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Abstract 

The prevalence of obesity has increased globally over the past four decades, 

and one of the primary factors implicated is the increased availability of highly 

processed, inexpensive, energy-dense foods that offer palatability but little 

nutritional value. However, not all humans are obese, suggesting that the individual 

variation in several physiological, psychological, biological and social-economic 

factors play a role in moderating eating behaviour in response to palatable food cues. 

The purpose of this thesis is to investigate (a) how the increased availability of 

highly palatable energy-dense foods, served in large portions yet containing little 

nutritional value, impacts appetite and amounts eaten; (b) how the individual 

variation in psychological, physiological, biological and socio-economic 

characteristics increases the susceptibility to overeating these foods.  

The first two studies investigated the appetite and eating behaviour responses 

to consuming foods containing high levels of fat and sugar (Chapter 3 and 4). In a 

sample of twenty-five adults, the addition of sweetness to a high-fat food 

significantly enhanced the palatability and desire to eat on initial tasting. During the 

early stages of the meal, sweetness sustained feelings of hunger and the motivation 

to eat. These responses were associated with a higher intake of food (Chapter 3).In a 

second study, in ten participants, sweetness sustained prandial acyl-ghrelin levels, 

but these responses were not associated with increased food intake (Chapter 4).   

The third study investigated how the individual variation in lifestyle factors 

(level of physical activity), dietary protein requirements and physiological 

characteristics influenced the appetite and eating behavioural responses to low 

protein intake (Chapter 5). Level of physical activity did not influence the response 

to a low protein meal as marginal differences were observed between the active (n = 
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9), moderately active (n = 9),  and sedentary group (n = 8). However, across the 

group it was found that body composition and resting metabolic rate was strongly 

associated with energy and protein intake.  

The fourth study investigated the biological, psychological, anthropometric 

and socio-economic factors associated with obesity-related eating behaviours and 

attitudes toward food in a large community-based sample (n = 560, 240 men, 320 

women). In this sample, overweight individuals or individuals with obesity were 

more likely to have the at-risk AA/AT FTO allele and be of lower socioeconomic 

status; in addition, they showed a greater motivation to eat energy-dense foods and 

reported eating these foods more often. Furthermore, when viewing images of fixed 

portions of food, overweight and obese individuals reported lower anticipated 

satiation for energy-dense foods (Chapter 6). 

The final study investigated the relationship between estimated portion size 

chosen for lunch and obesity in a large community-based sample (n = 555, 235 men, 

306 women). The maximum food portion size for five foods was predicted by resting 

metabolic rate, body fat (waist-to-height ratio), age and sex. Body mass index and fat 

mass did not significantly predict portion size. Individuals with a higher resting 

metabolic rate chose larger food portions, while a higher waist-to-height ratio 

predicted smaller portion sizes. Across the sample, the maximum portion size of 

high energy-dense foods chosen provided more energy than the energy provided by 

portions of low energy-dense foods (Chapter 7).  

Taken together, these results suggest a Western-style diet of energy-dense 

foods, rich in fat and sugar, influences appetite and eating behaviour. These foods 

heighten the sensory experience and reward response when eating, consequently 

encouraging a higher food intake. The individual variation in protein need and level 
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of physical activity may modify the response to a low protein diet or meal; however 

further research is needed to investigate this research question. This thesis observed 

the  individual variation in body composition and metabolic rate may direct food 

intake, macronutrient balance, and decisions about food portion size. The individual 

variation in restrained eating, weight status and inheritable traits may also increase 

the susceptibility to palatable food cues, meaning that these individuals are at risk of 

overeating. Individuals of lower socioeconomic status may also be vulnerable to 

overeating energy-dense foods as they demonstrate a heightened reward response 

and preference for high energy-dense foods yet find these foods to be less satisfying. 

These findings provide an informative insight into the factors that influence 

overeating and the development of obesity. Importantly, these insights should 

advance the development of research in this area.  
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Chapter 1: Introduction  

1.1 Outline of the research question in context: The global prevalence of obesity 

and socioeconomic burden 

The prevalence of obesity has increased globally over the past four decades, 

and it is now estimated that over 1.9 billion adults (aged 18 years or older) are 

overweight or obese (overweight: Body Mass Index (BMI) of 25 to 29.9 kg.m-2, or 

obese: BMI >30 kg.m-2 (World Health Organisation, 2019). The worldwide increase 

in obesity has risen from 3.2 to 10.8% in men, and from 6.4 to 14.9% in women 

since the 1970s (NCD Risk Factor Collaboration (NCD-RisC), 2016). These trends 

have also been reported in children and adolescents where prevalence has increased 

from 0.7 to 5.6% in boys and 0.9 to 7.8% in girls (NCD Risk Factor Collaboration 

(NCD-RisC), 2017). Notably, the rates of increase in developed countries have 

begun to plateau (Blüher, 2019; Jebb, 2017). However, obesity rates have continued 

to rise in low to middle-income developing countries in south and south-east Asia, 

the Caribbean and southern Latin America (Blüher, 2019; Jaacks et al., 2019). In 

England, it is estimated that approximately 64% of adults are overweight, of whom 

26% men and 27% of women are now classed as obese (Health Survey for England, 

2018). The prevalence of childhood obesity has remained stable over the past decade 

for children aged 4-5 years (10%); however there is a deprivation gap observed as 

rates decreased amongst children living in the least deprived regions, but increased 

in children living in the most deprived areas (The Health and Social Care 

Information Centre (NHS Digital), 2018a). In children aged 10-11 years, obesity 

prevalence increased to 20% and highest increase was observed for children living in 

the most deprived areas (The Health and Social Care Information Centre (NHS 

Digital), 2018b).  



2 

 

 

Obesity is associated with many comorbidities and disabilities. Diseases such 

as type 2 diabetes (Pedersen, 2013), cardiovascular disease and hypertension 

(Chrostowska et al., 2013), renal, breast, endometrial, adenocarcinoma and colon 

cancer (Arnold et al., 2016; Boeing, 2013), osteoarthritis and mobility disability 

(Forhan & Gill, 2013), and depression (Taylor et al., 2013) are all significantly 

associated with being overweight or obese. Furthermore, the estimated death rate 

attributed to obesity is approximately 5% of deaths each year (Dobbs et al., 2014), 

and the life expectancy from the age 40 years and older is estimated to be 4.2 years 

shorter in obese men and 3.5 years shorter in obese women (Bhaskaran et al., 2018). 

The associated health costs to the national health services in both the United States 

and the UK represent a substantial financial burden (Lehnert et al., 2013). In the US, 

the most expensive obesity-related comorbidities are hypertensive diseases, 

dyslipidaemia and osteoarthritis which are projected to cost over $18 million per 

annum to treat 100 000 patients (Li et al., 2015). In the UK, healthcare costs 

attributed to the states of being overweight or obese are estimated to increase 

annually by 12 and 36%, respectively (Kent et al., 2017). As such, the estimated 

financial burden associated with obesity is expected to increase by $48 - 66 billion 

per year in the US and £1.9 - 2 billion in the UK by 2030 (Wang et al., 2011). Since 

the associated health, medical and economical concerns are vast, there is an urgent 

need to understand the forces driving the obesity epidemic and to prioritise obesity 

treatment and prevention strategies. 

1.2 The Obesity System Map 

The increasing prevalence of obesity has prompted extensive research into 

understanding why individuals are becoming obese. Accordingly, over the past four 

decades, research studies have identified numerous physiological, biological, 
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psychological, environmental and socio-economic factors that are involved in the 

development of the obese condition. To summarise the relevant research, the 

Foresight Programme of the UK Government Office for Science published the 

Obesity System Map in 2007 which conceptualises the relevant factors and their 

interactions on obesity (Please refer to figure 1, Foresight, 2007). The map identifies 

108 variables arranged into seven clusters, including ‘food production’, ‘food 

consumption’, ‘social psychology’, ‘individual psychology’, ‘physical activity 

environment’, ‘individual physical activity’ and ‘individual physiology’. At the 

centre of the map is energy balance, characterised by the balance between energy 

intake and expenditure and the map models how these variables interact (either 

positively or negatively) to influence energy balance. By its very nature, the map is 

detailed and complex (Finegood et al., 2010), and many of the areas have been 

developed further by research published since its release in 2007. However, there are 

two messages that I have drawn from this publication. First, despite its complexity, 

the map describes how the obese condition develops from a chronic imbalance 

between intake and expenditure, although there may be many pathways that lead to 

these imbalances. The predominant view is that obesity develops because individuals 

are consuming too much food relative to their energy requirements, yet not 

expending enough energy to match their intake (Crino et al., 2015; Schwartz et al., 

2017). If energy intake exceeds energy expended, a positive energy balance occurs, 

and over time leads to increased body weight, excess adiposity and eventually 

obesity (Hill et al., 2012; Hill, 2006).  

The second observation is that these variables and their clusters broadly fit 

into two categories: those that are intrinsic to the individual (referring to the clusters 

of ‘biology’, ‘individual activity’ and ‘individual psychology’) and those that are 
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extrinsic to the individual and describe the environmental impact on individuals 

behaviour (‘societal influences’, ‘food production’, ‘food consumption’, ‘activity 

environment’). Many recognise that the modern, Western environment has played a 

crucial role in driving the increased prevalence of obesity. There have been many 

socio-economic, agricultural and technological developments that have changed the 

way humans now move and eat, notably with the increased availability of processed, 

energy-dense, palatable foods, and reduced need to participate in energetically 

demanding activities  (Jaacks et al., 2019; Popkin, 2006; Swinburn et al., 2011). 

Evidently, a large proportion of the global and local population are not obese, which 

indicates that some individuals are more susceptible to these environmental factors 

than others. This observation is not only relevant for our understanding of the 

aetiology of obesity, but also in the development of effective interventions and 

strategies that will reverse obesity trends. The environmental drivers and interaction 

of the individual are the two predominant themes explored in my thesis. 

1.3 Environmental drivers of the obesity epidemic 

Over the past century, there have been dramatic developments in economic, 

technological, agricultural, and social sectors that have fundamentally changed how 

humans live. The advances in technology and the expansion of global trade systems 

have improved the manufacturing, production and distribution of food, yet these 

changes have led to the increased production of processed, highly palatable, energy-

dense foods (James, 2008; Popkin, 2015; Swinburn et al., 2011).  This has shifted 

dietary intake away from traditional diets containing unprocessed or minimally 

processed, native foods, to Western diets consisting of heavily processed (ultra-

processed) foods rich in fat and sugars, a phenomenon described as ''Nutrition 

transition'' (Monteiro et al., 2017; Popkin, 2017). There is also improved 
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accessibility to these foods, as increases in population density has increased the 

proportion of fast food outlets, restaurants, supermarkets and retailers found in urban 

areas (Burgoine et al., 2016; Maguire et al., 2015). The current environment is no 

longer food scarce, but abundant in food supply (Penney et al., 2018). Moreover, the 

use of smart marketing tactics through television, social media and print media, 

further entices the consumer to purchase these foods, making food tempting and 

difficult to resist (Moodie et al., 2013), therefore increasing the likelihood to eat. 

There has also been a dramatic shift in activity levels over this period. 

Improvements in technology and increased automation has reduced the need to 

participate in energy-demanding activities that previously formed part of 

occupational work, domestic work and travel, consequently increasing sedentary 

behaviour (Church et al., 2011; Ng & Popkin, 2012). It is noted, however, that 

activity levels declined rapidly between the 1970s and 2000s yet have remained 

relatively stable over the last two decades while obesity levels have dramatically 

increased (Westerterp & Speakman, 2008). This suggests that the energy imbalance 

causing obesity is driven predominantly by increased energy intake (Swinburn et al., 

2011). Indeed, population-level studies reveal a substantial increase in daily energy 

intake over the past four decades (Austin & Krueger, 2013; Austin et al., 2011; 

Yancy et al., 2013), in particular, an increased intake of energy from fat, sugar and 

alcohol (Austin & Krueger, 2013), and the profile of macronutrient supply has 

changed to favour fat and carbohydrate (Martinez-Cordero et al., 2012; Simpson & 

Raubenheimer, 2005). Adults are less active and participate in more sedentary 

activities, such as watching television, playing video games, listening to music and 

engaging in sedentary occupations, than manual labour and domestic duties (Chaput 

et al., 2009; Church et al., 2011; Giallonardo & Warburton, 2016; Ng & Popkin, 
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2012). These changes to modern, Western society have led to the environment aptly 

described as obesogenic.  

The view that obesity develops from chronic overconsumption of food 

suggests that the current food environment has a profound impact on human eating 

behaviour. Accordingly, studies have identified that environmental factors such as 

food palatability, energy density and portion size, strongly encourage overeating in 

humans (Ledikwe et al., 2005; McCrory et al., 2006; Rolls, 2018). There are, 

however, several gaps in the scientific literature that remain unexplored. The 

combination of high levels of fat and tastants (sweet or salty) greatly enhances food 

palatability and is an essential feature of Western cuisine. Palatability has an 

appetising effect on ingestive behaviour by stimulating hunger in the early stages of 

eating and encouraging the consumption of more food (Yeomans, 2000; Yeomans et 

al., 2004). However, less is known about how palatable combinations of fat and 

sweetness in food influence appetite and eating behaviour, and whether these foods 

elicit a more pleasurable and rewarding eating experience that then encourages 

overeating. An understanding of underlying appetite mechanisms is vital as previous 

research has focused on the hypothesis that individuals with obesity have a ‘sweet-

tooth’ and overeat sweet foods. Yet, on the contrary, the preference for sweetness is 

inversely related to obesity, and obese demonstrate a higher preference for high-fat 

foods, particularly those containing high levels of salt or sugar (Bartoshuk et al., 

2006; Cox et al., 1999; Lampuré et al., 2016). Moreover, there is evidence that the 

obese may be more sensitive to detection of sweetness, showing higher intensity 

ratings and lower detection thresholds in psychophysical tests using a range of 

sucrose concentrations in water (Hardikar et al., 2017; Pasquet et al., 2007). Notably 

other studies have not confirmed this finding or report a reduced taste sensitivity in 
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obese individuals (Bertoli, 2014; Pepino et al., 2010; Simchen et al., 2006). 

However, there may be an interaction between fat content and tastant such that the 

high-fat content masks sensory perception and allows for a greater intake of food. 

Therefore, understanding the link between gustatory perception and obesity is crucial 

to determine how high-fat, sweetened foods influences appetite and eating 

behaviour. 

Secondly, a primary feature of the Western diet is that the highly processed 

foods on offer have low nutritional value, with a lower proportion of micronutrients, 

dietary fibre and protein (Martínez Steele et al., 2017). The Protein Leverage 

Hypothesis proposes that human appetite is strongly regulated by the intake of 

dietary protein, such that if intake is insufficient, appetite is stimulated and food 

intake is encouraged until a sufficient protein intake is achieved (Simpson & 

Raubenheimer, 2005). This phenomenon is widely observed in non-human animals 

(Booth & Toates, 1974; Gibson & Booth, 1986; Gietzen & Aja, 2012; Gietzen & 

Rogers, 2006).  Epidemiological data provide support for the Protein Leverage 

Hypothesis as a model for obesity development (Hall, 2018, 2019; Martinez-Cordero 

et al., 2012; Martínez Steele et al., 2018). However, experimental studies have failed 

consistently to demonstrate the effect of protein restriction on appetite and eating 

behaviour in human beings.  There is a need to explore whether dietary and lifestyle 

factors, such as dietary protein requirements and level of physical activity, play a 

role in directing responses to protein restriction.  

Thirdly, the increased prevalence of obesity is attributed to the increased 

availability of larger-sized food portions over the past 25 years (Young & Nestle, 

2002, 2012). Serving larger-sized food portions encourages a higher energy intake 

and weight gain (Rolls, 2014), yet evidence that individuals with a higher body mass 
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index (BMI) consistently choose larger portions of food is inconsistent (Brunstrom et 

al., 2008; Brunstrom & Shakeshaft, 2009; Fay et al., 2011; Reily et al., 2016; 

Wilkinson et al., 2012) . There is a need to explore the relationship between excess 

adiposity and portion size, because in addition to understanding its contribution to 

the development of obesity, it also represents a key area for industry regulation and 

the rationale for the reformulation and downsizing of food products (Dobbs et al., 

2014; Hetherington et al., 2018). 

1.3 Individual variation in response to an obesogenic environment 

Despite the potency of an obesogenic environment, these factors do not 

influence all human beings in the same way. Across the world, a sizeable proportion 

of individuals remain lean, as it is estimated that 39% of adults are overweight, of 

which 13% are obese (World Health Organisation, 2019). In England, there is a 

smaller proportion of the population who remain lean (approximately 30% of the UK 

population, The Health and Social Care Information Centre (NHS Digital), 2018b), 

meaning that these individuals are resistant to the environmental factors influencing 

eating behaviour and energy expenditure. In contrast, a higher proportion of the 

population (nearly 70% of the UK population) is overweight or obese, indicating that 

these individuals are more susceptible to these environmental factors and so gain 

weight (Blundell et al., 2005). Consequently, there has been an increased effort made 

to understand how variation in genetic, biological, physiological and psychological 

factors can render an individual prone to the obesogenic nature of the food 

environment.  

The interaction between the individual and the environment is modelled in 

The Obesity System Map (Foresight, 2007) where variables relating to the external 

environment act through the individual physiological, biological and psychological 
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traits (or state) to influence energy balance. One example is within the ‘Individual 

Psychology’ cluster: the map models how the variable ‘stress’ is influenced by 

environmental variables like ‘perceived lack of time’, which consequently influences 

‘demand for indulgence or compensation’ and impacts the ‘Forces of dietary habits’ 

(this interaction is highlighted in pathway A in Figure 1). In other words, an 

individual who perceives they have little time may experience more stress and permit 

themselves to eat palatable food, which may be influenced by habitual eating 

behaviour (Wardle & Gibson, 2016).  

Since the publication of the map, however, there has been substantial 

progress in understanding of the role of the individual. Several psychometric tools 

have been developed or revised to assess obesity-related eating behaviours, eating 

styles or personality traits. These include new tools such as the Power of Food Scale 

which assesses how the food environment influences the individual (Lowe et al., 

2009), or revised tools to measure eating styles (Three-factor eating questionnaire 

Rv18, Cappelleri et al., 2009) and trait impulsivity (Barratt Impulsiveness Scale, 

BIS-15, Spinella, 2007), or the assessment of behavioural components of food 

reward (Epstein et al., 2007; Finlayson et al., 2007). Neuroimaging technology, for 

instance functional magnetic resonance imaging (fMRI), has allowed for the 

assessment of the neurobiological functioning that underpins aberrant eating 

behaviour, specifically in reward-based eating (Stice & Burger, 2019). These studies 

have enhanced our understanding of how the individual variation in these traits or 

behaviours may lead to more susceptibility to palatable food cues.  

Studies have also characterised population groups that are at greater risk of 

weight gain. Genome-wide association studies have more than 900 near independent 

single nucleotide polymorphisms associated with BMI (Van Der Klaauw & Farooqi, 
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2015; Yengo et al., 2018), and more specifically identified that polymorphisms of 

the Fat Mass and Obesity associated gene (FTO) are associated with a preference for 

high energy-dense foods and altered appetite responses with eating (Den Hoed et al., 

2009; Dougkas et al., 2013; Rutters et al., 2010; Wardle et al., 2008). Similarly, the 

relationship between socioeconomic status and obesity has gained considerable 

attention, as the prevalence of obesity is increasing at a faster rate in developing 

countries amongst those with lower socioeconomic status (Monteiro et al., 2004; 

Popkin et al., 2012). The increased obesity rates observed for these countries is 

attributed to the rapid economic changes, increased urbanisation and, importantly, 

the increased availability of cheap, processed, energy-dense foods (Ford & Mokdad, 

2008; Monteiro et al., 2004; Popkin et al., 2012). The increased availability and 

accessibility of highly processed foods may also impact prospective food choices 

and attitudes towards food; however comparatively little is known about how an 

individual’s socioeconomic status influences responses to an obesogenic food 

environment. 

1.4 Thesis outline 

My thesis draws from a full body of research to investigate specific areas of 

interest. High-fat, sweet foods are associated with food reward, yet individuals who 

exhibit a heightened sensitivity to reward or trait impulsivity may be more 

susceptible to the rewarding properties of these foods (Davis, 2009; Mobbs et al., 

2010; Stice & Burger, 2019). Individuals who practise certain eating styles, such as 

cognitive restraint, disinhibition or emotional eating, may find high-fat, sweet foods 

more appealing and difficult to resist  (Davis, 2009; Gibson, 2012; Mobbs et al., 

2010). Moreover, the individual variation in appetite-related hormones in response to 

consuming high-fat, sweet food may predict a higher food intake.  
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The thesis also investigates whether the individual variation in physiological 

and physical activity (lifestyle) factors predicts the response to consuming a protein-

restricted diet and may explain the inconsistency observed in the experimental 

studies investigating protein leverage. Individuals who participate in regular physical 

activity arguably have higher dietary protein needs (Beals & Mitchell, 2015). 

Furthermore, physical activity not only increases energy and macronutrient 

requirements but also improves appetite control allowing the individual more 

accurately to match their food intake to their energy needs (Beaulieu et al., 2018).  

Therefore, these factors may influence how individuals respond to consuming a low-

protein diet. 

Lastly, eating behaviour is influenced by the motivation to obtain food, and 

the appetite responses with food ingestion that cause the meal to end (defined as 

satiation) and delay the onset of the next meal (defined as satiety) (Blundell, 2001; 

Dalton, Finlayson, et al., 2013; Tremblay & Bellisle, 2015). Aspects of eating 

behaviour, such as a heightened motivation to obtain food and weaker satiety 

response with eating, are observed in individuals with obesity (Drapeau et al., 2013; 

Epstein et al., 2012). Studies have largely investigated these behaviours at an 

experimental, laboratory-based level, yet further investigations are needed to 

determine whether individuals exhibit these tendencies or behaviours at a 

population-based level.  

The next chapter (Chapter 2) will review the biopsychological and 

environmental factors associated with overeating and identify research questions that 

will be addressed within the thesis. This chapter will outline the specific aims of 

each experimental study. Chapters 3 to 7 will describe the rationale, methods, results 

and conclusions of each experimental study. The findings of the experimental studies 
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are discussed in Chapter 8, where I summarise and conclude on some 

biopsychological factors influencing appetite, eating behaviour and the development 

of the obese condition. Chapter 8 also considers the contribution of the thesis to the 

wider body of knowledge, direction for future research and implications for 

understanding the aetiology of obesity.  
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Chapter 2: Literature review:  Characterising the biopsychological factors 

associated with overeating 

2.1 Overview 

The thesis explores the biopsychological factors that cause overeating under 

two common themes: 1) The obesogenic nature of the food environment; 2) The 

individual characteristics that increase susceptibility to a palatable food environment 

and cause overeating. An overview of the biopsychological and environmental 

factors explored in my thesis is presented in Figure 2.1. This chapter reviews the 

body of knowledge of the environmental, biological, physiological, psychological, 

socio-economic and genetic factors that are associated with overeating and identifies 

gaps for further investigation. The review is not exhaustive but provides a 

background to the research investigations undertaken in the proceeding experimental 

chapters. Additional information is presented in the introduction to each 

experimental chapter.  

This chapter explores how environmental factors such as food palatability, 

low protein availability and larger-sized food portions influence appetite to provoke 

overeating. This chapter reviews how high-fat, sweet foods may alter the normal 

processes of appetite regulation that control taste perception, hunger, satiety and 

food reward, thereby provoking overeating. In this context, the chapter explores the 

Protein Leverage Hypothesis and evidence supporting a protein-regulated appetite 

that argues for one specific mechanism contributing to overeating (Steele et al., 

2018; Simpson & Raubenheimer, 2005). The empirical evidence supporting protein 

leverage in humans is inconsistent, and there is a need to understand how individual 

variation in physical characteristics and lifestyle factors predicts the response to a 

low-protein diet. The chapter explores the association between portion size and 
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adiposity (Rolls, 2018). A higher BMI is not consistently associated with choosing 

larger portion sizes. The thesis posits that another index of obesity, for instance 

waist-to-height ratio may be a better predictor of food portion size. 

Throughout the chapter, I explore how the variation in biological, 

physiological, psychological, socioeconomic factors that may render an individual 

more susceptible to overeating, particularly when exposed to palatable food cues.  

Specifically, whether individuals who exhibit obesity-related personality traits, 

eating styles or eating behaviours find high-fat, sweet foods more pleasurable and 

rewarding to eat, and therefore at risk of overeating these foods. Additionally, 

whether the individual susceptibility to palatable food cues may be reflected in 

variations in appetite hormones, such as the hunger-related hormone ghrelin.  

The chapter also explores how the individual variation in body composition, 

metabolism and activity levels may predict appetite and eating responses to a 

protein-restricted (Blundell, 2018).  

Last, obesity is associated with eating behaviour traits, such as a heightened 

motivation to eat or reduced satiety response to food. In large sample populations the 

individual variation in genetic traits, age, sex and socio-economic status may be 

associated with these eating behaviours traits and predict the response to palatable 

food cues.  
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Figure 2.1: Overview of the factors associated with overeating explored in this thesis. These factors are discussed under two themes: 1) Obesogenic food environment: highly 

palatable, energy-dense, high-fat, sweet foods; foods (Palatable energy-dense foods) providing low protein nutritional value (Protein Leverage Hypothesis); foods served in 

larger-sized portions (Larger-portion sizes). These factors significantly influence appetite and food intake. 2) self-regulation: individual variation in physiological (body 

composition, metabolic rate, dietary protein need), psychological (personality traits, eating behaviours, eating styles), lifestyle (physical activity) and age, sex, socio-

economic factors (education level), and genetic traits (FTO AA/AT allele) moderating responses to the obesogenic food environment (black arrows), rendering an individual 

prone to overeating and incurring a positive energy balance (grey arrows).  
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2.2 The physiological responses to consuming high fat, sweetened foods: do 

these foods heighten reward processes and undermine appetite control? 

Many of the foods found in a Western diet are appetising, yet are heavily 

processed, containing high amounts of fat, refined starch, sugar and or salt, with 

minimal amounts of protein, dietary fibre and micronutrients (Monteiro et al., 2017). 

The macronutrient and flavour combinations in these foods, such as high levels of fat 

and sugar, enhance palatability and the appeal of these foods. However, high levels 

of fat and sugar are rarely found in naturally occurring foods.  Since the taste of 

sweetness and of fat is generally acceptable to humans, foods that combine high 

levels of fat and sugar (sweetness) may exploit the liking for these tastes, and evoke 

a more rewarding experience when eating that then encourages food intake 

(Drewnowski & Almiron-roig, 2010; Small & DiFeliceantonio, 2019). Furthermore, 

the heightened responses may alter the physiological processes that regulate appetite, 

yet further work is needed to understand the specific mechanisms that influence short 

term eating behaviour. 

  

2.2.1 Do high-fat, sweet foods exploit natural liking for sweet and fat flavours? 

Taste plays an important role in the ingestive processes. The mechanisms of 

taste allow for the sensory evaluation of food to determine its nutrient content, and 

whether it provides a good source of energy and is safe to eat. The taste of sweetness 

and fat provide an indication of a source of energy, while bitter or sour tastes may 

indicate that the food is poisonous or contaminated (Besnard et al., 2015; Keast & 

Costanzo, 2015; Low et al., 2014).   

In humans, sweet and fat are tastes that are commonly accepted and liked. 

The taste of sweetness evokes pleasurable sensation and acceptance is observed from 
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birth and continues throughout life (Beauchamp & Mennella, 2009; Beauchamp, 

2016; Drewnowski et al., 2012).  The taste of sweetness is associated with, and may 

have evolved to indicate, an immediate source of energy (Beauchamp, 2016; 

Drewnowski et al., 2012). Sweetness is an important component of breastmilk, as it 

encourages infants to latch and feed, ensuring growth and development (Beauchamp 

& Mennella, 2009; Mennella & Bobowski, 2015). More recently the idea that human 

liking for sweetness is universal has been challenged (Iatridi et al., 2019; Yeomans et 

al., 2007), instead there appears to be several sweet liking phenotypes including 

individuals who dislike the taste of sweetness (Drewnowski et al., 1997; Yoon et al., 

2014; Methven et al., 2016).  

The taste of fat in food is also a commonly liked and accepted taste. Fat 

enhances the taste, odour and textural qualities in food and gives a favourable 

sensory profile, for instance the creamy, smooth, crispy or thick oral sensations that 

individuals attribute to high-fat foods (Drewnowski, 1998; Drewnowski & Almiron-

roig, 2010).  The taste and textural properties of fat are encoded as pleasant 

sensations (de Araujo & Rolls, 2004; Grabenhorst et al., 2010; Rolls, 2011). 

The liking for fat may indicate a learned appetite preference for high-energy 

foods. It is proposed that consumption of high-energy (high fat) foods and post-

ingestive consequences, confers a positive sensation to the individual. The associated 

stimuli (such as the sight, smell, and taste of the food) are used to reinforce learning 

of a novel food. The learnt appetite for fat in food is evident from a young age where 

early experimental studies demonstrated that children learn to prefer flavours 

associated with high-energy versions of the food  (Gibson & Brunstrom, 2007; 

Gibson & Wardle, 2003; Ventura & Worobey, 2013).  
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The pleasant sensation and learnt appetite responses when consuming high-

fat foods may direct an  individual’s food intake and preferences. Experimental 

studies have demonstrated that Experimental studies have shown that humans are 

able to detect the presence of sweetness in food. Increasing the sugar concentration 

in solution increases the perceived sweetness intensity in a linear manner (Calviño et 

al., 1993; Choi & Chung, 2015; Graaf & Frijters, 1989; Peng et al., 2016). However, 

the pattern of hedonic responses with increasing sweetness varies between 

individuals. Some studies have identified two distinct phenotypes; sweet likers, 

whose hedonic ratings increase with increasing concentrations of sucrose; and sweet 

dislikers, whose hedonic ratings decrease with above a concentration threshold 

(Methven et al., 2016; Yeomans et al., 2007; Yeomans et al., 2009). Others have 

identified three or more distinct sweet liking groups (Garneau et al., 2018; Kim et al., 

2014, 2017). However, there is no agreement on the best protocol to identify 

different sweet-liking phenotypes, making it difficult to accurately classify 

individuals accordingly (Iatridi et al., 2019).  

The sensory perception of fat, however, appears to be more complex. Fat 

contributes to the texture, odour and taste sensory properties of food (Drewnowski & 

Almiron-roig, 2010), and there are a wide variety of fat sources (animal fats such as 

lard, butter, cream or vegetable sources such as sunflower oil) that influence the 

physiochemical properties and the sensory quality of the food (Bou et al., 2014). 

Humans are able to detect increasing concentrations of fatty acid in simple liquid 

solutions (Haryono et al., 2014; Mattes, 2009), however they find it more difficult to 

assess the fat content of more complex mixtures that are typically found in food, for 

instance fat found in solid food (Bolhuis et al., 2018; Drewnowski & Schwartz, 

1990; Drewnowski et al., 1989; Urbano et al., 2016).  
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In a natural food environment, taste processes direct the individual to 

consume foods that have a positive effect on nutritional status (Rolls, 2016). Foods 

that occur naturally, for instance, foods that are not manufactured or processed, 

rarely contain high levels of both fat and sugar. The exception is mammalian 

breastmilk, which is both high in fat and sugars and serves to encourage feeding and 

weight gain (Ballard & Morrow, 2013). However, even breastmilk only contains 

roughly 3.5% fat and 7% sugar (Ballard & Morrow, 2013), while processed foods of 

a western-style diet contain much higher levels of fat and refined carbohydrates 

(DiFeliceantonio et al., 2018). An example is a chocolate bar, which contains 30% 

fat and 57% carbohydrate, of which 56% is sugars (Cadbury, 2020). Foods that 

contain unnaturally high levels of fat and sweetness may override the sensory 

evaluation of these flavours and encourage overeating.  

Combinations of sweetness and fat in food have an effect on sensory 

perception. Experimental studies have shown that participants tasting foods 

containing either sweetness or fat generally rate these foods as pleasant and 

acceptable, however tasting foods that combine high levels of fat and sweetness 

elicits greater hedonic responses compared to tasting either macronutrient alone 

(Bolhuis et al., 2018; Drewnowski & Greenwood, 1983; Drewnowski et al., 1992, 

1989; Drewnowski & Schwartz, 1990; Hayes & Duffy, 2008; Urbano et al., 2016). 

Moreover, the fat-sweet combination appears to enhance pleasantness in the early 

stages of eating, as ratings increase when eating the first few spoonful’s of a high-fat, 

sweet yoghurt (Gibson et al., 2008). Importantly, additional sweetness interferes 

with the ability to sensorially evaluate the fat content in a high-fat food and allows 

for an acceptance of a higher level of fat (Bolhuis et al., 2018; Drewnowski & 

Schwartz, 1990; Drewnowski et al., 1989). Additionally, increasing the fat content 
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shifts the optimal level of preferred sweetness so that individuals prefer a higher 

level of sweetness in high-fat food compared to a low-fat food (Bolhuis et al., 2018). 

Consequently, individuals consume more of a high-fat sweet food compared to a 

bland, equicaloric version (Gibson et al., 2008; Valkauskaite & Gibson, 2010). It is 

noted that salt-fat flavour combinations also heightened hedonic responses and 

encourage overconsumption (Bolhuis et al., 2016; Bolhuis et al., 2016), however fat-

sweet combinations allow for the acceptance of a much greater level of fat in 

comparison to fat-salty combinations, suggesting that sweet-fat stimuli offer a 

distinctive effect on sensory perception. In other words, high fat, sweet stimuli alter 

sensory perception to a greater degree than high fat, salty stimuli (Bolhuis et al., 

2018).  

The inability to accurately assess fat content in food is important, because it 

suggests that the heightened palatability offered by sweet-fat combinations overrides 

the ability to sensorially evaluate the nutrient content of the food. Experimental 

studies have reported that participants unable to subjectively evaluate the energy 

content of high energy-dense foods, particularly foods containing high levels of fat 

and carbohydrate (Brunstrom et al., 2018; DiFeliceantonio et al., 2018). 

Neuroimaging studies have revealed that increasing sweetness in a chocolate 

milkshake increased neural activity in the Rolandic operculum and thalamus - 

regions that process oral somatosensation and gustatory stimulation - confirming that 

sweetness greatly enhances the sensory experience when tasting foods containing fat 

(Stice, Burger, et al., 2013a). However, the inability to accurately assess the energy 

value of high-fat, sweet foods was associated with altered neural activity in the 

fusiform cortex and neural connectivity between the fusiform gyrus and ventral-

medial prefrontal cortex, cingulate and cerebellum - regions responsible for 
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evaluating the energetic properties and value of the food (DiFeliceantonio et al., 

2018). Collectively, these studies suggest that high-fat, sweet foods exploit natural 

liking for sweet and fat flavours by altering the taste functionality and sensory 

perception when exposed to palatable food cues. Alterations in taste processing may 

contribute to appetite responses while eating, thereby encouraging a higher intake of 

food. 

2.2.2 Do high fat, sweet foods elicit supra-normal reward responses?  

Reward also plays a vital role in directing ingestive processes. The 

mechanisms of reward function to encode information gathered from sensory 

modalities with a value that guides food intake (Rolls, 2015).   In a food-scarce 

environment, it is argued these biological mechanisms offer an advantage to humans 

as reward processes promote selection and intake of energy-dense foods and in doing 

so, defend body weight (Breslin, 2013; Kenny, 2011; Stice, Figlewicz, et al., 2013). 

However, in the current food-abundant environment, these mechanisms may be 

exploited to promote excess food intake. Overeating, therefore, may be driven by 

alterations in reward processing, if responses are enhanced, weakened or dissociated 

(Berthoud et al., 2011; Erlanson-Albertsson, 2005). Furthermore, alterations in 

reward processes may predict overeating tendencies and obesity risk (Dalton, 

Finlayson, et al., 2013).  

Reward is characterised by three psychobiological components, namely, 

learning, ‘liking’ and ‘wanting’. The ‘liking’ and ‘wanting’ components reflect the 

pleasurable experience (‘liking’) and motivational drive to obtain food (‘wanting’) 

that define the qualitative aspects of eating behaviour (Berridge et al., 2009; 

Finlayson et al., 2007b, 2008). These components are underpinned by separate brain 

neuronal processes: ‘Liking’ is mediated by opioid neurotransmitters, and activation 
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amplifies the hedonic impact of sweet taste to encourage eating (Berridge & 

Kringelbach, 2013; Kringelbach & Berridge, 2010; Peciña & Berridge, 2000; Peciña, 

2008). ‘Wanting’ is encoded through the activation of the dopaminergic pathways 

found in the mesolimbic regions of the brain (Berridge, 2009; Zheng et al., 2009).  

Neuroimaging studies have shown that tasting or viewing pictures of high-fat, 

sweet foods activates neural pathways associated with encoding a reward value to 

those stimuli. These include the activation of gustatory regions (primary taste cortex, 

anterior insula, frontal operculum) and the limbic system such as the caudate, 

amygdala, and orbitofrontal cortex (Burger & Stice, 2011, 2012; de Araujo et al., 

2003; Killgore et al., 2003; Small et al., 2001; Stice, Burger, et al., 2013a). The 

ingestion of high-fat, sweet foods is also shown to stimulate opioid and 

dopaminergic networks.  In rats, palatable food consumption activated opioid, 

GABAergic and dopaminergic pathways within the nucleus accumbens and also 

increased the motivational drive to obtain food (Hajnal et al., 2004; Wise, 2006; 

Zhang et al., 2003). Activation of these circuits not only induced food-seeking 

behaviour but also strengthened the environmental cues associated with food to 

reinforce feeding behaviour (Van Ree et al., 2000; Volkow, Wang, Baler, 2012). In 

humans, consuming a preferred meal induced a higher release of dopamine in the 

dorsal putamen and caudate nucleus in proportion to the subjective ratings of 

pleasantness (Small, Gregory, et al., 2003). More recently, Thanarajah et al. (2019) 

demonstrated that consuming a high-fat, sweet chocolate milkshake induced both an 

immediate and delayed release of dopamine in central neural regions, consistent with 

tasting the food and postingestive gut hormone signalling. Tasting the food elicited 

an immediate release of dopamine in orosensory neural pathways located in the 

nucleus of the solitary tract, thalamus and frontal insular cortex. This was followed 
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with a second dopamine release about 15 - 20 minutes after food intake in regions 

within the amygdala, anterior and dorsomedial prefrontal cortex and caudate nucleus, 

demonstrating that high-fat, sweet foods elicit a dopaminergic reward response in the 

early and latter stages of eating.  

Alterations of these reward processes may underlie overeating. The liking 

and wanting processes typically operate in unison yet can operate independently, i.e. 

‘wanting’ to eat can occur even if the food is not ‘liked’ (Berridge & Kringelbach, 

2013; Berridge et al., 2009; Finlayson et al., 2007). The Incentive Sensitisation 

Model proposes that with repeated consumption of high energy-dense foods, cues 

associated with the food are encoded with an enhanced motivational salience through 

a process of conditioning. Subsequent exposure to these cues then promotes food 

craving and intake. Consequently, overeating arises from a dissociation of reward 

processes, where cues associated with palatable food evoking an enhanced ‘wanting’ 

may occur independently of ‘liking’ in a similar manner to reward processing 

dysfunctions observed in drug and alcohol abuse (Berridge et al., 2010; Berridge & 

Robinson, 2016).  

Certainly, behavioural and neuroimaging studies reveal that individuals 

demonstrate a greater preference and motivation to eat high-fat, sweet foods. There 

is a higher preference and desire to eat both high-fat, sweet  and savoury foods 

before a meal (Finlayson et al., 2007a), in line with the observation that high-calorie 

foods are more appealing to people when they are hungry (Goldstone et al., 2009; 

Siep et al., 2009). However, with satiation there remains an elevated implicit desire 

to eat sweet foods (Finlayson et al., 2008), particularly high-fat, sweet foods 

(Griffioen-Roose et al., 2011)  Furthermore, viewing images of high-fat, high 

carbohydrate (sweet) food elicited a greater neural response in the striatum compared 
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to foods high in carbohydrate or fat. The fat and sweet stimuli appeared to act 

synergistically on neural regions to potentiate the reward response (DiFeliceantonio 

et al., 2018). Moreover, individuals demonstrated a greater motivational drive to 

obtain the high-fat, sweet foods independently of ratings for pleasantness (liking). 

The dissociation of reward processes further strengthens the hypothesis that foods 

containing unnaturally high levels of fat and sugar elicited unnatural reward 

responses in humans and encourages the motivational aspects of eating behaviour 

independently of the hedonic value (Berridge et al., 2010; Small & DiFeliceantonio, 

2019).  

Taken together, these studies suggest that combinations of fat and sugar act to 

powerfully influence processes regulating taste and reward, namely the sensory 

evaluation of food and alterations in reward processing, respectively. However, less 

is known about how these processes operate during the meal. It may be that the 

consumption of high fat, sweetened foods alters the sensory evaluation of food and 

sustains the pleasantness and desire to eat during the meal to encourage a higher 

intake. If combinations of fat and sweet flavours offer a supra-additive effect on 

reward processing, it may be that excess food intake is encouraged through an 

enhanced ‘wanting’ independently of ‘liking’, consequently leading to excessive 

food intake and a positive energy balance. 

