). Systemic insulin sensitisation might therefore limit the weight gain observed
with insulin therapy through improvements in insulin satiety signalling within the

brain.
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The use of BOLD fMRI in the study of responses to food cues is well established.
However, there are comparatively fewer studies examining the responses to meal
ingestion by measurement of regional cerebral blood flow, and most have involved
the use of "[O]JH,O-PET, or more recently pulsed ASL (pASL) fMRI. This thesis
has validated a protocol that applies pCASL fMRI to the examination of satiation,
with the effect of meal ingestion per se producing similar findings to that observed
with pASL fMRI (Frank et al, 2012) and “[O]H,O-PET (Gautier et al, 2001;
Tataranni et al, 1999). pCASL fMRI can also detect post-treatment changes in
regional brain activity, and may therefore be used to characterise the effect of weight
loss or dietary interventions on brain appetite regulation networks, and predict their

efficacy, in early phase studies in man.

9.3 Limitations and future research

Limitations specific to each study were described in the respective chapters.
However, there are limitations that are common to all the studies performed which

should be addressed in future investigations.

9.3.1 Power calculations

The present study was powered on the numbers of subjects required to show
improvements in HOMA-IR, rather than differences in cerebral activity following the
intervention, as standard methods of calculating power are difficult to apply to each of
the thousands of voxels of data in each subject’s MRI map and guidelines for
calculating power were not available when my research commenced (Mumford,
2012). However, as simulation studies suggest 12 subjects are needed to achieve 80%
power at a single voxel level (Desmond and Glover, 2002), this thesis should be

sufficiently powered.

9.3.2 Satiation and satiety
Fixed quantities of the mixed meal were used in these studies to elicit satiation. This
approach, a commonly used paradigm in functional imaging studies, was used to

mimic real-life situations in which portions are fixed e.g. ready-meals, eating in
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restaurants. However, the self-reported measures of satiation were not as high as
expected in the insulin resistance studies compared to the ageing studies, despite the
small increase in the volume of the meal. Personalised quantities of food as directed
by the individual may have maximised satiation signals further, although there is
evidence that gastric distension by different volumes produces different cerebral
responses (Tomasi ef al, 2009) which would need to be taken into account. As
previously noted, different macronutrients and glycaemic indices of food have
different effects on glucose and insulin excursions, satiation and brain activity (Frank
et al, 2012; Lennerz et al, 2013; Li et al, 2012a), should be considered in future
research. The mixed meal used in the present study consisted mainly of fat and
carbohydrate, reflecting common Western diets, and was sufficient to evoke changes

in appetite and cerebral activity.

Food image viewing is a common paradigm in neuroimaging studies, and has been
used in this thesis to investigate the process of satiety. However, whilst systemic
insulin resistance and sensitisation had significant effects on the BOLD fMRI signal
contrasts evoked by the food cues, it did not have any detectable effect on the
concurrent evoked hunger, unlike the subjective changes in appetite to the meal per
se. This might be due to an insensitivity of self-reported hunger evoked by viewing
images, or it could be due to systemic insulin resistance and sensitisation having less
explicit, and more subtle effects on satiety, that can only be detected by methods that
do not rely on self-reports, such as the use of an ad-libitum meal (Adeyemo et al,
2015). Such objective measures can be used in future neuroimaging studies and

correlated with food-picture viewing tasks.

9.3.3 Effect of systemic insulin resistance and sensitisation in women and obesity
This thesis examined the effect of systemic insulin resistance in non-obese men only,
in order to maximise the ability to observe effects of insulin resistance, given that
weight loss and increased satiation have been observed with acute and prolonged
intranasal insulin administration in men, but not in women, in whom enhancements in
satiety and cognition are observed (Benedict ef al, 2008; Hallschmid et al, 2004a,
2012). As discussed in Chapter 1, there is evidence that the cerebral response to food

(Del Parigi et al, 2002) and food cues (Cornier et al, 2010; Frank et al, 2010a;
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Killgore and Yurgelun-Todd, 2010; Uher et al, 2006) is different between genders. It
is recognised from women with type 1 diabetes, that insulin sensitivity decreases in
the early luteal phase (Brown et al, 2015), during which appetite increases in healthy
women (Gorczyca et al, 2016), and DLPFC responses are evoked by high- but not
low-calorie food images and are not modulated by feeding status (Alonso-Alonso et
al, 2011; Frank et al, 2010b), unlike during the follicular phase. I would therefore
hypothesise that during the menstrual cycle, the brain response to food cues and meal
ingestion in premenopausal women fluctuates between patterns of activity observed in
IS and IR men in the present study, which may affect risk of future weight gain. In
addition, future studies are needed to determine whether the effects of systemic
insulin sensitisation on brain processing of satiation and satiety observed in this thesis
in non-obese men, can be replicated in obesity, and in pre-menstrual women with
significant fluctuations in weight. The research protocols used in this thesis could be
used to address these areas, with longitudinal studies to establish the efficacy of

insulin sensitisation on the prevention and treatment of obesity.

9.3.4 Mechanism of action of insulin sensitisation on changes in brain responses
to food and food cues

The mechanisms behind the changes I observed in food and food-cue evoked activity
with my insulin-sensitising protocol are speculative. As discussed in chapter 1,
actively devaluing or inhibiting thoughts of pleasure from foods increases DLPFC
activity (Scharmiiller ef al, 2012). The subjects were asked to imagine they were
eating the foods presented, which has been shown to alter corticolimbic activity
(Frankort ef al, 2012), so it is possible that the increase in prefrontal responses to low
calorie foods after the intervention was due to changes in thoughts and feelings
towards such food following dietary intervention. However, as the strength of the
“caloric bias” was associated with baseline insulin sensitivity, the changes observed
after the intervention, which may still represent conscious cognitive responses, may
have been facilitated by changes in insulin sensitivity, given that cerebral insulin
sensitivity predicts the success of lifestyle intervention in sustaining weight loss

(Tschritter et al, 2012).
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Diabetes prevention studies have shown that longer term lifestyle changes are more
effective than metformin therapy in preventing diabetes (Knowler et al, 2002), but
metformin was used to expedite improvements in insulin sensitivity over the defined
period of intervention. A limitation of this thesis is that it is not possible to
differentiate the effects of lifestyle changes from those of drug treatment, which
should be compared in future studies. Metformin increases satiety in non-diabetic
obese children (Adeyemo et a/, 2015) and satiation in obese adults with T2DM (Lee
and Morley, 1998), with meta-analyses showing weight loss benefits in non-diabetic
obese children and adults, and either weight-loss or weight-neutrality in diabetic
obese adults (Brufani et al, 2013; Golay, 2007). Whilst metformin predominantly
acts by improving hepatic insulin sensitivity, animal studies also show oral and
subcutaneous metformin is detectable in CSF, hypothalamus and corticolimbic brain
regions and reduces food intake (Labuzek et al, 2010; Lv et al, 2012; Rouru et al,
1995). In rodent studies, metformin reverses models of neuronal insulin resistance by
improving insulin receptor signalling (Gupta et a/, 2011). Although metformin may
suppress appetite by improving cerebral responses to insulin, changes in eating
behaviour may also due to other effects, independent of changing insulin sensitivity.
Preclinical studies show metformin restores hypothalamic leptin receptor expression
and leptin sensitivity in obesity (Aubert et al, 2011; Kim et al, 2006), suppresses
orexigenic effects of ghrelin (Stevanovic ef al, 2012), with inconsistent effects on
orexigenic NPY (Aubert et al, 2011; Chau-Van et al, 2007; Lv et al, 2012). In
humans, metformin may reduce striatal p-opioid receptors (Berent-Spillson et al,
2011), and also affect secretion of gut hormones that regular appetite, such as GLP-1
(Mannucci et al, 2004), PYY (Tsilchorozidou et al, 2008) and ghrelin (English et al,
2007). Insufficient blood sample collection during the present studies prevented

further examination of these incretin effects with metformin therapy.

I have interpreted the cerebral effects of an insulin sensitisation intervention in this
thesis to be due to improvements in the action of circulating insulin in the brain, but
further research is necessary to confirm this. For example, following on from the
studies showing that circulating insulin at physiological concentrations (whilst
suppressing endogenous insulin secretion by somatostatin infusion) changes regional
cerebral glucose metabolism (Bingham et al/, 2002), an effect that is altered in

systemic insulin resistance (Anthony ef al, 2006), a natural progression would to be
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perform these '[FJFDG-PET studies in insulin resistant non-obese subjects,
measuring the effect of circulating insulin on appetite and brain activity, after a period
of insulin sensitisation. Improvements in the regional cerebral glucose metabolism
would demonstrate reversibility of cerebral insulin resistance per se. In order to
determine whether cerebral insulin resistance and its reversal lies at the level of the
blood brain barrier (Heni et al, 2014b; Kern et al, 2006) or at the neuronal insulin
receptor and beyond, the impact of insulin sensitisation on the effects of intranasal
(“post-blood brain barrier” applied) insulin in systemic insulin resistance (Hallschmid
et al, 2008) could be examined, employing for example the BOLD and pCASL

protocols used in this thesis.

9.3.5 The role of cerebral insulin in mental and cognitive health

This thesis referred only to healthy and excessive eating and excluded the spectrum of
eating disorders. Understanding the central mechanisms of appetite regulation in
health and metabolic disease may provide insight into conditions such as binge eating
disorder, which is prevalent in obesity and type 2 diabetes (Gorin ef a/, 2008) and
shows similar patterns of activity in functional neuroimaging studies (Schienle ef al,
2009). Insulin resistance is thought to be involved in the aetiology of Alzheimer’s
dementia, and there is interest in insulin sensitisation strategies to treat or prevent this
disease (Cholerton et al, 2013). As depression is associated with systemic insulin
resistance (Pearson ef al, 2010), it is possible that cerebral insulin resistance may also
play a role in mood disorders, and the improvements in depression with the
thiazolidinedione class of insulin sensitising agents support this hypothesis (Colle et
al, 2017). Similar paradigms discussed above could be used to confirm the presence
of regional cerebral insulin resistance, and if found, the present study may be
informative of the potential effects and mechanisms of action of insulin sensitisation

therapies in mental health.
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9.4 Final conclusions

The coordinated interplay of hypothalamic homeostatic circuits and hedonic
corticolimbic networks will regulate food intake with respect to current physiological
needs but also for pleasure. The peripheral effect of circulating insulin on glucose
metabolism is well known, but its effects on brain activity are gaining greater
recognition.  The interactions between these networks are modulated by cerebral
insulin, defects of which may lead to dysregulated eating behaviours. This thesis has
contributed to our understanding of the impact of insulin resistance on the appetite
regulation in the premorbid state, and demonstrated the potential for reversing these

defects through interventions that improve systemic insulin sensitivity.
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A functional magnetic resonance imaging study of brain responses to food image
viewing and food ingestion in insulin resistance: Information Sheet (Insulin

Sensitive Subjects)

Information for research volunteers

You are invited to participate 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. Please ask us if there is anything that is not clear, or you would like
more information. Take time to decide whether or not you wish to take part.

Thank you for reading this

The purpose of the research

Obesity and related health problems including Type 2 diabetes are becoming more
common causing long-term ill health. As yet, we do not understand why some people
are particularly prone to weight gain and diabetes. One possibility is a malfunction in the
brain mechanisms that stop our desire to eat more after a meal in people predisposed to
obesity and diabetes. Gaining further knowledge of the way the brain controls eating will
help the development of new ways to prevent and treat these diseases.

Our study is interested in looking at the way the brain responds to food by using
functional magnetic resonance imaging (fMRI). fMRI is a method of taking images of the
brain using strong magnets, without using any form of radiation (e.g. “X-rays”). This will
allow us to see the activity of regions of the brain that control eating. We are interested
in seeing whether these brain responses after eating in healthy volunteers with insulin-
resistance are different to those who are insulin-sensitive. Insulin-resistance is a
common condition where the body is less responsive to insulin, a hormone normally
produced by the body to control glucose (sugar) levels. The presence of insulin-
resistance puts people at risk of developing diabetes, high blood pressure and heart
disease and is associated with obesity. Using fMRI will allow us to see if insulin-
resistance also alters the way the brain responds to food, and may allow the
development of treatments that can alter such brain responses to a healthier pattern.

Why have | been chosen?

We are looking for male volunteers aged between 18-65 years to participate in our
study. You are being invited to take part because you are healthy with no known
medical problems. We would like to compare your results with those of people with
insulin-resistance. Taking part in this research may help lead to the possibility of
preventing obesity and Type 2 diabetes in the future. Your contribution will be highly
valued by those working in this important field of research as it will enable us to find out
more about the causes of obesity and diabetes, how to predict who may develop it, and
ways of preventing it altogether.
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Do | have to take part?

No, taking part is voluntary. It is up to you to decide whether or not to take part. If you
do decide to take part we will ask you to sign a consent form and give you a copy of this
information sheet and the consent form to keep. If you decide to take part you are still
free to withdraw at any time. If you decide not to take part you do not have to give a
reason, nobody will be upset and the standard of care you receive will not be affected.

What you will be asked to do

Screening visits

On the first visit (before you enter the study), we will check your general health, which
will also include a questionnaire about your eating habits. You will undergo a blood test
(10 mls / 2 teaspoonfuls of blood) for your blood glucose and insulin after fasting
overnight for 8 hours, to check your sensitivity to insulin.

If the blood tests confirm that you are sensitive to insulin, you will be invited for a second
visit, to accurately ensure you do not have diabetes by undergoing an “Oral Glucose
Tolerance Test”. After fasting overnight you will drink a glucose drink, having blood
taken before the drink, and every 30 minutes afterwards for 2 hours (i.e. before and 30
minutes, 1, 1.5 and 2 hours after the drink), for blood glucose and insulin levels. We will
also measure your cholesterol, blood count, kidney and liver function once, at the
beginning of this test. We will also show you a “dummy” or mock-up of the MRI
scanning machine, to ensure you a happy to have the scans before starting the study.

Blood taking

This will be performed by experienced doctors and nurses from the research team. On
the first screening visit, blood will be taken from your arm. On the second visit and
during the scanning studies, a single thin plastic tube or “cannula” will be inserted into
your arm or back of the hand, to allow blood to be taken without multiple needle
injections with approximately a total of half a teacup of blood taken. To ensure that the
cannula does not become blocked, a small amount of salt water (saline) will drip through
the cannula.

Urine sample
You will be asked to provide a urine sample collected first thing in the morning.

fMRI Scanning Visits

The MRI scanner is located at the Centre for Neuroimaging Sciences, at the Institute of
Psychiatry, which is opposite King’s College Hospital, and will be used to take images of
your brain. This is performed using strong magnets; therefore, if you have any metallic
implants (e.g. pacemaker, surgical clips etc.) you will not be able to take part in the MRI
scans.

You will be invited to attend for the scans on 2 separate visits. Each visit will take up a
whole morning of your time, after an overnight fast. A cannula will be inserted into your
arm and blood taken to measure glucose and insulin levels, as well as levels of
hormones that control your appetite and hunger. You will then lie within the scanner. As
the MRI scanner is noisy, a set of earphones will be fitted so that you may hear music,
and the nurses, doctors and scanning staff. A nurse will accompany you at all times in
the scanning room. A series of scans lasting approximately 1 hour altogether will be
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performed at each visit. After the first scan you will be given either a drink of water or ice
cream to eat (you will be given the alternative option on the second visit). You will also
be shown pictures of various foods and everyday household items during one of the
scans. You will also be asked questions about how hungry you feel, and will have blood
taken to measure your hormone response to the food/water during the scans.

Genetic Tests
No genetic tests will be performed on any blood or urine samples provided.

What are the possible disadvantages and risks of taking part?

MRI is a safe way of taking images of parts of the body, in this case the brain. However,
the scanner is narrow. If you suffer from claustrophobia you may not wish to participate,
but we can show you a “dummy scanner” to ensure you are familiar with the scanner
first.

What are the possible benefits in taking part?

If we discover that you have a medical condition that you did not know about before, we
will tell you about it and discuss how this should be dealt with. For example, if we found
you to have diabetes or high blood pressure, we might suggest informing your GP to
ensure you receive the appropriate care and follow-up.

This research study is designed to allow a greater understanding of the way the brain
responds to food and is not designed primarily to benefit your own health. However, you
will be assessed for your risk of developing diabetes before starting the study and will be
given advice about healthy living. By participating in the study, you will improve our
knowledge of the risk factors for developing diabetes and obesity.

Remuneration

After each study is complete, you will be given a meal or the equivalent cash sum for
you to buy your own meal and you will then be able to go home. Any travel expenses
incurred by you in participating in this study will be reimbursed on provision of receipts,
and we will offer a £10 for the Oral Glucose Tolerance Test visit, and £75 payment per
MRI scanning visit, in recognition of your time.