2.2.3 Do high-fat sweet foods undermine appetite control? 

Ingestive behaviour is controlled by a complex, integrative network of neural 

and metabolic systems that act to maintain energy homeostasis and defend body 

weight (Berthoud et al., 2012; Berthoud, 2007; Berthoud et al., 2017; Rossi & 

Stuber, 2018). 
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During eating, there is a cascade of neural, metabolic and endocrine events 

that act to regulate food intake (Berthoud, 2006; Chaudhri et al., 2008; Cummings & 

Overduin, 2007; Kringelbach, 2007; Simpson et al., 2009; Wynne, 2005). These 

changes underlie the subjective appetite sensations of hunger and satiety, and 

contribute to meal initiation and termination (Blundell, 2001; Tremblay & Bellisle, 

2015). For instance ghrelin, an orexigenic gut hormone, is released in response to 

fasting and acts to stimulate appetite (Cummings, 2006; Patterson, Gardiner, & 

Bloom, 2011). While other appetite hormones such as Glucagon-like peptide-1 

(GLP-1), peptide YY (PYY3-36), ( De Silva & Bloom, 2012) pancreatic polypeptide 

(PP) and cholescystokinin (CCK) (Wren & Bloom, 2007) are satiety hormones 

released in response to feeding and act to increase feelings of fullness (Chaudhri et 

al., 2008).  

The chronic consumption of a high fat and high sucrose diet is found to 

disrupt normal appetite functioning (Erlanson-Albertsson, 2005). In mice, high-fat 

feeding evokes changes in hunger-related hormones such as Agouti-peptide (Huang 

et al., 2003), increases in neuropeptide Y (Huang et al., 2004), increases in orexin 

(Wortley et al., 2003) and reduction in ghrelin (Moesgaard et al., 2004), while 

simultaneously altering the release of satiety related hormones such as 

Cholecystokinin (CCK) (Covasa et al., 2000) and Glucagon-like peptide 1 (GLP-1), 

and inducing leptin and insulin resistance in rats (Woods et al., 2003).  

More recently experimental studies have demonstrated that consumption of a 

high-fat, refined sugar (HFS) diet changes hippocampal metabolism and function. 

This has been reflected as changes in brain glucose transport (GLUT1) and 

monocarboxylate transporter 1 (MCT1) expression (Sample et al., 2016), alterations 

in hippocampal and hypothalamic brain derived neurotrophic factor (BDNF) (Gan et 
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al., 2015; Molteni et al., 2002) and evidence of neuroinflammation (Boitard et al., 

2014; Sobesky et al., 2014). Furthermore, rats fed a HFS diet demonstrate a reduced 

ability to recognise internal appetite signals relating to nutritional status (Sample et 

al., 2016). Taken together these studies demonstrate that consumption of a fat-rich, 

refined sugar diet leads to acute changes in appetite function. 

However, less is known about the changes that occur with acute consumption 

of high fat, sweet foods. For instance, it is not clear whether the taste of sweetness 

may increase hunger and the desire to eat, or whether the taste of fat influences 

energy intake (Sørensen et al., 2003). Palatable food induces an "appetiser effect", 

where the enhanced pleasantness increases or sustains hunger, delays the onset of 

satiation and encourages a higher intake of food (Gibson et al., 2008; Valkauskaite & 

Gibson, 2010; Yeomans, 2000; Yeomans, Blundell, et al., 2004). This suggests that 

these foods may stimulate the release of hunger-related hormones, such as ghrelin, or 

attenuate satiety-related hormones such as GLP-1, peptide YY (PYY), CCK or alter 

tonic appetite hormones insulin and leptin.  

The high-fat content of the food may also influence the onset of satiation 

(feelings of fullness that leads to meal termination) and satiety (feelings of fullness 

that suppress hunger and food intake, (Blundell & Macdiarmid, 1997; Green et al., 

1997; Rolls, 2000). High-fat foods offers the least satiation and allows individuals to 

eat more of these foods compared to high carbohydrate foods (Beaulieu et al., 2017; 

Green et al., 2000; Stubbs et al., 1995). High-fat foods are also anticipated to provide 

less satiety (Brunstrom, Shakeshaft, et al., 2008) and encourage the individual to 

initiate the next meal (Gibson et al., 2008). This indicates that, apart from the effect 

of palatability, fat weakens the ability to assess changes in appetite signals that occur 

with satiation. It may be that physiological responses to eating palatable 
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combinations of fat and sugar override the signals controlling hunger and satiety. 

However, studies have not systematically characterised the effect of high-fat 

sweetened foods on changes in the profile of appetite hormones and the impact on 

meal termination.  
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2.3 Do personality traits, eating styles and eating behaviours predict 

susceptibility to energy-dense, palatable foods? 

Palatable, high-fat, sweet foods may hold a general appeal to humans; 

however, some individuals may find these foods offer a more pleasant and rewarding 

experience when eating, and these heightened experiences encourage 

overconsumption. Individuals who exhibit personality traits such as sensitivity to 

reward or impulsivity may demonstrate a greater susceptibility and propensity to 

overeating palatable high-fat, sweet foods (Davis, 2009; Gerlach et al., 2015; 

Loxton, 2018). Individuals who exhibit eating styles, such as cognitive restraint, 

uncontrolled eating or emotional eating, may find high-fat, sweet foods more 

pleasurable and rewarding to eat, or use these foods as a method to abate feelings of 

negative affect (Gibson, 2012; Wang et al., 2016). Comparatively little is known 

about how these behavioural traits and eating styles alter appetite processes during 

eating to promote food intake. 

2.3.1 Sensitivity to reward 

The individual variation in reward sensitivity is a prominent psychobiological 

trait associated with the development of obesity.  The basis of the trait draws upon 

J.A. Gray’s Reinforcement Sensitivity Theory, a biological-based model of 

personality which proposes that individuals differ in their approach to reward and 

punishment related stimuli (Gray & Mcnaughton, 2000). The ‘Behavioural Approach 

System' (BAS) describes the tendency to approach rewarding stimuli where the 

individual demonstrates a greater sensitivity towards conditioned cues that predict 

reward receipt, while the ‘Behavioural Inhibition System’ (BIS) describes the 

avoidance of punishing stimuli, where the individual demonstrates a sensitivity 



30 

 

 

toward conditioned cues that predict punishment or cessation of reward (Pickering & 

Corr, 2008). A revised model proposes that a ‘Fight-Flight-Freeze System’ (FFFS) is 

associated with avoidance behaviours, while the behaviour inhibition system is 

proposed to balance the conflict between approach or avoidance behaviours (Gray & 

Mcnaughton, 2000; Van den Berg et al., 2010). 

Reward sensitivity can be assessed using several psychometric tools, which 

assesses the degree to which an individual exhibits sensitivity to reward or punishing 

stimuli (Carver & White, 1994; Torrubia et al., 2001; Van den Berg et al., 2010).  

Accordingly, studies report that sensitivity to reward is associated with obesity. 

Using questionnaires, such as the BISBAS scale and the STR scale, self-reported 

STR was associated with a higher BMI (Davis & Fox, 2008; Davis et al., 2007, 

2004; Franken & Muris, 2005; Mobbs et al., 2010; Van den Berg et al., 2010; 

Verbeken et al., 2012), and a higher preference and desire to eat high fat, sweet 

foods, even in the absence of hunger (Davis et al., 2007, 2004; Franken & Muris, 

2005). Individuals sensitive to reward  habitually eat more fat (Tapper et al., 2014) 

and exhibit heightened food cravings and attentional bias toward food (Li et al., 

2015). In experimental studies, where sensitivity to reward is characterised by an 

enhanced motivational drive or willingness to invest effort to obtain food, studies 

have found that higher levels are associated with overeating (Epstein et al., 2012; 

Epstein et al., 2014, 2018; Epstein et al., 2007; Guerrieri et al., 2008; Rollins et al., 

2010, 2014; Van den Berg et al., 2010) and obesity (Giesen et al., 2010; Hill et al., 

2009; Kemps & Tiggemann, 2015; Saelens & Epstein, 1996; Temple et al., 2008; 

Temple et al., 2008).  

Davis et al. (2013) suggests that individuals sensitive to reward may use food 

as a dysfunctional strategy to decrease the symptoms of negative affect. However, 
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individuals who are sensitivity to punishing stimuli (BIS) may be equally susceptible 

to the rewarding properties of high fat sweet food, particular if they are sensitive to 

punishing stimuli and exhibit low levels of effort control, which refers to the ability 

to regulate emotional state and suppress habitual behaviours (Evans & Rothbart, 

2007). In a similar manner to reward-sensitive individuals, punishment-sensitive 

individuals may seek to use food as a means to regulate or attenuate emotions 

(Rothbart et al., 2000). Recently, Mackey et al. (2019) reported in a sample of 

overweight and obese adults, BAS did not predict the liking or desire to eat high-fat 

sweet foods, yet in contrast BIS and effort control predicted a greater liking for high-

fat, sweet foods, while lower levels of effort control predicted a greater desire to eat. 

Furthermore, BIS, effort control and liking collectively predicted tendency to overeat 

in these individuals. Collectively, this suggests that BIS sensitive individuals who 

exhibit lower effort control may be equally susceptible as BAS individuals to 

overeating, particularly foods high in fat and sugar. 

2.3.2 Impulsivity 

Impulsivity is broadly described as the tendency to act rapidly without thought 

or concern for future consequences of the action (Moeller et al., 2001). As a 

personality trait, impulsivity is seen as multidimensional construct because it 

encompasses a wide range of behavioural, cognitive, motor, and emotional 

behaviours (Mobini et al., 2007).  Impulsive behaviours include the propensity to act 

without thought, lack of self-control, heightened sensitivity to rewarding stimuli, an 

inability to delay instant gratification and a lack of consideration of future 

consequences (Dawe et al., 2004; Dawe & Loxton, 2004; Logan et al., 1997; 

Whiteside et al., 2005). Consequently, impulsivity is seen to play a role in the 

development of obesity, as impulsive individuals may find it difficult to resist 
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palatable foods and engage in spontaneous and uncontrolled food consumption, 

focusing on short-term gratification, while negating future consequences of their 

actions (Schag et al., 2013;Yeomans, 2017).  

Impulsivity is measured using self-report questionnaires, such as the Barratt 

Impulsiveness Scale (Patton et al., 1995), and the UPPS Impulsive Behavior Scale 

(Whiteside & Lynam, 2001), or behavioural tasks such as the Stop Signal paradigm 

(Logan et al., 1997) or delayed discounting task (Baumann & Odum, 2012). These 

measures, however, are found to be poor correlated (Cyders & Coskunpinar, 2012; 

Meule, 2013; Reynolds et al., 2006) and it is proposed that the questionnaires and 

behavioural tasks assess different constructs of impulsivity (Reynolds et al. 2006; 

Cyders & Coskunpinar, 2012). 

Studies have reported that measure of impulsivity are higher in individuals 

with obesity. In comparison with normal weight individuals, overweight individuals 

and individuals with obesity report higher levels of cognitive impulsiveness, motor 

impulsiveness and non-planning (Mobbs et al., 2010; Rydén et al., 2003; van 

Koningsbruggen et al., 2013). Individuals with obesity were found to demonstrate 

poor inhibitory control (Guerrieri et al., 2008; Guerrieri et al., 2007; Houben et al., 

2014; Nederkoorn et al., 2006) and greater delayed discounting (Fields et al., 2013; 

Weller et al., 2008). Higher levels of impulsivity are also reported in individuals who 

present with binge eating disorder (BED) and food addiction (Davis et al., 2011; 

Meule & Kübler, 2014; Nasser et al., 2004; Schag et al., 2013), suggesting that 

impulsive behaviours may contribute to the development of disordered eating 

patterns. 

Impulsivity has also been linked with measures of overeating, such as food 

craving (Meule & Kübler, 2014; Meule et al., 2014), reward sensitivity, external 
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eating and attentional bias toward food cues (Hou et al., 2011), a heightened liking 

for energy dense foods (Nolan, 2012) and liking for sweet flavours (Weafer et al., 

2014). Additionally, impulsive individuals were reported to consume more food in a 

bogus taste test (Guerrieri et al., 2008; Guerrieri, Nederkoorn, & Jansen, 2007; 

Guerrieri, Nederkoorn, Stankiewicz, et al., 2007). 

In summary, since high, fat, sweet foods are typically associated with food 

reward, impulsive individuals may be at risk of overeating these foods as they may 

find these foods particularly appetising and difficult to resist. 
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2.3.3 Cognitive restraint, uncontrolled eating and emotional eating  

Over the past few decades, research studies commonly report the association 

between eating styles, obesity and weight gain. These eating styles include dietary 

restraint, uncontrolled eating and emotional eating. Dietary restraint describes the 

attempt and practice of restricting food intake to achieve the desired body weight 

(Lowe, 2002). An individual employs cognitive strategies such as dieting, 

deliberately choosing smaller food portions or avoiding fattening foods, to restrict 

food intake (Polivy & Herman, 1985). However, these cognitive strategies can easily 

be undermined and lead to overeating (Johnson et al., 2012). Uncontrolled eating is 

also described as disinhibition, and characterises the episodic loss of control of 

eating (Bryant et al., 2008). The propensity to uncontrolled eating, however, may 

also represent a more general behavioural trait or phenotype (Vainik et al., 2019). 

Emotional eating describes the tendency to eat in response to negative emotions 

(Gibson, 2012). Emotional eaters may be susceptible to eating to regulate their 

emotional state and reduce feelings related to stress or negative affect (Macht, 2008). 

These eating styles may be associated with weight gain and a higher BMI.  

Cross-sectional studies investigating the relationship between eating styles 

and BMI reported that both emotional eating (Anglé et al., 2009; Cappelleri et al., 

2009; Konttinen et al., 2010; Lluch et al., 2000; van Strien et al., 2012) and 

uncontrolled eating (Bellisle & Dalix, 2001; Chaput et al., 2009; Dykes et al., 2004; 

Hays et al., 2002; Hays & Roberts, 2008; Lindroos et al., 1997; Provencher et al., 

2004, 2003) are consistently associated with a higher BMI. Dietary restraint is not 

consistently associated with weight status as studies report that restraint is either 

positively (Anglé et al., 2009; De Lauzon-Guillain et al., 2006; Lluch et al., 2000; 

Price et al., 2015), negatively (van Strien et al., 2009; Williamson et al., 1995) or not 
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associated with BMI (Chong et al., 2016). However, other studies reported that the 

relationship between restraint and BMI differed between normal weight and obese 

population groups; a positive association between restraint and BMI was found in  

normal weight individuals, while a negative association was found for the 

individuals with obesity (Bellisle et al., 2004; Cappelleri et al., 2009; De Lauzon-

Guillain et al., 2006; Provencher et al., 2003). This suggests that the efficacy of 

restraint may differ between lean and overweight individuals or individuals with 

obesity. However, prospective studies report that high levels of restraint were 

associated with long-term weight gain (Chaput et al., 2009; Drapeau et al., 2003; 

Snoek et al., 2013; Stice et al., 1999), indicating that the restraint strategies used by 

individuals are not sustainable and individuals may succumb to overeating.  

The susceptibility towards weight gain and a higher BMI amongst restrained, 

uncontrolled and emotional eaters indicates there are behaviours or attitudes towards 

food that increase the propensity to overeat. Restrained eaters, for instance, employ a 

variety of cognitive strategies to control food intake, yet experimental studies have 

demonstrated that these strategies can be easily undermined if the individual is 

exposed to stress (Lattimore & Caswell, 2004; Wallis & Hetherington, 2004; 

Weinstein et al., 1997) demanding cognitive activities (Ward & Mann, 2000), 

negative affect (Cardi et al., 2015) or distraction (Bellisle & Dalix, 2001). More 

recently, it has been shown that restrained eaters are more responsive to food cues - 

those associated with energy-dense, palatable food. Burger & Stice (2011) reported 

that dietary restraint was associated with greater activation of neural reward regions 

when tasting but not in anticipation of receiving a chocolate milkshake. Wang et al. 

(2016) reported that restrained eaters demonstrated a greater neural responsiveness to 

regions associated with reward, attention and visual processing, and responded more 
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quickly to images of high energy-dense foods in comparison to unrestrained eaters. 

Interestingly, the study also reported a reduced response in regions associated with 

cognitive control (anterior cingulate), indicating that restrained eaters may find 

palatable food difficult to resist. Restrained eaters may find food more rewarding, yet 

more difficult to resist, and this may partly be acquired through repeated experience 

of eating too little to meet current energy needs. 

 Uncontrolled eaters show a tendency toward overeating as they are found to 

be more responsive to food cues, show a lower satiety response to food and report 

eating in the absence of hunger (French et al., 2012). Uncontrolled eaters also 

demonstrate greater responsiveness to palatable food cues and a higher motivational 

drive to eat these foods (Carr et al., 2014; Epstein et al., 2007). Uncontrolled eaters 

also exhibit reduced inhibitory control (less able to inhibit behavioural responses to 

stimuli in order to attain a higher-level goal) and consume more food when exposed 

to food cues (Houben et al., 2012), particularly if exercising a high degree of dietary 

restraint and strategies are challenged (Zhou et al., 2017). Moreover, disinhibition 

has been linked to impulsive behaviours, such as the tendency to respond hastily 

without prior reflection or deliberation (Kagan, 1966; Leitch et al., 2013; Yeomans 

et al., 2008), suggesting that uncontrolled eaters may be more responsiveness to food 

cues and act on impulse to eat, without consideration of future consequences.  

Emotional eaters may turn to food to alleviate negative affect or feelings of 

stress. Food may be used as a coping mechanism (Dressler & Smith, 2013) or to 

buffer the effect of stressful events (Finch & Tomiyama, 2015). Emotional eating is 

also commonly observed in individuals who report depressive symptoms (Finch & 

Tomiyama, 2015; Konttinen et al., 2010; van Strien et al., 2016). Emotional eaters 

may exhibit overeating tendencies (Elfhag et al., 2007; Gibson, 2006, 2012; Macht, 
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2008; van Strien et al., 2009) if they perceive they are experiencing stress (O’Connor 

et al., 2008; Tan & Chow, 2014) or if stress or negative affect is induced 

experimentally (Van Strien et al., 2013). However, more recently, emotional eaters 

have been found to respond to both positive and negative mood induction (Bongers 

et al., 2016).  

Individuals who exhibit high levels of restraint, or uncontrolled or emotional 

eating show a heightened preference for energy-dense, sweet and salty foods. Studies 

have reported that uncontrolled eaters demonstrated a preference for both high fat 

savoury or salty and sweet foods (Keskitalo et al., 2008; Lähteenmäki & Tuorila, 

1995; Lampuré et al., 2015). Habnab et al. (2009) reported that restrained eaters 

show a preference for high-fat, sweet food, however this is finding has not 

consistently reported in other studies (Lampuré et al., 2015). Emotional eaters are 

commonly shown to have a preference for high-fat sweet foods (Camilleri et al., 

2014; Keller & Siegrist, 2015; Konttinen et al., 2010), as it is thought that 

consumption of these foods is used to improve mood and lessen the effect of stress 

(Gibson, 2006).  

2.4 Protein leverage hypothesis 

Over the past two decades, attention has been drawn to the role that dietary 

protein intake may play in regulating appetite and eating behaviour including amount 

eaten.  The Protein Leverage Hypothesis (PLH, Simpson et al., 2003; Simpson & 

Raubenheimer, 2005) proposes that because dietary protein provides a source of 

indispensable amino acids that cannot be synthesised by the body (Millward, 1997), 

its intake is more tightly regulated than that of non-protein energy sources - 

carbohydrate and fat. When protein intake is insufficient to meet nutrient 

requirements, it is proposed that appetite is stimulated to increase food consumption 



38 

 

 

and reach a target protein intake (Simpson & Raubenheimer, 2012). These 

mechanisms act at the expense of regulating the intake of fat and carbohydrate, and 

the individual (or organism) will consume more food until protein intake is 

sufficient. As a result, the excess energy intake leads to a positive energy balance, 

increased adiposity and, eventually, obesity (Figure 2.2). The authors propose a 

Geometric Framework for Nutrition (GFN) that conceptualises how an individual or 

animal will achieve nutrient balance (Simpson et al., 2017). Using this framework, 

the PLH predicts that a small decrease in energy intake from protein, would result in 

a substantial increase in energy intake from carbohydrate and fat to achieve nutrient 

balance. This results in a substantial increase in total energy intake (Simpson et al., 

2017; Simpson & Raubenheimer, 2005).  
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Figure 2.2: The Geometric Framework for Nutrition applied to the Protein Leverage 

Hypothesis. The target intake represents the optimal balance of protein to carbohydrate and 

fat intake. The radial lines represent the ratio of macronutrients in foods and describe how 

an individual will behave or ‘move along the rail’ to achieve nutrient balance. For a 

healthy, normal weight man, a balanced diet would contain 14% of energy from protein and 

86% from carbohydrate and fat. If the individual consumes a diet balanced for a target 

protein intake (point A), they will achieve energy balance (solid line). If the individual 

consumes an unbalanced diet, they would have consumed enough energy from carbohydrate 

and fat, but not enough protein (point B). To achieve protein sufficiency (if the diet is 

restricted or unbalanced),  the individual would need to consume an additional 14% energy 

from carbohydrate and fat to reach target protein intake (point C)(dotted line). Adapted 

from Simpson & Raubenheimer, 2005).  

 

Evidence for the PLH is reported in a broad range of animal species 

(Simpson & Raubenheimer, 2012) including fruit flies (Drosophila, Lee et al., 

2008), mice (Huang et al., 2013; Solon-Biet et al., 2015; Sørensen et al., 2008), rats  
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(Pezeshki et al., 2016; Simpson and Raubenheimer, 1997), cockroaches (Batella 

germanica (Raubenheimer & Jones, 2006), mink (Mayntz et al., 2009) and wild 

spider monkeys (Felton et al., 2008). In experimental studies, when protein is 

restricted by altering the protein to carbohydrate ratio of available foods, animals 

substantially increase their energy intake and over time show an increase in body 

weight and lipid storage (Huang et al., 2013; Pezeshki et al., 2016; Solon-Biet et al., 

2014; Sørensen et al., 2008). With dietary variety, animals will seek to maintain a 

target protein intake, and in some species seek to achieve a target ratio of protein to 

carbohydrate, while allowing variation in energy intake (Felton et al., 2008; Lee et 

al., 2008; Mayntz et al., 2009; Raubenheimer & Jones, 2006; Simpson & 

Raubenheimer, 1997). Further evidence supporting the concept of a protein regulated 

appetite is found in experiments where rats rapidly learn to detect sufficient sources 

of protein following a protein-deficient meal (Gietzen & Aja, 2012; Gietzen & 

Rogers, 2006). Moreover, rats can avoid diets deficient in essential amino acids and 

fine-tune their food intake to achieve an adequate intake of protein (Booth, 1974). 

When acutely short of protein, rats also quickly learn to prefer flavours associated 

with good sources of protein over those paired with low amounts of protein, i.e. they 

acquire a protein-conditioned flavour preference (Baker et al., 1987; Gibson & 

Booth, 1986). 

The evidence supporting a protein regulated appetite in humans has been 

derived from population-level data and experimental studies. Epidemiological data 

indicate that over the past four decades there has been a substantial increase in 

energy intake and particularly energy obtained from carbohydrates, fat and alcohol 

that has mirrored the increased prevalence in obesity (Austin & Krueger, 2013; 

Austin et al., 2011). The relative proportion of protein, however, has decreased or 
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remained the same (Hall, 2019; Martinez-Cordero et al., 2012). These changes have 

also been associated with an increased intake of ultra-processed food (Martínez 

Steele et al., 2018) 

The experimental evidence for PLH in humans, however, has not consistently 

demonstrated how protein leverage influences food intake. If appetite is tightly 

regulated by protein intake, studies should report the same effect when individuals 

consume either low or high levels of protein. However, only one study has 

demonstrated an increased energy intake when protein was restricted to just 10% of 

energy intake (Gosby et al., 2011), while other experiments providing a more 

restricted protein diet (5% PE) showed no effect on energy intake (Griffioen-Roose 

et al., 2012, 2014; Martens et al., 2013; Martens et al., 2014). 

Conversely, a higher protein intake at 30% PE significantly reduced energy 

intake in several studies (Griffioen-Roose et al., 2012; Martens et al., 2013, 2014), 

while a diet of 25% PE did not (Gosby et al., 2011). The variation in study outcome 

may be due to differences in methodology and study design. More recently, a meta-

analysis of 38 experimental studies confirmed that dietary protein intake was 

significantly negatively associated with total energy intake - as dietary protein intake 

decreased, energy intake from non-protein sources increased (Gosby et al., 2014). 

The inverse relationship between protein density and energy intake also revealed that 

this relationship was evident for a range of protein intakes (between 10-25% energy 

ingested). At levels above 20-25%, protein intake no longer appeared to influence 

energy intake strongly. For levels below 10%, the increase in the food intake 

required to achieve a target protein intake would be unachievable (D. Raubenheimer 

et al., 2015). It may be that the low protein diet offered in the experiments by 

Martens, Griffioen Roosen and colleagues may have been too low to elicit a 
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compensatory response in energy intake. Supporting this suggestion, severely protein 

restricted mice (5% PE) reduce their total intake of food, whereas mildly protein 

restricted mice (10% PE) exhibited significant hyperphagia (Pezeshki et al., 2016).  

It is also important to note that these studies observed similar changes in 

appetite (hunger, desire to eat, preference for savoury flavoured food) at both high 

and low protein dietary intakes that may be indicative of a learnt appetite behaviour 

for protein containing foods and an adaptive response to variations in protein intake. 

These responses will be discussed in detail in Chapter 5. Briefly, protein is found in 

a wide range of foods of varying tastes, for instance protein found in fruit, vegetables 

and cereals such as wheat, rice, sorghum and millet, (Fukagawa & Yu, 2009). Foods 

that contain the highest amounts of protein are meat, poultry, fish, beans and dairy 

products such as cheese, foods which are typically associated with having a salty, 

savoury, or 'umami' taste (Van Dongen et al., 2012). It is proposed that through a 

process of ’flavour-nutrient’ learning, individuals learn to discern which flavours 

provide the best sources of protein (Gibson et al., 1995; Gibson & Brunstrom, 2007; 

Sclafani, 1997). Therefore a heightened preference for savoury flavoured food may 

be indicative of an appetitive drive to eat more protein (Masic & Yeomans, 2014b, 

2014a, 2017), possibly acquired through experience of flavour-nutrient learning 

(Baker et al., 1987; Gibson et al., 1995; Pérez et al., 1996).  

These observations may provide further evidence for a protein-regulated 

appetite, yet an understanding of the underlying physiological mechanisms remains 

to be investigated. With the recent discovery of a liver-derived metabolic hormone, 

fibroblast growth factor 21 (FGF21) as a signal molecule for protein restriction, 

further work is being undertaken to understand how protein restriction influences 

metabolism and appetite control (Hill et al., 2018; Morrison & Laeger, 2015). 
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2.4.1  Does individual variation in protein need, body composition and physical 

activity influence responses to protein restriction? 

2.4.1.1 Individual variation in body composition and metabolic rate. 

Across a sample of healthy study participants, individuals will differ in their 

dietary protein needs. Although these differences may be small, the Protein Leverage 

Hypothesis applied through the Geometric Nutrition Framework predicts that 

relatively small variations in protein intake that will result in substantial variations in 

energy intake from non-protein sources (Simpson et al., 2017). Recently, Blundell 

and colleagues proposed that appetite and food intake are strongly regulated by 

energy expenditure (Blundell, 2018;  Hopkins et al., 2017; MacLean et al., 2017). 

The Formula for Appetite Control proposes that components of energy expenditure, 

namely body composition, metabolic rate and physical activity, regulate appetite and 

food intake (Blundell, 2018). This contradicts the largely held view that body fat and 

circulating leptin levels play a primary (inhibitory) role in directing appetite and food 

intake (Woods & Ramsay, 2011). However, if energy intake is regulated by 

components of energy expenditure, these components may determine differences in 

protein need and the response to protein restriction. 

Experimental and cross-sectional studies have reported that under conditions 

of energy balance, energy intake is strongly associated with fat-free body mass 

(FFM) - individuals with higher levels of FFM were found to consume more energy 

(Blundell, Caudwell, Gibbons, Hopkins, Naslund, et al., 2012; Blundell et al., 2015; 

Cameron et al., 2016; Caudwell et al., 2013; Lissner et al., 1989; Weise et al., 2014). 

Furthermore, FFM was also associated with higher levels of hunger and larger meal 

sizes, indicating that FFM exerts a stimulatory effect on eating behaviour (Blundell 
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et al., 2012; Caudwell et al., 2013). In these studies, RMR was also associated with 

EI, meal size and hunger levels (Blundell, Caudwell, Gibbons, Hopkins, Naslund, et 

al., 2012; Blundell, Caudwell, Gibbons, Hopkins, Näslund, et al., 2012; Caudwell et 

al., 2013). More recently, it has been demonstrated that the relationship between 

FFM and EI is mediated by RMR (Hopkins et al., 2016). Fat-free mass is comprised 

of metabolically active tissue and organs, such as the heart, lungs and brain and is 

the principal determinant of RMR (Hall et al., 2012; Illner et al., 2000; Serra & 

Ryan, 2016; Sparti et al., 1997). The finding reported by Hopkins et al. indicates that 

FFM exerts its effects on energy intake through RMR, where RMR reflects the 

energy needs of metabolically active lean tissue. Therefore, the signals that arise 

from FFM provide an excitatory drive to stimulate food intake (Hopkins et al., 2016; 

Hopkins et al., 2017).  

In contrast, these studies reported no association between fat mass, body 

mass index and energy intake. In lean individuals, however, fat mass (kg) predicts a 

lower energy intake, and fat mass index (height normalised indices of fat mass: kg 

per m2) is negatively associated with EI in a large sample population (n = 184, 

(Weise, 2014). Furthermore, the relationship between energy intake and RMR is 

moderated by level of body fat. Energy intake is more closely matched with RMR in 

leaner individuals, while a weaker relationship was observed with a higher body fat 

percentage (Casanova et al., 2019). These findings support the view that adipose 

tissue provides an inhibitory signal to influence appetite, but with increasing levels 

of adiposity, the signal weakens and is less able to exert an inhibitory control on 

food intake (MacLean et al., 2017). 
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2.4.1.2 Individual variation in protein need 

If RMR and FFM regulate energy intake, perhaps components of EE also 

influence macronutrient selection and intake. The protein-stat model proposes that 

appetite and food intake is driven by the metabolic demands of lean tissue (Millward, 

1995). Under conditions of growth, maintenance or degeneration, the model 

proposes that an aminostatic appetite mechanism operates to regulate lean tissue 

mass and is responsible for detecting changes in protein need (Millward, 1998). If 

these mechanisms act to match protein intake with protein needs, then growth or 

degeneration of lean tissue should result in a shift in the preference for and intake of  

dietary protein (Morrison et al., 2012). Indeed, experimental studies indicate that 

protein restriction is sensed and acted upon (Gosby et al., 2011; Griffioen-Roose et 

al., 2012, 2014; Masic & Yeomans, 2017;Murphy et al., 2018; White et al., 2000b). 

However, the mechanisms underlying these responses are not well understood 

(Morrison & Laeger, 2015; Morrison et al., 2012).  

Recent studies have demonstrated an association between FFM and fat-free 

mass index (FFMI kg/m2) and higher intakes of dietary protein (in grams) (Cameron 

et al., 2016; Weise et al., 2014), which suggests that a higher FFM may demand a 

greater protein need. Changes in muscle growth or degeneration may also be 

associated with changes in dietary protein intake. Conditions of tissue growth are 

evident in young animals, and experiments have demonstrated that young individuals 

show a greater preference for protein than do older animals (Jean et al., 2002; White 

et al., 2000a). Also, when muscle growth in artificially stimulated using 

somatotrophin, animals demonstrate a preference for protein (Phositlimpagul et al., 

2002; Roberts & Azain, 1997). In humans, it is not known whether growing children 

and adolescents show a preference for protein over other macronutrients, although 
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one study found that there was an inherited preference for protein-rich foods over the 

preference for fruit, vegetables and sweet foods, suggesting that the preference for 

protein may be genetically determined (Breen et al., 2006). However, nutritional 

guidelines emphasise the importance of sufficient protein intake to ensure proper 

growth and development (Das et al., 2017). 

In contrast, elderly individuals reportedly consume less protein, that may be 

related to the loss of muscle (sarcopenia) that occurs with ageing (Beaudart et al., 

2019; Hung et al., 2019). While the preference for protein appears to preserve FFM 

in older adults (Buckley et al., 2019), the lower intake of protein that occurs with 

sarcopenia may reflect an adaptative appetite response to a reduced need for protein. 

Taken together, these studies indicate that conditions for muscle growth or 

deterioration may drive an increased need for protein.  

Physical activity also provides a stimulus for lean tissue growth. After a 

single bout of resistance or endurance exercise, whole body protein turnover is 

stimulated to initiate the anabolic and catabolic processes required for muscle tissue 

growth (Francaux & Deldicque, 2019). These responses are augmented when the 

individual ingests additional protein (Cermak et al., 2012). Chronic adaptations to 

exercise lead to significant increases in muscle mass, size and strength (Andersen, 

2010; Kraemer & Ratamess, 2005; McGlory et al., 2019), including improved 

functioning of the cardiovascular, musculoskeletal, metabolic, endocrine and 

immune systems (Ruegsegger & Booth, 2018; U.S. Department of Health and 

Human Services, 1996).  

Exercise will impose a higher demand for protein to support the metabolic 

processes involved in tissue growth and maintenance, including other metabolic 

processes such as cell signalling, regulation of gene expression, anabolism and 
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catabolism of structural and functional proteins, and the production of  

neurotransmitters (Fernstrom, 2005; Wu, 2009). Protein is also a metabolised source 

of fuel, as amino acids such as alanine, asparagine, aspartate, glutamate, isoleucine, 

leucine, lysine, and valine are oxidised as a source of fuel, particularly during 

endurance-type activities (Tarnopolsky, 2004). As such, it is recommended that 

active individuals participating in regular endurance and strength activities increase 

protein intake to 1.2 – 1.7 g ·kg bw-1 · day-1 (Rodriguez et al., 2009).  However, 

studies have not directly examined how responses to exercise training may increase 

the drive to eat protein in order to meet the increased needs.  

2.4.1.3 Physical activity and appetite control  

Physically active individuals may be more acutely aware of variations in 

protein intake in comparison to sedentary individuals. Participating in a physical 

activity regime enhances appetite awareness and the control of food intake (Beaulieu 

et al. 2018). If physically active individuals need more protein, are more sensitive to 

appetite sensations and aware of their energetic needs, they may demonstrate a 

heightened appetite response to protein restriction and regulate food intake 

accordingly.  

Beaulieu et al. (2018) recently proposed a revised model of appetite 

regulation based on findings reported by Mayer et al. (1956) and Edholm et al. 

(1970). The model revisits the idea that appetite control occurs along a spectrum of 

physical activity: individuals who engage in low levels of physical activity and have 

higher levels of body fat show weaker appetite control and a greater propensity to 

overeat. In contrast, individuals who participate in high levels of physical activity 

and are leaner, demonstrate a greater ability to regulate appetite and food intake 

according to energy needs. Supporting this framework, a systematic review of 10 
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cross-sectional studies found that energy intake was more closely matched to energy 

expenditure in those individuals who engaged in higher levels of physical activity 

(Beaulieu et al., 2016). Furthermore, the relationship between fat mass and meal size 

is moderated by level of physical activity, where the association is strongest for 

individuals who participate in moderate to vigorous exercise (Beaulieu et al., 2018).  

Shook et al. (2015) reported that individuals who engaged in the highest levels of 

physical activity presented with the lowest risk for weight gain over one year. 

Engaging in an exercise regime results in substantial changes in appetite. 

Individuals experience an increase in hunger before meals, but also greater 

sensations of fullness with eating (Guelfi et al., 2013; King et al., 2009, 2012; 

Martins et al., 2010). These changes are attributed to alterations in tonic and episodic 

hormones that regulate ingestive behaviour, including increases in plasma acyl-

ghrelin and GLP-1, and reductions in fasting and postprandial insulin, leptin, glucose 

insulinotropic peptide (Martins et al., 2010, 2007). Regular exercise also enhances 

insulin and leptin sensitivity (Dyck, 2005; Goodyear & Kahn, 1998; Steinberg et al., 

2004) and increases the rate of gastric emptying (Horner et al., 2015). Taken 

together, these studies suggest that physically active individuals can better regulate 

food intake to match their energy needs and demonstrate a heightened appetite 

control. Accordingly, physically active individuals may respond more acutely to 

periods of protein restriction and adjust protein intake accordingly.  

2.5 Supersize me! Is obesity associated with choosing larger portions of food?  

Over the past several decades, there has been a noticeable increase in the size 

of food portions served to consumers at restaurants and fast food outlets, and 

packaged food  offered by retailers. These trends have been observed in both the 

United States and United Kingdom (Dobson et al., 2017; Economic & Social 
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Research Council, 2014; Nielsen & Popkin, 2003; Young & Nestle, 2003, 2012). 

The primary concern is that the increased availability of large or extra-large food 

portions may be directly related to the increasing rates of obesity. Young & Nestle 

(2012) reported a substantial increase in the number of large-size food portions 

offered by retailers to consumers over the past four decades, and these trends 

matched the increases of available energy in the food supply chain and the increased 

prevalence of obesity. In the United Kingdom, extra-large or supersize portions that 

are typically found in the United States are less common, however portion sizes of 

frequently consumed foods and readymade meals, such as bread and savoury pies, 

have increased substantially over the past 25 years (Figure 2.3, British Heart 

Foundation, 2013).  

Experimental studies have demonstrated that serving larger-sized food 

portions substantially increases food intake and leads to weight-gain over time 

(Rolls, 2014). Consequently the availability of large portion sizes is seen as one of 

the primary environmental drivers of overeating and the development of obesity 

(Duffey & Popkin, 2011; Ledikwe et al., 2005; Marteau et al., 2015). However, it is 

not clear whether individuals who are overweight and obese habitually select larger 

portions of food. This is because experimental studies have not consistently 

demonstrated an association between large food portions and excess adiposity. Yet if 

increasing the size of food portions influence short-term eating behaviour, there is a 

need to understand the impact of portions sizes on long-term eating behaviour, 

specifically whether individuals with overweight or obesity habitually select larger 

portion sizes. 
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Figure 2.2: Increase in food portions served in the UK. Food portions have increased to 

provide  50% more energy (kcal) for ready-made meals such as steak and kidney pies and 

chicken curry with rice, and by 11% in a slice of bread. Adapted from British Heart 

Foundation (2013) and Marteau et al. (2015)  
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2.5.1 Do larger-sized food portions encourage overeating? 

Serving larger portion sizes substantially increases food intake (Rolls 2014). 

The experimental studies where participants were provided with larger portions of 

food, they consumed significantly more food and, thus, increased energy intake. This 

is known as the portion size effect (English et al., 2015). It has been observed for a 

single meal or snack (Dilberti et al., 2004; Kral & Rolls, 2004; Rolls et al., 2002; 

Rolls, Roe, Kral, et al., 2004; Rolls, Roe, Meengs, et al., 2004; Wansink, 2000; 

Wansink & Kim, 2005; Zuraikat et al., 2018), over the short term (2 days, Kelly et 

al., 2009; Rolls et al., 2006; Rolls et al., 2007) and over longer periods (up to 6 

months, French et al., 2014; Jeffery et al., 2007). A recent meta-analysis of 104 

experimental studies demonstrated that larger portion sizes reliably increased food 

intake by an average of 35% (Zlatevska et al., 2014). A consistent observation from 

these studies is that individuals do not compensate for the increased energy intake 

with greater energy expenditure or by reducing subsequent food intake. For instance, 

Rolls et al., (2006) reported that doubling food portion sizes over two consecutive 

days resulted in a 26% increase in daily energy intake. The effect was observed in 

two other studies lasting 4 days (Kelly, Wallace, et al., 2009) and 11 days (Rolls et 

al., 2007). Interestingly appetite (hunger and fullness) did not change in response to 

consuming more food, indicating that the increased energy intake portion size did 

not influence appetite regulation. Furthermore, two longer term studies demonstrated 

that the effect of larger portion sizes was sustained for a period of two months 

(Jeffery et al., 2007) and six months (French et al., 2014) where participants 

significantly increased daily energy intake and gained an average of 0.2 kg per 

month over the six month testing period (French et al., 2014) . Collectively these 

studies suggest food portion sizes influence eating behaviour over a short and longer 
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period and individuals do not compensate for the increased energy intake with 

regulatory behaviours (such as an increased energy expenditure or reducing energy 

intake) and consequently gain weight. 