What if something goes wrong?

If you are harmed by someone else’s negligence, then you may have grounds for legal
action and you are free to complain through normal NHS complaints services. However
if you are harmed accidentally whilst taking part in this research study, there are no
special compensation arrangements.

If you have concerns about any aspect of the way you have been approached or treated
during the course of this study you may wish to contact the hospital’s Patient Advice and
Liaison Service (PALS) on 020 3299 3625 or 020 3299 360, or write to PALS, King’s
College Hospital, Denmark Hill, London SE5 9RS.

What about the results?

The results of this study will not be known until some time after the last patient has
finished. The research doctor will let you know the results of study when it is completed.
The results may be reported in professional publications or meetings but you will not be
identified by name.
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Who has reviewed the study?
This study has been approved by the South East London Research Ethics Committee 3
(formerly King’s College Hospital Research Ethics Committee).

What if you wish to withdraw from the study?

Participation in this study is entirely voluntary, and you are free to withdraw at any point
in time, and will not affect the treatment you receive from King’s College Hospital NHS
Foundation Trust.

Confidentiality

The study is confidential and all data collected will be secured against any unauthorised
access. Confidential information regarding identity from volunteers will be destroyed
after the trial unless we inform you otherwise, in which case we will ask for your consent
to retain such information. We will normally inform your GP about your involvement in
the study unless you request otherwise.

Any Questions:

Professor Stephanie Amiel, RD Lawrence Professor of Diabetic Medicine and members
of her research group are leading this study. If you have any further questions please do
not hesitate to contact us:

Contact: Dr. Yee Seun Cheah, Clinical Research Fellow
Diabetes Research Group

King’s College London School of Medicine

Room 3.35, Weston Education Centre

Cutcombe Road

London SE5 9RJ

Telephone: 020 7848 5654 or 5653

Email: yee.cheah@kcl.ac.uk or andrew.pernet@kcl.ac.uk
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University of London

A functional magnetic resonance imaging study of brain responses to food image viewing and
food ingestion in insulin resistance: Information Sheet (Insulin Resistant Subjects)

Information for research volunteers.

You are invited to participate 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. Please
ask us if there is anything that is not clear, or you would like more information. Take time to decide
whether or not you wish to take part.

Thank you for reading this

The purpose of the research

Obesity and related health problems including Type 2 diabetes are becoming more common causing
long-term ill health. As yet, we do not understand why some people are particularly prone to weight
gain and diabetes. One possibility is a malfunction in the brain mechanisms that stop our desire to eat
more after a meal in people predisposed to obesity and diabetes. Gaining further knowledge of the
way the brain controls eating will help the development of new ways to prevent and treat these
diseases.

Our study is interested in looking at the way the brain responds to food by using functional magnetic
resonance imaging (fMRI). fMRI is a method of taking images of the brain using strong magnets,
without using any form of radiation (e.g. “X-rays”). This will allow us to see the activity of regions of the
brain that control eating. We are interested in seeing whether these brain responses after eating in
healthy volunteers with insulin-resistance are different to those who are insulin-sensitive. Insulin-
resistance is a common condition where the body is less responsive to insulin, a hormone normally
produced by the body to control glucose (sugar) levels. The presence of insulin-resistance puts
people at risk of developing diabetes, high blood pressure and heart disease and is associated with
obesity. Using fMRI will allow us to see if insulin-resistance also alters the way the brain responds to
food. We will then study whether the use of treatment that will improve the body’s sensitivity or
response to insulin (described below), to see if we can improve the brain responses to food to a
healthier pattern.

Why have | been chosen?

We are looking for male volunteers aged between 18-65 years to participate in our study. You are
being invited to take part because you are healthy with no known medical problems, but as you are a
relative of someone with Type 2 Diabetes mellitus, this increases the likelihood of you being insulin-
resistant. Taking part in this research may help lead to the possibility of preventing obesity and Type 2
diabetes in the future. Your contribution will be highly valued by those working in this important field of
research as it will enable us to find out more about the causes of obesity and diabetes, how to predict
who may develop it, and ways of preventing it altogether.
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Do | have to take part?

No, taking part is voluntary. It is up to you to decide whether or not to take part. If you do decide to
take part we will ask you to sign a consent form and give you a copy of this information sheet and the
consent form to keep. If you decide to take part you are still free to withdraw at any time. If you
decide not to take part you do not have to give a reason, nobody will be upset and the standard of care
you receive will not be affected.

What you will be asked to do

Screening visits

On the first visit (before you enter the study), we will check your general health, which will also include
a questionnaire about your eating habits. You will undergo a blood test (10 mls / 2 teaspoonfuls of
blood) for your blood glucose and insulin after fasting overnight for 8 hours, to check your sensitivity to
insulin.

If the blood tests confirm that you are insulin-resistant, you will be invited for a second visit, to
accurately ensure you do not have diabetes by undergoing an “Oral Glucose Tolerance Test”. After
fasting overnight you will drink a glucose drink, having blood taken before the drink, and every 30
minutes afterwards for 2 hours (i.e. before and 30 minutes, 1, 1.5 and 2 hours after the drink), for
blood glucose and insulin levels. We will also measure your cholesterol, blood count, kidney and liver
function once, at the beginning of this test. We will also show you a “dummy” or mock-up of the MRI
scanning machine, to ensure you a happy to have the scans before starting the study.

Blood taking

This will be performed by experienced doctors and nurses from the research team. On the first
screening visit, blood will be taken from your arm. On the second visit and during the scanning
studies, a single thin plastic tube or “cannula” will be inserted into your arm or back of the hand, to
allow blood to be taken without multiple needle injections with approximately a total of half a teacup of
blood taken. To ensure that the cannula does not become blocked, a small amount of salt water
(saline) will drip through the cannula.

Urine sample
You will be asked to provide a urine sample collected first thing in the morning.

fMRI Scanning Visits

The MRI scanner is located at the Centre for Neuroimaging Sciences, at the Institute of Psychiatry,
which is opposite King’s College Hospital, and will be used to take images of your brain. This is
performed using strong magnets; therefore, if you have any metallic implants (e.g. pacemaker, surgical
clips etc.) you will not be able to take part in the MRI scans.

You will be invited to attend for the scans on 4 separate visits. Each visit will take up a whole morning
of your time, after an overnight fast. A cannula will be inserted into your arm and blood taken to
measure glucose and insulin levels, as well as levels of hormones that control your appetite and
hunger. You will then lie within the scanner. As the MRI scanner is noisy, a set of earphones will be
fitted so that you may hear music, and the nurses, doctors and scanning staff. A nurse will accompany
you at all times in the scanning room. A series of scans lasting approximately 1 hour altogether will be
performed at each visit. For the first two visits you will either be given a drink of water or ice cream to
eat during the visit at random (you will be given the alternative option on the second visit). You will
also be shown pictures of various foods and everyday household items during one of the scans. You
will also be asked questions about how hungry you feel, and will have blood taken to measure your
hormone response to the food/water during the scans.

After the first two scans you will be given Metformin (Glucophage SR). We will ask you to take the
tablets for 3 months.
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Metformin (Glucophage SR) is a medication that is used as first line treatment of Type 2 diabetes. Itis
also commonly used for treating “pre-diabetes” and polycystic ovarian syndrome, which are both
conditions caused by insulin-resistance. Although it is not licensed for use in these two latter
conditions, it is advocated by many medical bodies and has also been shown to prevent the onset of
diabetes in people with insulin resistance and at risk of developing diabetes, by improving the body’s
response to insulin. In this research study, the starting dose will be one tablet a day for the first week,
increasing by an extra tablet per day every two weeks to a maximum of 4 tablets per day or as
tolerated for the remainder of the 3 months. For further information please see the “Metformin:
Information for Research Participants” leaflet and the “Metformin: Guide to Doses for Research
Participants” leaflet.

After 3 months treatment you will then repeat the 2 MRI scanning visits as described above.

You will also receive healthy living advice on your diet and physical activity from our specialist
dietitians, at the same time as the medication. If you are unable to tolerate the metformin (Glucophage
SR) tablets, you may continue to follow the advice provided by the dietitians, but only those who show
an improvement in insulin resistance will be able to undergo the last 2 MRI scans, in order for us to be
able to look at the effect of improving insulin resistance on brain responses to food.

Genetic Tests
No genetic tests will be performed on any blood or urine samples provided.

What are the possible side-effects of taking part?

Some people experience altered taste, nausea, an upset stomach and loose stool with this Metformin
(Glucophage SR). However, these symptoms are short-lived and usually resolve within a few weeks
of starting treatment. A “slow-release” form of the tablet will be used so that the risk of developing
these problems is reduced. For further information please see the “Metformin: Information for
Research Participants” leaflet. During this time, you will be asked to fill in a diary of your physical
activity and the number of tablets you have taken each week.

What are the possible disadvantages and risks of taking part?

MRI is a safe way of taking images of parts of the body, in this case the brain. However, the scanner
is narrow. If you suffer from claustrophobia you may not wish to participate, but we can show you a
“‘dummy scanner” to ensure you are familiar with the scanner first.

What are the possible benefits in taking part?

If we discover that you have a medical condition that you did not know about before, we will tell you
about it and discuss how this should be dealt with. For example, if we found you to have diabetes or
high blood pressure, we might suggest informing your GP to ensure you receive the appropriate care
and follow-up.

This research study is designed to allow a greater understanding of the way the brain responds to food
and is not designed primarily to benefit your own health. However, you will be assessed for your risk
of developing diabetes before starting the study and will be given advice about healthy living. By
participating in the study, you will improve our knowledge of the risk factors for developing diabetes
and obesity.
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Remuneration

After each study is complete, you will be given a meal or the equivalent cash sum for you to buy your
own meal and you will then be able to go home. Any travel expenses incurred by you in participating
in this study will be reimbursed on provision of receipts, and we will offer £10 for the Oral Glucose
Tolerance Test visit, and £75 payment per MRI scanning visit, in recognition of your time.

What if something goes wrong?

If you are harmed by someone else’s negligence, then you may have grounds for legal action and you
are free to complain through normal NHS complaints services. However if you are harmed
accidentally whilst taking part in this research study, there are no special compensation arrangements.

If you have concerns about any aspect of the way you have been approached or treated during the
course of this study you may wish to contact the hospital’s Patient Advice and Liaison Service (PALS)
on 020 3299 3625 or 020 3299 360, or write to PALS, King’s College Hospital, Denmark Hill, London
SE5 9RS.

What about the results?

The results of this study will not be known until some time after the last participant has finished. The
research doctor will let you know the results of the study when it is completed. The results may be
reported in professional publications or meetings but you will not be identified by name.

Who has reviewed the study?
This study has been approved by the Research Ethical Committee at King’s College Hospital NHS
Foundation Trust.

What if you wish to withdraw from the study?
Participation in this study is entirely voluntary, and you are free to withdraw at any point in time, and
will not affect the treatment you receive from King’s College Hospital NHS Foundation Trust.

Confidentiality

The study is confidential and all data collected will be secured against any unauthorised access.
Confidential information regarding identity from volunteers will be destroyed after the trial unless we
inform you otherwise, in which case we will ask for your consent to retain such information. We will
normally inform your GP about your involvement in the study unless you request otherwise.

Any Questions?

Professor Stephanie Amiel, RD Lawrence Professor of Diabetic Medicine and members of her
research group are leading this study. If you have any further questions please do not hesitate to
contact us:

Contact: Dr. Yee Seun Cheah, Clinical Research Fellow
Diabetes Research Group

King’s College London School of Medicine

Room 3.35, Weston Education Centre

Cutcombe Road

London SE5 9RJ

Telephone: 020 7848 5654 or 5653

Email: yee.cheah@kcl.ac.uk or andrew.pernet@kcl.ac.uk
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The effects of food ingestion on the regional brain responses in healthy
volunteers.

Information for Healthy volunteers

You are invited to participate 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 you would like more information. Take time to
decide whether or not you wish to take part.

Consumers for Ethics in Research (CERES) publish a leaflet entitled ‘Medical
Research and You'. This leaflet gives more information about medical
research and looks at some of the questions you may want to ask. A copy
may be obtained from CERES, PO Box 1365, London N16 OBW.

Thank you for reading this.
The purpose of the research

This study looks at how the brain responds to food ingestion (eating) in
healthy volunteers, using a technique called functional magnetic resonance
imaging (fMRI). Therefore we will eventually be able to compare this
response between healthy volunteers and patients with Type 2 diabetes.

fMRI uses magnetic fields to create pictures of the brain which show the parts
that are active during particular activities. In this case, we are hoping to
identify those parts of the brain that are active when a person swallows a
meal, in this case, melted ice cream, comparing it to a small drink of water.

Why have | been chosen?

We intend to look at this activity in healthy volunteers who are 40-65 years of
age with no significant medical history and not taking regular medications.
Since you are not resistant to insulin your central responses to food ingestion
should be normal and we can therefore compare them to insulin resistant
patients.
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What will you be asked to do
Screening 1% visit

In the first instance you will be asked to attend at King’s College Hospital for a
test to measure your body’s insulin sensitivity. You will be asked to come up
one morning having had nothing to eat or drink for 8 hours overnight.

You will also be asked to give a full medical history and undergo a brief
physical examination to make sure that you are fit and healthy and baseline
blood tests for kidney, liver, thyroid function, lipids and blood count are
normal.

MRI scanning

You will then be asked to attend for an fMRI brain scan on 2 occasions.
These scans will each be done in the morning after an 8 hour period of not
eating or drinking anything (sips of water allowed). There will be at least a
day’s separation between scans. Scans are done in the Centre for
Neuroimaging Sciences in the Institute of Psychiatry, King's College Hospital.
You will be asked to lie down on a trolley that will slide into the scanner
tunnel. Your head will rest on a pillow that helps hold it still and a rest and a
headband will maintain your head position. Headphones will be provided
through which we can talk to you and a microphone for you to reply. You will
be asked to lie still while the scans are made. The scans are made by
creating a moving magnetic field around your head. This is rather noisy and
you will hear banging sounds, muted by the headphones. Although you will be
on your own in the scanner, you will be able to talk to the people running the
scan (and they will talk to you) throughout.

The first scan will take about ten minutes. You will then be slid out of the
scanner and asked to swallow a drink that may contain glucose or water. You
will then be returned to the scanner for the next fifty minutes.

Expenses and payments

For the scanning procedures we offer a £75 payment per scan in recognition
of the time and effort. Any travel expenses incurred by you in participating in
this project will be re-imbursed if you provide the receipts.

Safety Measures

Safety is not an endpoint for this study but it is clearly important that safety is

monitored. The risk of the study is negligible as fMRI does not cause harmful
radiation.
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Safety Data

Any adverse events reported spontaneously by the subject, as well as those
noted by the investigator or study site staff, will be recorded and reported to
the Local Ethical committee. The clinical course of the adverse event will be
followed according to accepted standards of medical practice, even after the
end of the observation period, until a satisfactory explanation for the adverse
event is found or the investigator considers it medically justifiable to terminate
follow-up.

Data Analysis

DATA MANAGEMENT PLAN

Subijects in the study will receive a unique identifier number. Data from
several sources will be entered into computer spreadsheets for analysis using
the identifier number only. Some data (e.g. laboratory results) will be stored
by patient name either on the clinical NHS IT systems of King’'s College
Hospital and neuroimaging data will be stored on the systems of the Institute
of Psychiatry and processed by our research team using the Institute’s IT
systems. These systems are protected by the 2 clinical institutions in
accordance with usual procedures. Data removed from these clinical systems
for analysis into spreadsheets will use the study identifier number only. The
code of identifier numbers will be kept by the Principle Investigator, Professor
Stephanie Amiel and, the clinical investigating team only.

STUDY TIMELINE
Data collection for the study should be completed by August 2010, with data
analysis completed in the ensuing 3 months.

Special note for women

Functional magnetic resonance imaging is not known to be damaging in
pregnancy. However because pregnancy alters the body’s chemistry, we will
not be studying pregnant women. If you are pregnant, or trying to become
pregnant, we would suggest that you do not take part but as these are not
harmful to pregnancy, we will not be taking special precautions to check for
pregnancy.

How participating might help you

This research study is designed to investigate how the brain responds to
glucose ingestion in healthy volunteers and is not designed to benefit your
own health for the duration of this study. We hope that the information we
gain from the study may help us localise the brain regions altered in insulin
resistant individuals, predisposing them to obesity.

What are the side effects of any treatment received when taking part?

You are not exposed to any radiation with MRI scanning, only a strong
magnetic field, so it is imperative that any metal you may have is removed
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prior to entering the scanner. The scanner is also quite snug fitting around
your body, so it is not best suited for people with a fear of tight spaces.

What if something goes wrong?