 

2.5.2 Is BMI associated with consuming larger portions of food? 

While it is evident that serving larger-sized food portions increases energy 

intake and promotes weight gain, it is less clear whether weight status predicts 

choosing larger-sized food portions. In other words, do overweight individuals or 

individuals with obesity self-select larger portions of food? An understanding of this 

association will not only enhance our understanding of the factors influencing eating 

behaviour, but also represents a key area for obesity treatment and intervention 

(Hetherington et al., 2018). However, studies have not consistently demonstrated a 

relationship between a higher body mass index (BMI) and portion sizes.  

Several experimental studies have used a method where participants are 

asked to choose their ideal portion size from an array of images of different portion 

sizes. Using this method, individuals with a higher BMI did not choose significantly 

larger portions of food (Brunstrom et al., 2008; Brunstrom & Shakeshaft, 2009; Fay 

et al., 2011; Reily et al., 2016; Wilkinson et al., 2012). Studies including larger 

sample population groups did find associations between BMI and ideal portion size 

(Labbe et al., 2017; Lewis et al., 2015; Spence et al., 2016). However, the 

relationship between BMI and portion size was relatively weak (Labbe et al., 2017) 

or only found in a one population group (Spence et al., 2016). Collectively, the 

evidence from these studies would suggest that weight status does not influence 

decisions about food portion sizes.  
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On the other hand, evidence from other research studies indicates that 

overweight individuals or individuals with obesity may choose larger food portions. 

Several large-scale cross-sectional studies report that overweight individuals or 

individuals with obesity habitually select larger portions of food (Albar et al., 2014; 

Berg et al., 2009; Gouvea et al., 2012; Liebman et al., 2003) and that individuals 

with obesity have a higher daily energy intake (Howarth et al., 2007; Lindroos et al., 

1997).  

An important observation from these studies is that BMI is commonly used 

as an index of adiposity. However, BMI does not differentiate between excess 

adiposity or musculature (Ashwell & Lejeune, 2011; Ashwell, 2005). In larger 

population-based studies, BMI is likely to reflect excess adiposity relative to excess 

musculature, which may explain why studies of a smaller sample sizes did not 

consistently report a relationship between weight status and larger portion sizes. 

Several studies have found that BMI is not associated with energy intake (Bellissimo 

et al., 2008; Blundell et al., 2012; Hopkins & Blundell, 2016; Piaggi et al., 2015; 

Stubbs et al., 2018; Weise et al., 2014). While it is important to consider that 

underreporting by individuals may significantly influence these findings (Karelis et 

al., 2010; Kelly, Rennie, et al., 2009), BMI could be considered a relatively weak or 

inconsistent predictor of energy intake and portion size.  

Taking this into consideration, excess adiposity may still be associated with 

choosing larger portions of food. Body composition and metabolic rate, namely fat-

free body mass and resting metabolic rate, are consistently associated with energy 

intake (Bellissimo et al., 2008; Blundell et al., 2012; Hopkins & Blundell, 2016; 

Piaggi et al., 2015; Stubbs et al., 2018; Weise et al., 2014) and predict meal size in a 

sample of overweight individuals and individuals with obesity (Caudwell et al., 
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2013). Comparatively, individuals with obesity have higher daily energy 

requirements compared to lean individuals (Blundell, Caudwell, Gibbons, Hopkins, 

Naslund, et al., 2012; Blundell, Caudwell, Gibbons, Hopkins, Näslund, et al., 2012; 

Caudwell et al., 2013; Ravussin et al., 1986). Individuals with obesity also 

demonstrate a reduced satiety with eating (Gautier et al., 2000; Gautier et al., 2001) 

and report needing a larger volume of food to reach satiation (Delgado-Aros et al., 

2004; Meyer-Gerspach et al., 2014). Arguably, the increased energy needs and 

reduced satiety would drive a higher energy intake, either from consuming larger 

portions of food or eating more frequently (Mattes, 2014). 

This suggests that indices of body composition, for instance waist 

circumference, waist-to-height ratio, fat-free body mass and resting metabolic rate, 

may be more strongly associated with food portion sizes. These indices, therefore, 

may describe the relationship between weight status and portion sizes more 

accurately than does BMI. Since few studies use these indices, there is a need to 

investigate the association between indices of body composition (as a measure of 

excess adiposity) and portions sizes. 

 

2.6 Are variations in biological, anthropometric, genetic, and socio-economic 

factors associated with obesity-related eating behaviours and attitudes toward 

food?  

Research studies have identified specific eating behaviours that are 

associated with the development of obesity. These behaviours include a greater 

motivational drive to eat, and a weaker satiety response with eating (Dalton, 

Finlayson, et al., 2013; Dalton et al., 2015; Epstein et al., 2012; French et al., 2014; 

French et al., 2012) and a fasting eating rate (Ohkuma et al., 2015). Typically, these 
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behaviours have been measured in smaller laboratory-based studies and in 

overweight or obese population groups. However, these behaviours may predict 

susceptibility to palatable food cues and the tendency to overeat in other population 

groups (Carter and Jansen, 2012). Across a large sample population there are several 

biological, genetic and socio-economic factors that are also associated with obesity, 

such as age, sex, inheritable traits and a lower socioeconomic status, therefore, 

obesity-related eating behaviours may be more prominent in these groups and predict 

susceptibility to overeating palatable foods.  

2.6.1 Obesity-related eating behaviours 

2.6.1.1 Motivation to eat  

Overweight individuals and individuals with obesity show a heightened 

preference for energy-dense foods, particularly those high in fat and sugar or salt 

(Blundell et al., 2005; Cox et al., 1999; Dressler & Smith, 2013; Lampuré et al., 

2014; Mela, 2001; Wardle et al., 2001).Experimental studies have demonstrated that 

in comparison to lean individuals, individuals with obesity demonstrate a greater 

willingness to work for high energy-dense foods, and these foods have a greater 

reinforcing effect on eating behaviour, i.e. these individuals will choose to eat food 

rather than engage in a non-food related activity (Epstein et al., 2011; Epstein & 

Leddy, 2006; Finlayson et al., 2008; Giesen et al., 2010; Saelens & Epstein, 1996). 

Furthermore, individuals with obesity demonstrate a greater attentional and approach 

bias toward food than do lean individuals (Kemps & Tiggemann, 2015; Tetley et al., 

2009; Werthmann et al., 2011), which indicates that these individuals may be more 

responsive to an abundant food environment and may initiate eating. More recent 

studies have identified that high food reinforcement may interact with other 

behavioural traits, such as disinhibition or the ability to delay gratification (delayed 
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discounting), to predict a greater weight gain and higher BMI (Carr et al., 2014; 

Epstein et al., 2014).  

2.6.1.2 Weak satiety responsiveness 

Individuals with obesity show an impaired appetite control that is attributed, 

in part, to a weaker satiety response to food (Dalton, Finlayson, et al., 2013; Dalton 

et al., 2015). Several studies have reported that with food consumption, individuals 

with obesity have an altered postprandial release of gut hormones in comparison 

with lean individuals. Individuals with obesity demonstrate a reduced postprandial 

release of satiety-related appetite hormones Peptide YY (PYY, Batterham et al., 

2006; Le Roux et al., 2006; Mittelman et al., 2010) and Glucagon-like peptide-1 

(GLP-1, Adam & Westerterp-Plantenga, 2005; Devoto et al., 2018; Verdich et al., 

2001). Also, suppression of the hunger-related hormone ghrelin was attenuated in 

individuals with obesity with food ingestion (English et al., 2002; Meyer-Gerspach 

et al., 2014; Mittelman et al., 2010; Tentolouris et al., 2004). Moreover, Gautier et 

al., (2000; 2001) demonstrated that satiation induced a differential brain neural 

response in obese men and women compared to lean individuals, indicating that 

these responses may reflect weaker satiety signalling with food ingestion. Alongside 

the physiological responses, obese people also report needing a greater volume of 

food to feel satisfied and have delayed gastric emptying (Delgado-Aros et al., 2004; 

Meyer-Gerspach et al., 2014). The subjective assessment of appetite also differs in 

individuals with obesity: a proportion of obese people report that they are unable to 

detect feelings hunger and fullness in response to daily eating patterns (Barkeling et 

al., 2007). These sensations may also be related to attenuated cortisol responses with 

eating and increased perceived levels of stress and anxiety (Drapeau et al., 2013a). 
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The weakened satiety response may lead to individuals eating for reasons unrelated 

to hunger (hedonic hunger).   

These studies suggest that identifying obesity-associated eating behaviours 

may explain individual responses to the food environment and how these behaviours 

lead to  overeating, weight gain and excess adiposity. 

2.6.2 Socioeconomic status and obesity 

A higher prevalence of obesity is observed amongst individuals of a lower 

socioeconomic status (Ball & Crawford, 2005; Booth et al., 2017; Davillas & 

Benzeval, 2016; Miech et al., 2006; Stafford et al., 2007; Stamatakis et al., 2005; 

Wardle et al., 2002). Typically, educational level is used as an indicator of SES 

(Booth et al., 2017; Wardle et al., 2002), however household income (Stamatakis et 

al., 2005), wealth indices or occupation level (Ball & Crawford, 2005; Davillas & 

Benzeval, 2016; Wardle et al., 2002) have also been used.  

The regional or national economic status moderates the relationship between 

SES and obesity - as gross national product increases, there is an increased 

prevalence of obesity in individuals with a lower SES (Jaacks et al., 2019; Monteiro 

et al., 2004; Pampel et al., 2012). The further disparity is observed between genders, 

where the risk of obesity amongst lower SES individuals is greater in women than 

men (Monteiro et al., 2004; Wardle et al., 2002). In the UK, it is estimated that a 

greater proportion of women living in the most deprived areas are obese (38%), 

compared to women living in the least deprived areas (20%, The Health and Social 

Care Information Centre, NHS Digital, 2018b). However, Davillias et al. (2016) 

observed that increased adiposity was positively associated with socioeconomic 

inequalities in both men and women. Moreover, this study reported that SES status 

was not associated with obesity when using BMI as an indicator of adiposity. This 
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finding adds to the suggestion that BMI may be a weak predictor of eating 

behaviour.  

The prevalence of obesity is increasing at a faster rate amongst those with 

lower SES, particularly in developing countries (Monteiro et al., 2004; Popkin et al., 

2012). These changes are attributed to the increasing availability of energy dense, 

processed foods that are cheap and affordable (Drewnowski & Darmon, 2005b; Ford 

& Mokdad, 2008). A lower SES is associated with consuming a less healthy diet 

(Méjean et al., 2011), lower intake of fruit and vegetables, but higher intake of 

processed foods (Fraser et al., 2000; Kearney et al., 1999; Stephens et al., 2018). 

Furthermore, lower SES is associated with an increased liking for high-fat foods 

(Lampuré et al., 2014). The relationship between obesity and SES may be mediated 

by specific behaviours, such as smoking, alcohol intake and income (Borodulin et 

al., 2012). These studies suggest that at a population level, socioeconomic status may 

predict eating behaviour and the appetitive responses to food cues, including a 

frequent intake and a greater motivation to eat processed, energy-dense foods.   

2.6.3 Genetic risk factors associated with obesity 

Inheritable characteristics may also influence eating behaviour. Genome-

wide association studies have identified more than 900 near independent single 

nucleotide polymorphisms associated with BMI (Van Der Klaauw & Farooqi, 2015; 

Yengo et al., 2018). Locke et al. (2015) estimated that approximately 21% of the 

variation in BMI could be attributed to variations in common genes. These genes 

encode molecular pathways that influence appetite and eating behaviour, such as 

synaptic plasticity, glutamate receptor activity that is mediated by Brain-Derived 

Neurotrophic factor (BDNF) and Melanocortin 4 receptor (MC4R), and 
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hypothalamic pathways involved in body weight regulation (Locke et al., 2015; 

Speakman, 2015). 

The fat mass and obesity-associated gene (FTO) was the first gene found to 

be associated with obesity (Dina et al., 2007; Frayling et al., 2007; Scuteri et al., 

2007). FTO protein and mRNA is widely expressed in tissues throughout the body, 

but more highly expressed in the brain, particularly regions within the hypothalamus 

(Fredriksson et al., 2008; McTaggart et al., 2011). FTO encodes 2-oxoglutarate-

dependent nucleic acid demethylase, which plays an important role in regulating 

energy homeostasis and adipose cell lipolysis (Claussnitzer et al., 2015; Peng et al., 

2011; Wåhlén et al., 2008) and is also suggested to be involved in nutrient sensing 

(Yeo & O’Rahilly, 2012). Five common FTO polymorphisms are associated with 

obesity risk: rs9939609, rs1421085, rs8050136, rs17817449 and rs1121980, Peng et 

al., 2011). These polymorphisms are associated with an increased body mass index 

(Ningombam et al., 2018), waist circumference (Andreasen et al., 2008; Liu et al., 

2010a) body weight, hip circumference and fat mass (Dina et al., 2007; Hinney et al., 

2007; Hunt et al., 2008; Scuteri et al., 2007), raised levels of serum leptin 

(Andreasen et al., 2008) and weight gain, specifically in females (Roswall et al., 

2014).  

Furthermore, studies have reported that FTO SNP’s are associated with an 

increased energy intake in both adults and children (McCaffery et al., 2012; Melhorn 

et al., 2018; Speakman et al., 2008; Wardle et al., 2009), higher dietary fat intake 

(Harbron et al., 2014; Park et al., 2013; Timpson et al., 2008), refined carbohydrate 

intake (Harbron et al., 2014) and higher protein intake (Qi et al., 2014; Tanaka et al., 

2013). Furthermore, FTO SNP’s are associated with alterations in appetite. The at-

risk A allele carriers of the FTO SNP rs9939609 report experiencing greater hunger 
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and reduced satiety after eating (Den Hoed et al., 2009; Dougkas et al., 2013; Rutters 

et al., 2010; Wardle et al., 2008). A-allele individuals report an increased loss of 

eating control and preference for high-fat foods (Tanofsky-Kraff et al., 2009). A-

allele individuals may find food more rewarding as several studies have 

demonstrated greater activation of reward-related brain regions in response to 

viewing pictures of food (Cecil et al., 2008; Karra et al., 2013) or in a food reward 

task (Scheid et al., 2014). Moreover, at-risk children and adolescents are more 

responsive to food cues, and report emotional eating and a greater enjoyment of food 

(Obregón Rivas et al., 2018). Studies have also reported that physical activity 

moderates the relationship between BMI and FTO genotype (Ahmad et al., 2011; 

Andreasen et al., 2008; Celis-Morales et al., 2016; Liu et al., 2010a), where 

individuals who participate in high levels of physical activity significantly reduce the 

risk of becoming overweight or obese (Kilpeläinen et al., 2011). These studies 

suggest that at a population level, inheritable traits associated with obesity risk may 

enhance appetitive responses to food cues, and that at-risk individuals may exhibit a 

heightened motivation to eat and reduced satiety towards energy dense, palatable 

foods.  

2.6.4 Age  

In the UK population, overweight and obesity is more prevalent in older 

individuals; specifically higher levels are found for individuals aged 45 – 74 years 

for men and 45 – 84 years for women (The Health and Social Care Information 

Centre, NHS Digital, 2018b). Excess adiposity in older adults is attributed to 

changes in muscle mass, metabolic rate and decreasing levels of physical activity 

that occur with ageing (Elia et al., 2000; Hughes et al., 2002; Klausen et al., 1997; 

Villareal et al., 2005). However, weight gain may be caused by an increased 
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consumption of high energy-dense foods reported in older individuals, including a 

more frequent intake of full-fat dairy, fat spreads, pastries and rich dressings (Ax et 

al., 2016; Bamia et al., 2007; Beck et al., 2018; Bertin et al., 2016; Fraser et al., 

2000; Gazan et al., 2016; Knudsen et al., 2014; Markussen et al., 2016; Mikkilä et 

al., 2005; Mishra et al., 2002).  

Younger individuals, however, may be equally susceptible to weight gain and 

obesity as are older individuals; several studies have found that the young are more 

likely to practice unhealthy food choices and eating patterns. Younger individuals 

are found to consume more processed or fast-foods (Beck et al., 2018; Gazan et al., 

2016; Knudsen et al., 2014; Whichelow & Prevost, 1996) and consume less fresh 

fruit and vegetables than older individuals (De Silva et al., 2011; Fraser et al., 2000; 

Nicklett & Kadell, 2013), and are more likely to snack and consume food between 

meal times (Zizza et al., 2001). 

2.6.5 Sex 

There are differences in eating behaviour between men and women. A higher 

proportion of men compared to women are classed as overweight (40% of men 

compared to 30% of women), although the proportion of  individuals with obesity is 

similar between men and women (26% for men and 27% for women, The Health and 

Social Care Information Centre, NHS Digital, 2018b). This suggests that men may 

be more likely to overeat than are women. Men have higher energy requirements; on 

average, total daily energy expenditure is approximately 20% higher for men than 

women (Redman et al., 2014). These differences are partially accounted for by sex 

differences in body mass and composition (Klausen et al., 1997). Consequently, men 

have a higher energy intake and consume more food than do women (Cornier et al., 

2010), and also select larger portions of food to serve themselves (Brunstrom, 
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Rogers, et al., 2008; Lewis et al., 2015). This variation in dietary intake may be 

related to differences in how body weight and energy homeostasis affect appetite 

regulation in men and women (Shi & Clegg, 2009; Shi et al., 2009).  

Neuroimaging studies have also demonstrated variation in neural responses 

to food cues between men and women; women demonstrated a heightened response 

to visual cues in both the fasted and fed state (Cornier et al., 2010; Uher et al., 2006). 

Fasted women also rated higher pleasantness for food cues compared to fed women 

(Del Parigi et al., 2002) . 

There are differences between men and women in dietary intake and food 

choices. Men show a greater preference for savoury flavours, particularly high-fat, 

salty food, while women show a preference for sweet foods (Arganini & Saba, 2012; 

Drewnowski, Kurth, et al., 1992; Lampuré et al., 2014). Men eat foods such as full-

fat dairy, eggs, fat spreads, bread, meat and wine more frequently than do women 

(Beck et al., 2018; Bertin et al., 2016; Togo et al., 2004). Women consume a greater 

variety of foods compared to men (De Silva et al., 2011) and report eating fruit, 

vegetables, cereals, legumes and potatoes more frequently (Baker & Wardle, 2003; 

Dibsdall et al., 2003; European Food Information Council, 2012; Gille et al., 2016). 

Alongside dietary intake, women show a greater concern for health and body weight, 

and tend to diet more frequently than men (Knudsen et al., 2014; Mikkilä et al., 

2005; Mishra et al., 2002; Pinto de Souza Fernandes et al., 2017; Wardle et al., 

2004).  This means some women may exhibit greater level of cognitive restraint in 

attempting to restrict food intake (Cornier et al., 2010).  

Collectively, these studies indicate that the individual variation in age and sex 

may contribute to variations in eating behaviours and attitudes toward food that 

predict susceptibility to overeating palatable foods.  
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2.7 Conclusion and Summary of gaps in knowledge 

The overconsumption of energy dense, palatable foods is one of the primary 

factors implicated in the development of obesity. It is established that combinations 

of high levels of fat and sugar are more palatable and more rewarding to taste than 

either nutrient alone. However, less is known about the sensory, hedonic, 

physiological and appetitive responses to these macronutrient flavour combinations 

that occur during consumption. Closer examination of alterations in the appetite 

responses is needed to understand the mechanisms that cause overeating, and to 

characterise the obesity-related behavioural, psychological and personality traits that 

may increase susceptibility to overeating these foods.  

The protein leverage hypothesis proposes that inadequate protein intake is the 

primary driver of food hyperphagia and the development of obesity. However, 

individual variation in protein need may influence the response to a restricted protein 

diet. A closer examination is needed to understand how the individual variation in 

body composition, metabolic rate and physical activity influences the response to 

low protein intake. This will further an understanding of the mechanisms of a 

protein-regulated appetite. 

It has been shown that eating behaviours such as sensitivity to reward, 

motivation to eat and weakened satiety responsiveness are associated with weight 

gain and obesity. More specifically, these traits may predict the responses to food 

cues and be associated with increased obesity risk.  There is a need, however, to 

investigate how the individual variation in eating behaviour traits is associated with 

the responses to food cues in individuals grouped by age, gender, socioeconomic 

status, obesity-associated genetic polymorphisms (FTO).  
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In Western societies, the increased prevalence of obesity is attributed, in part, 

to the increased availability of larger portions of food. However, an increased body 

mass index is not reliably associated with choosing larger portions of food.  Eating 

behaviour may be predicted by measures of body composition, rather than BMI. A 

closer examination of the relationship between excess adiposity, body composition 

and metabolic rate is needed to determine the impact of large portion sizes on the 

development of obesity.   

2.8 Research questions identified 

• By how much does the unique combination of fat and sweet flavours 

in foods provoke overconsumption during a meal? How well do 

psychological and personality traits predict the risk of palatability-

dependent overeating? (Chapter 3) 

• Are the changes induced by palatability-dependent eating caused by 

alterations in appetite hormones? (Chapter 4) 

• Does body composition, metabolic rate and physical activity 

moderate the appetite, eating behaviour and nutritional intake 

responses to acute low-protein intake? (Chapter 5) 

• Does gender, genetic risk for obesity, age and socio-economic status 

influence appetitive responses to viewing images of food in a large 

sample size?  (Chapter 6).  

• Does body composition and resting metabolic rate predict the 

relationship between excess adiposity and food portion size? (Chapter 

7) 
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Chapter 3: Microstructural analysis of a sweetened, fat-rich meal in relation to 

the individual variation in eating behaviours   

3.1 Introduction 

The overconsumption of processed, energy-dense foods is a primary factor 

implicated in the development of obesity (Mendoza et al., 2007; Monteiro & 

Cannon, 2019; Scarborough et al., 2011; Swinburn et al., 2011). A high intake of 

these foods is associated with overeating (Crino et al., 2015; Stinson et al., 2018), 

weight gain (Crino et al., 2015; Fogelholm et al., 2012; Salbe et al., 2004) and being 

overweight or obese (Lampuré et al., 2016; Mesas et al., 2012). However, it is not 

understood why individuals are overeating these foods. A characteristic feature of 

these foods is that they are extremely pleasant to eat, yet commonly found to have 

high levels of fat, sugar and/or salt.  While the combination of high levels of fat and 

tastes (sweetness or saltiness) significantly improves food palatability, high-fat, 

sweet combinations are rarely found in naturally occurring foods, and therefore may 

provoke overeating (Breslin, 2013; Mela, 2006; Schulte et al., 2015). The scientific 

understanding of the underlying mechanisms is limited, as is whether some 

individuals may be more susceptible to appetising combinations of fat and sugar. 

Food palatability plays a vital role in guiding ingestive behaviour, as 

individuals make food choices based primarily on taste (Dressler & Smith, 2013; 

Glanz et al., 1998; Sørensen et al., 2003). Experimental studies have demonstrated 

that enhancing the palatability by adding seasoning or sauce to pasta or sweetness to 

an oatmeal dish significantly increased food intake (Yeomans, 1996; Yeomans et al., 

1997, 2001, 2005). An in-depth analysis of the eating processes that occur during the 

meal has demonstrated that palatable food has an early appetising effect; during 



67 

 

 

consumption hunger levels increase in the early stages of eating, resulting in a delay 

in the onset of satiation, a longer meal duration and a higher intake of food (De 

Graaf et al., 1999; Yeomans, 1996; Yeomans et al., 1997). This indicates that the 

palatability increases food intake by stimulating orosensory reward processes to 

positively stimulate appetite, sustaining hunger levels, delaying satiation and 

decreasing satiety. However, few studies have investigated how palatable 

combinations of fat and sweetness influence appetite and food intake. 

3.1.1 High-fat, sweet foods elicit greater sensory and reward-related responses  

Combinations of fat and sweetness may elicit a distinctive appetising effect 

on eating behaviour because humans like the taste of sweetness and the taste of fat. 

Studies have demonstrated that most humans like the taste of fat and of sweetness; 

however when fat and sweetness is combined in a food, it greatly improves 

palatability and individuals show a preference for these combinations over foods 

high in fat or sweetness alone (Bolhuis et al., 2018; Drewnowski & Almiron-roig, 

2010; Drewnowski & Greenwood, 1983; Drewnowski & Schwartz, 1990; 

Drewnowski et al., 1989; Salbe et al., 2004). The addition of sweetness to a high-fat 

food, however, hinders the ability to assess the fat content of food, allows acceptance 

of a higher level of fat (Drewnowski et al., 1992, 1989;  Drewnowski & Schwartz, 

1990) and the acceptance of a high level of sweetness (Bolhuis et al., 2018). In two 

recent studies, the addition of sweetness to a high-fat, plain yoghurt enhanced the 

pleasantness with the first few spoonful’s of food and reduced anticipated satiety 

(defined as the amount of food a participant anticipated they would eat following 

consumption of the test meal (Gibson et al., 2008). Sweetness also attenuated the 

early reduction in hunger and encouraged a higher intake of food (Valkauskaite & 
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Gibson, 2010). This suggests that palatable combinations of fat and sweetness 

enhance sensory and appetite responses both on first tasting and during the meal. 

High fat, sweetened foods are not only palatable but are also foods associated 

with reward, perhaps because they represent ‘superstimuli’ versions of breastmilk, 

which sensory properties must be both innately liked and wanted by mammalian 

neonates (Gibson, 2011). The pleasant taste experienced when eating palatable foods 

activates regions in the brain that are associated with reward, motivation, learning 

and reinforcement (Nolan-Pouparta et al., 2013; Small, Jones-Gotman, et al., 2003; 

Stice, Burger, et al., 2013a, 2013b; Thanarajah et al., 2019). However, in comparison 

with a high-fat chocolate milkshake, a high-sugar milkshake elicited a greater 

activation of neural regions involved in reward and motivation, and oral 

somatosensory perception (Stice, Burger, et al., 2013a). Moreover, the taste of a 

high-fat, sweet milkshake also elicited the release of dopamine in orosensory 

pathways such as the nucleus of the solitary tract, lateral ventral anterior nucleus of 

the thalamus and the anterior insular cortex. (Thanarajah et al., 2019). 

Alongside the heightened reward responses, fat-sweetness combinations have 

been found to have a synergistic effect on reward processes. A recent study 

demonstrated that images of high-fat, sweet foods elicited a greater neural response 

in reward-related neural regions such as the dorsal striatum and mediodorsal 

thalamus compared to high fat or high-sweet foods. Furthermore, participants 

demonstrated a greater motivation to obtain the high-fat, sweet foods, indicating that 

fat and sweetness sensory stimuli act to potentiate the reward signal (DiFeliceantonio 

et al., 2018).  

The heightened motivation to eat high-fat, sweet foods is also supported by 

studies investigating the behavioural components of reward, i.e. the pleasantness or 
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‘liking’ and desire to eat or ‘wanting’ for food stimuli.  Participants show a greater 

preference, desire to eat and motivation to work for high-fat sweet foods even when 

satiated or after consuming a meal of sweet taste (Epstein et al., 2011; Griffioen-

Roose et al., 2010). Moreover, a heightened motivation to eat high-fat sweet foods is 

implicated in the development of obesity and eating disorders (Dalton, Finlayson, et 

al., 2013; Epstein et al., 2010; Finlayson et al., 2011; Finlayson & Dalton, 2012b). 

These data suggest that high-fat, sweet foods elicit a more rewarding taste and 

ingestive experience that may heighten the motivation to eat and encourage 

overeating.  

3.1.2 Individual variation in response to high-fat, sweet stimuli 

Individuals vary in their response to rewarding stimuli, and a heightened 

sensitivity to reward has been shown to predict a higher BMI, a preference for and 

increased intake of high fat, sweetened foods and the desire to eat even in the 

absence of hunger (Davis, Strachan, & Berkson, 2004; Davis et al., 2007; Davis & 

Fox, 2008; Franken & Muris, 2005; Tapper, Baker, Jiga-Boy, Haddock, & Maio, 

2015). Furthermore a heightened sensitivity to reward may interact with other 

personality traits such as impulsivity that results in an individual responding to 

palatable food cues and overeating without thought or consideration of the 

consequences (Dawe, Gullo, & Loxton, 2004; Guerrieri et al., 2007; Meule & Platte, 

2015).  

Alongside personality traits, there are several eating behaviours and attitudes 

towards food that may render an individual susceptible to overeating. Dietary 

restraint is an attempt to restrict food intake in order to control body weight 

(Johnson, Pratt, & Wardle, 2012). Disinhibition describes the loss of control and the 

tendency to overeat (Bryant, King, & Blundell, 2008). High levels of disinhibition 
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are associated with greater BMI in cross-sectional studies (Epstein, Katelyn, Carr, & 

Fletcher, 2012; French, Mitchell, Finlayson, & Blundell, 2014; Tapper et al., 2015) 

and intervention studies (Nurkkala et al., 2015).  

Dietary restraint is not consistently associated with weight status, however 

studies have demonstrated that dietary restraint is associated with weight gain over 

time (Chaput et al., 2009; Drapeau et al., 2003; Snoek et al., 2013; Stice et al., 1999). 

Dietary restraint may leave individuals feeling deprived and more susceptible to 

overeating palatable high fat, sweetened foods. Experimental studies have 

demonstrated that in some individuals, cognitive restraint may interact with 

disinhibition to encourage food consumption, particularly under conditions of stress 

and negative affect (Haynes, Lee, & Yeomans, 2003). Moreover, palatability appears 

to have a strong effect in high disinhibited individuals. Yeomans et al. (2004) 

demonstrated that high disinhibited, low restraint individuals consumed more 

palatable food compared to a bland food, while high restraint, low disinhibited 

individuals were unresponsive palatable condition. Interestingly palatability had 

influenced appetite in high disinhibited individuals, regardless of whether they also 

reported high or low scores for dietary restraint. These studies demonstrate that there 

is an interaction between eating styles that may render an individual prone to 

overeating, particularly energy dense, palatable foods.   

Similarly, emotional eating, describing the tendency to eat in response to 

negative emotion, which is more prevalent in those with higher BMI (Gibson, 2012), 

may also interact with dietary restraint to increase eating (Macht, 2008). High levels 

of both dietary restraint and emotional eating and the tendency to overeat have been 

reported in individuals with a higher BMI (Anglé et al., 2009; Elfhag, Tynelius, & 

Rasmussen, 2007; van Strien, Herman, & Verheijden, 2009). Individuals who exhibit 
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these behaviours are likely to overeat foods that are palatable and energy-dense, and 

therefore it is essential to understand how these behaviours may moderate the 

response to delicious combinations of fat and sugar (Gerlach et al., 2015).  

Experimental studies performed in our laboratory used a high-fat, greek 

yoghurt as a test food; however the amount of test food eaten was relatively small 

and more representative of snack food intake (Gibson et al., 2008; Valkauskaite & 

Gibson, 2010). Therefore, to investigate changes throughout a meal, this study used 

a rice dish served at lunchtime to be more representative of the calorie intake in a 

meal. This method also served to provide a potential paradigm for investigating 

intrameal hormonal changes during and after eating the meal. The purpose of this 

study was to investigate whether (i) Sweetness in a high-fat food will encourage 

greater intake compared to an isocaloric non-sweet high-fat food (ii) Sweetness will 

alter sensory evaluation of food, and (iii) sustain hunger and the desire to eat (iv) 

Behavioural traits will be associated with appetite for and consumption of a high fat, 

sweetened food. 
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3.2 Methods 

3.2.1 Participants: 

Twenty-five volunteers (13 men and 12 women) were recruited from staff and 

student communities at the University of Roehampton. The age of participants 

ranged from 18 to 54 years (mean 26 ± 9 years), and body mass index (BMI) 

averaged 22.7 ± 2.5. Prospective participants were excluded from the study if they 

had any medical conditions, were pregnant, were allergic to or intolerant of milk 

products, or were restricting their diet or trying to lose weight. Participants were 

naïve to the purpose of the experiment and were told that the objective was to assess 

individual taste preferences for a rice meal. The experimental protocol was approved 

by the University of Roehampton Ethics committee PSY14_132.  

3.2.2 Design: 

The study employed a within-subject design whereby participants consumed 

either a high-fat sweet or high-fat non-sweet condition on two separate days. 

Participants were tested on two days, separated by a 7-day period. Both versions of 

the rice meal were nutritionally equivalent and presented to participants in a 

counterbalanced order.  

3.2.3 Materials: 

3.2.4 Procedure 

Before each test day, participants were instructed to refrain from participating 

in vigorous exercise and eating or drinking (except water) from 22h00. On the first 

test day, participants reported to the laboratory between 08h30 and 10h30. The 

participants’ heights (m) and weights (kg) were recorded and adiposity was 

measured using the 4-compartment body composition analyser TANITA-BC 418 

MA (Amsterdam, Netherlands). Body mass index was calculated as weight/height2  
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(kg/m2). Total daily energy requirements (TDEE) were calculated using a new 

predicted equation derived from the CALERIE study (Redman et al., 2014) as 

follows: TDEE (kcal/d) = 1279+(18.3*weight (kg))+(2.3*age (years))-(338*sex (1 = 

female, 0 = male)). 

The breakfast meal was calculated to provide approximately 20% of each 

participant’s daily energy requirements. Breakfast consisted of cereal (Cornflakes, 

Kellogg Co.), semi-skimmed fresh milk, toasted white bread (Hovis soft white, 

Hovis), butter and jam or honey and tea (English breakfast tea, Twinings) or coffee 

(Original instant, Nescafé, Nestlé Ltd.).    

Following breakfast, participants were asked to complete the psychometric 

questionnaires and then were free to carry out regular duties until lunchtime, but not 

to eat or drink anything except water.  The participants returned to the laboratory 

three hours following breakfast and were instructed on the test meal procedure. They 

were provided with either a sweet or non-sweet version of the rice meal and asked to 

consume ad libitum at their own pace.  

3.2.5 Measures: 

3.2.5.1 Sussex Ingestion Pattern Monitor (SIPM) 

Data were collected using the Sussex Ingestion Pattern Monitor (SIPM v2), a 

computer-based system modified from the University Eating Monitor (Yeomans, 

Weinberg, & James, 2005). For a description of SIPM please see Yeomans & Gray 

(1997) and Yeomans (2000). Food was weighed discreetly throughout the meal on a 

concealed digital balance (Sartorious BP 4100) connected through a serial line to an 

Apple Macintosh G3 computer. Custom-programmed software (SIPM v2) read the 

balance weight on stability to 0.1 g accuracy during the test meal. 
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The test meal began with the participants rating their appetite using 

computerised line (visual analogue) scales as described in Yeomans & Gray (1997). 

Participants were asked “How <word> do you feel right now?”, where the word was 

‘hungry’, ‘full’ or ‘sick’, and ratings were made automatically on a horizontal scale 

from 0 (Not at all) to 100 (As much as I can imagine) following Booth (2009) 

Participants were then provided with a small sample of rice meal and asked to taste 

and rate the intensity and preference for the meal sweetness, creaminess, estimated 

percentage fat content. In addition, ideal sweetness and creaminess levels were made 

on a horizontal scale from 0 (Too bland) through 50 (My ideal 

sweetness/creaminess) to 100 (Too sweet/creamy). The presentation order of ratings 

was fixed. 

Following the tasting, participants were presented with 350 g of rice meal and 

instructed to eat at their normal eating rate, but to avoid leaving the spoon in the 

bowl or moving the bowl during eating. After every 30 g was consumed, the 

computer alerted the participant to complete a set of ratings for hunger (‘how hungry 

do you feel right now?’), pleasantness (‘how pleasant is the rice meal?’) and desire 

to eat the rice meal (‘how much would you like a spoonful right now?’). This pattern 

continued until 200 g was consumed. At this point, the computer alerted the 

researcher to provide a refill and an extra 200 g of meal was provided. This 

prevented the participant from terminating the meal based on sight of an empty 

bowl. Once the participant terminated the meal, they repeated the appetite ratings 

presented at the start of the meal.  
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3.2.5.2 Measures of personality traits and eating behaviour  

3.2.5.2.1 Three-factor eating questionnaire (TFEQ-R18V2) 

The Three-Factor Eating Questionnaire (TFEQ-R18V2; (Cappelleri, et al., 

2009) is an 18-item questionnaire revised from the original 51-item TFEQ (Stunkard 

& Messick, 1985). The questionnaire assesses the cognitive and behavioural aspects 

of eating practices in three dimensions: cognitive restraint (CR) is the deliberate 

restriction of food intake to control body weight, uncontrolled eating (UE) describes 

the tendency to overeat and emotional eating (EE) describes eating due to a negative 

mood state, such as anxiety or depression (Cappelleri et al., 2009a). Each item is 

scored on a 4-point Likert scale; 1 = definitely true, 2 = mostly true, 3 = mostly false, 

4 = definitely false. Items 1 – 16 are reverse coded as 1 = 4, 2 = 3, 3 = 2, 4 =1. 

Dimension subscale scores are represented as the mean scores of all items within the 

dimension (cognitive restraint, uncontrolled eating and emotional eating). The scale 

has been shown to have a good factor structure and internal reliability (Cappelleri et 

al., 2009a). In this experiment, Cronbach’s alpha values were 0.86, 0.87 and 0.93 for 

cognitive restraint, uncontrolled eating and emotional eating respectively. 

3.2.5.2.2 Power of food scale (PFS) 

The Power of Food Scale (PFS) was used to measure how an individual 

respond to living in a food-abundant environment, more specifically, how the 

presence of or thought for food influences their appetite.  The questionnaire 

comprises of 15-items which assess responsiveness to the food environment on three 

levels, namely (1) when the food is available, but not present; (2) when the food is 

present, but not tasted and (3) when the food is first tasted but not consumed. 

Examples of questions include, respectively, ‘I get more pleasure from eating than I 

do from almost anything else’; ‘When I know a delicious food is available, I can’t 
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help myself from thinking about having some.’ And ‘When I eat delicious food I 

focus a lot on how good it tastes’. The scale uses a 5-point Likert scale where 

responses are: 1 = I don’t agree at all, 2 = I agree a little, 3 = I agree somewhat, 4 = I 

agree, 5 = I strongly agree. For each question, a higher score indicated greater 

responsiveness to the food environment. The mean score for each level was 

calculated and the aggregated score (Total PFS) comprised of the mean score for all 

three levels (Cappelleri et al., 2009b).  The PFS has shown to have high reliability; 

Cronbach’s α is 0.91. The corrected item-total correlations ranged from 0.50 to 0.73. 

Test-retest reliability has been shown to be good (r = 0.77, p <0.001) (Lowe et al., 

2009). The Cronbach alpha value here for total PFS was 0.88. 

3.2.5.2.3 Behavioural Inhibition System and Behavioural Activation System (BIS-

BAS)  

The Behaviour Inhibition System (BIS) and Behavioural Activation System 

(BAS) (BIS-BAS) scales were used to measure individual differences in two 

behavioural systems that underlie behaviour and affect (Carver & White, 1994). The 

questionnaire comprises of 24-items with a 4-point scale (1 = Very true for me, 2 = 

Somewhat true for me, 3 = Somewhat false for me, 4 = Very false for me) with two 

BIS items scored in reverse. The BIS scale assesses sensitivity to punishment, 

conflict, and anxiety over the consequences of a bad event. Examples of questions 

include ‘I worry about making mistakes’, and ‘Criticism or scolding hurts me quite a 

bit’. The BAS scale is a measure of reward sensitivity and consists of three 

subscales: reward responsiveness, measuring positive responses to the anticipation of 

reward (‘When I get something I want, I feel excited and energized’); fun-seeking, 

reflecting the desire to seek out new rewards (‘I’m always willing to try something 

new if I think it will be fun’) and drive, describing the strong pursuit of rewarding 
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goals (‘I go out of my way to get things I want’) (Poythress et al., 2008). The total 

score (total BAS) consists of a summed score of the mean score of each subscale. 

The BIS-BAS scale has been shown to have reliability. In this experiment, Cronbach 

alpha values were 0.76 for Total BAS scores and 0.56 for BAS fun-seeking, 0.70 for 

BAS drive and 0.64 for BAS reward responsiveness 

3.2.5.2.4 Barratt Impulsiveness Scale (BIS-15) 

The Barratt Impulsiveness Scale measures impulsivity, a trait that has been 

associated with overeating and obesity (Mobbs, Crépin, Thiéry, Golay, & van der 

Linden, 2010; Rydén et al., 2004). The BIS-15 is a shortened version of the original 

Barratt Impulsiveness Scale (Patton, Stanford, & Barratt, 1995) and contains 15 

items assessing impulsivity in three domains; attentional (BISa), motor (BISm) and 

non-planning (BISnp). Examples of questions include ‘I act on impulse’ (BISm); ‘I 

save regularly’ (BISnp inverted item);  ‘I am restless at lecturers or talks’ (BISa). 

Each item is rated on a 4-point Likert scale (1 = rarely/never to 4 = almost always). 

The BIS-15 has been shown to have good internal consistency (Meule & Platte, 

2015) and high retest-reliability (Meule et al., 2015). The Cronbach alpha values for 

Total BIS-15 scores were 0.71. 

3.2.6 Test food 

The test meal consisted of two nutritionally equivalent high-fat sweet and non-

sweet ‘rice pudding’ meals.  The rice meal consisted of 600 g whole milk, 60 g meal 

rice, 35 g double cream, and 15 g unsalted butter and 5 g vegetable oil. For the sweet 

version, 35 g white sugar was added, while 35 g glucose polymer (maltodextrin; 

Glucidex®19, Roquette) was added to create the non-sweet version. The rice meal 

provided 141.0 kcal, 3.2 g protein, 8.0 g fat and 15.3 g carbohydrate per 100 g 

cooked weight. The rice meal was prepared the day before testing by heating the 
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milk, rice, sugar or maltodextrin, cream, butter and oil together until 100 oC on an 

electric stove. The mixture was left to simmer for 35 minutes, frequently stirring to 

ensure a consistent mix. The mixture was then cooled and stored at 4 °C. On the test 

day, the meal was heated to 65 °C and served to the participant. 

3.2.7 Data analysis: 

Tests for normality and equal variance were conducted on all variables. To 

determine whether there were differences between men and women, a one-way 

analysis of variance (ANOVA) was conducted between sexes in body composition, 

energy expenditure, eating behaviour, and personality trait scores. Differences 

between sweet and non-sweet sensory ratings for sweetness, creaminess, estimated 

percentage fat, ideal sweetness and creaminess, pleasantness and desire to eat were 

analysed using Student’s paired t-tests. Adjusted ideal sweetness and creaminess 

ratings were calculated by subtracting the raw score from the midpoint of a 100-mm 

horizontal line (50 mm). One-sided t-tests were used to determine whether ideal 

sweetness and creaminess ratings differed from ideal (0).  

To assess changes in subjective appetite during the meal, the difference in 

ratings for hunger, pleasantness and desire to eat were calculated as the ratio of the 

difference from the first and fourth rating measurements to the first rating. The score 

was calculated as: 

 𝐂𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐚𝐩𝐩𝐞𝐭𝐢𝐭𝐞 =
𝟒𝐭𝐡 𝐫𝐚𝐭𝐢𝐧𝐠 − 𝟏𝐬𝐭 𝐫𝐚𝐭𝐢𝐧𝐠

𝟏𝐬𝐭 𝐫𝐚𝐭𝐢𝐧𝐠
 

The general linear model (GLM) repeated measures ANOVA was used to 

assess differences between sweet and non-sweet food intake and change in appetite 

ratings (hunger, pleasantness, desire to eat). It was predicted that a smaller change in 

appetite would occur with high-fat, sweet food consumption (directional hypothesis). 

Therefore, a one-tailed t-test was conducted on changes in appetite (hunger, 
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pleasantness and desire to eat), between sweet and non-sweet condition. Pearson’s 

correlation coefficient was used to determine associations between sensory 

evaluation, changes in appetite, test meal food intake, eating styles and personality 

traits.   

Intake data were excluded from two participants due to technical difficulties 

in recording intake. Technical difficulties also prevented the analysis of the change 

in appetite ratings for seven participants and obtaining psychometric scores for three 

participants. In the sub-analyses of the relationship between the desire to eat and 

intake, in two participants, the change in desire to eat was extremely high value, 

suggesting misunderstanding of the scale, and therefore excluded from analyses. All 

data were analysed using SPSS version 25.0 (IBM, Chicago). An alpha criterion of p 

< 0.05 was used to indicate statistical significance.  
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3.3 Results 

3.3.1 Participant characteristics: 

Participant characteristics are presented in Table 3.1. Male participants were 

older, heavier, but had less body fat and had higher estimated energy requirements 

compared to females (p<0.05). There were no differences in personality trait or 

eating behaviour ratings between males and females.  
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Table 3.1:  

Age (years), body mass index (BMI), percentage body fat and total daily energy 

expenditure, personality traits and traits of eating behaviour for participants (n = 

25) 

 
All Men Women Sig 

Age 26.1 ±  9.0 

(18-54) 

30.4 ± 10.5 21.0 ± 2.6 p<0.05 

BMI 22.7 ± 2.5 

(18.2-28.4) 

23.4 ± 2.0 22.0 ± 2.9 p=0.175 

%Body fat 20.7 ±7.1 

(8.2 – 38.6) 

18.1 ± 7.3 23.7 ± 5.8 p<0.05 

TDEE 

(kcal) 

2603.6 

(1901.4–

3332.4) 

2859.4 ± 327.9 2326.4 ± 389.5 p<0.05 

Restraint 1.94 ± 0.81 

(1 - 3.67) 

 

2.03 ± 0.78 1.83 ± 0.88 ns 

Uncontrolled 

eating 

2.25 ± 0.64 

(1 - 3) 

 

2.11 ± 0.64 2.43 ± 0.63 ns 

Emotional 

eating 

1.92 ± 0.77 

(1 - 3.5) 

 

1.93 ± 0.78 1.9 ± 0.79 ns 

Total BAS 37.8 

(26 - 47) 

39.4  ± 4.8 35.8 ± 6.4 ns 

BIS 20.5 

(12 - 28) 

20.5  ± 1.2 20.4  ± 4.3 ns 

PFS 38.4 

(23 - 58) 

35.9  ± 10.4 41.4  ± 11.0 ns 

Impulsivity 

(BIS-15) 

32.0 

(24 - 46) 

31.8  ± 4.7 32.1 ± 5.4 ns 

BMI: Body Mass Index; %Body Fat: percentage body fat; TDEE: Total Daily Energy Expenditure; 

Total BAS: Total Behavioural Activation score; BIS: Behavioural Inhibition Score; PFS: Power of 

Food Scale. Data expressed as Mean ± 1SEM and p value (Sig); 
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3.3.2 Comparison of initial sensory ratings between sweet and non-sweet conditions: 

With the first taste of the sweet meal, ratings were higher for sweetness, t(23) 

= 6.83, p<0.001 and estimated percentage fat, t(23) = 2.75, p=0.011, while 

creaminess ratings were similar for both conditions, p = 0.85 (Table 3.2). 

Pleasantness and desire to eat ratings were higher for the sweet than the non-sweet 

condition: pleasantness t(23) = 4.58, p<0.001 and desire to eat t(23) = 2.96, p=0.007. 

Adjusted ideal sweetness and creaminess ratings for sweet condition were close to 

ideal, p = 0.93 and p = 0.84, respectively. For the non-sweet condition, participants 

rated the sweetness levels as less than ideal (or too bland), t(23) = 7.46, p < 0.001. 

Ideal creaminess ratings were close to ideal, p = 0.96 (Table 3.2).  

When first tasting the sweet condition, a higher level of perceived fat content 

was associated with higher ratings for pleasantness, r (24) = 0.45, p = 0.03. 

Participants who were hungrier rated the meal as less creamy r (24) = -0.49, p = 0.02 

and more desirable to eat r (24) = 0.50, p = 0.013, and higher ratings for pleasantness 

were associated with desire to eat, r (24) = 0.54, p = 0.01 and respectively. Higher 

ratings for creaminess were associated with a lower intake of both sweet and non-

sweet condition, sweet r (23) = -0.50, p = 0.015; non-sweet r (23) = -0.50, p = 0.013  

When tasting the non-sweet condition, higher levels of creaminess and 

perceived fat content were associated with a reduced desire to eat, r  (24) = -0.45, p 

= 0.03 and r (24) = -0.61, p = 0.002. 



83 

 

 

 

Table 3.2:  

Initial sensory ratings for sweetness, creaminess, estimated fat content (expressed as 

percentage fat; % Fat), pleasantness, desire to eat and ideal sweetness and creaminess for 

sweet and non-sweet condition. 

  Sweet Non-sweet Sig 

Sweetness 27.2 ± 1.8 11 ± 1.4 p < 0.001 

Creaminess 30.4 ± 3.1 31.1 ± 3 p = 0.849 

% Fat 49.4 ± 4.2 40.4 ± 3.4 p = 0.011 

Pleasantness 68.7 ± 3.5 52.9 ± 2.3 p < 0.001 

Desire to eat 63.4 ± 3.2 51.4 ± 3 p = 0.007 

Ideal Sweet (adjusted) -0.3 ± 13.5 21.7 ± 14.2 
S: p = 0.93; 

NS: p <0.001 

Ideal Creaminess 

(adjusted) 
0.5 ± 12.1 0.1 ± 10.9 

S: p = 0.84; 

NS: p = 0.95 

Mean ± 1SEM, Significance p value (Sig); S=sweet, NS=non-sweet. Adjusted score for ideal 

ratings represents raw score subtracted from midpoint of 100-mm scale (50), i.e. distance 

from ideal.  

 

3.3.3 Intake 

Participants ate significantly more of the sweet 312.08  ± 37.08 g than non-

sweet 221.51 ± 23.41 g condition (Figure 3.1), F (21) = 7.71, p = 0.011, partial 2 = 

0.27. Eating rate (grammes consumed per minute) and time spent eating (minutes) 

were similar in both conditions, (p=0.177 and p=0.183 respectively). There were no 

sex differences in intake for either sweet or non-sweet conditions; Men 303.32 ± 

36.43 vs Women 230.27 ± 36.43, F (20) = 2.01, p = 0.17.  
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3.3.4 Changes in appetite during the first part of the meal 

The change in appetite ratings over the first four measurements while eating 

the sweet and non-sweet conditions are shown in Figure 3.2. Appetite was sustained 

in the early stages of eating the sweet condition. The change in hunger remained 

elevated in comparison to the non-sweet meal -0.21 ± 0.05 vs -0.36 ± 0.08, t(18) = -

1.63, p=0.06 (1-tailed), CI [-0.043 – 0.34]. Similarly, the desire to eat was sustained 

in the sweet condition more than in the non-sweet condition, -0.26 ± 0.06 vs. -0.44 ± 

0.09 respectively, t(18) = 1.771, p=0.048 (1-tailed), CI [-0.01 - 0.38]. By contrast, 

the reduction in pleasantness ratings did not differ between meal conditions (p = 

0.22, 1-tailed).  

Heightened appetite responses were associated with greater food intake in the 

sweet condition. Sustained feelings of hunger, pleasantness and desire to eat were 

associated with a higher intake of the sweet condition; hunger r (18) = 0.50, p = 

0.037; pleasantness r (18) = 0.56, p = 0.016; desire to eat r (16) = 0.49, p = 0.049.  
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Figure 3.1: Intake of sweet and non-sweet rice pudding condition. Mean ± SEM, *p<0.05 
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For the non-sweet condition, sustained pleasantness and desire to eat was associated 

with a higher intake, pleasantness r (19) = 0.58, p = 0.01; desire to eat r (19) = 0.72, 

p = 0.001.  

On first tasting, higher ratings for pleasantness were associated with a 

sustained desire to eat in the sweet condition, r (18) = 0.63, p = 0.005. No other 

associations between initial sensory assessments and early appetite changes were 

observed for the sweet and non-sweet condition. There were no differences between 

males and females in changes in hunger, pleasantness and desire to eat ratings over 

the first four measurements. 
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Figure 3.2: Change in appetite ratings for hunger, pleasantness and desire to eat over the first four 

measurements of a sweet and non-sweet meal. Mean ±1SEM, ∆ p<0.10, * p<0.05. 
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3.3.5 Personality traits, eating behaviour and associations with initial sensory 

ratings, changes in appetite and intake: 

Restrained eaters rated the sweet condition as closer to their ideal sweetness 

level, r (22) = -0.43, p = 0.045, while emotional eaters rated the non-sweet condition 

as closer to their ideal sweetness, r (22) = -0.46, p = 0.03, additionally emotional 

eaters found the sweet condition too sweet, r (22) = 0.043, p = 0.045. Restrained 

eaters demonstrated a sustained desire to eat, r (17) = 0.54, p = 0.03 and tended to be 

associated with sustained pleasantness in the first part of eating the sweet condition, 

r (17) = 0.44, p = 0.07, but not in the non-sweet condition (p = 0.80 for both), 

suggesting that the restrained eaters might be more susceptible to appetising effects 

of fat and sweetness.  

In contrast to the study hypothesis, higher scores of BASRR and Total PFS 

were associated with a lower intake of the sweet condition. Higher scores for Total 

BAS were associated with a greater change in pleasantness scores for the sweet and 

non-sweet condition; sweet r (17) = -0.49, p = 0.046, non-sweet r (17) = -0.64, p = 

0.006. However Total BAS and PFS scores were not associated with initial sensory 

ratings for either the sweet or non-sweet conditions.  
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Table 3.3: 

Pearson’s correlations coefficients of changes in hunger, pleasantness, desire to eat 

and intake for sweet (S) and non-sweet (NS) rice pudding over the first four 

measurements, and personality traits (total BAS, Impulsivity BIS15) and eating 

behaviours (cognitive restraint, uncontrolled eating, emotional eating, Total PFS, 

Impulsivity) 

 
Intake 

 

Change in 

hunger 

Change in 

pleasantness 

Change in 

desire to eat 

 S NS S NS S NS S NS 

CR 0.26 0.30 0.34 0.04 0.44† 0.07 0.54* 0.06 

UE -0.31 0.03 0.01 0.15 0.22 0.17 0.19 0.02 

EE -0.23 -0.07 -0.18 -0.45 0.26 -0.27 0.39 -0.23 

BIS 0.12 0.14 0.44 -0.44 0.30 0.08 0.23 0.03 

BASR

R 
-0.46* -0.11 -0.43 -0.32 -0.44 -0.50* -0.33 -0.24 

BASD -0.19 -0.14 0.06 0.07 -0.38 -0.59* -0.36 -0.23 

BASFS -0.32 -0.01 -0.17 0.06 -0.33 -0.40 -0.41 -0.13 

Total 

BAS 
-0.42 -0.11 -0.24 -0.08 -0.49* -0.64** -0.46 -0.25 

Total 

PFS 
-0.54* -0.19 -0.29 -0.03 -0.08 -0.17 0.00 -0.08 

Impulsi

vity 
-0.35 -0.42 -0.35 -0.32 -0.15 -0.48 -0.22 -0.41 

Change scores represent the difference ratings from baseline to fourth appetite rating. Significant values 

highlighted (bold typeface) †p < 0.10; *p < 0.05; **p < 0.001; CR: cognitive restraint; UE: 

uncontrolled eating; EE: emotional eating; BIS: Behavioural Inhibition System; BASRR: Reward 

Responsiveness; BASD: Drive; BA FS: Fun-seeking; Total BAS: Behavioural Activation System; Total 

PFS: Power of Food Scale. 
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3.4 Discussion  

This study investigated the sensory, appetitive and food intake responses 

when consuming a high-fat, sweet food compared to a nutritionally equivalent non-

sweet version. The study also investigated whether obesity-related eating behaviours 

and personality traits would predict a greater appetite response when tasting and 

eating high-fat, sweet foods.  

The results of the study showed that the addition of sweetness to a high-fat 

rice meal enhanced its palatability, by improving the sensory and appetitive 

assessments on first tasting and sustaining these responses during the early stages of 

the meal. Participants consumed more of the high-fat, sweet food in comparison to 

an isoenergetic non-sweet food. Furthermore, in the early stages of the meal, high 

cognitively restrained individuals demonstrated a sustained desire to eat and 

pleasantness when eating the sweet condition. These results suggest that the 

combination of sweet and fat tastes stimulate food intake by exerting a greater 

influence on appetite and eating behaviour than bland, high-fat foods alone. These 

effects may be particularly apparent in the early stages of eating for individuals who 

exhibit a high degree of dietary restraint.  

This study hypothesised that combinations of high levels of fat and sweetness 

in food would not only enhance food palatability but would also provide a distinctive 

appetising effect by modifying appetite responses and stimulating a greater reward 

response during the meal compared to a high-fat, non-sweet version.  

The results of this study showed that the addition of sweetness to a high-fat 

food improved its palatability and appeal. Participants rated the sweet condition as 

more pleasant and desirable to eat on first tasting than a nutritionally equivalent 

bland version. The level of sweetness and creaminess closely matched the 
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participant’s ideal taste  preferences, while the non-sweet version was rated as too 

bland or contained a less than ideal level of sweetness, although the non-sweet 

version was rated as moderately pleasant. This suggests that sweetness enhances the 

palatability of high-fat food, but also elicits a higher reward response on first tasting.  

It was also observed that appetite, notably hunger and the desire to eat, was 

sustained in the early stages of eating the sweet condition compared to the non-sweet 

condition, and this was directly associated with the enhanced pleasantness 

experienced with the first spoonful. The change in hunger and desire to eat was 

attenuated in the early stages of consuming the sweet condition, while these 

responses were not observed in the non-sweet condition. The higher pleasantness 

ratings on first tasting were associated with a sustained desire to eat in the early 

stages of the meal. Furthermore, the sustained hunger, pleasantness and desire to eat 

were associated with a higher intake of the sweet condition. These results suggest 

that the enhanced palatability offered by fat-sweet combinations influenced eating 

behaviour by heightening the sensory taste experience, eliciting a greater reward 

response and sustaining appetite in the early stages of the meal.  

Food palatability is proposed to increase food intake by inducing an 

appetising effect on eating behaviour. The palatable cues associated with the food 

stimulate orosensory reward processes in a positive-feed forward manner to 

influence the processes regulating appetite, consequently encouraging a higher intake 

of food (Yeomans, 2000; Yeomans et al., 2004). Consistent with this proposal, the 

sustained hunger observed with the consumption of the sweet food, indicates that 

palatability modifies the physiological processes that regulate hunger and satiety, 

such as the release of gut hormones such as ghrelin and GLP-1. Gut hormone 

responses to palatable high-fat, sweet foods are further investigated in Chapter 4.    
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The appealing properties of fat-sweet have been reported in two studies using 

a high-fat, greek-style yoghurt: Gibson et al. (2008) demonstrated an increase in 

pleasantness from the first to the fifth spoonful of high-fat, sweet yoghurt, while 

Valkauskaite & Gibson (2010) observed attenuation in the early reduction of hunger 

observed in the first half of the meal of the high-fat, sweet condition. Participants 

also consumed more of the high-fat, sweet yoghurt.  Since these responses were 

observed in the early stages of consumption when the absorption of nutrients from 

the gastrointestinal tract is unlikely to have played a contributory role, this further 

supports the role of orosensory reward stimulation in encouraging palatable food 

intake. However, it is important to note that post-hoc analyses of change in hunger 

rating demonstrated that they were underpowered (please see Appendix L). Although 

this work extends the previous work demonstrating a sustained hunger while eating a 

high-fat, sweetened yoghurt (Valkauskaite & Gibson, 2010), further studies will be 

required to confirm the findings of this study.  

The addition of sweetness did not alter the sensory evaluation of fat content 

in this study. It was expected that sweetness might lower the perceived creaminess or 

fat content of the food. Instead, participants perceived the sweet condition to contain 

more fat, although creaminess ratings were similar for both conditions. As noted 

previously, the study may have been underpowered to test this association. In 

previous studies, the addition of sweetness to a high-fat food masked the participants' 

ability to accurately detect fat content (Drewnowski & Schwartz, 1990; Drewnowski 

et al., 1989) and allowed the acceptance of a higher level of sweetness (Bolhuis et 

al., 2018). Like the findings in this study, Valkausaite & Gibson (2010) reported no 

difference in the creaminess and percentage fat content ratings for sweet and non-

sweet high-fat yoghurts, despite a greater intake of the sweet version. In this study,  
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higher ratings for percentage fat content in the sweet condition were associated with 

higher pleasantness ratings, suggesting that the participants may have assumed that 

these hedonic sensory experiences indicate a higher fat content. Furthermore, the 

differential evaluation of fat content may be because the rice pudding meal is neither 

entirely liquid nor solid in texture, but a mixture of both. Since the sensory 

assessment of solid food is shown to be less accurate than for liquid (Drewnowski et 

al., 1989), it may be that the texture reduced the ability to assess fat content.  

The addition of sweetness to the high-fat food heightened the affective 

evaluation and motivation to eat with the first taste. It was also found that in the 

sweet condition, the sustained desire to eat occurred independently of pleasantness. 

Pleasantness ratings declined for both conditions, while the desire to eat remained 

elevated in the early stages of eating the sweet condition. These findings suggest that 

high-fat, sweet food not only heighten reward responses with first tasting but also 

encouraged the separation of ‘liking’ and ‘wanting’ components of reward by 

increasing the appetitive drive to eat independently from the hedonic value of the 

food.  

The dissociation of reward processes (i.e. a heightened ‘wanting’ or 

motivation to eat more than ‘liking’ or pleasantness) is consistent with the Incentive 

Sensitization Theory that proposes a heightened wanting may drive compulsive 

behaviours involving substance abuse (sex, pornography, gambling, food) (Berridge 

et al., 2010).  Polk et al. (2017) observed higher craving scores for highly processed 

foods, particularly those containing high levels of fat and carbohydrate or sugar 

while liking ratings were not consistently elevated for these foods. A heightened 

wanting or craving for high-fat, sweet foods was also observed in normal weight and 

individuals with obesity who presented with higher binge-eating scores (Dalton, 
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Blundell, et al., 2013; Dalton & Finlayson, 2014; Finlayson et al., 2011). High-fat, 

sweet foods were also perceived to be have addictive qualities and implicated in 

problematic eating behaviours, particularly those individuals who report higher 

scores of food addiction (Schulte et al., 2015). These appetite responses may be a 

supra-normal response to consuming levels of fat and sweetness that are not found in 

natural foods (Gibson et al., 2011); however, the heightened reward experience and 

dissociation of reward processes during eating need to be confirmed in future 

research investigations. 

In this study, individuals with higher scores for cognitive restraint showed 

sustained pleasantness and desire to eat during the early stages of eating the sweet 

condition. The sustained appetite did not lead to a higher intake of food, perhaps 

because these participants were exerting restraint in the ‘observed eating’ 

experimental situation. However, the heightened appetite responses observed for 

restrained eaters suggests that the enhanced sensory properties for the sweet 

condition are more potent, and that restrained eaters experience greater reward 

response when eating high-fat, sweet foods. A greater neural reward response to 

palatable food in restrained eaters has been reported previously (Stice et al., 2010; 

Wang et al., 2016). However, cognitive restraint is not consistently associated with a 

heightened liking or craving for palatable foods (Gearhardt et al., 2014; Komatsu & 

Aoyama, 2014; Polivy et al., 2005; Polk et al., 2017). Furthermore, highly restrained 

women were found to be unresponsive to the effect of palatability in a pasta lunch 

meal, while high disinhibited women demonstrated a heightened appetite (hunger) 

and consumed more of the palatable food condition (Yeomans et al., 2004). 

However, the analyses did not control for multiple comparisons, therefore further 
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research is need to confirm whether restrained individuals demonstrate a heightened 

reward response to food cues.  

Since the cognitive strategies employed by restrained eaters are undermined 

by factors such as distraction, stress, negative affect and demanding cognitive 

activities (Bellisle & Dalix, 2001; Cardi et al., 2015; Lattimore & Caswell, 2004; 

Wallis & Hetherington, 2004; Ward & Mann, 2000; Weinstein et al., 1997), these 

factors may moderate the relationship between food palatability, food reward and 

cognitive  restraint; thus it is important to understand how these factors may interact 

to drive food craving and overeating. Overall, the heightened appetite responses in 

restrained eaters suggest that these individuals are more susceptible to palatable 

combinations of fat and sweetness and provides insight into why people develop 

restrained eating.  Thus, this approach could help understand possible processes that 

may interact with other traits or external influences to encourage food consumption.  

This study found that there was a negative association between trait measures 

of reward sensitivity and the change in pleasantness and desire to eat, i.e. individuals 

more sensitive to reward showed a greater decline in pleasantness and desire to eat 

during the meal. This finding is in contrast with a previous study in which total BAS 

scores (reward sensitivity) were positively associated with intake, but negatively 

associated with  perceived fat content of a non-sweet yoghurt (Valkauskaite & 

Gibson, 2010). The negative association observed in this study is surprising as it was 

expected that individuals more sensitive to rewarding stimuli would show sustained 

pleasantness and desire to eat while eating the sweet version (Davis, 2009; Davis et 

al., 2007). These responses may reflect an inconsistency between the self-report and 

behavioural measures of reward.  
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The BAS scale provides a measure of overall sensitivity to reward unrelated 

to food, yet it may be that it does not capture a more specific aspect of reward; a 

sensitivity to rewarding stimuli from appetizing combinations of fat and sugar. It has 

been argued that reward has been used to describe a number of behaviours relating to 

abuse and addiction, yet it is not known whether these behaviours have a common 

underlying process or whether different aspects of reward are related (Stephens et al., 

2010). Although other studies have reported association between sensitivity to 

reward and preferences for high-fat sweetened foods (Davis et al., 2004; Davis & 

Fox, 2008), the population groups observed were predominantly female whereas this 

study included a heterogeneous sample of men and women. Further studies will need 

to investigate the specific aspects of food reward in relation to personality traits.  

3.4.1 Limitations: 

There are several limitations to the study. Firstly, the study design did not 

include a low-fat control (for instance a low-fat sweet and non-sweet condition). 

Comparisons of food intake and appetite responses across the high/low-fat, 

sweet/non-sweet conditions would have strengthened the study hypothesis. 

Importantly including a low-fat control would have determined the interaction effect 

of fat and sweetness on appetite and food intake. 

Secondly, although there were findings that were statistically significant 

(p<0.05), these findings were underpowered, and it was determined that an 

additional 30 participants were needed to achieve statistical power (1-β) > 80%. 

Although participants consumed more of the sweet rice pudding, which in real terms, 

amounted to an additional 82 g of sweet rice, 147 kcals of energy and 8 g of dietary 

fat, nevertheless the additional rice consumed does not imply overconsumption per 

se. Instead, overconsumption is more accurately defined as a higher energy intake 
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relative to energy requirements captured over several meals or a longer period (Fay 

et al., 2012). However, participants were encouraged to consume as much as they 

would for a lunch meal, therefore relative to a non-sweet nutritionally equivalent 

alternative, the additional intake of the sweet condition may reflect a form of 

overeating.  

Thirdly, the association between psychological traits and appetite responses 

were not corrected for multiple comparisons, increasing the likelihood of a type 1 

error (Colquhoun, 2017) therefore further research is needed to investigate if 

restrained eating behaviour heightens the appetite and reward responses to the 

palatable tastes of fat and sweetness.  

Fourthly, the study did not measure the habitual intake of sweet foods or 

drinks nor habitual preferences for sweetness, which may have influenced the taste 

and appetite evaluations. Habitual consumption of sweet foods and drinks may alter 

the reward value and subjective appetitive responses to such foods (Burger & 

Berner, 2014; Green & Murphy, 2012; Rudenga & Small, 2012).  

Lastly, the within-meal appetite ratings were measured at 30-g intervals 

instead of 50 g used by Yeomans et al., (1996, 2000; 1997; Yeomans & Gray, 1997). 

The physical properties and overall size of the rice meals differ from the pasta meal 

used as a test food in those studies. It was decided that at 50-g intervals, a greater 

number of spoonfuls per volume of food was required before the participant was 

alerted to an appetite rating. This could have led to fewer appetite ratings per meal, 

thereby reducing the ability to detect subtle changes in appetite throughout the meal. 

However, the difference between interruptions taken at 30 g or 50 g was not tested, 

and these differences may have resulted in small, but noticeable changes in 

subjective evaluations.  
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3.4.2 Conclusion: 

This study extends the previous work in this laboratory, demonstrating the 

appetising and synergistic effect of sweetness in high fat food. The addition of 

sweetness to a high-fat food  enhanced the appetitive sensory experience on first 

tasting and provided a more rewarding ingestive experience than consuming a high-

fat food alone. The heightened palatability may have influence appetite and reward-

related processes to sustain hunger and the motivation to eat, which in turn 

encouraged a higher intake of food. This experiment also indicates that the 

heightened palatability may have stimulated appetite and provided a more rewarding 

taste experience for restrained eaters, which may indicate a possible mechanism by 

which cognitive restraint leads to disinhibited eating, or vice-versa – direction of 

causation cannot be determined here. These data indicate that unnaturally high levels 

of fat and sugar in foods may elicit a supra-normal sensory and reward response with 

eating. This mechanism may contribute to the overconsumption of energy-dense, 

palatable foods implicated in the development of obesity.  However, further research 

is required to confirm the findings of this experiment. 
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Chapter 4: Changes in ghrelin, appetite and food intake with consumption of a 

high-fat, sweet versus non-sweet rice meal  

4.1 Introduction  

Over the past several decades, there has been a dramatic increase in the 

production and distribution of processed, energy-dense foods (Monteiro et al., 2017; 

Swinburn et al., 2011). These foods are engineered by food manufacturers to offer 

maximum palatability and appeal by cleverly combining high levels of fat, sugar, salt 

and other flavourings (Monteiro et al., 2017). However, overconsumption of these 

foods is associated with weight gain and excess adiposity (Crino et al., 2015; Steele 

et al., 2018; Swinburn et al., 2009), which indicates that the heightened palatability 

of the food may provoke overeating. The scientific understanding of the underlying 

physiological mechanisms and individual susceptibility is limited.  

In the previous chapter, the addition of sweetness to a high-fat food greatly 

enhanced the palatability and desirability of the food and participants consumed 

more of the sweet condition compared to the non-sweet, equicaloric version. 

Importantly, in the early stages of the meal, sweetness sustained feelings of hunger, 

and the motivation to eat, and these changes were associated with higher food intake. 

Similar findings have also been observed with the consumption of a high-fat, sweet 

plain yoghurt, where sweetness increased pleasantness and sustained feelings of 

hunger in the early stage of eating (Gibson et al., 2008; Valkauskaite & Gibson, 

2010). This suggests that the enhanced palatability (or some other effect of 

sweetness) modifies the intrameal appetite signals that control food intake, 

specifically the appetite hormones that regulate hunger and satiety (Chaudhri et al., 

2008).  
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One appetite hormone that may be involved in an altered response to 

palatable food is ghrelin. Ghrelin, is a gut peptide shown to have an orexigenic effect 

on appetite and food intake (Chaudhri et al., 2008; Cummings, 2006; Valassi et al., 

2008) and is also involved in several physiological processes including the 

regulation of body weight  (Muller 2015; Stengel and Tache 2012, Perello and 

Zigman, 2012). Ghrelin is a 28-amino acid peptide released from ‘A-X like’ cells in 

the stomach (Date et al., 2000; Kojima et al., 1999). Ghrelin must be acylated by 

enzyme ghrelin-O-acyl transferase (GOAT) to form acyl-ghrelin to exert a biological 

effect via GHS-R1a receptors (Sun 2004; Muller 2015). Ghrelin receptors, GHS-

R1a, are found in high concentrations in the pituitary gland and arcuate nucleus of 

the hypothalamus, consistent with ghrelin’s role in regulating the release of growth 

hormone and influencing energy homeostasis, respectively (Camiña, 2006; Hou et 

al., 2006; Sun et al., 2004; Van Der Lely et al., 2004).  

Circulating levels of ghrelin rise with fasting and decrease rapidly with food 

ingestion (Cummings et al., 2001, 2002). Preprandial ghrelin levels peak shortly 

before a meal, paralleled by the increase in subjective feelings of hunger (Cummings 

et al., 2004; Frecka & Mattes, 2008). Initially, ghrelin was thought to play a role 

primarily in meal initiation (Cummings, 2006). However, more recent studies have 

found that the preprandial rise in ghrelin varies with an individual’s meal pattern, 

indicating that ghrelin may also be involved in the anticipation of feeding (Frecka & 

Mattes, 2008). The postprandial suppression of ghrelin occurs in proportion with the 

energy intake of the meal, that is a greater postprandial suppression is observed with 

higher energy intake (Cummings et al., 2004; Wren et al., 2001). The macronutrient 

content of the meal may influence the magnitude of ghrelin suppression as 

carbohydrates appeared to suppress levels more than fats and proteins (Bowen et al., 
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2006; Dit El Khoury et al., 2006; Foster-Schubert et al., 2008; Monteleone et al., 

2003; Ouwens et al., 2003; Tentolouris et al., 2004). However other studies have 

reported that ghrelin responses are similar with the consumption of mixed 

macronutrient meals (Batterham et al., 2006; Brennan et al., 2006; Gibbons et al., 

2013; Maffeis et al., 2010; Van Der Klaauw et al., 2013). 

Ghrelin’s role as an anticipatory signal for food intake is further supported by 

its involvement in the Cephalic Phase Responses (CPR) that occur before and during 

food ingestion. The CPR describes several physiological, endocrine and autonomic 

processes that prepare the gastro-intestinal tract to receive and process nutrients 

(Power & Schulkin, 2008; Smeets et al., 2010). The CPR also responds to food-

related stimuli, such that the taste, smell and sight of food, for instance, triggers the 

release of salvia and gastric juice to aid digestion (Hsu et al., 2016).  

Ghrelin forms part of the CPR and has also been found to respond to 

variations in food cues, such as the taste of the food. Using a modified sham-feeding 

model (a procedure where participants chew the test food in the mouth then spit it 

out rather than swallowing), studies have demonstrated that ghrelin levels are 

suppressed with sham-feeding similarly to that observed with the consumption of a 

meal (Arosio et al., 2004; Smeets et al., 2009). Two studies have reported an early 

rise in ghrelin within the first 15-minutes of sham-feeding either a bacon and cheese 

toastie (Simonian et al., 2005) or cheese (Zhu et al., 2014). The early rise in ghrelin 

observed in these latter studies may be related to food palatability, because the 

toastie and cheese were arguably more palatable than test foods provided in the 

previous studies (white bread, ham and boiled egg), although the palatability of the 

test foods was not reported. Other experiments have demonstrated an early rise in 

ghrelin when participants are exposed to palatable food cues (Monteleone et al., 
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2012, 2013). Furthermore, one study demonstrated a variation in ghrelin responses 

with the expectations of the healthfulness of a meal. When participants were 

presented with a milkshake that was labelled as 'indulgent' or 'sensible', yet contained 

the same amount of energy, ghrelin levels were significantly higher following the 

consumption of the 'indulgent' compared to the ‘sensible’ milkshake (Crum et al., 

2011). Taken together, these studies demonstrate that the release of ghrelin is 

responsive to variations in food cues and expectations about the nutritional content 

of food. 

Alongside the role in homeostatic feeding, ghrelin influences the hedonic 

processes regulating eating behaviour. GHS-R1a receptors have been located in 

reward-related regions of the brain, such as the Ventral Tegmental Area (VTA) and 

amygdala (Guan et al., 1997; Zigman et al., 2006). Ghrelin acts on the dopaminergic 

neurons in these areas to increase neural activity and dopamine turnover (Abizaid et 

al., 2006). More specifically, ghrelin acts to increase the reward value of foods 

(Perelló & Zigman, 2012) and the motivation to eat (Overduin et al., 2012). Studies 

in rats and mice have demonstrated that ghrelin administration increases the 

preference and intake of sweet and fat foods (Disse et al., 2010; Perello et al., 2010; 

Shimbara et al., 2004) and increases in reward-based feeding and hyperphagia 

(Naleid et al., 2005; Wei et al., 2015). In human studies, exogenous administration of 

ghrelin has been found to stimulate neural activity in central regions associated with 

reward and motivational behaviour; in regions such as the amygdala, orbitofrontal 

cortex, anterior insula and striatum (Malik et al., 2008). Furthermore, both fasting 

(endogenous) or administration (exogenous) of ghrelin increased bias toward energy-

dense, high-fat foods indicating that ghrelin plays a role in modulating the rewarding 

value of food, thereby increasing the incentive to eat (Goldstone et al., 2014).  
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A further important consideration is the individual variation in ghrelin 

responses that may render some individuals more susceptible to palatable 

combinations of fat and sugar. The individual variation in ghrelin responses has been 

reported in people with amphetamine dependence (Suchankova et al., 2013), alcohol 

dependence (Landgren et al., 2010) and hyperphagic and hypophagic depression 

(Cerit et al., 2019), suggesting a disruption in the ghrelinergic regulation in these 

behaviours. In non-clinical individuals, higher fasting ghrelin levels are associated 

with higher levels of reward sensitivity and trait impulsivity (Ralevski et al., 2018), 

and increased preference for palatable, energy-dense foods (Beaver et al., 2006; 

Kroemer et al., 2013). Therefore, the individual variation in personality traits and 

appetite behaviours may predict an altered ghrelin response with consumption of 

high-fat, sweet food.  

The aims of this study were to determine whether (i) sweetness in a high-fat 

food would alter early prandial and postprandial ghrelin responses and encourage a 

higher food intake, (ii) prandial and postprandial responses would be associated with 

appetite and sensory evaluations of food (iii) behavioural traits associated with 

eating behaviour would predict early and postprandial ghrelin responses to 

consuming a high-fat sweetened food. 
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I hypothesised that: 

1. The addition of sweetness to a high-fat rice meal modifies the 

prandial and postprandial acyl ghrelin responses in comparison to a 

non-sweet, equicaloric alternative. 

2. Variation in prandial and postprandial acyl ghrelin responses with 

consumption of a sweet, high-fat food is associated a heightened 

sensory experience on first tasting, changes in appetite during the 

meal or increased food intake compared to a non-sweet condition. 

3. Individual variability in eating behaviours and personality traits 

predict a heightened ghrelin response with consumption a high-fat, 

sweet rice meal.  
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4.2 Methods 

4.2.1 Participants: 

Fifteen volunteers (4 men and 11 women) were recruited from staff and 

student communities at the University of Roehampton to participate in the study. 

From this group, blood samples from ten participants (8 females, 2 males) were 

analysed for plasma acyl ghrelin responses. Prospective participants were excluded 

from the study if they were allergic to or intolerant of milk products or were 

restricting their diet, trying to lose weight or had a dietary restraint score > 3.5 

(Tatjana van Strien et al., 2009). Four prospective participants were excluded based 

on these criteria. Participants were naïve to the hypotheses of the experiment and 

were told only that the objective was to assess individual taste preferences for a rice 

meal. The experimental protocol was approved by the University of Roehampton 

Ethics committee PSY14_132.  

4.2.2 Design: 

The study employed the same study design as described in Chapter 3, with 

additional appetite assessments and measurement of plasma acyl ghrelin. Blood 

samples were obtained for the measurement of acyl ghrelin premeal (baseline – T0), 

at 5 minutes (T5), 15 minutes (T15), 30 minutes (T30) and 60 minutes (T60) from 

the start of eating the meal.  

4.2.3 Test meal 

The test meal consisted of two nutritionally equivalent high-fat sweet and 

non-sweet rice meals as described in Chapter 3.   

4.2.4 Procedure 

Testing followed procedures described in Chapter 3. Height (m), weight (kg), 

and body composition was measured using the 4-compartment body composition 
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analyser TANITA-BC 418 MA (Amsterdam, Netherlands). Total daily energy 

requirements were calculated using a new predicted equation derived from the 

CALERIE study (Redman et al., 2014). A standardised breakfast meal was provided 

to participants and calculated to provide approximately 20% of each participant’s 

daily energy requirements. Breakfast consisted of cereal (Kelloggs TM), semi-

skimmed fresh milk, toasted white bread (Hovis soft white, Hovis), butter and jam or 

honey and tea (English breakfast tea, Twinings and Company, LTD) or coffee 

(Nescafé, Nestlé).    

Following breakfast, participants were asked to carry out normal duties until 

the trial session, but not to eat or drink anything except water. The participants 

returned to the laboratory three hours following breakfast and were instructed on the 

test procedures. The participants were then placed in a semi-supine position, and a 

catheter was inserted into the forearm vein. A baseline blood sample was drawn, and 

the line was flushed with sterile physiological saline to maintain vascular access 

during the test period. The participants were moved to an upright seat in front of a 

computer screen where the test meal was consumed. The participants completed an 

appetite assessment to assess levels of hunger, fullness and sickness.  Following the 

assessment, participants were provided with either a sweet or non-sweet version of 

the meal and asked to “Please consume as much or as little food as you like and 

please eat at your own pace”. Blood samples and appetite scores were obtained at 

T5, T15, T30 and T60 following the start of the meal. After the meal, the participants 

returned to a semi-supine position and completed the psychometric questionnaires. 

Test procedures were repeated approximately one week later.  
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4.2.5 Measures: 

4.2.5.1 Sussex Ingestion Pattern Monitor (SIPM) 

Data were collected using the Sussex Ingestion Pattern Monitor (SIPM v2) as 

described in Chapter 3  

4.2.5.2 Appetite assessments 

In addition to appetite assessment taken before, during and after the meal, 

appetite assessments of hunger, fullness and sickness were made using an electronic 

version of the 100-point visual analogue scales (VAS) presented on a handheld 

computer (iPad, version 4; Apple, Inc). The iPad was for ease of use and to ensure 

minimal movement of the participant during assessment. Measurements were taken 

at baseline (T0), T5, T15, T30, T60 shortly before blood sampling. 

4.2.5.3 Measures of personality traits and eating behaviour  

Descriptions for each questionnaire used in this chapter can be found in 

Chapter 3. 

4.2.5.3.1 Three-factor eating questionnaire (TFEQ-R18V2) 

The Cronbach’s alpha values for this chapter were 0.88, 0.71 and 0.91 for 

cognitive restraint, uncontrolled eating and emotional eating respectively.  