If you are harmed by someone else’s negligence, then you may have grounds
for legal action and you are free to complain through normal NHS complaints
service. However, if you are harmed accidentally whilst taking part in this
research project, there are no special compensation arrangements.

What about the results?

The results of the study will be presented to all volunteers when it is complete.
The information will also be presented at scientific and medical meetings and
written up as one or more papers in scientific and medical publications. No
one will be able to identify you in any of these public statements of the results.
The study is funded by a charitable organisation and fully approved by the
ethical committee of King’s College Hospital.

What if you wish to withdraw from the study?

This study is completely voluntary at any time. You are free to withdraw at
any time and this will not affect your future treatment at King’s in any way.

Confidentiality

The study is confidential and all data collected will be secured against any
unauthorised access. Although the overall results will be published in medical
journals, no individual subjects will be identifiable from this.

Confidential information regarding identity from subjects will be destroyed
after the trial unless we inform you otherwise, in which case we will ask for
your consent to retain such information.

We will normally inform your general practitioner about your involvement in
the study, unless you request otherwise.

Any questions?

Professor Stephanie Amiel, Professor of Diabetic Medicine at King’s, is ultimately
responsible for the study. The day to day running of the study will be run by Dr. Yee
Cheah (Clinical Research Fellow and Specialist Registrar in Diabetes &
Endocrinology), Dr Pratik Choudhary (Lecturer in Diabetes) and the research nurses
on the team, Mr. Andrew Pernet and Ms. Bula Wilson. All will be happy to answer
any questions you may have and they can be contacted on:

Tel: 020 7737 4000 ext 2311/4161/2054 during working hours or via the King’s
switchboard on 020 7737 4000 after hours.

Email: yee.cheah@kcl.ac.uk or pratik.choudhary@kcl.ac.uk or
andrew.pernet@kcl.ac.uk. August 2007
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King's College Hospital NHS| . }T/Scju?
< S

[LONDON

NHS Foundation Trust

. University of London
Diabetes Research Group,

King’s College London School of Medicine,

PARTICIPANT CONSENT FORM

A functional magnetic resonance imaging study of brain responses to food image
viewing and food ingestion in insulin resistance: Insulin Sensitive Participants

Please read the following statements and initial the box if you agree:

1. I confirm that I have read and understand the information sheet (dated .............. ,
version...... ) for the above study. I have had the opportunity to consider the information,

ask questions and have had these answered satisfactorily.

2. I understand that my participation is voluntary. I understand that if [ agree to take part
in the study I can change my mind at any time without affecting my medical care or legal

rights.

3. I understand that sections of my medical notes relevant to my taking part in this
research and data collected during the study may be looked at by individuals from

regulatory authorities or from the NHS Trusts. I give permission for these individuals to
have access to my records.

4.1 agree to have my blood tested.

5. I agree to my GP being informed of my participation in the study.

6. I agree to take part in the above study.

Participant’s name Signature Date

Name of person Signature Date
taking consent

When completed, 1 copy for participant; 1 copy for research site file; 1 copy to be kept in medical notes.

Brain Imaging Responses to Food Images & Food in Insulin Resistance

REC Reference: 10/H0808/47
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King's College Hospital NHS| “ING'S

College
[LONDON

NHS Foundation Trust

. University of London
Diabetes Research Group,

King’s College London School of Medicine,

PARTICIPANT CONSENT FORM

A functional magnetic resonance imaging study of brain responses to food image
viewing and food ingestion in insulin resistance: Insulin Resistant Participants

Please read the following statements and initial the box if you agree:

1. I confirm that I have read and understand the information sheet (dated .............. ,
version...... ) for the above study. I have had the opportunity to consider the information,

ask questions and have had these answered satisfactorily.

2. I understand that my participation is voluntary. I understand that if [ agree to take part
in the study I can change my mind at any time without affecting my medical care or legal

rights.

3. I understand that sections of my medical notes relevant to my taking part in this
research and data collected during the study may be looked at by individuals from

regulatory authorities or from the NHS Trusts. I give permission for these individuals to
have access to my records.

4.1 agree to have my blood tested.

5. I understand that I will be offered metformin (Glucophage SR) with advice on diet and
exercise.

6. I agree to my GP being informed of my participation in the study.

7. I agree to take part in the above study.

Participant’s name Signature Date

Name of person Signature Date
taking consent

When completed, 1 copy for participant; 1 copy for research site file; 1 copy to be kept in medical notes.

Brain Imaging Responses to Food Images & Food in Insulin Resistance
REC Reference: 10/H0808/47
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EMIR Eating Behaviour Questionnaire Version 1.0 01.09.2010

> .
King's College Hospital INHS| }[;J/S(}?
NHS Foundation Trust l ()I\J]D()N
University of London

A functional magnetic resonance imaging study of brain responses
to food image viewing and food ingestion in insulin resistance.

Eating Bebhaviour Questionnaire Panel

For Research 1V olunteers’

'Adapted from:

- Questionnaire on Eating and Weight Patterns-Revised© (QEWP-RO) [selected
questions].

- Dutch Eating Behaviour Questionnaire (DEBQ).

- Eating Disorder Examination Questionnaire© (EDE-Q 6.00) [selected questions].

Thank your for completing these questionnaires. Please circle
the appropriate number or response, or write in information
where asked. You may skip any question you do not
understand or do not wish to answer.

Screening Number:

Participant Study Number:

Participant Initials:

Date: Y S S
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EMIR Eating Behaviour Questionnaire Version 1.0 01.09.2010

R.S. Spitzer, S.Z. Yanovski, & M.D. Marcus. (1993).

Thank you for completing this questionnaire. Please circle the appropriate number or response, or
write in information where asked. You may skip any question you do not understand or do not wish to
answer.

1. Age: years

2. How tall are you? ft in/ metres
3. How much to you weigh now? st lbs / kg

4. What has been your highest weight ever? st lbs / kg

5. Have you ever been overweight by at least 10 Ibs (% st /4.5 kg) as a child or 15 lbs (1 st 1 Ibs / 7kg)
as an adult?

1. Yes 2. No or not sure

IF YES: How old were you when you were first overweight (at least 10 Ibs (% st / 4.5 kg) as
child or 15 1bs (1 st 1 Ibs / 7 kg) as an adult)? If you are not sure, what is your best guess?

years

6. How many times (approximately) have you lost 20 Ibs (1% st/ 9 kg) or more — when you weren’t
sick — and then gained it back?

Never

Once or twice
Three of four times
Five times or more

el S

7. During the past six months, did you often eat within any two hour period what most people would
regard as an unusually large amount of food?

1. Yes 2. No IF NO: SKIP TO QUESTION 11

8. During the times when you ate this way, did you often feel you couldn’t stop eating or control what
or how much you were eating?

1. Yes 2. No IF NO: SKIP TO QUESTION 11

9. During the past six months, how often, on average, did you have times when you ate this way — that
is, large amounts of food plus the feeling that your eating was out of control? (There may have been
some weeks when it was not present — just average those in.)

Less than one day a week
One day a week

Two or three days a week
Four or five days a week
Nearly every day

i
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10. Did you usually have any of the following experiences during these occasions?

a. Eating much more rapidly than usual? Yes No

b. Eating until you felt uncomfortably full? Yes No
c. Eating large amounts of food when you
didn’t feel physically hungry? Yes No

d. Eating alone because you were embarrassed
by how much you were eating? Yes No

e. Feeling disgusted with yourself, depressed, or
feeling very guilty after overeating? Yes No

11. In general, during the past six months, how upset were you by overeating (eating more than you
think is best for you)?

1. Notatall
2. Slightly

3. Moderately
4. Greatly

5. Extremely

12. In general, during the past six months, how upset were you by the feeling that you couldn’t stop
eating or control what or how much you were eating?

1. Notatall
2. Slightly

3.  Moderately
4. Greatly

5.  Extremely

13. During the past six months, how important has your weight or shape been in how you feel about or
evaluate yourself as a person — as compared to other aspects of your life, such as how you do at work,
as a parent, or how you get along with other people?

Weight and shape were not very important

Weight and shape played a part in how you felt about yourself

Weight and shape were among the main things that affected how you felt about yourself
Weight and shape were the most important things that affected how you felt about
yourself

i

14. During the past three months, did you ever make yourself vomit in order to avoid gaining weight
after binge eating?

1. Yes 2. No
IF YES: How often, on average, was that?

Less than once a week

Once a week

Two or three times a week
Four or five times a week
More than five times a week

S
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01.09.2010

15. During the past three months, did you ever take more than twice the recommended dose of

laxatives in order to avoid gaining weight after binge eating?
IF YES: How often, on average, was that?

Less than once a week

Once a week

Two or three times a week
Four or five times a week
More than five times a week

VWb =

16. During the past three months, did you ever take more than twice the recommended dose of

diuretics (water pills) in order to avoid gaining weight after binge eating?
IF YES: How often, on average, was that?

Less than once a week

Once a week

Two or three times a week
Four or five times a week
More than five times a week

N

17. During the past three months, did you ever fast — not eating anything at all for at least 24 hours —

in order to avoid gaining weight after binge eating?
IF YES: How often, on average, was that?

Less than once a week
One day a week

Two or three days a week
Four or five days a week
Nearly every day

DAL=

18. During the past three months, did you ever exercise for more than an hour specifically in order to

avoid gaining weight after binge eating?
IF YES: How often, on average, was that?

Less than once a week
Once a week

Two or three times a week
Four or five times a week
More than five times a week

AW

19. During the past three months, did you ever take more than twice the recommended dose of a diet

pill in order to avoid gaining weight after binge eating?
IF YES: How often, on average, was that?

Less than once a week

Once a week

Two or three times a week
Four or five times a week
More than five times a week

DR =

20. During the past six months, did you go to any meetings of an organised weight control program?
(e.g. Weight Watchers, Optifast, Jenny Craig) or a self-help groups (e.g. TOPS, Overeaters

Anonymous)?
1. Yes 2. No

IF YES: Name of program:
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21. Since you have been an adult — 18 years old — how much of the time have you been on a diet, been
trying to follow a diet, or in some way been limiting how much you were eating in order to lose weight
or keep from regaining weight you had lost? Would you say...?

None or hardly any of the time
About a quarter of the time
About half of the time

About three-quarters of the time
Nearly all of the time

s

22. SKIP THIS QUESTION IF YOU NEVER LOST AT LEAST 10 LBS (% st / 4.5 Kg) BY
DIETING: How old were you the first time you lost at least 10 1bs (% st / 4.5 kg) by dieting, or in
some way limiting how much you ate? If you are not sure, what is your best guess?

years
23. SKIP THIS QUESTION IF YOU’VE NEVER HAD EPISODES OF EATING UNUSUALLY
LARGE AMOUNTS OF FOOD ALONG WITH THE SENSE OF LOSS OF CONTROL: How
old were you when you first had times when you ate large amounts of food and felt that your eating
was out of control? If you are not sure, what is your best guess?

years
24. Please take a look at the following silhouettes. Put a circle around the silhouettes that most

resemble the body build of your natural father and mother at their heaviest. 1f you have no knowledge
of your biological father and/or mother, don’t circle anything for that parent.
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T. van Strien, J.E.R. Frijters, G.P.A. Bergers, P.B. Defares (1986).

Please circle the answer that apply to you

1.

3.
weig

10.

If you have put on weight, do you eat less than you usually do?

Never Seldom Sometimes Often Very Often Not Relevant
Do you try to eat less at mealtimes than you would like to eat?

Never Seldom Sometimes Often Very Often

How often do you refuse food or drink offered because you are concerned about your

ht?

Never Seldom Sometimes Often Very Often

Do you watch exactly what you eat?

Never Seldom Sometimes Often Very Often

Do you deliberately eat foods that are slimming?

Never Seldom Sometimes Often Very Often

When you have eaten too much, do you eat less than usual the following days?

Never Seldom Sometimes Often Very Often Not Relevant
Do you deliberately eat less in order not to become heavier?

Never Seldom Sometimes Often Very Often

How often do you try not to eat between meals because you are watching your weight?
Never Seldom Sometimes Often Very Often

How often in the evening do you try not to eat because you are watching your weight?
Never Seldom Sometimes Often Very Often

Do you take into account your weight with what you eat?

Never Seldom Sometimes Often Very Often

11. Do you have the desire to eat when you are irritated?

12.

13.

14.

Never Seldom Sometimes Often Very Often Not Relevant
Do you have a desire to eat when you have nothing to do?

Never Seldom Sometimes Often Very Often Not Relevant
Do you have a desire to eat when you are depressed or discouraged?

Never Seldom Sometimes Often Very Often Not Relevant
Do you have a desire to eat when you are feeling lonely?

Never Seldom Sometimes Often Very Often Not Relevant
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15. Do you have desire to eat when somebody lets you down?
Never Seldom Sometimes Often Very Often Not Relevant
16. Do you have a desire to eat when you are cross?
Never Seldom Sometimes Often Very Often Not Relevant
17. Do you have a desire to eat when you are approaching something unpleasant to happen?
Never Seldom Sometimes Often Very Often
18. Do you get the desire to eat when you are anxious, worried or tense?
Never Seldom Sometimes Often Very Often
19. Do you have a desire to eat when things are going against you or when things have gone
wrong?

20.

21.

22

23

24.

25.

26.

27.

28.

29.

Never Seldom Sometimes Often Very Often

Do you have a desire to eat when you are frightened?

Never Seldom Sometimes Often Very Often Not Relevant
Do you have a desire to eat when you are disappointed?

Never Seldom Sometimes Often Very Often Not Relevant

. Do you have a desire to eat when you are emotionally upset?

Never Seldom Sometimes Often Very Often Not Relevant

. Do you have a desire to eat when you are bored or restless?

Never Seldom Sometimes Often Very Often Not Relevant
If food tastes good to you, do you eat more than usual?

Never Seldom Sometimes Often Very Often

If food smells and looks good, do you eat more than usual?

Never Seldom Sometimes Often Very Often

If you see or smell something delicious do you have a desire to eat it?

Never Seldom Sometimes Often Very Often

If you have something delicious to eat, do you eat it straight away?

Never Seldom Sometimes Often Very Often

If you walk past the baker do you have the desire to buy something delicious?

Never Seldom Sometimes Often Very Often

If you walk past a snackbar or café, do you have the desire to buy something delicious?

Never Seldom Sometimes Often Very Often
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30. Ifyou see others eating, do you also have the desire to eat?
Never Seldom Sometimes Often

31. Can you resist eating delicious foods?
Never Seldom Sometimes Often

32. Do you eat more than usual, when you see others eating?
Never Seldom Sometimes Often

33. When preparing a meal are you inclined to eat something?

Never Seldom Sometimes Often

Very Often

Very Often

Very Often

Very Often

01.09.2010
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C.G. Fairburn, S. Beglin (2008).

The following questions are concerned with the past four weeks (28 days) only. Please read each
question carefully and circle the appropriate response. Please note that for these questions the term
“binges” means eating what others would regard as an unusually large amount of food for the
circumstances, accompanied by a sense of having lost control over eating.

On how many of the past 28 days...

1 Have you been deliberately trying to No 1-5 6-12 13-15  16-22  23-27 Every
limit the amount of food you eat to days days days days days days day
influence your shape or weight (whether
or not you have succeeded)?

2 Have you gone for long periods of time ~ No 1-5 6-12 13-15  16-22  23-27 Every
(8 waking hours or more) without eating  days days days days days days day
anything at all in order to influence you
shape or weight?

3 Have you #ried to exclude from your No 1-5 6-12 13-15  16-22  23-27 Every
diet any foods that you like in order to days days days days days days day
influence your shape or weight (whether
or not you have succeeded)?

4 Have you tried to follow definite rules No 1-5 6-12 13-15  16-22  23-27 Every
regarding your eating (for example, a days days days days days days day
calorie limit) in order to influence your
shape or weight (whether or not you
have succeeded)?

5 Have you had a definite desire to have No 1-5 6-12 13-15  16-22  23-27 Every
an empty stomach with the aim of days days days days days days day
influencing your shape or weight?

6 Have you had definite desire to have a No 1-5 6-12 13-15  16-22  23-27 Every
totally flat stomach? days days days days days days day

7 Has thinking about food, eating or No 1-5 6-12 13-15  16-22  23-27 Every
calories made it very difficult to days days days days days days day

concentrate on things you are interested
in (for example, working, following a
conversation, or reading)?

8 Has thinking about shape or weight No 1-5 6-12 13-15  16-22  23-27 Every
made it very difficult to concentrate on days days days days days days day
things you are interested in (for
example, working, following a
conversation, or reading)?