4.2.5.3.2 Power of food scale (PFS) 

The Cronbach alpha value for total PFS in this study was 0.88. 

4.2.5.3.3 Behavioural Inhibition System and Behavioural Activation System (BIS-

BAS)  

Cronbach alpha values were 0.76 for Total BAS scores and 0.56 for BAS 

fun-seeking, 0.70 for BAS drive and 0.64 for BAS reward responsiveness 

4.2.5.3.4 Barratt Impulsiveness Scale (BIS-15) 

The Cronbach alpha values for Total BIS-15 scores were 0.71. 
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4.2.6 Hormone analysis 

4.2.6.1 Procedure 

Blood was drawn into 5-ml sterile syringes and transferred to two 1-ml 

EDTA-lined polypropylene tubes and placed on ice. To prevent the degradation of 

acylated ghrelin, 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) 

was added to the polypropylene tubes at concentration of 1 mg.ml-1.  Samples were 

centrifuged at 1500 g for 10 minutes, then plasma was separated into four aliquots. 

Plasma samples were acidified with 1M HCL. All samples were stored at -20°C until 

further analysis. 

Plasma active (acyl) ghrelin is considered a more informative measure of 

ghrelin activity (Cummings et al., 2005; Mackelvie et al., 2007). Active ghrelin 

levels were measured in duplicate using a sandwich  enzyme-linked immunosorbent 

assay (ELISA) produced by Merck Millipore (now Sigma-Aldrich) (Human Ghrelin 

(active) 96-well plate Cat. #EZGRA-88K). All laboratory work was carried out in 

the clinical laboratory at the University of Roehampton. The lowest level of total 

ghrelin detected by the ELISA kit was 15 pg/ml. The appropriate range of the assay 

was 25 pg/ml to 2,000 pg/ml active ghrelin in a 20-µl sample. The intra-assay 

coefficient of variation for this assay is 3.9% and the inter-assay variation for this 

assay is 9.9%.  

4.2.7 Data analysis: 

Tests for normality and equal variance were conducted on all variables and 

adjustments to scores or tests were made if data were non-normal or of unequal 

variances. Appetite assessments (initial taste ratings, intake and change in appetite 

ratings in the early stages of the meal), and association of BMI, eating styles, eating 

behaviours, test meal intake and sensory ratings were conducted on all 15 
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participants. Plasma acyl ghrelin responses (change in ghrelin, AUCg, AUCi, 

AUCi/kcal) and associations of early plasma acyl ghrelin responses with sensory 

evaluation, appetite ratings, test meal intake were conducted on ten participants. 

Sweetness, creaminess ratings for the sweet condition and initial hunger and 

adjusted ideal creaminess ratings for non-sweet condition were not normally 

distributed (please refer to Table F1 in Appendix F). Therefore, a Wilcoxon signed-

rank test was used to determine difference between test conditions. To determine if 

there were differences between the sexes in body composition, energy expenditure, 

eating behaviour, and personality trait scores were assessed using one-way analysis 

of variance (ANOVA).  

Overall differences between sweet and non-sweet meals in intake, initial 

sensory ratings for sweetness, creaminess, estimated percentage fat, ideal sweetness 

and creaminess, pleasantness and desire to eat, acyl ghrelin responses (change in 

ghrelin, AUCg, AUCi, AUCi/kcal) were analysed using general linear model (GLM) 

repeated measures ANOVA. The Greenhouse-Geisser (Geisser & Greenhouse, 1959) 

correction was applied if Mauchly’s test of sphericity was violated. Difference from 

ideal’ sweetness and creaminess ratings were calculated by subtracting the raw score 

from the ‘ideal’ midpoint of a 100-mm horizontal line (50 mm). A one-sided t-test 

was used to determine whether ‘difference from ideal’ sweetness and creaminess 

ratings differed significantly from ideal (0). A two-way repeated measures ANOVA 

was conducted to determine the differences in appetite ratings for hunger or fullness 

between the sweet and non-sweet condition over the 60-minute test period. 

Pearson’s correlations were used to determine associations between 

anthropometric measurements, psychometric scores, sensory appetite ratings, 

prandial and post-prandial ghrelin and appetite responses. Spearman’s correlation 
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analysis was used to determine associations using non-parametric data (BMI, body 

fat, initial ratings for sweetness, creaminess, and adjusted ideal creaminess). 

All appetite values of zero were given a value of 1 to allow for further 

calculations. To assess changes in subjective appetite (hunger, pleasantness, desire to 

eat) and plasma acyl ghrelin during the first five minutes of the meal, calculations 

were made by subtracting the measurement obtained at T5 (5 minutes) from the 

baseline measurement and dividing the difference by the baseline rating as follows: 

𝑪𝒉𝒂𝒏𝒈𝒆 𝒊𝒏 𝒂𝒑𝒑𝒆𝒕𝒊𝒕𝒆 =  
𝑻𝟓 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕−𝑻𝟎 (𝒃𝒂𝒔𝒆𝒍𝒊𝒏𝒆) 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕

𝑻𝟎 (𝒃𝒂𝒔𝒆𝒍𝒊𝒏𝒆) 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕
  

To determine changes in acyl ghrelin and appetite (hunger, sickness, fullness) 

over the test period,  the area under the curve (AUC) was presented in two ways, 1) 

the change from baseline 0 (AUCg) 2) the increase from baseline values (AUCi) 

(Khoury et al., 2015; Pruessner et al., 2003). Since changes in plasma acyl-ghrelin 

are associated with total energy intake (Callahan et al., 2004), a calculation was 

made to determine the acyl-ghrelin, and appetite, responses in proportion to the total 

energy consumed as follows:  

𝑬𝒏𝒆𝒓𝒈𝒚 𝒊𝒏𝒕𝒂𝒌𝒆 𝒂𝒅𝒋𝒖𝒔𝒕𝒆𝒅 𝑮𝒉𝒓𝒆𝒍𝒊𝒏 𝒐𝒓 𝑨𝒑𝒑𝒆𝒕𝒊𝒕𝒆 𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆

=
𝑨𝑼𝑪𝒊 𝒈𝒉𝒓𝒆𝒍𝒊𝒏 𝒐𝒓 𝒂𝒑𝒑𝒆𝒕𝒊𝒕𝒆

𝑬𝒏𝒆𝒓𝒈𝒚 𝒊𝒏𝒕𝒂𝒌𝒆 (𝒌𝒄𝒂𝒍)
 

Several blood samples were severely haemolysed, making accurate 

measurement of acyl-ghrelin difficult for a total of five values across the participant 

group. Similarly, fifteen appetite scores were missing due to technical error during 

data collection.  To replace these values, a linear interpolation method was used as 

follows:  

𝒚 𝒎𝒊𝒔𝒔𝒊𝒏𝒈 = 𝒚𝟐 + (𝒙 𝒎𝒊𝒔𝒔𝒊𝒏𝒈 − 𝒙𝟏) ∗ ( 
𝒚𝟐 − 𝒚𝟏

𝒙𝟐 − 𝒙𝟏
) 
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Where x missing = time interval of missing value; y missing = missing 

value; y1 = value before missing value; y2 = value subsequent to missing value; x1 = 

time interval before missing value; x2 = time interval subsequent missing value.  

All data were analysed using SPSS version 25.0 (IBM, Chicago). An alpha 

criterion of p < 0.05 was used to determine statistical significance.  
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4.3 Results 

4.3.1 Participant characteristics 

Participant characteristics are listed in Table 4.1. In the full sample (N = 15), 

the age of participants ranged from 20 – 39 years, mean ± 1SD  27.7 ± 1.4 years, and 

body mass index (BMI) was 23.5 ± 3.4. There were some sex differences; females 

had a lower BMI yet had more body fat compared to males. Males had a higher total 

energy expenditure (TDEE). Females also had higher BIS and Total BAS scores. No 

other differences were observed between participants. 
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Table 4.1: 

Age (years), body mass index (BMI), percentage body fat and total daily energy 

expenditure (TDEE), personality traits and traits of eating behaviour for participants 

(n = 15) 

 
Total 

(N = 15) 

Male 

(N = 4) 

Female 

(N = 11) 

Age (years) 27.7 ± 5.5 30.8 ± 7.9 26.5 ± 4.3 

 (20 - 39) (20 - 39) (20 - 32) 

BMI  (kg.m-2) 23.5 ± 3.4 24.7 ± 1.8 23.1 ± 3.8 

 (19.2 - 33.4) (23.2 - 27.2) (19.2 - 33.4) 

Percentage body fat (%) 30.4 ± 8.1 20.4 ± 2.2b 34.1 ± 5.9 

 (18.6 - 48.6) (18.6 - 23.5) (27.2 - 48.6) 

TDEE (kcal.day-1) 2408.8 ± 465.1 3074.3 ± 377.7a 2166.8 ± 136.1 

 (1971.7 - 3541.2) (2643.2 - 3541.2) (1971.7 - 2368.7) 

Cognitive restraint 2.3 ± 0.8 1.8 ± 0.7 2.5 ± 0.9 

 (1 - 4) (1 – 2.7) (1 - 4) 

Uncontrolled eating 2.4 ± 0.4 2.0 ± 0.4 2.5 ± 0.4 

 (1.6 – 3.0) (1.6 – 2.6) (1.6 – 3.0) 

Emotional eating 1.9 ± 0.7 1.5 ± 0.5 2.1  ± 0.8 

 (1 – 3.7) (1 - 2) (1 – 3.7) 

BIS 23.1 ± 2.7 19.5 ± 1.9b 24.4 ± 1.4 

 (17 - 26) (17 - 21) (22 - 26) 

Total BAS 40.4 ± 4.5 38.3 ± 5.9 41.2 ± 3.9 

 (32 - 47) (32 - 46) (35 - 47) 

Total PFS 43.2 ± 10 38.8 ± 10.8 44.8 ± 9.7 

 (23 - 56) (25 - 50) (23 - 56) 

Total BIS 29.4 ± 6.7 31.5 ± 10.5 28.6 ± 5.2 

 (18 - 43) (18 - 43) (22 - 37) 

Mean ± 1 standard deviation (minimum to maximum values),  BIS: Behavioural Inhibition system, 

Total BAS: Total score for Behavioural Activation System, Total PFS: total score for Power of Food 

Scale, BIStotal: Total score for Impulsivity; a p < 0.05 Significantly higher than females, b p < 0.001 

Significantly lower than females. 
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4.3.2 Initial sensory and appetite ratings 

The appetite and sensory ratings on first tasting the sweet and non-sweet rice 

meal are described in Table 4.2. As expected, sweetness, pleasantness and desire to 

eat ratings were greater for the sweet compared to non-sweet meal: Sweetness, 

median z = -3.18, p = 0.001; Pleasantness, t(14) 3.48, p = 0.004; Desire to eat , t (14) 

= 2.95, p = 0.011. Difference from ideal sweetness and creaminess ratings were 

closer to ideal for the sweet than non-sweet rice meal.  Ideal sweetness for the non-

sweet condition was significantly lower compared to ideal t(14) = -3.37, p =  0.005) 

Baseline hunger, fullness and sickness scores were similar on both test days (p 

>0.05).  
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Table 4.2: 

Initial sensory ratings for sweetness, creaminess, estimated fat content (expressed 

as percentage fat; % Fat), pleasantness, desire to eat and ‘difference from ideal’ 

sweetness and creaminess for sweet and non-sweet rice meal. 

 S NS  

Sweetness 

26.5 ± 3.7 

(median: 21) 

7.4 ± 1.3 

(median: 6) 

p<0.001a 

Creaminess 

33.6 ± 3.5 

(median: 35) 

37.9 ± 4 

(median: 37) 

NSb 

% Fat 50.1 ± 6.2 45.1 ± 5.6 NS 

Pleasantness 73 ± 4.5 58.1 ± 5 p <0.05 

Desire to eat 74.3 ± 4.1 60.4 ± 5.1 p <0.05 

Ideal Sweet 

(adjusted) 

-0.4 ± 3 -15.3 ± 4.5 S: non sig; NS p=0.005 

Ideal Creaminess 

(adjusted) 

-0.4 ± 2.5 

(median: 0) 

0.9 ± 5.1 

(median: 0) 

S: non sig; NS: non sigc 

Mean ± 1SD; S = sweet condition; NS = non-sweet condition; non sig = non-significant; a 

Wilcoxon signed-rank test median z-score = -3.18, b median z-score = 0.94, c median z-score = -

0.82  
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4.3.3 Intake 

Participants did not consume significantly more of the sweet rice meal 

compared to the non-sweet condition, despite a 13% greater group mean intake for 

the sweet vs. non-sweet meal. Values are mean ± 1SEM (Sweet 315.11 ± 40.88 vs 

Non-sweet 279.57 ± 38.30, p = 0.332). 

 

4.3.4 Change in hunger, desire to eat and pleasantness ratings during the first part 

of the meal  

The change in appetite scores during the first five minutes of the meal was 

similar between the sweet and non-sweet conditions.: Hunger: Sweet -0.17 ± 0.10 vs 

Non-sweet -0.23 ± 0.045, t (13) = 0.59, p = 0.56; Desire to eat: Sweet -0.30 ± 0.11 vs 

Non-sweet -0.21 ± 0.084, t (13) = -1.08, p = 0.30; Pleasantness Sweet -0.18 ± 0.072 

vs Non-sweet -0.15 ± 0.093, t (13) = -0.42,  p = 0.69. 
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4.3.5 Percentage change in plasma acyl ghrelin over 60 minutes 

The change in acyl ghrelin over the test period differed between the sweet 

and non-sweet condition and over time, time*condition, F (4, 36) = 15.22, p < 0.001, 

partial 2 = 0.63. There was a simple effect of time where the acyl ghrelin levels 

showed a significant decrease from baseline at T15 -5.85 ± 8.70, p = 0.033; T30 -

19.23 ± 7.63 and T60 -53.19 ± 7.83, p < 0.001,  F (4, 6) = 8.41, p = 0.012, partial 2 

= 0.85. Multiple comparisons supported the following interpretations of the 

interaction: at T5, acyl ghrelin fell from baseline after the non-sweet condition but 

not after the Sweet condition, mean difference ± 1SEM: 21.20 ± 5.92 [7.76 to 34.64], 

p = 0.006; whereas by T30 mean  acyl ghrelin levels had fallen further below 

baseline for the Sweet condition compared to the Non-sweet condition, -20.50 ± 8.94 
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Figure 4.1: Change in plasma acyl ghrelin values (pg.ml-1) over 60 minutes during and following 

consumption of a sweet or non-sweet rice meal. Error ± 1 SEM mean is (square) or (triangle). *Sweet 

different to non-sweet, a Sweet T15 different from baseline; b Sweet T30 different from baseline, c 

Sweet T60 different from baseline, d Non-sweet T30 different from baseline, e Non-sweet T60 different 

from baseline †Main effect of time. 
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[-40.73 to -0.31], p = 0.047. By T60, acyl ghrelin had fallen to same levels below 

baseline for both sensory conditions (see Figure 4.1). 

4.3.6 Appetite changes over 60-minutes 

The change in hunger from baseline did not differ between the sweet and non-sweet 

condition, and did not inteact with time, time*condition effect, Greenhouse-Geisser 

correction factor was applied, Epsilon (ε) = 0.38, F (1.5, 13.5) = 0.12, p =0.97. There 

was no main effect for condition; F (1, 9) = 0.22, p =0.65. There was a main effect of 

time, Greenhouse-Geisser correction Epsilon (ε) = 0.43, F (1.7, 15.5) = 4.68, p 

=0.004, partial 2 = 0.34. Hunger was suppressed at T5 mean difference ± 1SEM 

[95%CI] 0.25 ± 0.07 [0.1 to 0.40], p = 0.005, T15 0.46 ± 0.10 [0.23 to 0.69], p = 

0.002, T30 0.43 ± 0.13 [0.14 to 0.72], p = 0.008 but resumed close to baseline values 

at T60 0.25 ± 0.18 [-0.15 to 0.65], p = 0.18. (see Figure 4.2).  

There was no interaction of condition and time on subjective feelings of 

fullness; time*condition effect, F (1,9) = 0.00 = 0.99.  There was a main effect for 

time, F (4, 36) = 4.18, p =0.007, partial 2 = 0.32. Multiple comparisons revealed 

that fullness tended to be elevated from baseline at T5 -13.14 ± 6.96 [-28.88 to 2.60], 

p = 0.092, T15 -17.19 ± 8,28 [-35.92 to 1.55], p = 0.068, T30 -17.90 ± 8.66 [-37.49 

to 1.70], p = 0.069 and T60 -16.42 ± 7.71 [--33.87 to 1.02], p = 0.062 
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4.3.7 Area under the curve (with respect to increase: AUCi) 

The mean ± SE values are presented in Table 4.3 and Table 4.4 below. There 

was no significant differences in the acyl ghrelin responses for AUCg, AUCi, and 

AUCi.kcal-1(area under the curve as a proportion of energy intake, kcal), between the 

sweet and non-sweet conditions (AUCg, p = 0.61, AUCi.kcal1, p = 0.54). Similarly, 

there were no differences in appetite responses (AUCg and AUCi) between sweet 

and non-sweet conditions.  
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Figure 4.2 Mean change in subjective hunger scores from baseline values over 60 minutes test 

period during and following consumption of a sweet or non-sweet rice meal. Error ± 1 SEM 
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Table 4.3 

Area under the curve with respect to ground (AUCg) or increase (AUCi) and AUCi as 

a proportion of energy intake (kcal) for changes in plasma acyl ghrelin (pg.ml-1)over 

the 60-minute period following consumption of a Sweet or Non-sweet high fat rice 

meal. 

 Sweet Non-sweet 

AUCg 30426 ± 5145 32561 ± 5973 

AUCi -24404 ± 8482 -22301 ± 8804 

AUCi.kcal-1 -53 ± 16 -63 ± 22 

Values are Mean ± 1 SEM 
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Table 4.4 

Area under the curve with respect to ground (AUCg) or increase (AUCi) and AUCi as a proportion of energy intake (kcal) 

for changes in appetite (hunger, fullness, sickness) over the 60-minute period following consumption of a Sweet or Non-

sweet high fat rice meal. 

 

Hunger Sickness 

 

Fullness 

 S NS S NS S NS 

AUCg 2171 ± 391 2160 ± 311 1512 ± 427 1005 ± 25 3407 ± 299 3705 ± 228 

AUCi -1675 ± 441 -1351 ± 409 -96 ± 367 105 ± 248 1877 ± 432 2037 ± 527 

AUCi.kcal-1 -3.32 ± 3.7 

 

-5.87 ± 7.33 

 

3.97 ± 0.94 

 

9.2 ± 3.37 

 

3.97 ± 2.98 

 

9.2 ± 10.67 

 

Values are Mean ± 1 SEM 
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4.3.8 Association of BMI, eating styles, eating behaviours and test meal intake and 

sensory ratings 

A higher BMI was associated with greater fat mass (kg) r (14) = 0.79, p = 

0.001. Emotional eaters and uncontrolled eaters tended to report higher total PFS 

scores, emotional eating: scores r (14) = 0.47, p = 0.089, uncontrolled eating: r (14) 

= 0.51, p = 0.064 yet consumed less of the sweet condition, emotional eaters r (13) = 

-0.63, p = 0.019, uncontrolled eaters r (13) = -0.73, p = 0.005. Restrained eaters 

demonstrated a sustained level of pleasantness when eating the sweet condition in 

the early stages of the meal, r (14) = 0.60, p = 0.022. Restrained eaters also 

demonstrated sustained desire to eat, but this was observed for both sweet, r (14) = 

0.49, p = 0.076 and non-sweet, r(14) = 0.48, p = 0.08. 

High scores of reward sensitivity (total BAS) were associated with less 

intense sweetness ratings, rho = -0.63, p = 0.015 

4.3.9 Associations of early plasma acyl ghrelin responses with sensory evaluation, 

appetite ratings, test meal intake 

 The early change in acyl ghrelin was not significantly associated with a 

greater intake of sweet or non-sweet rice meal. However, higher ratings for 

creaminess of the non-sweet rice were associated with a greater change in acyl 

ghrelin in the early stages of the meal , r (10) = 0.71, p = 0.023, and similarly, a 

higher perceived fat content of the sweet condition tended to be associated with a 

greater change in acyl ghrelin in the early stages of eating, r (10) = 0.61, p = 0.064.  

Higher intake of non-sweet rice was associated with a greater change in 

pleasantness r (12) = 0.68, p = 0.014 and tendency for a greater change in desire to 

eat, r (12) = 0.57, p = 0.052 in the early stages of the meal.  
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4.4 Discussion 

The purpose of this study was to investigate whether consumption of a high-

fat, sweet food would alter prandial and postprandial acyl ghrelin responses in 

comparison to a non-sweet, equicaloric food. The study also investigated whether 

these responses were associated with a heightened sensory experience on first 

tasting, changes in appetite during the meal or increased food intake. Lastly, the 

study investigated whether individual differences in personality traits and eating 

behaviour would predict a heightened postprandial acyl ghrelin response with 

consumption of high-fat, sweet food.   

In this study, consumption of a high-fat sweet food did appear to modify 

prandial ghrelin responses in comparison with the non-sweet condition. In the sweet 

condition, ghrelin levels remained elevated during the first five minutes of the meal, 

while falling below baseline values for the non-sweet condition. The early 

attenuation of acyl ghrelin was not associated with preprandial appetite assessments, 

sensory evaluations, or with food consumption or energy intake. However, these 

results should be interpreted with caution as the sample size was small, analyses 

were not protected for multiple contrasts and findings were largely under-powered.  

4.4.1 Early prandial plasma acyl ghrelin responses to consuming high-fat, sweet 

food  

The study found that the addition of sweetness in a high-fat food enhanced its 

palatability. As with the findings reported in chapter 3, the participants rated the 

sweet condition as more pleasant and rewarding to eat when first tasting the food. In 

the early stages of eating, acyl ghrelin levels were sustained in the sweet condition 

but declined in the non-sweet condition. This suggests that the heightened 

palatability provided by high-fat, sweet food stimulated the release of ghrelin in the 
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cephalic phase of eating. The ghrelin responses, however, were not associated with 

increased food intake, or sensory and appetite assessments with first tasting and 

during the meal. The study did find that participants who rated the non-sweet 

condition as creamier and tended to perceive the meal to contain a higher level of fat 

demonstrated a rise (or less of a decline) in acyl ghrelin levels in the early part of the 

meal. These data suggest that the processes that regulate ghrelin secretion in the 

cephalic phase of eating may be responsive to both external palatable food cues and 

internal signals that reflect cognitive, appetitive and sensory perceptions that may 

depend on experience and individual expectations (Woods et al., 2018). 

Although overall changes in ghrelin levels were not related with sensory or 

appetite evaluations, however it is likely that the study was underpowered to test this 

association. It is plausible that the heightened ghrelin responses observed in the 

earlier stages of the meal may be associated with the palatable taste of the food 

rather than with nutrients absorbed from the gastrointestinal tract. If foods combining 

the taste of sweetness and fat enhance the palatability of the food and provide a more 

pleasant sensory experience, this may stimulate orosensory reward processes 

involved in food perception, providing a positive feedback to central regions 

regulating feeding behaviour (Yeomans, 2000). The positive feedback may also act 

on regions regulating the release of appetite hormones, more specifically the release 

of ghrelin (Møller, 2014). Perhaps the positive orosensory stimulation then acts on 

these regions to stimulate ghrelin secretion and so encourage food intake.  

Ghrelin responses are regulated by vagal afferent and efferent activity via the 

dorsal vagal complex (Masuda et al., 2000). This area of the hindbrain receives input 

from sensory modalities (responding to external food cues) and visceral afferent 

signals that reflect the status of the internal milieu (Powley, 2000). Therefore, the 
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ghrelin responses observed in this study suggest that the positive sensory stimulation 

from high-fat, sweet stimuli, or less pleasant appetite perceptions that arise with 

eating, act on neurones in the dorsal vagal complex to modulate the activity of the 

vagus nerve and regulate ghrelin responses accordingly (Powley, 2000). 

Several experimental studies have demonstrated that palatable foods evoke a 

heightened gut hormone response in the cephalic phase of eating; however, less 

consistent results have been observed with ghrelin.  Monteleone et al. (2015; 2012, 

2013) demonstrated an early rise in plasma total ghrelin levels in response to the 

sight and smell of palatable food (either Italian confectionery served with chocolate 

or the individual’s choice of palatable food) compared to a non-palatable food (bread 

and butter), although the effect of tasting or sham feeding the food was not 

investigated in these studies.  

Tasting palatable foods have been demonstrated to elicit heightened 

pancreatic polypeptide (PP) responses when sham feeding high-fat pound cake 

(Crystal & Teff, 2006) and a sweetened cream cheese cracker (Teff, 2010). 

Similarly, early increases in plasma insulin levels were observed when sham feeding 

apple pie (Teff et al., 1995).  In contrast, Mennella et al. (2015) reported similar acyl 

ghrelin response when sham feeding a sweet dessert (palatable condition), a bitter 

dessert (unpalatable condition) or tasteless dessert condition. Moreover, Lasschuijt et 

al., (2018) reported no differences in ghrelin and pancreatic polypeptide levels with 

sham feeding of hard and soft, sweet and non-sweet foods in comparison with 

fasting. The investigators acknowledged that the moderate palatability ratings for the 

test foods might have influenced the study outcome. It is noted that the test food 

used in the Mennella et al. study had a lower fat content (3%) in comparison to the 

test food used in this study (~50%). Since foods combining high levels of fat and 
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sweetness are more palatable than sweetness (or fat) alone (Drewnowski & 

Greenwood, 1983; Gibson et al., 2008; Valkauskaite & Gibson, 2010), this further 

suggests that a higher level of sensory-stimulation offered by fat-sweet stimuli is 

required to elicit a modified ghrelin response.  

Taken together, these studies support the observations in this chapter: that the 

enhanced palatability provided by high-fat, sweet foods acts to sustain ghrelin in the 

early stages of eating. These data also suggest that the ghrelin is responsive to 

unfavourable/less pleasant appetite sensations (such as creaminess sensation) and the 

perceived health value of a food, perhaps to increase satiation and discourage further 

eating (Crum et al., 2011; Smeets et al., 2010). 

In contrast to the results from the previous chapter, consumption of a high-

fat, sweet food did not sustain feelings of hunger or the desire to eat in the early 

stages of eating. Since the rise in preprandial ghrelin is associated with an increase in 

hunger (Cummings et al., 2004), and the release of ghrelin is associated with reward-

based eating (Goldstone et al., 2014; Naleid et al., 2005; Perelló & Zigman, 2012), it 

was expected that the heightened ghrelin responses observed in this study might be 

associated with sustained feelings of hunger and motivation to eat in the early stages 

of the meal. However, also unlike the previous study, in this group of participants, 

the sweet rice condition did not result in a significantly greater total meal intake 

compared to the non-sweet condition, which may have reduced the likelihood of 

finding differences in appetite ratings and overall ghrelin levels. This study only 

tested 15 participants (10 participants for prandial ghrelin responses), while 25 

participants were included in the previous study; therefore, this study may have been 

unpowered to examine the association between changes in appetite perceptions and 

prandial ghrelin responses.  
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4.4.2 Overall plasma acyl ghrelin responses to eating a high-fat, sweet food  

The profile of postprandial acyl ghrelin responses over the 60-minute 

experimental period was similar for both the sweet or non-sweet conditions. 

Regardless of whether these responses were expressed as the overall change over 

time (area under the curve), the overall change as a proportion of energy intake 

(pg.ml.min.kcal-1) or comparison between conditions over time (two-way ANOVA), 

there were no differences observed between sweet and non-sweet conditions. Acyl 

ghrelin levels were significantly lower in the sweet condition at 15-minutes after the 

start of the meal. However, these responses may reflect a more significant ghrelin 

suppression with higher food intake, as participants consumed fractionally more of 

the sweet condition (although this was not statistically significant). As discussed 

previously, it is likely that the study was underpowered to test these comparisons.  

 

4.4.3 Individual variation in ghrelin response 

In this study, individual variation in personality traits and eating behaviour 

were not associated with early prandial or postprandial ghrelin responses. Emotional 

eaters and uncontrolled eaters consumed less of the sweet rice meal. This was 

surprising given that these individuals tended to show a propensity for hedonic 

hunger (i.e. higher PFS scores). These responses were unrelated to sensory 

perception or appetite assessments. Similar to the findings reported in Chapter 3, 

restrained eaters demonstrated a greater reward response in the early stages of eating 

the rice meals, although, in this study, they appear to derived a rewarding experience 

from both the sweet and non-sweet condition, suggesting that they are susceptible to 

high-fat foods per se.  In the previous chapter (Chapter 3), high BAS individuals 

demonstrated a greater change in pleasantness in the early stages of the meal. While 
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this finding was not replicated in this study, high BAS individuals rated the sweet 

condition less intense compared to low BAS individuals. Taken together, these 

findings suggest that individuals sensitive to reward may differ in their perception of 

sweetness in food which may influence appetite and food intake. However, no direct 

association was observed between sweetness and appetite assessments in these 

individuals, this finding will need to be confirmed in future studies.  

The individual variation in ghrelin responses may still predict susceptibility 

to palatable food cues. Kroemer et al. (2013) reported that higher levels of ghrelin 

predicted a greater neural reward response to viewing palatable food images, and 

higher fasting levels were associated with stronger appetite sensations.  As stated 

previously, the small sample size of this study may have been underpowered to 

examine the individual variation in ghrelin responses to the palatable taste of fat-

sweet combinations. Studies of larger sample sizes are required to investigate 

whether personality traits or eating behaviour predict psychobiological responses to 

overeating high-fat, sweet foods. 

4.4.4 Limitations 

There are several limitations to this study. As with the study reported in 

chapter 3, the design did not include a low-fat control (discussed under section 

3.4.1). The sample size was small (n=15 for total sample, n=10 for measurement of 

plasma acyl-ghrelin levels) and the plasma acyl ghrelin group was unbalanced for 

sex. The findings in this study were underpowered and it was determined that an 

additional 20 participants would have needed to be tested to achieve statistical power 

power (1-β) > 80% (see refer to Appendix L). While other studies report significant 

differences for small samples sizes (Monteleone et al., 2012, 2013), these studies 

employed a fixed meal study design, whereas the present study provided the rice 
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meal to be consumed ad libitum. This may have contributed to the high degree of 

variability observed in the data set. Similarly, the non-significant differences 

observed in energy intake, change in appetite scores or postprandial responses 

(notably area under the curve) may be due to the small sample size. 

 Lastly, my study only measured one gut hormone that impacts hunger and 

food intake, whereas a number of satiety hormones, such as insulin, CCK, GLP-1, 

PYY and PP have been shown to influence satiation and satiety following food 

intake (Gibson et al., 2008; Rizi et al., 2018; Van Der Klaauw et al., 2013). Future 

research should endeavour to consider these factors when planning for study design.  

4.4.5 Conclusion 

The findings of this study contribute to our knowledge of the role of 

palatability in regulating appetite and food intake. Specifically, palatable 

combinations of sweetness and fat may stimulate appetite during the cephalic phase 

responses in part by attenuating the reduction in ghrelin.  Further studies are required 

to determine how early ghrelin responses influence appetite and food intake during 

food consumption and whether responses predict overconsumption and reduced 

satiation, and furthermore, whether individual personality traits and eating behaviour 

are associated with postprandial ghrelin responses to palatable combinations of sugar 

and fat.  
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Chapter 5: Investigating the effect of a low protein meal on appetite, mood, food 

intake and flavour preferences in individuals whose lifestyles include high, 

moderate or low levels of physical activity 

5.1 Introduction  

One of the key factors driving the obesity epidemic is the overconsumption 

of energy-dense foods, high in fat and sugar or salt (Crino et al., 2015; Scarborough 

et al., 2011), which has prompted extensive research into understanding why 

individuals are consuming more food than they need (Berthoud, Münzberg, & 

Morrison, 2017). The Protein Leverage Hypothesis (PLH) proposes that human 

appetite is strongly regulated by dietary protein intake; if protein intake is 

insufficient to meet daily requirements, appetite regulatory mechanisms act to 

stimulate food intake to reach protein sufficiency at the expense of regulating intake 

from non-protein sources, i.e. from energy from carbohydrate and fat  (Simpson et 

al., 2003; Simpson & Raubenheimer, 2005, 2012). The authors propose a Geometric 

Framework for Nutrition (GFN) that conceptualises how an individual or animal will 

achieve nutrient balance (Simpson et al., 2017).  

Using this framework, the PLH predicts that a small decrease in protein 

intake, for example 1.5% reduction energy from protein, would act to drive appetite 

and increase carbohydrate and fat intake by 14% to achieve a target protein intake, 

resulting in a substantial increase in energy intake (Simpson et al., 2017; Simpson & 

Raubenheimer, 2005). Although extensive evidence has been observed and reported 

experimentally in animals (Morrison, Reed, & Henagan, 2012; Raubenheimer, 

Machovsky-Capuska, Gosby, & Simpson, 2015; Raubenheimer & Simpson, 2018), 

the experimental studies in humans have yielded inconsistent results. It may be that 

the individual variation in physical characteristics and lifestyle factors, such as 
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differences in protein need, body composition and physical activity, play a small but 

significant role in directing appetite and food intake in response to mild protein 

restriction.  

Since the proposal of the PLH, several experimental studies have examined 

the effect of protein restriction on appetite and food intake. These studies involved 

either consuming food ad libitum from a diet providing fixed proportions of energy 

from protein (%PE), 10%, 15% and 25% PE, for a short duration (four days) (Gosby 

et al., 2011); or a diet providing 5%, 15% or 30% PE for up to 2 weeks (Martens 

2013, Martens 2014, 2014), or a fixed diet containing 5%,15% and 30% PE for 2 

weeks followed by an ad libitum phase where participants could consume a wide 

variety of foods (Griffioen-Roose et al., 2012, 2014). Of these studies, only Gosby et 

al. (2011) demonstrated a leverage effect where participants consumed more energy 

in the low protein condition (10% energy from protein) compared to the medium  

(15%) or high (25%) condition. Other studies, however, showed no increase in 

energy intake in the low (5%) protein condition (Griffioen-Roose, Mars, et al., 2012; 

Martens, Lemmens, & Westerterp-Plantenga, 2013; Martens, Tan, Mattes, & 

Westerterp-Plantenga, 2014; Martens, Tan, Dunlop, Mattes, & Westerterp-

Plantenga, 2014).  

In contrast, consumption of a high protein diet resulted in significant 

decreases in energy intake and reductions in hunger (Griffioen-Roose, Mars, et al., 

2012; Martens et al., 2013; Martens et al., 2014; Martens et al., 2014). Similar 

findings have been reported in other experimental studies examining the effect of 

high protein diets or meals on energy intake (Brennan et al., 2006; Dit El Khoury, 

Obeid, Azar, & Hwalla, 2006; Latner & Schwartz, 1999; Long, Jeffcoat, & 

Millward, 2000; Weigle et al., 2005). However, not all studies have observed these 
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appetite responses to high protein consumption (Blatt et al., 2011; Gosby et al., 

2011; Griffioen-Roose et al., 2011). 

Despite the inconsistent results reported in these studies, there is an 

indication that protein restriction did influence appetite in study participants. During 

the experiment in the ad libitum phase following the protein-restricted period, 

participants consuming a low protein diet (5%PE or 10% PE) reported greater 

sensations of hunger and a preference for savoury or salty flavoured foods (Gosby et 

al., 2011; Griffioen-Roose, Mars, et al., 2012; Martens et al., 2013, 2014) and 

substantially increased their intake of protein particularly from savoury flavoured 

meals or snacks (Gosby et al., 2011; Griffioen-Roose et al., 2012, 2014). Functional 

brain imaging (fMRI) revealed that the low-protein status stimulated a greater 

response to odour and visual savoury food cues in reward-related areas, such as the 

orbital frontal cortex and striatum (Griffioen-Roose et al., 2014). In contrast, high 

protein diets have been found to induce substantial decreases in hunger and increases 

in satiety (Halton & Hu, 2004; Martens & Westerterp-Plantenga, 2014).   

Furthermore, following protein restriction, several studies reported that 

participants showed a preference for savoury or salty flavours (Gosby et al., 2011; 

Griffioen-Roose et al., 2012, 2014), which may be an indication of a learned 

appetitive behaviour.. Dietary protein is not consistently associated with a specific 

flavour, yet savoury or ‘umami’ flavoured foods typically contain higher levels of 

protein than do sweet or starchy foods (Van Dongen et al., 2012). It is proposed that 

humans and animals learn which foods provide an adequate protein supply by 

learning to associate the sensory qualities of the food with its post-ingestive 

consequences, and therefore learn to associate savoury or 'umami' flavours with 

foods that contain a high/good source of protein (Gibson & Brunstrom, 2007; 
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Sclafani, 1997). The dietary learning for flavours associated with protein has been 

demonstrated both in rats (Baker et al., 1987) and humans (Gibson et al., 1995).  

In humans, individuals who are able to detect lower thresholds of 

monosodium glutamate (MSG) in solution demonstrate a greater liking and 

preference for high protein foods (Luscombe-Marsh et al., 2008, 2009). With acute 

protein deprivation, individuals who habitually consume a high protein diet 

demonstrated a preference for higher concentrations of MSG (Masic & Yeomans, 

2017). These findings indicate that protein content in food is sensed and acted upon, 

although the physiological mechanisms are not understood, (Morrison & Laeger, 

2015; Morrison et al., 2012), and flavour-nutrient learning could still contribute to 

such findings. Therefore, if acutely short of protein, individuals may indicate a 

preference for and choose to consume more savoury or salty flavoured foods.  

One key consideration for experimental investigations of PLH is that across a 

sample population, there will be individual variations in physical characteristics and 

lifestyle factors that may influence the appetite responses to protein restriction. 

Firstly, individuals vary in their dietary protein needs, and although this represents 

small differences across a sample population, the PLH predicts that, under conditions 

of protein restriction, these differences will elicit substantial variations in food 

intake, particularly in energy obtained from non-protein sources. One sub-population 

are individuals who exercise regularly. Currently it is recommended that adults aged 

between 18 – 65 years consume 0.8 g protein per kg body weight per day (g ·kg BW-

1 · day-1, Institute of Medicine, 2005; Martens & Westerterp-Plantenga, 2014). 

However, for individuals who engage in regular physical activity, it is argued that 

their protein requirements are increased due to increased amino acid oxidation 

during exercise and the support of muscle tissue growth, maintenance and repair 
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(Genton et al., 2010). For these individuals it is recommended that protein intake be 

increased to 1.2 – 1.7 g ·kg BW-1 · day-1 (Rodriguez et al., 2009). Although the 

appetitive protein mechanisms are poorly understood, it may be that a greater protein 

need drives the appetite for protein foods, such that is observed in young, growing 

animals (Jean et al., 2002; Morrison et al., 2012; White et al., 2000a).  

Furthermore, recent developments within appetite research have revealed that 

body composition, namely fat-free body mass and resting metabolic rate, plays a 

primary role in directing appetite and food intake (Blundell, 2018; Hopkins et al., 

2017). Both fat-free body mass (FFM) and resting metabolic rate (RMR) is found to 

be positively associated with energy intake, appetite sensations and meal size 

(Blundell, Caudwell, Gibbons, Hopkins, Naslund, et al., 2012; Blundell, Caudwell, 

Gibbons, Hopkins, Näslund, et al., 2012; Blundell et al., 2015; Cameron et al., 2016; 

Caudwell et al., 2013; Weise et al., 2014).This finding occurs across the spectrum of 

adiposity (whether the individual is lean, overweight or obese); however fat mass 

(FM) has been found to correlate negatively with EI but only in leaner individuals 

(Blundell et al., 2015; Cugini et al., 1998; Weise et al., 2014).  

This indicates that a signal from FFM may exert a strong influence over 

appetite and food intake as a need to maintain lean tissue mass, whereas the signal 

that arises from adipose tissue is mediated by the level of adiposity and is therefore 

relatively weaker with greater fat mass (Blundell, 2018). If FFM and RMR drive 

energy needs, it may be that these factors drive protein need to ensure an adequate 

supply for growth, development and maintenance of lean tissue, consistent with the 

protein-stat model proposed by Millward (1995).  

Recent studies have observed a positive association between FFM and 

protein intake (Cameron et al., 2016; Weise et al., 2014). This follows that 
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individuals who present with a higher FFM, lower body fat and who participate in a 

high volume of physical activity (Rodriguez et al., 2009), may be more responsive to 

a protein restricted diet. and exhibit a greater shift in dietary preference and intake.  