9 Have you had a definite fear of losing No 1-5 6-12 13-15  16-22  23-27 Every
control over eating? days days days days days days day

10 Have you had a definite fear that you No 1-5 6-12 13-15  16-22  23-27 Every
might gain weight? days days days days days days day

11  Have you felt fat? No 1-5 6-12 13-15  16-22  23-27 Every
days days days days days days day

12 Have you had a strong desire to lose No 1-5 6-12 13-15  16-22  23-27 Every
weight? days days days days days days day

13 Over the past 28 days, on how many No 1-5 6-12 13-15  16-22  23-27 Every
days have you eaten in secret (i.e. days days days days days days day

furtively)? [Do not count binges]

14 On what proportion of the times that None A few Less Half More  Most Every
you have eaten have you felt guilty (felt ofthe ofthe than of the than of the Time
that you’ve done wrong) because of its times times  half times  half time

effect on your shape or weight? [Do not
count binges]
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15

16

17

18

20

21

22

Over the past 28 days...

How concerned have you been
about other people seeing you
eat? [Do not count binges]

Has your weight influenced how
you think about (judge) yourself
as a person?

Has you shape influenced how
you think about (judge) yourself
as a person?

How much would it have upset
you if you had been asked to
weigh yourself once a week (no
more, or less, often) for the next
four weeks?

How dissatisfied have you been
with your weight?

How dissatisfied have you been
with your shape?

How uncomfortable have you
felt seeing your body (for
example, seeing your shape in
the mirror, in a shop window
reflection, while undressing or
taking a bath or shower)?

How uncomfortable have you
felt about others seeing your
shape or figure (for example, in
communal changing rooms,
when swimming, or wearing
tight clothes)?

Not at
all

Slightly

2

Moderately

4

5

01.09.2010

Markedly

6
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06.10.2010

-

~

Meal & Activities Diary for Research 1 olunteers.

\

/

Thank you for taking part in our study.

We will invite you to see a specialist
dietitian during the study. In order for
them to provide you with appropriate
advice, it would be very useful to know
more about the food you eat and your
daily activities.

We would therefore like you to
complete this diary over 3 consecutive

days.

Here are some tips on completing it:

Don’t do it later or write things down on
a scrap of paper and enter it into the
diary later that day. It will be more
accurate if you write in the diary as you
go along; the longer you wait, the more
likely it is that you will underestimate or
forget what you ate.

Every little bit counts and it is much
more useful to know exactly what you
have had to eat and drink and how much.
For example, if you ate a sandwich, write
exactly what was inside (e.g. cheese,
mayonnaise, tomato etc.) and how many
you ate.

Don’t limit your entries in the diary to
what you ate. Include how much you ate,
how quickly you ate and how you felt at
the time.

Follow the same tips for recording your
physical activities.

AAERK

Brain Imaging Responses to Food Images and Food in Insulin Resistance REC Reference: 10/H0808/47
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Subject No: Date:
Time Food & drink consumed / Amount consumed/ How you felt  Office use
Activities performed Duration of Activities only
Brain Imaging Responses to Food Images and Food in Insulin Resistance REC Reference: 10/H0808/47
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EMIR. Flyer to diabetic patients. Version 1.1 01.09.2010

ch(g/gg King's College Hospital [\'/Z&5)

LONDON NHS Foundation Trust

Do you have Type 2 diabetes ?

If so, your relatives may be interested
in our research.

Close relatives of people with Type 2 diabetes are at
increased risk of developing diabetes themselves.

The Diabetes Research Team at King’s College Hospital are
researching this using brain scanning to investigate appetite
control. We are currently looking for male volunteers to
participate in our studies.

If you have diabetes and you think one of your relatives (son
or brother without diabetes themselves) may be interested in
our studies, please give them this flyer. The study starts
with a health check, in which we will measure:

v'Body Mass Index
v'Blood Pressure

v'Fasting blood sugar (glucose)

Willing volunteers may then take part in the brain scanning
studies. Screening will take place at King’s College Hospital.
Results are strictly confidential. Responding to this flyer
does not mean one has to take part in the research, which is
entirely voluntary.

If you or your relative would like further information, please
contact: Dr. Yee Seun Cheah, Clinical Research Fellow.

Telephone: 020 7848 5654 Email: y.cheah@nhs.net
I b} 100 o0t 8 KING'S HEALTH PARTNERS

Brain imaging responses to Food Images & Food in Insulin Resistance.
REC reference: 10/H0808/47

Pioneering better health for all
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EMIR. Flyer to prospective insulin resistant subjects. Version 1.1 01.09.2010

chlg/g% King's College Hospital [\'/Z5
LONDON NHS Foundation Trust

Do your parents, brothers or

sisters have diabetes?

If so, you may be interested in our
research.

Close relatives of people with Type 2 diabetes are at increased
risk of developing diabetes themselves.

The Diabetes Research Team at King’s College Hospital are
researching this using brain scanning to investigate appetite
control. We are currently looking for male volunteers without
diabetes themselves, but with parents, brothers or sisters who
do have diabetes, to participate in our studies.

The study starts with a health check, in which we will measure:

v'Body Mass Index

v'Blood Pressure

v'Fasting blood sugar (glucose)

Willing volunteers may then take part in the brain scanning
studies. Screening will take place at King’s College Hospital.
Results are strictly confidential. Responding to this flyer
does not mean one has to take part in the research, which is
entirely voluntary.

If you would like further information, please contact:
Dr. Yee Seun Cheah, Clinical Research Fellow.

Telephone: 020 7848 5654 Email: y.cheah@nhs.net
L |“ KING'S HEALTH PARTNERS

 Braini |mag|ng responses to Food Images & Food in Insulin Resistance.
REC reference: 10/H0808/47

Pioneering better health for all

Volunteers needed for ING'S
College

appetite research 1 oNDON

We invite people who don’t have diabetes, but have family
members with Type 2 diabetes, to take part in research
looking at how our brains respond to food, to help find out
why conditions like diabetes develop. A health check is
included and volunteers will be reimbursed for their time.
For more information please contact Dr. Yee Cheah on
020 7848 5654 or yee.cheah@kcl.ac.uk
Diabetes & Nutritional Sciences, King’s College London
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Subject heading: Effects of food ingestion on brain activation - circular

Circular email for use for recruitment of insulin sensitive volunteers for study ref: 10/H0808/47,
approved by King’s College Hospital Research Ethics Committee. This project contributes to the
College’s role in conducting research, and teaching research methods. You are under no obligation to
reply to this email, however if you choose to, participation in this research is voluntary and you may
withdraw at anytime.

We are looking for healthy male volunteers to participate in our study of the effect of eating on brain
activity. This will build on current research on the way the brain controls our appetite and eating,
which will help us understand why some people are more prone to weight gain, and may potentially
allow the development of new ways to prevent and treat obesity and diabetes in the future.

Volunteers will attend a total of four visits. You will initially attend a screening visit at King’s College
Hospital (KCH), where you will provide a full medical history and undergo a brief physical
examination by a doctor. You will also be asked to provide a sample of urine, and a sample of blood
(approximately 10 ml /2 tsp) after an overnight fast of 8 hours. This will take approximately 1 hour.
The second visit to KCH will involve taking blood samples at 30 minute intervals over two hours (total
48 mls / 10 tsp) after a glucose drink to measure your body’s chemical response and exclude the
presence of diabetes.

Volunteers will then attend the Centre for Neuroimaging Science at the Institute of Psychiatry on two
separate mornings. On each visit, after an overnight fast, you will have a small plastic tube or “drip”
inserted into a vein in the arm or back of the hand to allow blood to be taken for measurements of
glucose (sugar) and hormones that control appetite at 10 minute intervals during the scan (total 48 mls /
10 tsp each visit). You will then undergo a series of 5 functional magnetic resonance imaging (fMRI)
scans. This will involve lying in the scanner for approximately 45 minutes in total. As this can be
noisy, a microphone and headphones will be fitted with music being played, whilst allowing us to ask
questions about your hunger and appetite during the scans. Images will be taken to detect the areas of
the brain that are active after eating ice cream on one visit, compared to drinking water on another visit,
given during the scan. fMRI will also be used to detect the brain’s responses whilst being shown
pictures of foods, compared to pictures of everyday household objects during both visits. This will
allow us to look at the way the brain responds to the sight and eating of food.

We are looking for male volunteers aged between 18-65 years (inclusive) with a clear understanding of
written and spoken English. As there are other factors that may affect the way the brain responds to
food, you will need to be right-handed, healthy with no significant medical illnesses (e.g. diabetes,
stroke, kidney or liver problems), not taking any regular medication. The scans will involve lying on a
trolley that will slide into the scanner tunnel using strong magnets (no radiation) to produce pictures of
the brain. You will therefore not be able to participate if you have any contraindications to MRI
scanning e.g. cardiac pacemaker, extensive dental work, history of penetrating eye trauma, presence of
certain metal surgical clips, claustrophobia. Full details about the study will be provided in a
Participant Information Sheet.

Participation is completely voluntary and you are free to withdraw at any time. Participation will end
on completion of the second scan visit. You will be compensated for your time and inconvenience, and
any travel expenses will be reimbursed.

This study is being run by the Diabetes Research Team led by Prof. Stephanie Amiel, King’s College
London School of Medicine and has been approved by the King’s College Hospital NHS Foundation

Trust Research Ethics and Research & Development Committees.

For further information please contact Dr. Yee Seun Cheah, Clinical Research Fellow and Specialist
Registrar in Diabetes & Endocrinology, telephone 020 7848 5654 or email yee.cheah@kcl.ac.uk

Thank you for reading this message.
Dr. Yee Seun Cheah

Diabetes Research Group, King’s College London, Room 3.35 Weston Education Centre, Cutcombe
Road, London SE5 9RJ
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Subject heading: Effects of food ingestion on brain activation - circular

Circular email for use for recruitment of insulin resistant volunteers for study ref: 10/H0808/47,
approved by King's College Hospital Research Ethics Committee. This project contributes to
the College's role in conducting research, and teaching research methods. You are under no
obligation to reply to this email, however if you choose to, participation in this research is
voluntary and you may withdraw at anytime.

We are looking for healthy male volunteers, aged 18-65 years who are 1st degree relatives of
people with Type 2 diabetes, to participate in our study of the effect of eating on brain activity.
This will help us understand why some people are more prone to diabetes and weight gain,
and may potentially allow the future development of new ways to prevent and treat obesity
and diabetes.

Volunteers will attend a total of 6 visits. You will initially attend a screening visit at King's
College Hospital (KCH), where you will provide a full medical history and undergo a brief
physical examination by a doctor. You will also be asked to provide a sample of urine, and a
sample of blood (approximately 10ml/2 tsp) after an overnight fast of 8 hours. This will take
approximately 1 hour. The 2nd visit to KCH will involve taking blood samples at 30 minute
intervals over 2 hours (total 48mls/10 tsp) after a glucose drink to exclude the presence of
diabetes.

Volunteers will then attend the Centre for Neuroimaging Science (Institute of Psychiatry) on 2
separate mornings, where functional magnetic resonance imaging (MRI) brain scans will be
performed. On each visit, after an overnight fast, a small plastic tube or "drip" will be inserted
into a vein in the arm to allow blood to be taken for measurements of glucose (sugar) and
hormones that control appetite at 10 minute intervals during the scan (total 48mls/10 tsp each
visit). Each scan will involve lying on a trolley that will slide into the scanner tunnel using
strong magnets (no radiation) for approximately 1 hour in total, to produce pictures of the
brain. As this can be noisy, a microphone and headphones will be fitted with music being
played, whilst allowing us to ask questions about your hunger and appetite during the scans.
Images will be taken to detect the areas of the brain that are active after eating ice cream on
one visit, compared to drinking water on another visit, given during the scan, as well as the
responses to pictures of foods and everyday household objects shown during both visits. This
will allow us to look at the way the brain responds to the sight and eating of food.

After these initial scans, each volunteer will be given a 3 month course of either Metformin or
a placebo, allocated randomly. Metformin is an oral medication that improves the body's
response to insulin, a hormone that is produced naturally to control glucose levels. The
placebo has no active ingredients. After 2 further scans performed after this period, your
participation ends.

You will need to be right-handed, healthy with no significant medical illnesses (e.g. diabetes,
stroke, kidney or liver problems) and not be taking any regular medication that can influence
glucose levels or the brain. You will not be able to participate if you have any
contraindications to MRI scanning e.g. cardiac pacemaker, extensive dental work, history of
penetrating eye trauma, presence of certain metal surgical clips, claustrophobia. Full details
about the study, including further details on any risks involved in the procedures, and possible
side effects of the medication, will be provided in a Participant Information Sheet. Participation
is completely voluntary and you are free to withdraw at any time. You will be compensated for
your time and inconvenience, and any travel expenses will be reimbursed.

This study is being run by the Diabetes Research Team led by Prof. Stephanie Amiel, King's
College London School of Medicine and has been approved by the King's College Hospital
NHS Foundation Trust Research Ethics and Research & Development Committees. For
further information please contact Dr. Yee Seun Cheah, Clinical Research Fellow, tel: 020
7848 5654 / email: yee.cheah@kcl.ac.uk. Thank you for reading this message.
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Diabetes Research Group University of London
Division of Gene & Cell Based Therapy

King’s College London School of Medicine

Denmark Hill Campus

c/o James Black Centre

Coldharbour Lane

London SES5 9RS

Tel: 020 3299 2311

Email: yee.cheah@kcl.ac.uk

General Practitioner / Consultant
Date:

Dear Dr.

Re: Functional magnetic resonance imaging study of brain responses to food image
viewing and food ingestion in insulin resistance (insulin sensitive volunteers)

I am writing to inform you that your patient, has consented to
take part in a research study looking at the brain’s responses to nutrient ingestion in healthy
volunteers, using functional magnetic resonance imaging (fMRI), led by Professor Stephanie
Amiel at King’s College London and King’s College Hospital.

Your patient has attended a screening visit and will undergo an oral glucose tolerance test to
exclude the presence of diabetes. He will attend the Institute of Psychiatry’s Centre for
Neuroimaging Sciences on 2 separate occasions, no less than 24 hours apart. On each visit,
after an overnight fast, he/she will receive in random order either ice cream or water whilst
undergoing fMRI brain scans. Blood will also be taken to allow us to measure both brain,
hormonal and metabolic responses to food/water ingestion. The results of these studies in
healthy volunteers will allow us to make comparisons with people with insulin resistance and
at risk of diabetes and obesity.

We do not anticipate that participation will place patients at risk. As your patient is healthy
we do not anticipate that there will be any abnormal findings, but we will of course inform

you of anything untoward that is detected during these studies.

If you have any questions, or require further information, or if you think that your patient
should not participate in this study, please do not hesitate to contact me.

Yours sincerely,

Dr. Yee Seun Cheah MA MSc MRCP(UK)
NIHR BRC Clinical Research Fellow and Specialist Registrar in Diabetes & Endocrinology
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Diabetes Research Group University of London
Division of Gene & Cell Based Therapy

King’s College London School of Medicine

Room 3.35, Weston Education Centre

Cutcombe Road

London SES5 9RJ

Tel: 020 7848 5654

Email: yee.cheah@kcl.ac.uk

General Practitioner / Consultant
Date:

Dear Dr.

Re: Functional magnetic resonance imaging study of brain responses to food image
viewing and food ingestion in insulin resistance (insulin resistant volunteers)

I am writing to inform you that your patient, has consented to
take part in a research study looking at the brain’s responses to nutrient ingestion in healthy
volunteers with insulin resistance, at risk of developing diabetes and obesity, using functional
magnetic resonance imaging (fMRI), led by Professor Stephanie Amiel at King’s College
London and King’s College Hospital.

Your patient has attended a screening visit which has identified the presence of insulin
resistance. He will undergo an oral glucose tolerance test to exclude the presence of diabetes.
He will then attend the Institute of Psychiatry’s Centre for Neuroimaging Sciences on 2
separate occasions, no less than 24 hours apart. On each visit, after an overnight fast, he/she
will receive in random order either ice cream or water whilst undergoing fMRI brain scans.
Blood will also be taken to allow us to measure both brain, hormonal and metabolic responses
to food/water ingestion.

After these initial neuroimaging studies, he will receive Glucophage SR (metformin
hydrochloride), at a maximum dose of 2g once daily over 3 months. Lifestyle advice in the
form of exercise and diet will also be provided. After completing this treatment he will then
undergo the same neuroimaging studies described above, to determine the effect of improving
insulin resistance on these processes.

We do not anticipate that participation will place patients at risk. As your patient is healthy
we do not anticipate that there will be any abnormal findings, but we will of course inform

you of anything untoward that is detected during these studies.

If you have any questions, or require further information, or if you think that your patient
should not participate in this study, please do not hesitate to contact me.

Yours sincerely,

Dr. Yee Seun Cheah MA MSc MRCP(UK)
NIHR BRC Clinical Research Fellow and Specialist Registrar in Diabetes & Endocrinology
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