Alongside body composition, physical activity is seen to play an essential 

role in influencing mechanisms controlling appetite. Exercise, particularly of high 

intensity, enhances the appetitive signals controlling hunger and satiety allowing the 

individual to more accurately respond to these signals (Beaulieu, Hopkins, Blundell, 

& Finlayson, 2016). Individuals who complete an exercise programme demonstrate a 

marked increase in hunger but also improved satiety following a meal. These 

changes are reflected in alterations in appetite hormones, particularly ghrelin and 

GLP-1 and increased insulin and leptin sensitivity (Dyck, 2005; Martins et al., 2010, 

2007; Sim et al., 2015; Yaribeygi et al., 2019). Additionally, habitually active 

individuals showed a greater ability to regulate food intake at lunch after receiving a 

high or low energy preload (Long et al., 2002; Sim et al., 2015). On the other hand, 

inactivity (or sedentariness) appears to weaken appetite control and allows for an 

imbalance between energy intake and expenditure (Stubbs et al., 2004). Taken 

together, the research indicates that physically active individuals may be more 

sensitive to changes in protein intake and exhibit a greater appetitive response when 

intake is insufficient; and that active individuals are hungrier yet are more sensitive 

to the satiating qualities of food and are able to regulate food intake to ensure a target 

protein intake is achieved.  

 Therefore, the purpose of this study was to determine: (i) the changes in 

appetite, food intake, and mood and food preferences at lunch in response to eating a 

low protein breakfast and compare these responses in active and sedentary 
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individuals; (ii) examine how these responses may be associated with body 

composition, resting metabolic rate and energy expenditure.  

I hypothesise that: 

1. Compared to an equicaloric high-protein breakfast, a low protein breakfast will 

increase hunger, the desire for savoury or salty flavoured food, alter mood and 

increase food intake at a subsequent lunch meal in all participants. 

2. Compared to Sedentary individuals, physically active individuals will show a 

greater response in appetite, energy intake, food choices and food flavour 

preferences, and mood, following a low protein breakfast. 

3. Physically active individuals will increase protein intake at lunch in response 

to a low protein intake at breakfast, whereas Sedentary individuals will 

increase carbohydrate and fat intake.  

4. Fat-free mass, fat mass, resting metabolic rate and energy expenditure will be 

associated with an increased energy and protein intake and increased appetite 

and desire for savoury flavoured food following a low protein meal, and these 

variables will be more strongly associated in the active participants. 
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5.2 Methods 

5.2.1 Design 

The study employed a randomized, single-blinded controlled design where 

participants consumed either a low-protein (<3 g) or high-protein (>20 g) breakfast 

on two separate days. Test days were separated by 7 days. A buffet meal was served 

approximately three hours after breakfast and participants could eat ad libitum. 

Appetite and mood scores were obtained before the breakfast and lunch meals. Food 

choice and preference for food flavours were assessed before the lunch to determine 

the effect of protein breakfast condition. 

5.2.2 Participants 

Twenty-five participants (8 men, 17 women), age 19-56 years participated in 

the study. Participants were recruited through advertisements posted on the 

University of Roehampton campus and through email. Potential subjects were 

directed to an online questionnaire which determined their eligibility to participate in 

the study (Qualtrics, Provo, UT). Exclusion criteria included restrained eating score 

> 3.6 from the Dutch Eating Behaviour Questionnaire (van Strien et al., 1986), 

following an energy-restricted diet, any health conditions or medication, pregnancy, 

food allergies or intolerances, vegetarian or veganism, dislike of foods offered in 

lunch buffet meal, or use of supplements, protein supplements or appetite 

suppressants. Qualified subjects were invited to participate in the study. Participants 

were unaware of the purpose of the experiment and told that the purpose of the study 

was to examine food preferences in individuals who participate in regular physical 

activity. Participants were grouped into tertiles based on total weekly levels of 

physical activity (MET.mins-1.week-1). The categories closely matched the low, 

moderate and high physical activity categories listed in the IPAQ Guidelines for 
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Data Processing (IPAQ Research Committee, 2005) . The low physically active 

group (Sedentary group) performed less than 665.8 MET.mins-1.week-1, the 

moderate physically active group (Moderate group) between 665.9 and 2701 

MET.mins-1.week-1 and the high physically active group (Active group) performed 

more than 2701.1 MET.mins-1.week-1. The terms ‘Active’, ‘Moderate’ and 

‘Sedentary’ were used to avoid confusion with the terms used to describe the protein 

condition (‘high’ vs ‘low’). Participants age (years), body mass index (BMI), body 

composition, metabolic rate, daily energy expenditure, physical activity levels and 

estimated protein requirements are listed in table 3.4 in the results section. There 

were 8 participants (all female) in the sedentary group, four males and five females 

in the moderately active group and four males and four females in the active exercise 

group. Protein requirements were estimated based on the activity level of each 

participant. Participants in the high and medium group regularly took part in several 

different modes of exercise, for instance individuals participated in both 

cardiovascular endurance activities (such as running, cycling, football) and 

resistance training (gym training, participating in group fitness classes etc.). Current 

recommendations suggest that endurance and strength athletes consume 1.2 g -1.7 g 

of protein per day based on training intensity, duration and exercise type (Rodriguez 

et al., 2009). Therefore, it was estimated that the moderately active exercise group 

would require 1.2 g per kg.day-1 while the active exercise group would require 1.6 g 

per kg.day-1.  Participants were unaware of the aim of the study and were informed 

that the purpose of the trial was to assess appetite and food choices in Sedentary and 

Active individuals. The study was approved by the University of Roehampton Ethics 

Committee (PSYC 16 163). 
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5.2.3 Preliminary assessment 

Participants arrived after a 10-h overnight fast and completed a physiological 

assessment to determine body composition and resting metabolic rate. Body 

composition was measured using BOD POD (Life Measurement, Inc. Concord, CA). 

Participants wore minimal tightly fitted clothing and a swimming cap to ensure 

accurate volume/mass measurements. Resting metabolic rate (RMR) (kcal.d-1) was 

assessed and calculated indirectly using data from the BOD POD. Physical activity 

was assessed using the International Physical Activity Questionnaire (IPAQ) (Craig 

et al., 2003). Height and weight were measured, and together with fat and free-free 

mass measurements were used to calculate total daily energy requirements (TDDE) 

(kcal.day-1) (Redman et al., 2014).  

5.2.4 Procedure 

Experimental sessions took place at the food laboratory, Whitelands College, 

University of Roehampton. Participants were asked to refrain from eating from 23:00 

and from vigorous exercise on the evening before testing. Participants completed an 

appetite and mood questionnaire on arrival. Breakfast was served between 08:30 and 

10:30 am, and participants were instructed to refrain from eating , however, they 

were permitted to drink plain water. Treatment conditions were randomised by 

randomly generating a number (1 or 2) using an algorithm-generated in excel and 

assigning number 1 to low condition and number 2 to the high condition. 

Approximately three hours after breakfast, the participants arrived at the food 

laboratory and were instructed to complete an appetite and mood assessment. The 

participants were provided with a buffet lunch and instructed to consume ‘the same 

amount of food as they would at a normal/usual lunch meal’.
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5.2.4 Test foods 

Breakfast provided approximately 20% of TDEE and was comprised of a 

sweetened cereal (Ricicles, Kellogs), gluten-free bread (Genius Foods Ltd), low-

protein milk, butter, jam and honey and a high or low protein chocolate milkshake. 

Low-Protein milk was prepared according to methods described elsewhere (Gibson 

et al., 1995). The chocolate milkshake was made by adding 16 g double cream, 10 g 

cocoa powder, 15 g white granulated sugar, 0.2 g xanthan gum, 0.2 g vanilla essence 

and either 25 g whey protein powder for the high protein version or 25 g 

maltodextrin for the low protein version. The total volume for the milkshake was 

200 ml. Nutritional information for the milkshake is provided in table 5.1. Products 

were purchased at Sainsbury’s™. 

The aim of the buffet was to provide a choice from foods high in a single 

macronutrient, namely high carbohydrate or fat or protein (Latner & Schwartz, 

1999).  Lunch consisted of roasted chicken slices, meatballs, canned tuna, cheddar 

cheese, butter, ciabatta bread, cooked penne pasta, tomato pasta sauce, creamy pasta 

sauce, mayonnaise, tomato ketchup, plain salted crisps, salted peanuts, strawberry 

yoghurt and strawberry ice-cream. The nutritional information for the food items 

served at lunch is presented in table 5.2. 

All lunch food items were bought in advance and stored. On the day of 

testing, meat, pasta, pasta sauces and the ciabatta bread rolls were heated to a 

Table 5.1: 

Nutritional information for breakfast chocolate milkshake (per portion 200 ml) 

 Energy (kcal) Carbohydrate (g) Fat (g) Protein (g) 

Low protein 277.5 39.9 9.9 2.7 (3%PE) 

High protein 280.8 17.9 11.6 23.2 (33%PE) 

Values expressed as mean. Kcal: kilocalories, g: grams, %PE: percentage energy from protein 
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temperature of 65°C and served to participants. All other lunch items were placed in 

large containers and placed on a table from which participants could serve 

themselves. Any heated food left at the end of the lunch session was discarded.  
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Table 5.2: 

Nutritional information for food items served for lunch buffet (per 100 g and per portion) 

Food item 
Energy 

(kJ) 

Energy 

(kcal) 
Fat (g) 

Saturat

ed fat 

(g) 

Carboh

ydrate 

(g) 

Sugars 

(g) 

Fibre 

(g) 

Protein 

(g) 
Salt (g) 

portion 

(g) 

protein 

(g) 
PE% 

Chicken 477.0 113.0 1.6 0.5 0.5 0.5 0.8 23.9 0.5 80.0 19.1 83% 

Tuna 478.0 113.0 0.5 0.1 0.5 0.5 0.5 27.0 0.8 60.0 16.2 98% 

Meatballs 1000.0 240.0 17.0 7.0 8.5 1.3 1.0 12.0 1.4 100.0 12.0 21% 

Yoghurt 341.0 80.0 0.2 0.1 11.6 10.9 0.2 7.9 0.1 150.0 11.9 40% 

Pasta 733.0 173.0 1.0 0.2 35.0 1.0 2.0 5.0 0.0 200.0 10.2 13% 

Bread 1164.0 275.0 4.1 0.7 47.8 1.9 3.0 10.3 0.8 89.0 9.3 15% 

Peanuts 2569.0 620.0 50.6 6.3 12.5 6.0 6.2 25.6 0.7 30.0 7.7 17% 

Cheese 1619.0 370.0 32.0 20.8 0.5 0.5 0.5 25.5 1.8 30.0 7.6 25% 

Ice-cream 684.0 163.0 5.6 4.6 24.4 22.6 1.0 3.2 0.1 56.0 1.8 8% 

Crisps 2242.0 537.0 32.2 2.8 55.4 0.5 2.3 5.3 1.2 30.0 1.6 4% 

Tomato sauce 216.0 51.0 1.0 0.1 8.1 7.0 1.6 1.7 0.7    

Ketchup 435.0 102.0 0.1 0.0 23.2 22.8 0.0 1.2 1.8    

Creamy sauce 422.0 102.0 8.1 3.2 5.8 2.3 0.2 1.1 0.8    

Mayonnaise 2749.0 668.0 73.2 6.1 1.4 1.2 0.0 1.0 1.5    

kJ = kilojoules; kcal = kilocalories; g = grams; PE% = percentage energy from protein  
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5.2.5 Measures 

5.2.5.1 Appetite assessment and food flavour preferences 

For the assessment of appetite, participants were instructed to assess their 

level of hunger, fullness, feelings of satisfaction, prospective food intake, and desire 

to consume something sweet, salty, fatty and savoury using visual analogue scales 

(VAS). The questionnaire was presented to participants using an online 

questionnaire (Qualtrics, Provo, UT) on an iPad (Apple Inc.). Each VAS was 

anchored with ‘Not at all’ on the left side and ‘As much as I can imagine’ on the 

right (Booth, 2009). 

5.2.5.2 Mood assessment 

Dietary protein intake may influence mood, as a high protein meal has been 

shown to increase positive affect (Firk & Markus, 2009; Gibson et al., 1999, 2014), 

therefore the participants completed an the assessment of mood, the Positive and 

Negative Affective Scale (PANAS) (Watson et al., 1988) was presented in the online 

format (as described above). The scale showed good internal consistency 

(Cronbach’s alpha values were as follows: positive affect scale range 0.88 – 0.93 and 

negative affect scale 0.86 – 0.93 

5.2.6 Data analysis 

Tests for normality and equal variance were conducted on all dependent and 

independent variables. A one-way analysis of variance (ANOVA) was used to 

determine whether there were significant differences in age, body mass index, body 

composition, resting metabolic rate and total energy expenditure between sexes and 

between activity groups. A p-value of < 0.05 was considered statistically significant 

for all analyses. 
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Food intake at lunch was expressed as energy (kcal) or weight (g). Physical 

activity was expressed as Metabolic Equivalent Units (MET) per minute per week 

(MET-mins.week-1, Craig et al., 2003). Macronutrient intake was expressed in g and 

as a percentage of energy intake (%PE). Appetite and flavour preference scores were 

expressed as a score from 0 to 100. To determine the effect of protein condition on 

appetite and mood, percentage change scores were calculated from baseline (pre-

breakfast) values using the following equation. 

𝐂𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐚𝐩𝐩𝐞𝐭𝐢𝐭𝐞 𝐨𝐫 𝐦𝐨𝐨𝐝 = (
𝐩𝐫𝐞 𝐥𝐮𝐧𝐜𝐡 𝐬𝐜𝐨𝐫𝐞−𝐩𝐫𝐞 𝐛𝐫𝐞𝐚𝐤𝐟𝐚𝐬𝐭 𝐬𝐜𝐨𝐫𝐞

𝐩𝐫𝐞 𝐛𝐫𝐞𝐚𝐤𝐟𝐚𝐬𝐭 𝐬𝐜𝐨𝐫𝐞
) ∗  𝟏𝟎𝟎  

The distribution of the change in appetite scores for each variable was 

analysed using a simple box plot. Outliers that were greater than 1.5 times the length 

of the box (interquartile range) were removed from the data set. The details of 

outliers  and detailed in Table G1 in the Appendix G (Field, 2013).  

To compare the choice of protein foods, the two foods items containing the 

highest and lowest amount of protein per serving were chosen to represent the choice 

for high or low protein foods. Chicken and tuna were chosen for high protein food, 

and  ice-cream and crisps were chosen for low protein food category (details 

provided in Table 5.2). The proportion of high/low protein foods chosen (in grams) 

was calculated as follows: 

𝐏𝐫𝐨𝐩𝐨𝐫𝐭𝐢𝐨𝐧 𝐨𝐟 𝐡𝐢𝐠𝐡/𝐥𝐨𝐰 𝐩𝐫𝐨𝐭𝐞𝐢𝐧 𝐟𝐨𝐨𝐝

=
𝒊𝒏𝒕𝒂𝒌𝒆 𝒐𝒇 𝒉𝒊𝒈𝒉 𝒐𝒓 𝒍𝒐𝒘 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒇𝒐𝒐𝒅 (𝒈)

𝑻𝒐𝒕𝒂𝒍 𝒇𝒐𝒐𝒅 𝒊𝒏𝒕𝒂𝒌𝒆 (𝒈)
 

 

Two-way repeated measures mixed ANOVA was conducted to determine 

differences in energy intake, macronutrient, appetite, mood and high or low protein 

food choice between breakfast protein levels and activity levels, with the main effect 
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of breakfast protein condition and the second main effect of the activity group. Post-

hoc analyses were performed to determine the simple effect of activity group (Active 

vs Moderate vs Sedentary), condition (High vs Low) or interaction between activity 

group and condition using pairwise comparisons. Associations between body 

composition, energy expenditure, energy intake and appetite scores were performed 

using Pearson’s product-moment coefficient (r). Analyses were conducted across all 

participants and within activity groups.  
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5.3 Results 

5.3.1 Participant characteristics  

The descriptive statistics (mean ± 1 SD) for age, body composition, physical 

activity and total daily protein requirements are listed for each of the three activity 

groups in Table 5.3 below. The activity groups did not differ by age (Active vs 

Sedentary mean ± 1SEM difference: 8.0 ± 4.1 years, p = 0.21; Moderate vs 

Sedentary 5.4 ± 3.7 years, p = 0.45). There were no differences in BMI (Active vs 

Moderate -1.7 ± 0.9 kg.m-2, p = 0.50; Active vs Sedentary -1.2 ± 1.7 kg.m-2, p = 

0.71. The Active group were leaner (lower percentage fat mass (FM)) and had more 

fat free mass (FFM)(kg) compared to the Sedentary (p =0.008 FM; p = 0.033 FFM).  

The Sedentary group had significantly lower RMR and TDEE compared to both the 

Moderate and Active group; RMR Sedentary vs Moderate -225.6 ± 103.9, p = 0.041, 

Sedentary vs Active -251.6 ± 106.9, p = 0.028; TDEE Sedentary vs Moderate -353.3 

± 148.7, p = 0.027, Sedentary vs Active -474.2 ± 153.1, p = 0.005. Levels of 

physical activity (MET-mins.week-1) were significantly different between groups: 

Active vs Sedentary: 3729.64 ± 328.36 MET-minss.week-1, p < 0.001; Moderate vs 

Sedentary: 1631.14 ± 319.11 MET-minsMET-mins.week-1, p <0.001; Active vs 

Moderate: 2098.49 ± 319.10 MET-minsMET-mins.week-1, p < 0.001. Estimated 

protein requirements (g or percentage of TDEE) were lowest in the Sedentary group 

(p < 0.05), highest in the Active group (p<0.05). For estimated protein requirements 

in grams, Active vs Sedentary: 54.32 ± 5.83 g.kg-1.day-1, p < 0.001; Moderate vs 

Sedentary: 32.74 ± 5.67 g.kg-1.day-1, p <0.001; Active vs Moderate: 21.59 ± 5.67 

g.kg-1.day-1, p < 0.001. Please refer to table 5.3. 
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Table 5.3:  

Age (years), body mass index (BMI), percentage body fat, resting metabolic rate 

(RMR), total daily energy expenditure (TDEE) and physical activity (IPAQ) and 

estimated protein requirements for Active, Moderate and Sedentary groups  

  Sedentary 

(n=8) 

Moderate 

(n=9) 
 

Active 

(n=8) 

Age  21.4 ± 2.7a 26.8 ± 10.2  29.4 ± 11.6 

  (19-25) (19-52)  (21-56) 

Sex  0 M, 8 F 4 M, 5 F  4 M, 4 F 

BMI (kg.m-2)  23.9 ± 4.5 24.4 ± 2.4  22.7 ± 1.5 

  (18.6-32) (20.3-27.3)  (19.6-24.6) 

Fat mass (%)  34.7 ± 8.3 28.2 ± 8.5  20.1 ± 9.6b 

  (24.1-49.3) (15.8-41)  (7.1-34.9) 

Fat-free mass (%)  65.3 ± 8.3 71.8 ± 8.5  79.9 ± 9.6c,d 

  (50.7-75.9) (59-84.2)  (65.1-92.9) 

Fat-free mass (kg)  41.2 ± 6.7 50.4 ± 9.1  52.5 ± 8.8 

  (31.3-53.2) (36.4-66.6)  (40.8-67) 

RMR (kcal.day-1)  1154.6 ± 188.6e, f 1380.2 ± 231  1406.3 ± 217 

  (873-1496) (1023-1817)  (1140-1790) 

TDEE (kcal.day-1)  2127.6 ± 241.3f, g 2480.9 ± 331  2601.8 ± 333.2 

  (1793.3-2538.5) (1955.8-3009.5)  (2138.3-3112.5) 

IPAQ (MET-

mins.week-1) 
 443.8 ± 152.2f,g 2074.9 ± 736.8h  4173.4 ± 843.7 

  (150-600) (700-2630)  (2855-5540) 

Estimated protein 

requirements (g∙kg-

1∙day-1) 

 51.4 ± 10.4f,g 84.1 ± 11.8h  105.7 ± 12.6 

 (38-67.1) (68.6-109.4)  (91.7-131.9) 

Estimated protein 

requirements 

(% of TDEE) 

 9.7 ± 1.6f,g 13.6 ± 1.4h  16.3 ± 1.5 

 (7.9-12.5) (11.8-16.3)  (14.6-18.9) 

Means ± SD and (ranges); M: male, F:female; a p = 0.092 Sedentary tended to be younger than 

Active;b p < 0.01 Active less than Sedentary, c p<0.01 Active more than Sedentary; d p = 0.071 

Tendency for Active to be more than Moderate; e p=0.06 Tendency for Sedentary to be lower than 

Moderate; f p<0.05 Sedentary lower than Active; g p<0.05 Sedentary lower than Moderate; 
hp<0.05 Moderate less than Active   
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5.3.2 Energy and macronutrient intake 

Energy, macronutrient intake and food choices at lunch are listed in Table 

5.4. Overall, collapsing across activity groups, there were no differences between the 

high and low protein conditions or between activity groups: simple effect for group, 

F (2,22) = 2.51, p = 0.10, partial 2 = 0.19. However, the Sedentary consumed less 

energy compared to the Moderate group; mean difference ± 1SEM  [95%CI] -477.92 

± 220.26 kcal [-934.70 to -21.14], p = 0.041.  

The Sedentary also consumed significantly less protein (in g) than the 

Moderate Group, -31.33 ± 11.70 g [-55.59 to -7.08], p = 0.014, and the Active group, 

-22.13 ± 12.0 g [-47.09 to 2.82], p = 0.079; simple main effect for group, F (2, 22) = 

3.73, p = 0.04, partial 2 = 0.25. Please refer to figure 5.1 

When protein intake was expressed as a percentage of overall energy intake, 

the patterns of protein intake differed across activity groups and between low and 

high protein conditions (significant two-way interaction; group x condition, F (2, 22) 

= 5.10, p = 0.015, partial 2 = 0.32) Please refer to figure 5.2. The Active tended to  

consume similar proportions of protein (%PE) between conditions 0.72 ± 1.58 %PE 

[-2.46 to 3.91], p = 0.608), whereas the Moderate group tended to decrease 

percentage protein intake in the low protein condition (-3.45 ± 1.49 %PE [-7.64 to 

0.75], p = 0.095) and the Sedentary group increased intake (3.45 ± 1.58 %PE [0.33 

to 6.56], p = 0.035) in the low protein condition. Multiple comparisons revealed that 

in the high-protein condition, Sedentary consumed less than Moderate, -7.28 ± 

2.78 %PE [-13.03 to -1.53], p = 0.016; and Active, -5.40 ± 2.86 %PE [-11.31 to 

0.53], p = 0.072, while no differences between groups were observed for the low-

protein condition.  
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The proportions of high protein foods chosen at lunch differed following 

consumption of a high or low breakfast and between activity groups, two-way 

interaction: Proportion High Protein food x Activity group; F (1,22) = 6.22, p = 

0.007, partial 2 = 0.361. There was no main effect for breakfast protein condition or 

activity group, however further analyses revealed that Sedentary chose a smaller 

proportion of high protein foods following a high protein breakfast compared to the 

Moderate and Active group, Sedentary vs Moderate mean difference ± 1SEM [95% 

CI]; -0.16 ± 0.05 [=0.26 to -0.05], p = 0.005; Sedentary vs Active: -0.11 ± 0.052 [-

0.22 to 0.00], p = 0.051. Within-participant analyses revealed that the Sedentary 

increased the proportion of high protein foods following the low protein breakfast, 

high vs low: -0.067 ± 0.023 [-0.12 to -0.02], p = 0.007. The Moderate group tended 

to decrease the proportion of high protein foods following a low protein breakfast, 

0.042 ± 0.022 [-0.003 to 0.087], p = 0.064. 

The choice of low protein food did not differ in response to the breakfast 

protein conditions, nor between activity groups, however pair-wise comparisons 

revealed that the Sedentary choose less low protein foods following the low protein 

breakfast, 0.055 ± 0.024 [0.004 to 0.11], p = 0.035.
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Table 5.4 

Energy and macronutrient lunch intakes for Active, Moderate and Sedentary groups for high-protein and low-protein conditions. 

Group: ALL Active (n = 8) Moderate (n=9) Sedentary (n=8) 

Protein 

condition 
High Low High Low High Low High Low 

Energy 

(kcal) 
967.3 ± 103.2 972.6 ± 94.9 1089.4 ± 204.7 1000.1 ± 167.9 1112.8 ± 194.3 1206.5 ± 182.6 681.5 ± 80.6ab 682.0 ± 66.5ac 

CHO (g) 38.1 ± 4.9 38.6 ± 4.8 39.8 ± 9.1 38.9 ± 9.4 44.8 ± 10.6 48.7 ± 8.5 29.0 ± 3.7 27.0 ± 5.4 

Fat (g) 101.6 ± 9.8 102.8 ± 9.8 118.8 ± 19.9 108.9 ± 16.2 110.9 ± 17.3 123.9 ± 20.5 73.9 ± 9.4 72.9 ± 4.6 

Protein (g) 50.8 ± 5.9 50.4 ± 5.4 57.9 ± 10.4 50.99 ± 7.6 64.5 ± 10.8 62.8 ± 11.3 28.8 ± 3.2a 35.8 ± 5.8a 

%Protein 21.3 ± 6.3 21.0 ± 6.1 22.4 ± 8.0 21.7 ± 9.6 24.3 ± 5.5 20.3 ± 4.5* 17.0 ± 2.1d 20.4 ± 3.9* 

HP intake 

ratio 
0.02 ± 0.06 0.02 ± 0.05 0.12 ± 0.04 0.11 ± 0.04 0.17 ± 0.03 0.13 ± 0.04† 0.01 ± 0.04a 0.08 ± 0.04* 

LP intake 

ratio 
0.02 ± 0.04 0.01 ± 0.04 0.07 ± 0.04 0.07 ± 0.03 0.06 ± 0.03 0.06 ± 0.02 0.12 ± 0.04 0.07 ± 0.03** 

Mean ± standard error; Between-group differences: a p<0.05 Sedentary consumed less compared to Moderate; b p<0.1 Sedentary tended to consume less compared to Moderate in high condition; c 

p=0.022 Sedentary consumed less than Moderate in the low condition; d p=0.016 Sedentary consumed less than Moderate in the high condition. e Sedentary consumed less than Active, p = 0.051. 

Within-group protein condition differences:  * p<0.05 Sedentary consumed more % protein and chose more high protein foods in low condition; * p<0.05 Moderate consumed less % protein in the 

low condition.†p = 0.064 Moderate tended to chose less in low protein condition; **p = 0.035 Sedentary chose less low protein foods in low protein condition 
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Figure 5.1: Comparison of energy intake consumed at a buffet lunch between Sedentary, 

Moderate and Active individuals. Mean ±1SEM.  aSedentary consumed less energy compared 

to Moderate, p<0.05; b p<0.1 Sedentary tended to consume less energy compared to 

Moderate in high condition; c p=0.022 Sedentary consumed less than Moderate in the low 

condition; 
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Figure 5.2: Comparison of percentage energy as protein intake (%PE) consumed at a buffet 

lunch between Sedentary, Moderate and Active individuals. Mean ±1SEM * Sedentary 

increased protein in low condition, p=0.040 ; * Moderate decreased protein in low 

condition, p= 0.030 , aModerate consumed more protein compared to Sedentary in high 

condition, p= 0.016 ; bActive tended to consume more protein compared to Sedentary in 

high condition, p= 0.072 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

Sedentary Moderate Active

P
ro

te
in

 i
n

ta
k

e 
(%

 e
n

er
g

y
 i

n
ta

k
e)

Exercise group

High protein

Low protein



151 

 

 

5.3.3 Change in appetite (hunger, fullness, satisfaction, estimated food intake) and 

flavour preferences (desire for sweet, salty, savoury and fatty flavours). 

There were no significant changes in hunger, fullness, satisfaction or desire 

for salty and desire for fatty foods in response to the protein conditions. There was a 

main effect of the protein condition on the estimated food intake and desire for sweet 

and savoury foods. Please refer to figure 5.3 A - D and figure 5.4 E - H 

Overall following the high protein breakfast, participants reported smaller 

estimations of prospective food intake, meaning that in comparison to the low 

protein meal they estimated needing to eat less food at lunch; High -33.07 ± 6.09 vs 

Low -0.27 ± 0.07, mean difference ± SE [95%CI]: -33.16 ± 5.91, [-45.45 to -20.88] 

p <0.001, partial 2 =0.60. Pair-wise comparisons revealed all activity  groups 

estimated eating less food in the high compared to low protein conditions; Sedentary 

mean difference ± SE [95% CI] -30.90 ± 10.77 [-53.37 to -8.44], p = 0.010, partial 

2  0.30; Moderate -40.88 ± 10.04 [-61.89 to -19.87], p = 0.001, partial 2 = 0.47; 

Active -26.61 ± 10.73 [-49.07 to -4.15], p = 0.023. Please refer to figure 5.3 graph D. 

The low protein condition caused an increase in the desire to eat sweet foods 

across all participants, High protein -6.21 ± 3.71 vs Low protein 26.84 ± 11.03, mean 

difference -33.05 ± 11.08 [-56.99 to -9.11], p = 0.011, partial 2 =0.41. There were 

no differences between groups; however there were significant differences between 

activity groups in response to the low protein breakfast, F (2.22) = 3.50, p = 0.048, 

partial 2 = 0.24. The pair-wise comparison revealed that the Moderate reported an 

increased desire for sweet compared to the Active group, 51.28 ± 19.79 [10.25 to 

92.32], p = 0.017. Please refer to figure 5.4 graph E. 

The change in desire to eat savoury foods differed between the activity 

groups in response to consuming a high or low protein breakfast, two-way 
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interaction, F (2,17) = 5.17, p = 0.018, partial 2 = 0.38. In the Sedentary and Active 

group, the low protein caused reduced desire to eat savoury foods, however these 

differences were not significant; Sedentary: mean difference ± SE [95%CI], 17.78 ± 

15.35 [-14.61 to 50.17], p = 0.26; Active group: 18.97 ± 12.98 [-8.41 to 46.34], p = 

0.16. The Moderate group increased their desire to eat savoury foods in the low 

protein condition -31.91 ± 12.14 [6.30 to 57.52], p = 0.018, partial 2 = 0.29. In the 

high protein condition, the Sedentary and Active groups showed a reduced desired to 

eat savoury foods compared to Moderate group, Sedentary vs Moderate: 40.77 ± 

14.71 [9.73 to 71.80], p = 0.013; Active vs Moderate: 29.42 ± 13.35 [1.25 to 57.60], 

p = 0.042. Please refer to figure 5.4 graph G.
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Figure 5.3: Change in appetite (pre breakfast to pre lunch) in response to consuming a high or low protein breakfast in Sedentary, Moderate and Active participants. 

Mean ± 1SEM. A: change in hunger; B: change in fullness; C: change in satisfaction; D: change in estimated food intake 
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Figure 5.4: Change in food flavour preferences (pre breakfast to pre lunch) in response to consuming a high or low protein breakfast in Sedentary, Moderate and 

Active participants. Mean ± 1SEM. E: change in desire for sweet; F: change in desire for salty; G: change in desire for savoury; H: change in desire for fatty 
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5.3.4 Positive and Negative Affect (PANAS) 

There were no significant changes in positive or negative affect following 

either the high or low protein breakfast, nor were there significant differences 

between the activity groups. The mean ± SEM of the changes in positive and 

negative affect scores from baseline (pre-breakfast) are presented in table 5.5 below: 

Table 5.5  

Change in positive and negative affect (PANAS) from baseline in response to consuming a 

high or low protein breakfast between Sedentary, Moderate and Active groups.  

 

 

Positive affect Negative affect 

 

High protein  Low protein  High protein  Low protein  

Sedentary 0.5 ± 4.07 2.17 ± 5.81 6.05 ± 4.25 -15.46 ± 9.27 

Moderate 5.35 ± 3.59 -5.72 ± 5.13 1.84 ± 3.17 -4.5 ± 6.91 

Active -9.3 ± 4.4 -3.72 ± 6.28 -10.06 ± 4.25 -0.32 ± 9.27 

Mean ± 1SEM 

5.3.5 Associations between energy and macronutrient intake, body composition and 

energy expenditure between activity groups for high and low protein conditions 

To test the hypothesis that moderately active (Moderate) and active 

individuals (Active) would be more sensitive to energy and protein requirements and 

therefore better able to regulate food intake to meet those needs, associations 

between body composition and energy expenditure, and energy and macronutrient 

intake were examined in response to high or low protein intake. Pearson’s 

correlation coefficients are reported in Table 5.6. For all participants, greater resting 

metabolic rate (RMR) and fat-free mass (FFM) were associated with higher energy 

intake, carbohydrate, fat, and protein intake (g) (p < 0.05), while a higher fat mass 

was associated with a lower protein intake (p<0.05).  
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Between each activity group, the correlation coefficients were strong and 

significant in the Active group, yet weaker and non-significant in the Moderate and 

Sedentary group; however no statistical analyses were performed to test this 

observed difference in coefficient strength. In the Active group, RMR, TDEE, FFM 

tended to be associated with higher energy intake (kcal) and fat intake (g) (r (8) = 

0.63 to 0.67, p < 0.10) and were associated with higher protein intake (g) (r (8) = 

0.75 to 0.78, p < 0.05). No significant correlations were observed for the Moderate 

and Sedentary groups; however in the Moderate group, a higher fat mass and was 

associated with a lower percentage carbohydrate and fat intake, r (8) = -0.69, p < 

0.05, yet associated with a higher percentage protein intake in the low protein 

condition, r (8) = 0.72, p < 0.05.   
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Table 5.6:  

Pearson’s correlations between measures of body composition or metabolism and food 

intake (energy and macronutrients) for each activity group and high- or low-protein 

condition  

 
ALL 

(n=25) 

Active 

(n=8) 

Moderate 

(n=9) 

Sedentary 

(n=8) 

 H L H L H L H L 

Energy intake (kcal) 

RMR 0.53** 0.59** 0.63+ 0.67+ 0.41 0.52 0.01 0.12 

FFM 0.56** 0.62** 0.64+ 0.68+ 0.44 0.57 0.06 0.19 

FM -0.37+ -0.37+ -0.37 -0.35 -0.37 -0.51 -0.24 -0.29 

Carbohydrate intake (g) 

RMR 0.49* 0.51** 0.58 0.54 0.32 0.37 0.02 0.27 

FFM 0.52** 0.54** 0.60 0.56 0.35 0.42 0.05 0.22 

FM -0.39+ -0.34+ -0.44 -0.40 -0.31 -0.53 -0.12 0.36 

Fat intake (g) 

RMR 0.45* 0.53** 0.57 0.63+ 0.38 0.55 0.02 0.27 

FFM 0.48* 0.55** 0.58 0.63+ 0.40 0.56 0.05 0.22 

FM -0.29 -0.26 -0.30 -0.23 -0.31 -0.16 -0.12 0.36 

Protein intake (g) 

RMR 0.62** 0.55** 0.71* 0.76* 0.49 0.43 -0.005 0.25 

FFM 0.66** 0.60** 0.73* 0.78* 0.54 0.50 0.01 0.33 

FM -0.41* -0.45* -0.45 -0.46 -0.47 -0.74* -0.091 -0.23 

Percentage protein (%) 

RMR -0.35+ -0.24 -0.30 -0.23 -0.15 -0.07 0.25 -0.57 

FFM -0.35+ -0.26 -0.27 -0.23 -0.16 -0.15 0.33 -0.60 

FM 0.11 0.23 -0.11 0.15 0.11 -0.69* -0.27 -0.10 

**p<0.01, p<0.05, +p<0.10; RMR: resting metabolic rate (kcal.day1), TDEE: total daily energy expenditure (kcal.day-)1; FFM: fat-

free mass (kg), FM: fat mass (kg) 
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5.3.6 Associations between body composition, metabolic rate and appetite ratings, 

following a high or low protein breakfast. 

Across the sample population, there were no associations between body 

composition, metabolic rate and appetite ratings in response to the high or low 

protein condition. There were a few differences observed between activity groups. In 

the Moderate group, increases in feelings of fullness were negatively associated with 

FFM, r(9) = -0.66, p = 0.05 and RMR, r(9) = -0.66, p = 0.055. Similarly, in Active 

group increases estimated food intake were negatively associated with FFM, r(8) = -

0.80, p = 0.016 and RMR, r(8) = -0.81, p = 0.015. However, no associations between 

FFM, RMR and appetite ratings were found in the Sedentary. 

Following the low protein breakfast, in the Sedentary increase in fullness was 

associated with higher FFM, r(8) = 0.73, p =0.039 and RMR, r(8) = 0.71, p =0.049  

increases in the desire for salty foods was associated with a higher FFM, r(8) = 0.79, 

p = 0.019 and RMR, r(8) = 0.078, p = 0.023. No associations were observed in the 

Moderate and Active groups. 
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5.4 Discussion  

The objective of this study was to investigate the acute impact of low- versus 

high-protein breakfasts on appetite, food intake, food choices and mood, and to 

determine whether responses differed between individuals grouped by levels of 

physical activity, as a proxy for variation in protein need. Overall the results of the 

study did not confirm the study hypothesis: the active and moderately active groups 

did not demonstrate greater changes in appetite, food intake, food choices or mood 

following a low protein breakfast in comparison with the sedentary group. However, 

body composition, metabolic rate and energy and macronutrient intake was strongly 

associated with energy, carbohydrate and protein intake, indicating that body 

composition may play a role in directing food intake. 

 

5.4.1 The response to mild protein restriction in Active, Moderately Active and 

Sedentary groups 

In this investigation, I hypothesised that physically active individuals with 

greater dietary protein requirements would be more responsive to a low protein meal 

than those who are sedentary. I estimated that the active needed to consume an 

additional 6.6% energy from protein or 50 g of protein per day compared to the 

sedentary, to maintain nitrogen balance, representing a substantially greater protein 

need. Therefore, it was expected that following a low protein meal, the active and 

moderate would exhibit heightened appetite responses, such as increased feelings of 

hunger and the preference for savoury or salty foods and increase protein intake by 

choosing foods containing more protein. However, the active did not increase their 

protein intake nor did they demonstrate greater changes in appetite, mood or 

preferences for a specific food flavour in comparison to the sedentary. The moderate 
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group decreased their protein intake following a low protein breakfast and reported a 

heightened appetite for sweet foods. Although the behaviours observed in the 

moderate group were contrary to the study hypothesis, Griffioen-Roose et al. (2012) 

reported an increase in preference for sweet foods following the consumption of a 

low protein diet (5%PE) in the first day of the dietary intervention. It may be that the 

preference for sweet foods reflects the initial appetite response to low protein intake, 

i.e. awareness of reduced satiety but not of a clear protein deficit. 

By comparison, the sedentary increased protein intake following the low 

protein breakfast and chose a greater proportion of high protein foods. Furthermore, 

body composition and resting metabolic rate predicted a greater desire for salty foods 

in the low protein condition for this group. These findings indicate that the 

sedentary, rather than the active and moderate groups, were more responsive to mild 

protein restriction. However, it is important to note that the participants in the 

sedentary group were young (mean age 21.4 years) and female. By comparison, the 

moderate and active groups were older (Moderate mean age 26.8 years and active 

mean age 29.4 years) and included both men and women. Both sex and age may 

have influenced the response to protein restriction. Men generally have a higher 

resting metabolic rate and greater energy needs (Klausen et al., 1997), and this may 

account for the differences in energy intake and protein intake observed between the 

activity groups. Furthermore, men and women may differ in appetite responses, 

where men appear to be hungrier before and less full after consuming a meal 

(Gregersen et al., 2011),   

Similarly, age may influence responses to protein restriction. Animal 

experimental studies have reported that younger animals exhibit a drive to consume 

higher protein foods compared to older animals, presumably because they have an 
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increased protein need for growth and development (Jean et al., 2002; Morrison et 

al., 2012; White et al., 2000a). It may be that in humans, younger individuals exhibit 

an increased drive to eat protein in comparison to the older; however further studies 

are needed to determine whether age and sex influence the acute response to protein 

restriction. 

5.4.2 The response to mild protein restriction across all participants 

Overall, the main effect of protein condition did not result in a significant 

change in appetite and food intake. Energy and macronutrient intake and changes in 

appetite and food flavour preferences were similar in both protein conditions. 

However, the high protein breakfast did elicit a decrease in prospective food intake 

in comparison to the low protein condition. This finding is supported by other 

studies demonstrating that a single high protein meal or drink suppresses appetite 

and food intake (Leidy et al., 2015; Soenen & Westerterp-Plantenga, 2008; 

Westerterp-Plantenga et al., 2012). This indicates that despite differences in protein 

need between activity groups, a meal providing 20 g of protein influenced appetite 

and reduced prospective food intake in all participants. 

It was expected that a low protein breakfast would cause an increased 

appetite and change energy and macronutrient intake in all study participants. The 

results of the study indicate that a single low protein meal may not have elicited a 

substantial change in appetite and food intake. Perhaps a greater deficit in protein 

intake, such that would occur following the intake of several low protein meals or 

consuming a low protein diet, is required to permit and assess learned appetitive 

behaviour. Indeed, many of the experimental studies investigating responses to a low 

protein diet took place over a minimum of four days and up to two weeks (Gosby et 

al., 2011; Griffioen-Roose et al., 2012, 2014; Martens et al., 2013, 2014).  
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Comparatively fewer studies have investigated acute appetite responses to a 

low protein meal. Blatt, Roe & Rolls (2011) reported no changes in appetite and 

food intake at dinner after consuming lunch meals that varied in protein content 

(from 10 to 30 % PE) which suggests that the lower protein meal (10 %PE) had no 

influence on appetite and food intake in this study. Similarly, Griffioen-Roose et al. 

(2011) reported that consuming a low (~7% PE) or high protein (~25% PE) preload 

did not influence appetite or energy intake at a subsequent buffet meal. Similarly, 

Masic et al., (2017) observed an increase in liking for all food flavours and an 

increased desire to eat savoury foods following a low-protein breakfast,  but not a 

specific liking for umami or ‘meaty’ flavours. However, Gibson, Wainwright & 

Booth (1995) demonstrated that after four days of consuming a low protein 

breakfast, participants developed a preference for dessert flavours that were paired 

with high protein, which suggests that individuals are responsive to low protein 

meals, given the opportunity for differential flavour-nutrient learning and its 

expression, which other experimental designs did not allow (Gosby et al., 2011; 

Griffioen-Roose et al., 2012, 2014;. Martens et al., 2014).  

In animals, experimental studies have demonstrated that protein restriction 

does cause an increase in energy intake and the selection for high protein foods  

(Huang et al., 2013; Pezeshkiet al., 2016; Solon-Biet et al., 2014; Sørensen, Mayntz, 

Raubenheimer, & Simpson, 2008; White 2000). Rats are shown rapidly to detect and 

avoid diets that are imbalanced for amino acid content, and these behaviours are 

observed within 20 minutes of food ingestion (Gietzen & Aja, 2012; Gietzen & 

Rogers, 2006; Hao et al., 2010). This speed of the observed responses indicates that 

diets that contain a poor quality and quantity of protein are sensed and acted upon; 

however the response is dependent on the degree of protein restriction and the 
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physiological state of the animal (Berthoud, Münzberg, Richards, & Morrison, 2012; 

Morrison & Laeger, 2015). Given that appetite changes that occur with protein 

restriction were not observed across the group, this suggests that a greater degree of 

protein restriction should be applied in subsequent studies, although extrapolating 

this aspect from rodent studies is not straightforward.  

 

5.4.3 Comparison of food intake and appetite between activity groups 

 The study observed associations between body composition, metabolism, 

and energy and macronutrient intake for all participants, specifically that energy, 

carbohydrate, protein and fat intake were positively associated with fat free mass and 

resting metabolic rate, while fat mass was negatively associated with protein intake 

and tended to be negatively associated with energy and carbohydrate intake. These 

findings are supported by the recent emerging theories of appetite control that 

propose that body composition, metabolism and physical activity play a primary role 

in directing appetite and food intake (Beaulieu, Hopkins, Blundell, & Finlayson, 

2018; Blundell, 2018). It is proposed that tonic signals that arise from fat-free mass 

reflect the energetic demands of lean tissue and exert an excitatory signal to drive 

food intake. While the signals that arise from fat mass exerts an inhibitory effect on 

appetite (Blundell, 2018). The effect of fat-free mass on energy intake is mediated by 

resting metabolic rate (Hopkins et al., 2016) and 24-hour energy expenditure (Piaggi 

et al., 2015). These associations have been confirmed across the spectrum of lean, 

overweight and individuals with obesity (Blundell, Caudwell, Gibbons, Hopkins, 

Naslund, et al., 2012; Blundell et al., 2015; Cugini et al., 1999; Hopkins et al., 2016; 

McNeil et al., 2017; Piaggi et al., 2015). 
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When study participants were subdivided into activity groups, these 

associations remained in the active. In the active group, fat-free body mass and 

resting metabolic rate was positively associated with protein intake in both test 

conditions and tended to be associated with energy intake and fat intake. Fat mass 

did not predict energy or macronutrient intake. However, these results are interpreted 

with caution as the sample size was small. It may suggest that active individuals 

regulate energy and macronutrient intake more accurately than moderately active and 

sedentary individuals. More recently it has been reported that the level of physical 

activity moderates the relationship between body composition and energy intake. 

Beaulieu et al. (2018) reported that the strongest associations between meal size and 

fat mass were observed for individuals who spent the most time participating in 

moderate to vigorous exercise activities, while weaker, non-significant associations 

were found for the moderate and low activity groups.  

Furthermore, following a high energy preload, moderately active individuals 

reduced food intake at a subsequent buffet meal, while this effect was not observed 

for the low activity group (Beaulieu, Hopkins, Long, Blundell, & Finlayson, 2017). 

This indicates that the level of physical activity (i.e. how active an individual is on a 

weekly basis) may influence the strength of episodic signals controlling appetite 

(Beaulieu et al., 2018). Indeed, studies have demonstrated that participation in a 

long-term exercise programme results in improvements in appetite control and 

changes in the appetite signals (gut hormones) that underlie these processes 

(Blundell, 2011; Caudwell et al., 2011; King et al., 2009; Martins et al., 2010; 

Martins, Morgan, & Truby, 2008). However, the mechanism underlying the 

influence of physical activity on appetite is not fully understood (Beaulieu et al., 

2018).  
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It was also observed that in active individuals, fat-free mass and resting 

metabolic rate were positively associated with protein intake (g). This may indicate 

that fat-free mass influences both energy intake and macronutrient intake, and that 

signals arising from lean tissue reflect both the energy demands and the need for 

protein. Millward (1995) proposed that the protein-stat mechanism operates to 

ensure that the metabolic requirements of lean tissue are met. Since protein provides 

a source of essential amino acids (Millward, 1997), it may be that this mechanism 

operates to ensure an adequate supply of protein that is required for growth, repair 

and maintenance. It could be suggested that under conditions of acute protein 

restriction, the signals that arise from lean tissue exert a stronger influence on 

appetite regulatory processes to ensure food intake adequately matches the protein 

needs of the body. Further studies are needed to confirm this finding; however recent 

cross-sectional studies have confirmed the finding that fat-free mass is positively 

associated with protein intake (Cameron et al., 2016; Weise et al., 2014).   

5.4.4 Limitations 

This study had several limitations. The study design employed a single low 

protein meal to create an acute deficit in protein intake. However, the results suggest 

that a single meal did not create enough of a protein deficit to elicit a meaningful 

change in eating behaviour. Although changes in food intake and appetite were 

observed in activity groups, these findings were underpowered and may reflect the 

normal day to day variation in eating behaviour (Arvaniti et al., 2000; Gregersen et 

al., 2008). The overall coefficient of variation (CV) for energy and protein intake in 

this study was 13% and 19% respectively, however CV values of 18.9% have been 

reported for energy intake at a buffet meal (King et al., 2017). Additionally, two 

lunches were perhaps too few eating sessions to obtain an accurate representation of 
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food intake, as typically better representation has been found with four or more 

eating sessions (Yeomans et al., 2009, 2005). Further studies should include multiple 

time-point assessments to examine if there is an exact condition effect. 

The breakfast meals provided a set amount of protein (low: 3 g vs high: 33 g) 

and were not calculated according to individual protein needs. Although the low 

protein condition would have been low for all participants, the high condition would 

have provided a higher level of protein for some participants yet only a moderate 

amount to active individuals with comparatively greater daily protein requirements. 

This may have influenced the eating and appetite responses in the high protein 

condition. However, the finding that estimated food intake was reduced following 

the high protein breakfast suggests that the protein content was enough to elicit a 

small change in estimated food intake. 

Alongside limitations in study design, the sample sizes for activity groups 

were small and unbalanced for sex, as there were no males in the sedentary activity 

group, as previously discussed. The group differences that were found were 

underpowered, and comparisons between activity groups were difficult to interpret 

accurately. Similar experimental studies have reported significant results using 

samples sizes of eleven participants or more (Beaulieu et al., 2018; Beaulieu, 

Hopkins, Long, et al., 2017). Future research should consider larger study samples 

and ensure activity groups are balanced for men and women.  

Habitual diet was not assessed, however habitual dietary protein intake has 

been found to influence taste preferences following protein restriction (Masic & 

Yeomans, 2017). Obtaining an objective measure of physical activity would also 

strengthen the findings, for instance using data collected from accelerometers. 
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Therefore, future studies should include an assessment of dietary intake and level of 

physical activity.  

5.4.5 Conclusion 

The present study endeavoured to investigate how individual variations in 

physical characteristics and level of physical activity may impact the response to a 

low protein meal. Taking into consideration the study limitations, it was concluded 

that a single low protein meal may not be severe enough to elicit a consistent 

appetite response. However, across the study participants, strong associations 

observed between fat-free mass, resting metabolic rate and food intake indicate that 

body composition and metabolism and habitual physical activity play a key role in 

directing both energy and protein intake. Although the study does not provide 

conclusive evidence that individual differences influence the response to acute 

protein restriction, this area of research represents a key area for future studies. 

Further work is needed to advance our understanding of how dietary protein intake 

influences appetite and ingestive behaviour, and whether variations in physical 

characteristics, habitual dietary intake or level of physical activity moderates this 

relationship. 
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Chapter 6: Investigating associations between anthropometry, behavioural, 

socio-economic and genetic traits with eating behaviours and attitudes towards 

food in a community sample population 

6.1 Introduction 

Currently, it is estimated that over 60% of adults in the UK are classified as 

overweight or obese (The Health and Social Care Information Centre (NHS Digital), 

2018b). This leaves 40% of the population classified as lean. This statistic indicates 

that despite the modern obesogenic environment, some individuals can avoid 

behaviours that promote the development of obesity, while others are more 

susceptible to them  (Blundell et al., 2005). As such, research studies have 

characterised several eating behaviour traits associated with the development of 

obesity (Carter & Jansen, 2012; French et al., 2012;  Mela, 2006; Mesas et al., 2012). 

The individual variation of these behaviour traits, therefore, may predict 

susceptibility to overeating, weight gain and excess adiposity. However, many of the 

studies have been conducted in experimental laboratories using small sample 

populations, while it is essential to understand whether these behaviours are 

associated with obesity at a broader population level.  

There are several behaviour traits that have been observed in individuals with 

excess adiposity. These traits include an increased motivation to eat (Epstein & 

Leddy, 2006; Finlayson et al., 2007), reduced satiety responsiveness (Dalton, 

Finlayson, et al., 2013; Dalton et al., 2015), and a heightened sensitivity to reward 

(Davis et al., 2007, 2004). Studies have demonstrated that, in comparison to normal 

weight individuals, overweight individuals and individuals with obesity show a 

greater motivation to eat and are willing to exert more effort to obtain food, 
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particularly foods that are palatable and energy-dense (Epstein & Leddy, 2006; 

Finlayson et al., 2008; Giesen et al., 2010; Saelens & Epstein, 1996).  

Studies have also show that some individuals with obesity demonstrate 

impaired appetite regulation and are unable to accurately assess whether they are 

hungry or full (Drapeau et al., 2011). Delgardo-Argos et al., (2004) reported that an 

increased body mass index was associated with delayed satiation and individuals 

with obesity required approximately 225 kcal more energy from food to reach 

maximum satiation. Furthermore, the variation in appetite sensations in obese are 

reflected in an altered neural response to food cues (Gautier et al., 2000; Gautier et 

al., 2001) and modified postprandial gut hormone responses with food ingestion 

(Adam & Westerterp-Plantenga, 2005; Devoto et al., 2018; Le Roux et al., 2006; 

Mittelman et al., 2010; Le Roux et al., 2006; Verdich et al., 2001). These findings 

have important implications, because variations in appetite responses with ingestion 

may alter the expected satiation (the expected feelings of fullness) that foods may 

deliver (Brunstrom & Rogers, 2009).  

Obesity is also associated with an altered neural reward response to food cues 

(Ng et al., 2011; Stice & Burger, 2019; Stice, Spoor, Ng, et al., 2009), suggesting 

that the individual variation in reward may increase the susceptibility to highly 

palatable foods. The individual variation in trait reward sensitivity, measured by 

Behaviour Activation Scale (BAS, Carver & White, 1994), may promote approach 

behaviours to palatable food cues and moderate the hedonic response to eating these 

foods (Beaver et al., 2006; Davis, 2009; Dawe & Loxton, 2004). These data indicate 

that at a population level, overweight and individuals with obesity may exhibit a 

heightened sensitivity to reward, greater motivation to eat and reduced satiety 

responsiveness toward palatable food cues.  
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An important consideration is that across a population group there are 

variations in food preferences and dietary intake, according to factors such as age, 

gender, socio-economic status, ethnicity, variations in genetic phenotypes and health 

behaviours such as exercise and smoking (Newby & Tucker, 2004). Accordingly, 

studies have identified common patterns of dietary intake in sub-population groups. 

For instance, a ‘healthy’ dietary pattern, consisting of a frequent intake of fruit, 

vegetables, legumes, grains, low-fat dairy products, fish and seafood, is found to be 

consumed by older individuals, who had attained a higher level of education and had 

greater wealth, lived in urban areas and were very often women. A ‘traditional’, 

‘continental’ or ‘Western’ pattern dietary pattern, consisting of a high intake of full-

fat dairy, meat, starchy vegetables, sweet pastries, fat spreads, sweet condiments, and 

dressings, is found to be consumed by individuals who are men, older, but those less 

well educated, less wealthy, and who lived in rural or more socially deprived areas 

(Ax et al., 2016; Bamia et al., 2007; Beck et al., 2018; Bertin et al., 2016; Fraser et 

al., 2000; Gazan et al., 2016; Knudsen et al., 2014; Markussen et al., 2016; Mikkilä 

et al., 2005; Mishra et al., 2002). Furthermore, individuals who consumed a ‘healthy’ 

dietary pattern had a lower body mass index (BMI) and waist circumference, while 

individuals who consumed ‘traditional’ dietary pattern, which typically  contained 

higher amounts of saturated fatty acids, added sugars and less dietary fibre (Ax et al., 

2016; Bertin et al., 2016; Knudsen et al., 2014), presented with a higher BMI (Bertin 

et al., 2016; Holmes et al., 2018) and waist circumference (Beck et al., 2018), higher 

levels of glycated haemoglobin (HbA1c) and fasting glucose - biomarkers of type 2 

diabetes (Dekker et al., 2015).  

Differences in dietary patterns between men and women are commonly 

reported. In several studies, men report eating foods typically of a ‘traditional’ 
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dietary pattern (Ax et al., 2016; Beck et al., 2018; Bertin et al., 2016; De Silva et al., 

2011; Fraser et al., 2000; Mikkilä et al., 2005; Sánchez-Villegas et al., 2003; Togo et 

al., 2004), while women commonly consumed a ‘healthy’ dietary pattern (Knudsen 

et al., 2014; Mikkilä et al., 2005; de Souza Fernandes et al., 2017; Wardle et al., 

2004). Women are reported to consume a greater variety of foods compared to men 

(De Silva et al., 2011) and a more frequent intake of fruit, vegetables, cereals, 

legumes and potatoes (Baker & Wardle, 2003; Dibsdall et al., 2003; European Food 

Information Council, 2012; Gille et al., 2016), while men consume more meat, eggs, 

milk and sugary foods (Fraser et al., 2000; Gille et al., 2016). Similar differences in 

fruit and vegetable intake have also been reported between boys and girls (Bere et 

al., 2008; Krølner et al., 2011; Rasmussen et al., 2006) and it has been suggested that 

there are differences in liking or attitude toward fruit and vegetables between sexes, 

although this effect on intake is not apparent (Bere et al., 2008; Dibsdall et al., 2003; 

European Food Information Council, 2012). It may be that women have a tendency 

to follow a healthier eating pattern, to be aware of food or to be dieting, and have a 

higher intake of healthier foods (Knudsen et al., 2014; Mikkilä et al., 2005; Mishra et 

al., 2002; Pinto de Souza Fernandes et al., 2017).   

Patterns of dietary intake also vary with age. Younger individuals are found 

to consume a ‘processed’ or ‘fast-food’ dietary pattern that includes a higher intake 

of processed foods and takeaway meals (Beck et al., 2018; Gazan et al., 2016; 

Knudsen et al., 2014; Whichelow & Prevost, 1996).  In comparison, older 

individuals are found to consume more fruit and vegetables (De Silva et al., 2011; 

Fraser et al., 2000; Nicklett & Kadell, 2013). This observation has been found for 

populations in both the U.S. and Europe, although collectively, adults still fail to 

meet the current fruit and vegetable intake recommendations in these countries 
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(European Food Information Council, 2012; U.S. Department of Agriculture Center 

for Nutrition Policy and Promotion, 2007). The difference in dietary intake may 

reflect variations in the liking for specific flavours of food that changes with age 

(Lampuré et al., 2015; Padulo et al., 2017), cultural influences on food choices 

(Rozin, 2002), or a greater compliancy to meet nutritional recommendations (de 

Abreu et al., 2013; Webb et al., 1999). 

Socio-economic status, such as education level, is seen to be an indicator of 

SES and shown to be inversely associated with weight gain over time (Atella & 

Kopinska, 2012; Ball & Crawford, 2005; Baum & Ruhm, 2009; Boylan et al., 2014), 

although McLaren (2007) highlights that this relationship depends on sex and the 

SES indicator (income, wealth index, education level). Studies have reported that 

individuals with lower levels of education have higher intakes of processed foods 

(Bertin et al., 2016; Fraser et al., 2000; Mishra et al., 2002), consume more meat, fat 

spreads (like butter and margarine), full-fat dairy products, added sugars, cakes and 

biscuits (Ax et al., 2016; Bamia et al., 2007; Beck et al., 2018; Bertin et al., 2016; 

Kesse-Guyot et al., 2009; Knudsen et al., 2014; Markussen et al., 2016), consume 

less fruit and vegetables (P. H. G. J. De Silva et al., 2011; Dibsdall et al., 2003), and 

have a more inferior quality of diet (Livingstone et al., 2016; Pinto de Souza 

Fernandes et al., 2017; Ribeiro et al., 2017). While individuals with a higher level of 

education were found to consume a more healthful diet composed of fruit, fruit 

juices vegetables, grains, cereals (Bamia et al., 2007; Deshmukh-Taskar et al., 2007; 

Krølner et al., 2011; Whichelow & Prevost, 1996) and more likely to comply to 

dietary recommendations (Abreu et al., 2013).  

Inheritable characteristics may also influence eating behaviour. Specifically, 

polymorphisms of the ‘fat mass and obesity’ associated FTO gene are associated 
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with overeating and obesity. Of the five most commonly reported polymorphisms of 

the FTO gene, single nucleotide polymorphisms of the A-allele variant (AA or AT) 

that occurs within rs 9939609, demonstrate a higher risk of obesity compared to 

individuals homozygous for the low-risk T allele (Frayling et al., 2007). Furthermore 

these polymorphisms are associated with increased body weight, hip circumference 

and fat mass (Dina et al., 2007; Hinney et al., 2007; Hunt et al., 2008; Scuteri et al., 

2007). These associations have been found in both adults (Andreasen et al., 2008; Do 

et al., 2008; Frayling et al., 2007) and children (Cecil et al., 2008; Tanofsky-Kraff et 

al., 2009; Wardle et al., 2009). Studies including large sample populations report that 

the obesity-associated AA allele is associated with reduced satiety responsiveness, n 

= 3337 (Wardle et al., 2008), increased loss of control of eating, preference for high 

fat foods, n = 299 (Tanofsky-Kraff et al., 2009) and higher food intake, n = 114 

(Melhorn et al., 2018). Specifically, individuals with the AA allele also find energy-

dense foods more appealing and show greater activation of reward-related brain 

regions in response to viewing pictures of food.  

Taken together, these studies suggest that there may be variations in eating 

behaviour and attitudes toward food between individuals grouped by age, sex, 

education level, and polymorphisms of the FTO gene. The variations in eating 

behaviour, such as a greater motivational drive to eat, a higher frequency of intake 

and reduced satiety postprandial response, may predict the susceptibility to 

overeating, particularly for foods that are energy-dense and high in fat and sugar or 

salt, and describe several pathways to the development of obesity.  To this end, the 

objective of this study was to investigate the desire to eat, expected satiation and 

frequency of intake in a variety of food and compare responses across individuals 



174 

 

 

grouped for age, sex, weight status, genetic risk for obesity (genetic variation of 

rs99393609 FTO gene), education level and sensitivity to reward.  

I hypothesised that: 

1. BMI and waist circumference will be higher in older individuals, men, 

individuals homozygous for the AA or AT allele of the FTO gene, and 

individuals with a lower level of education. 

2. Overweight individuals and individuals with obesity and individuals 

homozygous for the AA or AT allele of FTO gene will have a greater 

desire to eat and their eating behaviour will involve an increased 

frequency of intake but reduced expected satiation when viewing images 

of energy-dense foods. 

3. Individuals with a lower level of education will show an increased desire 

to eat and increased frequency of intake of processed, energy-dense 

foods, while individuals with a higher level of education will show a 

greater preference for healthier, lower energy-dense foods. Expected 

satiation will be reduced for healthier, lower energy-dense foods in 

individuals with lower level of education. 

4. Men will show a greater desire to eat and increased frequency in intake of 

savoury foods and energy-dense foods, while women will show a 

preference for lower energy-dense, healthier foods.  
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6.2 Methods  

6.2.1 Participants 

Participants were recruited from an opportunity sample of visitors to the 

Science Museum, London, who took part in a study entitled “How much do you like 

to eat?” (‘Live Science’ public engagement, September-October 2015). A total of 

560 participants (320 women, 240 men), aged between 18 to 85 years, took part. The 

predominant language spoken at home by the participants were English (73.4%). 

Details of the study population are listed in Table 6.2. Three participants were 

excluded from the analysis: of these participants, two individuals reported that they 

were pregnant at the time of testing and one participant reported as being a 

vegetarian. The study collected data from both children and adults; however, only 

data from the adults (participants 18 years old and older) were analysed. 

6.2.2 Procedure 

Members of the public that expressed interest in taking part were informed of 

the purpose of the study and provided written consent. Participants were then 

instructed on how to record their height, weight and waist circumference and then 

completed a series of computer-based (online) surveys (using online survey 

software, Qualtrics Inc., Provo, Utah, USA). Following the study, each participant 

was provided with a debriefing sheet which provided a detailed explanation of the 

study. The study was approved by the University of Roehampton Human Research 

Ethics Committee and Science Museum, London (PSYC 15/185) 

6.2.3 Measures 

6.2.3.1 Anthropometry 

Under investigator supervision, participants measured their height, weight 

and waist circumferences according to given instructions. Height was measured to 



176 

 

 

the nearest cm using a portable stadiometer (Tanita, TM). Weight was measured to 

the nearest 0.1 kg using a Tanita electronic scale. Waist circumference was measured 

using a standard plastic dressmaker’s tape measure. Total daily energy requirements 

were calculated using a new predicted equation derived from the CALERIE study 

(Redman et al., 2014).  

Participants were categorised into two groups according to BMI, lean (Lean) 

or overweight/obese (OWOB) similar to categories reported elsewhere (Tetley et al., 

2009). The Lean group had BMIs ranging from 16.50 to 24.95 and OWOB group 

had BMIs > 25. Resting metabolic rate (RMR) was estimated using the Miffin-St 

Jeor (1990) equation using participant height (units), weight (units), age and sex and 

reported as megajoules per day (MJ.day-1). Age was recorded to the nearest year. 

6.2.3.2 FTO genotyping 

Buccal (cheek) cell swabs were taken from each participant that agreed to 

donate anonymised DNA samples for FTO SNP genotyping.  Participants were 

provided with nitrile/vinyl gloves and SK-1 Isohelix swab to take their sample, under 

guidance, by rubbing the swab for 30 seconds on the inside of each cheek.  Each 

swab was then placed in a sealed tube (Isohelix Dri-capsules), stored in a locked 

container, until taken to Roehampton at the end of each week from where they were 

sent directly to DNA Genetics Ltd. (Norwich) for genotyping of DNA for the SNP 

rs9939609.  After analysis, the remaining DNA samples were destroyed within three 

months of the end of the study. 

There was a total of 68 AA individuals and 274 AT individuals, therefore 

these individuals were grouped together to form the AA/AT group (n= 342). There 

were 209 TT individuals.  
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6.2.3.3 Education level   

 Socio-economic status was assessed using the level of education participant 

had achieved. Education level has defined according to the National Qualification 

Framework as described UK government (Department of Education and Learning, 

UK government, 2020). Participants were grouped into four groups; A-level having 

achieved a high school diploma up to A-level (up to level 3); Diploma having 

achieved further education from (level 4 and 5); Bachelors (BA/BSc) (level 6) and 

Professional (level 7 and 8). 

6.2.3.4 BAS scales: a measure of reward sensitivity 

To provide a measure of reward sensitivity, participants completed the 

thirteen questions of the behavioural activation scale from the BIS/BAS 

questionnaire (Carver & White, 1994). The questions measure three subscales for 

behavioural activation: reward responsiveness (BAS RR, 5 items), determining 

positive responses to receiving of rewards (‘When I get something I want, I feel 

excited and energized’); fun-seeking (BAS FS, 4 items), reflecting the desire to seek 

out new rewards (‘I’m always willing to try something new if I think it will be fun’) 

and drive (BAS D, 4 items), describing the strong pursuit of rewarding goals (‘I go 

out of my way to get things I want’).  Each question was responded to on a 4-point 

Likert scale, from “Very true for me” to “Very false for me”, scored 4, 3, 2, 1.  Each 

of the three scale scores was calculated by summing their item responses.  The total 

score (Total BAS) consists of the total sum of each score of all subscales, thus 

ranging from 13 to 52. Reliability analyses for this sample showed that Cronbach’s 

alpha values were 0.67 for Fun-seeking, 0.75 for drive and 0.64 for reward 

responsiveness. Overall Cronbach’s alpha values were 0.81 for Total BAS.  



178 

 

 

6.2.3.5 Assessment of food satisfaction: online ranking questionnaire 

Participants completed an online questionnaire to determine their preferences 

for ten food items (Table 6.1). The food images were obtained under licence from 

The Eating Behaviour Laboratory, University of Salzburg www.food-pics.sbg.ac.at, 

(Blechert et al., 2014). The size of each image was approximately 1.96 x 2.67 cm 

presented on a white background as a vertical list along with the other nine images 

(please refer to figure 6.1). Participants were asked to rank the food images from 

highest (1) to least (10) according to three questions: 1) “Which of these 10 foods 

would you most like to eat right now (in these portions)” [‘desire to eat’]; 2) “How 

filling are these 10 foods (in these portions)?” [‘expected satiation’]; 3) “How often 

do you eat each of these ten foods?” [‘frequency/familiarity’]. Participants were 

required to drag each image into a ranking box and order the images from 1 to 10 

according to their preferences. For the question ‘How often do you eat each food?’, 

participants could assign foods to a “Never eaten before” box, and otherwise were 

asked to order them with the most often eaten food at the top. The order of 

presentation of food images was randomised for each participant. Each portion of 

food provided an approximately similar amount of energy, mean (SD) 238 (18) 

kcals, 974 (74) kJ (range: 213 to 267 kcal; 871 to 1094 kJ, please refer to Table 5.1). 

Participants were also asked to indicate the timing of their last meal: “When did you 

last eat?”. They chose from a drop-down menu offering time slots in minutes and 

hours (for example from ‘10 minutes’ to ‘over 6 hours ago’). An example of the 

questionnaire can be found in Appendix E1.  

6.2.4 Data analysis 

Tests for normality were conducted on all dependent variables. Age, waist, 

BMI, and timing of last meal were not normally distributed, and thus were natural-

http://www.food-pics.sbg.ac.at/
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log-transformed. Frequency of intake scores was adjusted by excluding data for 

individuals who reported ‘never eating’ given food. Pearson’s correlations were used 

to determine the relationship between age and (separately) timing since the last meal, 

and rank scores for the desire to eat expected satiation and frequency of intake. Rank 

scores for foods were reversed coded to 10 as most preferred and 1 as the least 

preferred. To reduce the rank score data, a principal components analysis was 

performed separately for each eating behaviour (i.e. separately for desire to eat, 

filling and frequency). It was expected that food items could be grouped for fat 

content and flavour (e.g. high fat sweet or low-fat savoury food), or some other 

grouping following PCA analysis.  However, the food items were poorly correlated 

and below the commonly used threshold of r>0.3 (Schwedhelm et al., 2018). This 

indicated that rank scores for similar food items (such as waffle, ice-cream, 

chocolate cake, and doughnut) were not positively correlated; refer to table A, B, and 

C in Appendix 1. Therefore, the rank scores for each food item were analysed 

separately for each eating behaviour. Chi-square analyses were used to test for any 

distribution bias between sex and BMI status (whether lean or overweight/obese), 

and between sex and the obesity-linked FTO gene (polymorphisms).  

A one-way ANOVA was used to determine group differences in participant 

characteristic variables and reward sensitivity (sex, BMI, education level, genetic-

linked obesity gene FTO). A two-way ANOVA examined the effects of sex and BMI 

status on rank scores, and, separately, the effects of sex and education level on rank 

scores. Analyses for education level used four levels: school education, post-school 

diploma level, bachelor’s degree level, and postgraduate degree level.  Years since 

qualification was controlled for by excluding any participants younger than 24 years.  
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6.3 Results 

6.3.1 Characteristics of sample population 

The characteristics and statistical analyses of the study population are listed 

in Table 6.1. There were differences between men and women: BMI, waist 

circumference and RMR were all higher in men than women. The proportion of lean 

and OWOB participants differed between men and women, Χ2 (1) = 20.98, p < 

0.001. There was a similar proportion of men and women in the AA/AT and TT 

categories for obesity linked FTO polymorphisms, Χ2 (1) = 0.81, p = 0.78.   

There were sex differences between scores for reward sensitivity; men tended 

to score higher in BAS fun seeking, F (1, 562) = 3.60, p = 0.058. Women scored 

higher in BAS reward responsiveness, F (1,561) = 8.73, p = 0.003. Proportions of 

men and women across levels of education did not vary significantly, Χ2 (3) = 2.51, 

p = 0.48. Due to the high proportion of British, white participants (85.9%), no further 

analysis was conducted for Ethnicity.  

6.3.2 Characteristics of different groups  

6.3.2.1 FTO 

AA/AT allele participants had a significantly higher BMI and waist 

circumference than did TT allele participants; Waist (mean ± SD): AA/AT = 84.78 ± 

13.97 vs TT = 82.00 ± 11.73, F (1, 546) = 5.31, p = 0.022, partial 2 = 0.010; BMI: 

AA/AT 26.68 ± 5.47 vs TT 24.68 ± 4.44, F (1, 546) = 10.86, p = 0.001, partial 2 = 

0.020.  

6.3.2.2 Age 

Older individuals had a larger waist circumference and higher BMI compared 

to younger individuals, Waist r (555) = 0.25, p < 0.001; BMI r (555) = 0.30, p < 

0.001. 
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6.3.2.3 Education level  

Age, waist circumference, BMI, RMR and reward sensitivity for levels of 

education are presented in table 5.2. There were differences in waist circumference 

and BMI between groups, BMI: F (3,347) = 5.26,  p = 0.001, partial 2 = 0.044), 

Waist: F (3,347) = 6.54,  p < 0.001, partial 2 = 0.054.  Waist circumference was 

higher in A-level compared to BA/BSc participants, mean difference [95% CI] 6.36 

[2.55 to 10.17], p = 0.001, and compared to Professionals, 5.72 [1.93 to 9.52], p = 

0.004. BMI was higher in A-level compared to compared to BA/BSc participants, 

2.63 [0.98 to 4.29], p = 0.001, and compared to Professionals, 2.26 [0.61 to 3.91] p = 

0.007. Similarly, diploma educated participants had a higher waist circumference 

compared to BA/BSc, 6.00 [2.41 to 9.57], p = 0.001 and Professionals 5.35 [1.79 to 

8.92], p = 0.004.  BMI was higher in diploma educated participants compared to 

BA/BSc, 2.00 [0.44 to 3.56], p = 0.006 and Professionals 1.62 [0.073 to 3.17], p = 

0.031. There was no interaction between education level and sex for both BMI and 

waist circumference (BMI: p = 0.71; Waist = 0.20). (please refer to figure 6.1) 
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Table 6.1 

Descriptive information for sample population of visitors to the Science Museum, London.  

  

Total   Men  Women 

(n = 560)  (n = 240)  (n = 320) 

Age (years) 31.77 (11.9)  31.15 (11.15)  32.24 (12.42) 

BMI (kg.m-2) 25.57 (5.13)  26.2 (4.70)*  25.09 (5.39) 

Waist (cm) 83.72 (13.19)  89.83 (11.97)**  79.13 (12.18) 

RMR (MJ.day-1)  6564.45 

(1106.92) 

 7564.94 

(715.06)** 

 5818.8  

(674.22) 

BMI category      

Lean 305 [54.5%]  104 [18.6%]  201 [35.9%]a 

Overweight/Obese 255 [45.5%]  136 [24.3%]  119 [21.3%] 

FTO       

AA/AT 339 [62.4%]  142 [26.2%]  197 [36.3%] 

TT  204 [37.6]  88 [16.2%]  116 [21.4%] 

Total BAS 41.4 (4.97)  41.45 (4.7)  41.37 (5.18) 

BAS Drive 11.59 (2.2)  11.73 (2.08)  11.48 (2.28) 

BAS fun seeking 12.35 (2.15)  12.54 (1.89)+  12.21 (2.32) 

BAS Reward Responsiveness 17.46 (1.96)  17.17 (2.04)  17.68 (1.88)*** 

Education       

Primary, Secondary, GCSE 

and A level 130 [23.2%] 

 

63 [12.0%] 

 

67 [11.3%] 

Vocational diploma or 

Technikon  95 [17.0%] 

 

41 [7.3%] 

 

54 [9.6%] 

BA/BSc’s degree 193 [34.5%]  80 [14.3%]  113 [20.2%] 
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Postgraduate: Masters, 

Doctorate or Professional 

qualification 142 [25.4%] 

 

56 [10.0%] 

 

86 [15.4%] 

Ethnicity      

White      

English, Welsh, Scottish, 

Northern Irish, British, Irish, 

Gypsy or Irish Traveller, 

Other 

476 [85.9%] 

 

199 [35.9%] 

 

277 [50.0%] 

Mixed White or Other      

White and Black Caribbean, 

White and Black African, 

White and Asian, other mixed 

26 [4.7%] 

 

11 [2.0%] 

 

15 [2.7%] 

Asian      

Indian, Pakistani, 

Bangladeshi, Chinese, other 

33 [6.0%] 

 

17 [3.1%] 

 

16 [2.9%] 

Black/African/Caribbean/Black 

British 

 

 

 

 

 

African, Caribbean, other 

black 

5 [0.9%] 

 

3 [0.5%] 

 

2 [0.4%] 

Middle Eastern & Other      

Arab, Jew, Other 14 [2.5%]  7 [1.3%]  7 [1.3%] 

BMI: Body Mass Index, RMR: Resting Metabolic Rate. Values are mean (Standard deviation) or 

frequency [percentage of total group]; * p = 0.011 higher in men compared to women; ** p < 0.001 

higher in men compared to women; ***p = 0.003 Higher in women compared to men; +p = 0.073 

tendency to be higher in men compared to women. a A greater proportion of women than men were lean, 

Χ2 (1) = 20.98, p < 0.001.  
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Figure 6.1: Left bar graph: Comparison of BMI between education categories; up to A level (N = 52), 

Diploma or Technicon (N = 63), BA/BSc’s degree (N=115), Professional (Masters, Doctorate or 

Professional qualification N = 125. Values are Mean ± 1SEM (accounting for difference between men 

and women), *p <0.05 significantly higher BMI in participants educated up to A level compared to 

BA/BScs and Professional. † p =  0.072 tendency for higher BMI in participants educated up to diploma 

level compared to BA/BScs and Professional. Right bar graph: Comparison of BMI between men and 

women. *** p < 0.001 Men had significantly higher BMI than women.   
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6.3.3 Rank scores for desire to eat, expected satiation and frequency of intake: 

6.3.3.1 Differences between men and women 

A comparison of rank scores between men and women can be found in Table 

6.3. Chocolate cake, red grapes, bread roll and waffle with whipped cream were 

ranked higher for desire to eat by women than men, chocolate F (1, 562) = 4.32, p = 

0.038, grapes F (1, 562) = 17.05, p <0.001, bread roll F (1, 562) = 8.40, p = 0.004, 

waffle F (1, 562) = 12.04, p = 0.001 whereas beefsteak was ranked higher in desire 

to eat by men than women, beefsteak F (1, 562) = 35.38, p <0.001. Chocolate cake 

was ranked as more filling by men than women, F (1, 562) = 6.44, p = 0.011, bread 

roll was ranked more filling for women than men, F (1, 562) = 10.99., p = 0.001. 

Salmon fillet and grapes were consumed more frequently by women than men, 

salmon F (1, 562) = 5.317, p = 0.021, grapes F (1, 562) = 18.95, p < 0.001. 

Beefsteak was consumed more frequently by men than women, F (1, 562) = 10.89, p 

= 0.001 (Table 6.3).  

6.3.3.2 Correlations between age and rank scores  

Salmon, croissant and bread were ranked higher for desire to eat by older 

individuals, salmon, r (555) = 0.20, p < 0.001; croissant r (555) = 0.087, p = 0.041, 

and bread, r (555) = 0.16, p < 0.001. Salmon was ranked as more frequently 

consumed in the older, r (474) = 0.20, p <0.001. Hotdog, chocolate cake and 

doughnut were ranked lower for desire to eat by older individuals, hotdog r = -0.17, 

p < 0.001; chocolate cake, r (555) = -0.12, p = 0.005; and a doughnut, r (555) = -

0.13, p = 0.002. Chocolate cake and doughnut were consumed less frequently by 

older individuals, chocolate cake, r (526) = -0.095, p = 0.029; and a doughnut, r 

(489) = -0.12, p 0.009. Doughnut was ranked as more filling, while waffle with 
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whipped cream ranked as less filling by older individual’s, doughnut, r (555) = 

0.089, p  = 0.036, waffle, r (555) = -0.13, p = 0.002. 

6.3.3.3 Correlation with timing of last meal and rank scores 

Participants who reported more time since last eating, ranked the hotdog and 

bread as significantly higher in desire to eat,  hotdog, r (547) = 0.087, p = 0.042, and 

bread, r (547) = 0.084, p = 0.049. No further associations were observed for desire to 

eat, expected satiation and frequency of intake.  

6.3.3.4 Associations between sensitivity to reward and rank scores 

Higher scores for Total BAS were weakly associated with an increased desire 

for hotdog, r (560) = 0.10, p = 0.014 and increased ranking for frequency of beef 

steak, r (508) = 0.092, p = 0.039. No further associations were observed for desire to 

eat, expected satiation and frequency of intake.  
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Table 6.2: 

Average rank scores for the desire to eat, expected satiation and frequency of intake between men (N = 240) and women (N = 320) for ten food 

items.  

 Desire  Filling  Frequency 

 Men Women 
 

Men Women 
 

Men Women 

 Mean (SE) Mean (SE) 
 

Mean (SE) Mean (SE) 
 

Mean (SE) Mean (SE) 

Chocolate cake 4.69 (0.17) 5.16 (0.15)a  7.08 (0.14)d 6.56 (0.14)  4.95 (0.14) 5.29 (0.12) 

Salmon Fillet 6.1 (0.21) 5.99 (0.18)  5.56 (0.17) 5.57 (0.16)  6.43 (0.2) 6.95 (0.16)a 

Strawberry ice-cream 5.27 (0.15) 5.11 (0.14)  3.06 (0.12) 3.09 (0.1)  5.19 (0.15) 5.24 (0.13) 

Chocolate covered doughnut 4.28 (0.16) 4.27 (0.14)  4.90 (0.14) 4.77 (0.12)  4.06 (0.15) 3.86 (0.13) 

Beef Steak 7.99 (0.18)b 6.47 (0.17)  8.55 (0.15) 8.29 (0.13)  7.62 (0.15)b 6.74 (0.15) 

Red Grapes 6.47 (0.18) 7.41 (0.14)c  2.83 (0.15) 3.07 (0.14)  6.86 (0.17) 7.79 (0.13)c 

Bread roll 4.98 (0.18) 5.66 (0.15)c  6.13 (0.17) 6.83 (0.14)c  8.23 (0.14) 8.56 (0.11) 

Waffle with whipped cream 4.37 (0.15) 5.08 (0.14)c  5.32 (0.14) 5.59 (0.13)  2.96 (0.13) 3.29 (0.1) 

Plain croissant 5.25 (0.16) 5.48 (0.14)  4.28 (0.14) 4.15 (0.12)  5.96 (0.15)f 5.82 (0.13) 

Hot dog 5.60 (0.18)b 4.38 (0.16)  7.30 (0.13) 7.08 (0.12)  4.72 (0.17) 3.97 (0.14) 

Reverse scoring 1 = least preferred, 10 = most preferred. Women higher rank score than men,  ap < 0.05, c p < 0.001; Men greater rank score than women, b p 

< 0.001; d p < 0.05, f p < 0.05 
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6.3.3.5 Differences between lean and overweight/obese participants  

6.3.3.5.1 Desire to eat 

Ice-cream was ranked higher in desire to eat by OWOB participants 

compared with the lean, OWOB 5.38 ± 0.15 vs Lean 4.94 ± 0.15, mean difference 

[95% CI] 0.44 [0.018 to 0.85], simple main effect for BMI, F (1, 556) = 4.19, p = 

0.041, partial 2 = 0.007. There was no effect of sex, p = 0.62. Multiple comparisons 

revealed that ice-cream was ranked higher in desire to eat by OWOB men compared 

to Lean men, OWOB 5.64 ± 0.21 vs Lean 4.79 ± 0.24, -0.85 [0.23 to 1.48], p = 

0.008. Also, ice-cream was ranked higher in desire to eat by OWOB men compared 

to OWOB women (OWOB men 5.64 ± 0.21 vs OWOB women 5.12 ± 0.22, 0.52 [-

0.079 to 1.12] p = 0.088); Interaction: F (1, 556) = 3.85, p = 0.05, partial 2 = 0.007. 

Please refer to Figure 6.2. 
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Figure 6:2 Comparison of mean rank score for the desire to eat ice-cream between lean and 

overweight/obese men and women, *p = 0.008 higher mean rank score in overweight/obese 

men compared to overweight/obese women, **p = 0.041 higher mean rank score in 

overweight/obese compared to lean participants; 
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6.3.3.5.2 Expected Satiation  

‘Filling’ rank scores for grapes, waffle and hotdog differed between Lean and 

OWOB. Red grapes was ranked as more filling by OWOB compared to Lean 

(OWOB 3.37 ± 0.15 vs Lean 2.63 ± 0.14, 0.74 [0.34 to 1.15], F (1, 556) = 13.02, p < 

0.001, partial 2 = 0.023). Waffle with whipped cream was ranked as less filling by 

OWOB compared with lean (OWOB 5.13 ± 0.14 vs Lean 5.71 ± 0.14, -0.58 [-0.96 to 

-0.20], F (1, 556) = 8.88, p = 0.003, partial 2 = 0.016). Rank scores for hotdog 

tended to be lower for OWOB compared to lean (OWOB 7.00 ± 0.13 vs Lean 7.35 ± 

0.13, -0.36 [-0.72 to 0.009], F (1, 556) = 3.66,  p = 0.056, partial 2 = 0.007). Please 

refer to Figure 6.3. 

Further analyses using multiple comparisons revealed that there were 

differences between Lean and OWOB men and women in filling rank scores for 

chocolate cake, F (1, 556) = 3.11, p = 0.078, partial 2 = 0.006; doughnut F (1, 556) 

= 2.90, p = 0.089, partial 2 = 0.005, and beef steak F (1, 556) = 2.96, p = 0.086, 

partial 2 = 0.005. Chocolate cake and doughnut was ranked as less filling by 

OWOB women compared to Lean women, OWOB women 6.21 ± 0.21 vs Lean 6.77 

± 0.16, -0.56 [-1.09 to -0.03], p = 0.038, doughnut, OWOB women 4.45 ± 0.20 vs 

Lean women 4.95 ± 0.66, -0.51 [-1.01 to -0.008], p = 0.047. Beefsteak ranked scores 

were lower for Lean women compared Lean men, Lean women 8.17 ± 0.17 vs Lean 

men 8.77 ± 0.23, -0.60 [-1.16 to -0.034], p =0.038. 

6.3.3.5.3 Frequency 

Hotdog, ice-cream and beefsteak was eaten more frequently by OWOB 

compared to Lean (OWOB 4.59 ± 0.16 vs Lean 4.20 ± 0.15, 0.39 [-0.05 to 0.82], F 

(1, 487) = 3.03, p =0.082, partial 2 = 0.005); Ice-cream (OWOB 5.36 ± 0.14 vs 

Lean 5.03 ± 0.14, 0.33 [-0.059 to 0.72], F (1, 538) = 2.79, p = 0.095, partial 2 = 
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0.005; and beef steak (OWOB 7.38 ± 0.16 vs Lean 7.03 ± 0.15, 0.36 [-0.066 to 0.78], 

F (1, 504) = 2.75, p = 0.098, partial 2 = 0.005).   

6.3.3.6 Differences between AA/AT and TT FTO polymorphisms linked with obesity 

6.3.3.6.1 Desire to eat 

Overall AA/AT participants ranked foods similarly to TT participants for all 

eating behaviours; however, differences were found for the desire to eat ice-cream. 

Ice-cream was ranked higher in desire to eat in AA/AT compared to TT participants; 

AA/AT 5.33 ± 0.13 vs TT 4.86 ± 0.17, mean difference [95% CI] 0.43 [0.00 to 

0.86], F (1, 539) = 3.86, p = 0.05, partial = 0.007.    
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Figure 6:3 Comparison of mean rank scores between lean and overweight/obese participants for 

expected satiation of grapes, hotdog and waffle with whipped cream, *p < 0.05, **p < 0.01, †p = 

0.056. 
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6.3.3.7 Education level  

6.3.3.7.1 Desire to eat 

6.3.3.7.1.1 Salmon 

Salmon ranked higher in desire to eat in the BA/BSc and Professional 

educated participants compared to A level and Diploma group, F (3, 347) = 5.53, p = 

0.001, partial 2 = 0.046. The mean ± SE ranks scores were 5.60 ± 0.42, 5.48 ± 0.39, 

6.93 ± 0.29, 7.00 ± 0.28 for the A level, Diploma, BA/BSc’s and Professional group 

respectively. The BA/BSc group rank higher scores compared to A level, mean 

difference [95% CI] 1.33 [0.32 to 2.34], p = 0.010, and Diploma 1.46 [0.51 to 2.41], 

p = 0.003. Professionals rank higher scores compared to A level, 1.39 [0.38 to 2.39], 

p = 0.007 and Diploma group, 1.51 [0.57 to 2.46], p = 0.002. (please refer to figure 

6.5) 

6.3.3.7.1.2 Beef steak 

Beefsteak was ranked higher in desire to eat by the A level and Diploma 

educated participants compared to BA/BSc’s and Professionally educated 

participants, F (3, 347) = 3.60, p = 0.014, partial 2 = 0.030. The mean ± SE ranks 

scores were 8.10 ± 0.41, 7.77 ± 0.38, 6.67 ± 0.28, 7.11 ± 0.28, respectively. The A 

levels ranked higher scores compared to BA/BSc 1.44 [0.46 to 2.42], p = 0.004, and 

Professional 0.99 [0.011 to 2.00] p = 0.047. The diploma educated participants 

ranked higher scored compared to BA/BSc 1.11 [0.18 to 2.03], p = 0.019. 

6.3.3.7.1.3 Hotdog 

Hotdog was ranked higher in desire to eat by A level educated participants 

compared to all other education groups, F (3,347) = 3.60, p = 0.014, partial 2 = 

0.030. The mean ± SE rank scores were 5.85 ± 0.34, 4.13 ± 0.36, 4.69 ± 0.26, 4.71 ± 

0.26. A level vs Diploma 1.72 [0.67 to 2.76], p = 0.001; A level vs BA/BSc, 1.16 ± 
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[0.23 to 2.09], p = 0.015; A level vs Professional, 1.14 [0.21 to 2.07], p = 0.017. 

There was no interaction between education and sex both beef steak and hotdog (p = 

0.75 and 0.78, respectively).  

 

6.3.3.7.2 Expected Satiation   

The rank scores for expected satiation for salmon was different between 

education groups, F (3, 347) = 5.70, p = 0.001, partial 2 = 0.047. The mean rank 

scores were 4.67 ± 0.38, 4.87 ± 0.35, 5.84 ± 0.26, 6.22 ± 0.25 for the A level, 

Diploma, BA/BSc’s and Professional group respectively. Salmon was ranked as less 

filling in the A level group compared to BA/BSc -1.17 [-2.07 to -0.26], p = 0.012, 

and Professionals -1.55 [-2.45 to -0.65], p = 0.001. The Diploma educated 

participants ranked lower scores compared to the BA/BSc -0.97 [-1.82 to -0.12], p = 

0.026, and Professionals, -1.35 [-2.20 to -0.50], p = 0.002. There was no interaction 

between sex and education level, p = 0.54.  
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Figure 6:5: Comparison of mean rank scores for the desire to eat salmon, beef steak and hotdog between 

participants educated to A level, Diploma, BA/BSc Degree or Professional level. Mean ± 1SEM  †p < 0.05 

Diploma lower than BA/BSc, ††p < 0.05 Diploma lower than Professional, *p < 0.05 A level lower than 

BA/BSc, **p < 0.05 A level lower than professional, #p<0.05 A level higher than BA/BSc, ##p<0.05 A level 

higher than professionals, &p<0.05 Diploma higher than BA/BSc, +p<0.05 A level higher than Diploma.  
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6.3.3.7.3 Frequency 

6.3.3.7.3.1 Salmon 

There were differences ranking of frequency of salmon intake between men 

and women at different levels of education, F (3, 347) = 2.55, p = 0.056, partial 2= 

0.022. Salmon was eaten less frequently in diploma educated men compared to 

professional men, -1.88 [-3.56 to -0.21], p = 0.018. Salmon was eaten more 

frequently in professionally educated men compared to professionally educated 

women, 0.94 [-0.018 to 1.90], p = 0.054. There were no differences between sex (p = 

0.34) or education level (p = 0.14) (simple main effects). Please refer to Figure 6.5 

 

6.3.3.7.3.2 Doughnut 

The simple main effects of education levels revealed that the rank scores for 

frequency of doughnut intake was different across education categories, F (3, 299) = 

6.12,  p < 0.001, partial 2 = 0.058. The mean ± SE rank scores 4.90 ± 0.30, 4.09 ± 

0.28, 3.66 ± 0.21, 3.40 ± 0.21 for A level, Diploma, BA/BSc’s and Professional 

groups, respectively. Doughnuts were consumed more frequently by A-level 

participants compared to Diploma, 0.81 [0.003 to 1.62], p = 0.049,  BA/BSc, 1.24 

[0.52 to 1.92], p = 0.001 and Professional, 1.50 [0.78 to 2.23], p < 0.001. The 

diploma educated participants ranked higher scores compared to professionals, 0.69 

[0.015 to 1.37], p = 0.045. Please refer to Figure 6.5 

 

6.3.3.7.3.3 Hotdog 

A simple main effect of education level on rank scores for hotdog F (3, 303) 

= 2.74, p = 0.043, partial 2 = 0.026. The mean ranks scores were 5.16 ± 0.35, 4.28 ± 

0.32, 4.39 ± 0.25, 3.94 ± 0.24 for A level, Diploma, BA/BSc’s and Professional 
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groups, respectively. Hotdog was consumed more frequently by A level educated 

participants compared to Professional, 1.27 [0.38 to 2.06], p = 0.005. Please refer to 

Figure 6.5 
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6.4 Discussion 

This study provided an opportunity to measure eating behaviours and 

attitudes toward food in relation to behavioural and genetic traits in a community 

sample of visitors to the Science Museum, London. I observed a similar pattern of 

responses for individuals grouped according by BMI status, obesity-associated 

(FTO) gene, and education level; that individuals who ranked higher desire to eat 

and frequency of intake, yet lower satiation scores for energy-dense foods, were 

overweight or obese, had obesity-related ‘AA’ or ‘AT’ polymorphisms FTO gene, 

and had lower levels of education.  

6.4.1 Eating differences between OWOB and lean individuals 

In the study, individuals who were overweight or obese (OWOB) and those 

with the AA/AT allele, demonstrated a greater desire to eat ice-cream than lean, or 

low-risk TT genotype participants.  OWOB individuals also reported consuming 

hotdog, ice-cream and beefsteak more frequently. Although beefsteak is considered a 

minimally processed, low energy dense food, and hotdog and ice-cream are medium 

energy-dense foods (energy density: 1.2, 2.3 and 2.6 kcal.g-1 for beefsteak, hotdog, 

and ice-cream respectively, British Nutrition Foundation, 2018), these foods contain 

a high proportion of fat and sugar or salt. Beefsteak, ice-cream and hotdog have a 

lower nutrient quality, are processed and generally contain a high amount of energy, 

protein, alcohol, higher levels of saturated fatty acids, sodium and added sugars, but 

lower amounts of micronutrients and dietary fibre (Bertin et al., 2016; Gazan et al., 

2016; Knudsen et al., 2014). Although I cannot infer causality, cross-sectional 

studies have shown that a higher intake of these foods is associated with a higher 

BMI and excess adiposity (Ax et al., 2016; Beck et al., 2018; Bertin et al., 2016; 

Gazan et al., 2016; Holmes et al., 2018; Knudsen et al., 2014). Two studies found 
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that ice-cream intake was associated with a ‘sweet’ or ‘sweet-traditional’ dietary 

pattern and higher scores of these patterns were associated with increased BMI 

(Togo et al., 2004) and waist circumference (Newby et al., 2004). Furthermore, a 

higher intake of meat, refined grains, sweets and desserts (Fogelholm et al., 2012), 

fries, processed meats, butter (Mozaffarian et al., 2011)  and alcohol (Lahti-Koski et 

al., 2002) was associated with long-term weight gain. 

A heightened desire to eat palatable, energy-dense foods observed in the 

OWOB is supported by several experimental studies, where individuals with obesity 

show a greater motivation to eat food, particularly energy-dense, palatable foods 

(Epstein et al., 2012; Giesen et al., 2010). The finding from this study indicates that 

this behaviour trait is observable at a population level. Individuals with obesity are 

more motivated to receive immediate food or monetary reward, rather than delaying 

gratification for a relatively greater reward (Rasmussen et al., 2010). Epstein et al. 

(2014) reported that obese women were more motivated to eat and willing to 

discount a future reward for immediate gratification. Individuals with obesity are 

reportedly more drawn to food and will direct their attention to food more readily 

than lean individuals (Kemps & Tiggemann, 2015; Werthmann et al., 2011). 

Furthermore, studies in patients undergoing weight-loss surgery also demonstrated a 

specific reduction in desire to eat following the procedure, while the preference or 

liking for food remains the same (Miras et al., 2007; Ochner et al., 2012; Scholtz et 

al., 2014).  

Similarly, ‘at risk’ AA/AT individuals had a higher desire to eat ice-cream, 

indicating that they may exhibit a greater motivation to consume these foods. These 

individuals also had a higher BMI and waist circumference compared to low-risk TT 

individuals, which is consistent with the findings from other studies (Hunt et al., 



200 

 

 

2008; Liu et al., 2010b; Scuteri et al., 2007). However, there was no difference in 

expected satiation or frequency of intake for any other foods, which was contrary to 

the study hypothesis.  

The genetic influence on eating behaviour may to exert its effect through 

appetite. Specifically, AA/AT individuals report reduced satiety after eating (Grimm 

& Steinle, 2011; Wardle et al., 2008). Dougkas et al. (2013) reported that in 

overweight men, satiety was lower in the AA/AT genotype compared with the TT 

allele. The enhanced motivation to eat indicates that these individuals exhibit similar 

behavioural traits to the OWOB population; however, there may be specific traits of 

eating behaviour for which the AA/AT individual may be more susceptible. 

Although no differences in expected satiation were observed between at-risk AA/AT 

or low-risk TT individuals, a reduced satiety response may lead an individual to 

choose larger portion sizes or consuming foods more frequently. On the other hand, 

having a higher energy requirement, for instance due to greater fat-free mass in 

OWOB and AA/AT individuals (Dulloo et al., 2017), could lead to stronger learned 

appetites for energy-rich foods.  Further studies are required to differentiate whether 

these individuals exhibit similar traits of eating behaviour that is associated with 

obesity development.   

The OWOB men demonstrated a greater desire for ice-cream in comparison 

to OWOB women. This finding is perhaps not surprising because of the reported 

differences between men and women in attitudes toward foods. Generally, women 

may be more likely to be dieting (Wardle et al., 2004) or following a healthy eating 

pattern and therefore more likely to provide a socially desirable response (Arganini 

& Saba, 2012). Compared to overweight men, overweight women are likely to be 

exercising a higher level of dietary restraint to reduce body weight (Savage et al., 
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2009). Havermans et al. (2011) observed differences in approach tendency toward 

high-calorie foods between OW men and women, such that overweight women who 

presented with high dietary restraint demonstrated an avoidance of palatable food 

cues compared to overweight men.  Thus, dietary restraint may be operating to 

influence food choice and eating behaviour. 

Additionally, Knudsen (2014) reported no association between BMI and 

score of a ‘health-conscious’ eating pattern in women, while men with a higher BMI 

tended to score lower in this dietary pattern. They concluded that women might be 

more health-conscious than men irrespective of BMI status. Therefore, they will 

likely provide a more socially desirable response. Furthermore, Frankort et al. (2012) 

reported a reduced reward response to viewing high energy-dense foods compared to 

lean women that similarly indicates an avoidance of these foods as an attempt to 

restrain eating. 

The OWOB individuals ranked divergent scores for the expected satiation of 

high and low energy-dense foods compared to lean individuals. The OWOB 

expected that high energy density foods, such as hotdog and waffle, would provide 

lower feelings of fullness, while lower energy density foods such as grapes were 

expected to provide greater feelings of fullness. Overall, energy-dense foods have 

been shown to offer less satiation than lower energy density foods (Brunstrom, 

Collingwood, et al., 2010; Brunstrom, Shakeshaft, et al., 2008), and high-fat food 

has been demonstrated to provide less satiation and satiety in comparison to high 

carbohydrate foods (Hopkins 2016). More specifically, overweight individuals and 

individuals with obesity show a reduced postprandial hormone response (Mittelman 

et al., 2010; Rizi et al., 2018; Tentolouris et al., 2004), and show an attenuated 

release of peptide YY (PYY) and impaired appetite response following ingestion of 
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high fat foods (Batterham et al., 2006; Brennan et al., 2006). Moreover,  compared to 

lean individuals, individuals with obesity required a higher volume of food to reach 

satiation (Delgado-Aros et al., 2004; Meyer-Gerspach et al., 2014). 

The expected satiation value of food will be dependent on how familiar an 

individual is with that food. My study showed that OWOB individuals had higher 

expected satiation for grapes compared to lean individuals. While fruit and 

vegetables are reported to have a greater satiety value than high fat, processed foods 

(Buckland et al., 2015), OWOB frequently consumes a highly-processed diet, low in 

fibre, fruit and vegetables (Yu et al., 2018). OWOB will likely be less familiar with 

the satiation value of fruit and vegetables. Deglaire et al. (2015) reported that 

individuals with a higher BMI show a reduced liking for naturally occurring sweet 

flavours, like fruit, yet an increased liking for foods with processed sweet foods, like 

jams, sweets and soft drinks, and high-fat sweet foods, like doughnuts, croissants 

and chocolate cake, and this association was particularly strong in women. The study 

surmised that OWOB individuals might be less able to evaluate the sensory and post-

ingestion qualities of the food because they are less accustomed to eating it. If an 

individual is not familiar with food, they will make a judgement based on portion 

size (Keenan et al., 2015a) and the image used in this study was a relatively large 

portion of grapes (300 g). The OWOB may have made judgements of the satiety 

value based on the presented portion size. 

6.4.2 Differences in rank scores across education level 

I observed differences in eating behaviour traits and attitudes toward food 

between individuals who were educated to an A level, Diploma/Technikon, 

university bachelor’s degree or professional/doctorate level. Individuals who were 

educated to a university degree and higher demonstrated a greater desire to eat 
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salmon and reported eating it more frequently, while individuals educated to a 

diploma level or less demonstrated a higher preference and intake for foods like 

hotdog, beefsteak and doughnut. Furthermore, BMI and waist circumference were 

significantly higher in individuals with lower levels of education. In support of these 

findings, dietary intake studies have reported individuals who have achieved a higher 

level of education commonly consume healthier diets. Specifically, intake of fish or 

seafood was associated with dietary patterns such as ‘healthy’ (Ax et al., 2016), 

‘diversified’ (Bertin et al., 2016), ‘prudent’ (Markussen et al., 2016; Perrin et al., 

2005) and ‘Green’ (Togo et al., 2004), and higher educated individuals scored higher 

in these dietary patterns (or scores of these patterns are associated with higher 

education level). Furthermore, Deglaire (2015) reported that a decreased liking for 

salt was associated with a higher level of education. Educated individuals are found 

to consume fewer takeaway meals (Ax et al., 2016; Beck et al., 2018), consume 

more breads, cereals, fruit and vegetables (De Silva et al., 2011; Dibsdall et al., 

2003; Fraser et al., 2000; Deshmukh-Taskar 2017, Fraser 2000, Dibsdall 2003, De 

Silva 2011). Educated individuals are also more likely to comply with nutritional 

recommendations (de Abreu et al., 2013; Webb et al., 1999). 

In contrast lower levels of education were associated with dietary patterns 

such as ‘traditional’ (Ax et al., 2016; Beck et al., 2018; Bertin et al., 2016) ‘basic’ 

(Gazan et al., 2016), ‘alcohol and meat’ (Kesse-Guyot et al., 2009) ‘Western’ 

(Markussen et al., 2016). Lower levels of education were associated with poor 

quality of diet (Ribeiro et al., 2017), unhealthy snacking behaviour and unhealthy 

behaviours such as fast food consumption, smoking and sedentary behaviour, and 

snacking on energy-dense foods (Si Hassen et al., 2018; Wouters et al., 2017). The 

‘sandwiches’ and ‘burgers and sandwiches’ dietary patterns were associated with 
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lower levels of education (Bertin et al., 2016) or income (Deshmukh-Taskar et al., 

2007). In contrast, Sánchez-Villegas et al. (2003) reported that higher educated 

individuals were more likely to follow a Western-style diet; however these findings 

may reflect a departure from consuming a traditional Mediterranean style diet in this 

population group.  

I observed that less-educated individuals reported eating doughnut, beefsteak 

and hotdog more frequently; however, a high intake of these foods is not consistently 

associated with a dietary pattern. Beef is commonly found in ‘traditional’ dietary 

patterns (Ax et al., 2016; Bamia et al., 2007; Beck et al., 2018; Bertin et al., 2016; 

Kesse-Guyot et al., 2009; Knudsen et al., 2014). However, doughnuts are commonly 

represented under categories such as ‘cakes’ or ‘pastries’ and are not consistently 

associated with the commonly reported dietary patterns. For instance ‘cakes’, or 

‘pastries’ were represented in  ‘traditional’ (Ax et al., 2016; Knudsen et al., 2014; 

Lau et al., 2008), ‘processed’ (Bertin et al., 2016), ‘Western’ (Sánchez-Villegas et 

al., 2003), ‘Sweet-fat dominated’ (Bamia et al., 2007), ‘Snacks and desserts’ 

(Deshmukh-Taskar et al., 2007) and ‘convenience’ (Kesse-Guyot et al., 2009) 

dietary patterns; however, these dietary patterns, specifically the ‘Western’ ‘snacks 

and desserts’ and ‘convenience’ patterns, were not associated with level of 

education.  

Similarly, the hotdog is often included in ‘fast food’ (Knudsen et al., 2014), 

‘burgers and sandwiches’ (Deshmukh-Taskar et al., 2007), ‘convenience’ (Kesse-

Guyot et al., 2009) and ‘sandwiches’ (Bertin et al., 2016) dietary patterns.  

It should be noted that ‘fast-food’ and similar dietary patterns are more 

common in younger individuals (Beck et al., 2018; Gazan et al., 2016; Kearney et 

al., 1999; Knudsen et al., 2014), and also associated with unhealthy lifestyle 
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behaviours such as smoking, low physical activity and high alcohol consumption 

(Mishra et al., 2002; Whichelow & Prevost, 1996).  

Despite the contrasting results in these studies, an increased intake of fast 

foods is found to be associated with a higher BMI, particularly in lower educated 

individuals. Pieroni and Salmasi (2014) reported that higher BMI’s were directly 

associated with availability and density of restaurants and fast-food outlets, and that 

BMI was also associated with comparatively lower-priced takeaway meals and 

snacks. Similarly Burgione et al. (2016) reported that higher exposure to fast food 

outlet and lower level of education level were significantly associated with higher 

odds of becoming obese. These findings have also been reported elsewhere 

(Burgoine et al., 2016; Murphy et al., 2018; Penney et al., 2018). Education is 

closely related to level of income (Specter & Drewnowski, 2004), and income is 

found to play a primary role in directing food choice (Dressler & Smith, 2013). 

Following a healthier diet is perceived as more expensive (Dibsdall et al., 2003; 

Dammann & Smith, 2009).  

Monsivais (2009) demonstrated that lower energy-dense foods cost 

significantly more than higher energy-dense foods, and lower energy-dense foods 

were commonly consumed by individuals with a higher SES. Fast foods are found to 

be cheaper (Pieroni & Salmasi, 2014) and reportedly used more frequently in 

individuals with a lower income (French et al., 2000) . It may be that lower educated 

individuals have limited access to healthy food (Walker et al., 2010), are less likely 

to purchase healthier food (Turrell & Kavanagh, 2006), more likely to buy energy-

dense foods that are comparatively lower in price and more affordable (Drewnowski, 

2007).  This means that they are more likely to consume fast-foods and take-away 
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meals and snacks more frequently, and thus support more fast food outlets, as well as 

increasing their risk of obesity. 

In this study, the variations in eating behaviour across a level of education 

may be a bit surprising. The lowest level of education in this study was a A-level 

education, which may be considered as relatively higher level of education 

attainment, while other studies observed associations in individuals who did not have 

secondary level education (Beck et al., 2018; Bertin et al., 2016; Markussen et al., 

2016). Furthermore, visitors to the Science museum would have had an interest in 

education, and certainly a greater proportion of individuals were educated to a 

bachelor’s degree level and above (59.9% of sample population). However, the 

results of the study further support the role of education level (as an extension of 

socioeconomic status), in influencing food choice and eating behaviour (Giskes et 

al., 2011).  

6.4.3 The difference in rank scores between men and women:  

In the study, men had a significantly higher BMI and waist circumference 

than women. This finding mirrors the population demographic reported for the UK; a 

higher proportion of men are classified as overweight compared to women, whereas 

the similar proportions of men and women are classed as obese (The Health and 

Social Care Information Centre, NHS Digital, 2018b). Men demonstrated greater 

desire to eat and consumed beefsteak more frequently and reported chocolate cake to 

be more filling. Women showed a greater desire to eat chocolate cake and reported 

eating it more frequently. Women also reported consuming grapes and salmon more 

frequently and inferred bread to be more filling compared to men. The results of the 

study indicate that men and women may differ in their motivational drive to eat, that 

men are more motivated to eat foods high in fat or protein,  and salt, whereas women 
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eat foods high in fat and sugar, although women also showed a preference for lower 

energy density foods. These findings are supported by other studies: women 

reportedly show a preference for sweet and fatty flavoured food, while men a 

preference for salty and fatty flavours (Lampuré et al., 2014); however, a greater 

preference for these flavours is also associated with obesity risk (Deglaire et al., 

2015; Lampuré et al., 2016). Certainly, it has been reported that men find greater 

comfort in eating hot, savoury meals, where women find greater comfort in sweet 

snack food (Wansink et al., 2003). Women, especially those who score high in 

emotional eating, report a greater liking for sweet flavours (Lampuré et al., 2015) 

and women are more likely than men to eat for emotional reasons (Gibson, 2012).  

The increased frequency of intake of foods such as bread and grapes are 

supported by the finding that women consume a healthier diet compared to men, and 

are more likely to be dieting or following nutritional recommendations (de Abreu et 

al., 2013; Deshmukh-Taskar et al., 2007; Friel et al., 2005;Wardle et al., 2004). 

Women also show a greater liking for naturally sweet flavours (Deglaire et al., 2015; 

Padulo et al., 2017) and eat more fruit and vegetables compared to men (Baker & 

Wardle, 2003; Padulo et al., 2017; Provencher et al., 2003). 

6.4.4 The relationship between age and rank scores  

Age was associated with a decreased desire to eat foods such as chocolate 

cake, doughnut and hotdog, yet increased for salmon, bread and croissant. In support 

of these findings, studies assessing food flavour preferences have reported that older 

individuals show a reduced preference for sweet foods (Lampuré et al., 2015; Padulo 

et al., 2017) and also a reduced liking for sweet and fat flavours (Lampuré et al., 

2014). As discussed previously, hotdog is considered a ‘fast food’ or ‘takeaway’ 

food that would be more frequently consumed by younger individuals. Furthermore, 
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the increase in snacking behaviour and particularly of foods high in fat and salt has 

been observed in younger individuals aged 19-29 years (Zizza et al., 2001), which 

suggests foods like ‘hotdog’ are consumed more prevalently by younger individuals. 

The study also observed that waist circumference and BMI were associated with age, 

which is a consistent finding in dietary intake studies. Both ‘healthy’ and 

‘traditional’ diets are reported in older individuals; however these studies also show 

that smaller gains in BMI and waist circumferences are found in individuals who 

follow a healthier eating pattern  (Beunza et al., 2010; Gazan et al., 2016; Newby et 

al., 2004). 

6.4.5 Limitations 

There were several limitations to this study. The study included a 

questionnaire that had not been validated. Although several validated research tools 

for the measurement of eating behaviour are available (Deglaire et al., 2012; Epstein 

& Leddy, 2006; Finlayson et al., 2007), the study took place in a public setting and 

participants were limited in how much time they could spend engaging in the ‘Live 

Science’ project. The questionnaire needed to assess traits and attitudes in a simple 

and quick manner; therefore, a rank order questionnaire using the ten food items was 

decided upon. Nevertheless, a limitation of ranked responses is the exclusivity or 

lack of independence of each rank, e.g. choosing to rank one food as highest means 

the ranks of all other foods must be lower, therefore only univariate analysis could 

be made from the data. 

However, another limitation of the study is that the findings are based on 

univariate analyses, whereas multivariate analyses would have considered how 

several dependent variables influenced the outcome measure (for instance, age, sex, 
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socioeconomic status influencing attitudes toward the ten chosen foods). 

Furthermore, the analyses were not corrected for multiple contrasts. 

The results of this study largely agreed with findings from other studies, 

suggesting that the questionnaire did accurately assess traits and attitudes toward 

food. However, the poor correlation observed between rank scores for similar food 

items (i.e. waffle and doughnut, see table H1, H2 AND H3in Appendix H) suggests 

perhaps that some individuals may have misunderstood the nature of the question 

and answered incorrectly or that the food did not represent a food commonly 

consumed; for instance, waffle with cream was most frequently indicated as a food 

that participants never ate (18% of population data not shown).  

As the study took place in a public setting, it was challenging to control 

extraneous influences on answers, particularly as individuals may deviate from the 

normal eating behaviours in comparison to those normally practised (i.e. in a 

naturalistic setting) (Robinson et al., 2014). The study did not control for restrained 

eating or dieting status. Furthermore, the results of the study are cross-sectional and 

cannot infer causality. 

6.4.6 Conclusion 

The results of the study showed that traits of eating behaviour and attitudes to 

food mirrored the reported variations in food intake and food preferences in 

individuals who differed by age, sex, adiposity, genetic risk for obesity and level of 

education. Individuals who expressed a greater desire to eat energy-dense foods and 

reported eating them more frequently were individuals who were overweight or 

obese, were carriers of the at-risk AA or AT alleles of FTO and had a lower level of 

education. Moreover, these individuals also demonstrated lower expected satiation 

for energy-dense foods. These findings provide important insight into the variation 
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in eating practices in sub-population groups that may predict a susceptibility to 

overeating and weight gain. Although the results of this study cannot infer causality, 

the consistency with previous research indicates that these traits may underlie the 

observed variations in behaviour. Further research is needed to determine the direct 

or causal relationships between these traits and attitudes and dietary intake, to 

understand the pathways leading to the development of obesity. 
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Chapter 7: Does adiposity predict chosen portion sizes of commonly consumed 

foods as assessed by a food image task? 

7.1 Introduction 

One of the primary factors attributed to the development of obesity is the 

increased availability of large food portions offered to consumers. The portions sizes 

served at restaurants and fast-food outlets, and food packages provided by retailers to 

consumers have increased substantially, notably an increase in the availability of 

‘supersize’ products, extra-large food packaging or food price promotions to 

encourage consumer sales (Dobson et al., 2017; Economic & Social Research 

Council, 2014; Nielsen & Popkin, 2003; Young & Nestle, 2003, 2012).   

Experimental studies have demonstrated that serving larger portions of food has a 

substantial effect on food intake and body weight (French et al., 2014; Jeffery et al., 

2007; Rolls, 2014; Zlatevska et al., 2014), and therefore short-term appetite 

regulation. However, the effect on long-term appetite regulation is less clear, as 

studies have not demonstrated whether there is a relationship between excess 

adiposity and portion sizes. Yet, it is important to determine whether individuals 

with overweight or obesity habitually select larger portions of food, as this represents 

a key area for treatment intervention.  

7.1.1 The relationship between BMI and portion size 

Excess adiposity develops from the overconsumption of energy-rich foods, 

yet it is unclear whether meal frequency or large portions sizes contribute to a 

positive energy balance (Mattes, 2014). However, experimental studies have not 

consistently demonstrated a relationship between BMI and food portion sizes. In 
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studies assessing the effect of large food portions on food intake (portion size effect 

[PSE]), similar responses were found between lean and overweight/obese 

participants (Hollands et al., 2017; McCrory et al., 2006; Rolls et al., 2007; Rolls et 

al., 2002), indicating that overweight individuals and individuals with obesity do not 

eat substantially more food compared to lean when provided with larger portions of 

food. Although a recent meta-analysis concluded that PSE might be attenuated in 

overweight or individuals with obesity (Zlatevska et al., 2014). These studies 

indicate that in the short-term, the presence of larger portion sizes of food does not 

cause individuals with obesity to eat substantially more food than lean individuals.  

A key question remains as to whether large portion sizes influences long-

term eating behaviour, or whether overweight or obese individual habitually select 

larger portions of food. Individuals with obesity report a higher overall energy intake 

(Howarth et al., 2007; Lindroos et al., 1997), and cross-sectional studies report that 

overweight individuals and individuals with obesity will habitually select larger 

portions of foods (Albar et al., 2014; Berg et al., 2009; Gouvea et al., 2012; Liebman 

et al., 2003).  

However, several experimental studies have reported that BMI does not 

predict self-selected portion sizes. Using different experimental approach, where 

participants were asked to choose their ideal portion size from an array of food 

images of varying portion sizes (Brunstrom, 2014), no association was found 

between BMI and larger food portions (Brunstrom, Rogers, et al., 2008; Brunstrom 

& Shakeshaft, 2009; Fay et al., 2011; Reily et al., 2016; Wilkinson et al., 2012). In 

larger sample population groups, there has been an indication that BMI may be 

associated with self-selecting larger food portions; however the associations were not 

consistently observed across all population groups. Lewis et al. (2015) reported that 
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individuals with obesity selected larger portions of food to serve themselves 

(referred to as a personal norm) compared to lean individuals, although the authors 

noted that the difference between the lean and obese groups was relatively small. 

Consistent with this observation, Labbe et al. (2017) reported that in a female 

population (n = 300), the association between self-selected large portion sizes and 

BMI was weak and non-significant. Spence et al. (2016) examined self-selected food 

portions in a sample of adults from Ireland and Denmark (n = 2075), yet found that 

BMI only predicted larger portion sizes in the Irish sample population. While it is 

important to consider methodological differences such as participant recruitment, test 

stimuli and sample size, overall these studies suggest that BMI is a relatively weak 

predictor of food portion sizes.  

7.1.2 Waist to height ratio 

In these studies, BMI was used as an indicator of obesity; however, it may be 

that a more definitive index of adiposity is needed to determine its effect on portion 

size, at least because BMI does not differentiate between excess adiposity or 

musculature (Ashwell & Lejeune, 2011; Ashwell, 2005). For instance, Blundell and 

colleagues have reported that BMI did not predict self-determined meal size amongst 

a sample of overweight individuals and individuals with obesity, however fat-free 

body mass and resting metabolic rate was positively associated with both meal size 

and energy intake (Blundell, Caudwell, Gibbons, Hopkins, Naslund, et al., 2012; 

Blundell, Caudwell, Gibbons, Hopkins, Näslund, et al., 2012; Caudwell et al., 2013). 

This finding has been confirmed in other studies (Cameron et al., 2016; Weise et al., 

2014). Furthermore, in a sample of lean individuals, fat mass was negatively 

associated with energy intake (Blundell et al., 2015), indicating that body 
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composition, namely fat-free and fat mass, play a more definitive role in directing 

food intake than bodyweight alone.  

The measurement of body composition can be difficult in large sample sizes; 

however, waist circumference and height can be easily obtained and used to 

calculate the waist-to-height ratio (WHtR).  The WHtR ratio is considered a more 

precise measure of excess adiposity (Ashwell, 2005; Ashwell & Hsieh, 2005; 

Ashwell & Lejeune, 1996) because it indicates the presence of central adiposity, a 

characteristic feature associated with obesity and several cardiovascular and 

metabolic health risks (Ashwell & Lejeune, 1996; Browning et al., 2010). WHtR is 

considered a better predictor of coronary (Hsieh & Muto, 2005; Lam et al., 2015) 

and metabolic risk factors (Ponnalagu et al., 2018), metabolic syndrome (Bi et al., 

2019) and markers of insulin resistance (Benites-Zapata et al., 2019; Bi et al., 2019). 

WHtR is more strongly associated with BMI and percentage body fat than waist 

circumference (Anwar et al., 2019; Flegal et al., 2009). Ashwell (2005) has 

suggested that values of above 0.5 are associated with increased health risks, 

although consideration should be given to difference between men and women, as a 

cut-off value of 0.5 may underestimate central obesity in women (Csongová et al., 

2018). Taken together, this suggests that measures such as WHtR and RMR may be 

a better predictor of food portion size.  

7.1.3 Factors influencing decisions about portion size 

Alongside body composition and metabolic rate, individual characteristics 

such as age and sex are associated with portion size. Men and women appear to 

respond similarly to the presence of larger portions of food (Hollands et al., 2017); 

Zlatevska et al. (2014) reported that the portion size effect was weaker in women, 

indicating that larger food portions may have a greater effect on men. When self-
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selecting portion sizes from food images, men habitually select larger portions of 

food to serve themselves (Lewis et al., 2015) and more specifically, will choose 

larger portions of main entrees and side dishes such as peas, rice and potatoes 

(Brunstrom, Rogers, et al., 2008). Men also have a greater tendency to clear their 

plate of food and indicate that they can eat more food at the end of a meal in 

comparison to women (Fay et al., 2011; Hinton et al., 2013). This behaviour may be 

related to the physiological differences, as men have relatively higher energy needs 

in men compared to women (Blundell et al., 2015). This suggests that men may 

consistently choose larger portions of food compared to women. 

Age may also influence decisions about food portion sizes. Many studies 

have focused on the portion size effect on children. Younger children under 3 years 

old may be resistant to large food portions as they are more responsive to the internal 

homeostatic cues of hunger and satiety. Older children may be more sensitive to 

environmental stimuli, and therefore the presence of larger food portions influences 

eating behaviour (Benton, 2015; English et al., 2015; Rolls et al., 2000). Few studies 

have focused on the role of portion size across the adult lifespan; however, there is 

evidence that with ageing, older individuals choose smaller portions of food 

(Morley, 2001; Wysokiński et al., 2015). Furthermore Howarth et al. (2007reported 

that older individuals (between 60-90 years) consumed less energy, consumed fewer 

snacks and rarely skipped meals in comparison to younger (20-59 years) individuals. 

This suggests that compared to the younger, older individuals may estimate needing 

smaller portions of food. 

The evidence suggests that WHtR and RMR may be better predictors of food 

portion size compared to BMI and that factors such as sex and age may 

moderate/influence the relationship between portion size and weight status. In the 
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current study, participants were asked to choose the maximum portion size of a food 

that they could eat for lunch that would keep them full until dinner time. They were 

asked to select maximum portion sizes of five different foods using the study method 

provided by Brunstrom et al. (2009). The objective was to determine whether WHtR, 

RMR, age and sex were stronger predictors of maximum portion size compared to 

BMI. The test foods chosen were snack foods and side dishes, as described in 

(Brunstrom & Shakeshaft, 2009). The type of food (snack food or side dishes) were 

explicitly chosen to eliminate judgements on food portions based on expected norms.  

I hypothesised that: 

1. WHtR, RMR, age and sex would predict ideal chosen portion size 

2. BMI would not be reliably associated with maximum portion size. 

3. Higher WHtR and RMR would predict larger ideal portion sizes, 

while age (older participants) and sex (specifically females) would 

predict a smaller maximum portion sizes. 
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7.2 Methods 

7.2.1 Participant characteristics 

Participants were recruited from an opportunity sample of visitors to the 

Science Museum, London, and took part in a study entitled “How much do you like 

to eat?” (‘Live Science’ public engagement). A total of 555 adult participants (362 

women, 193 men), aged between 18 and 85 years, took part in the study. The 

predominant language spoken at home was English (73.4%). Details of the study 

population are listed in table 6.2 in the results section. As in the study methodology 

reported in Chapter 6, three participants were excluded from the analysis. To control 

for food familiarity, participants were also excluded from analyses if they indicated 

that they were not familiar with the food item. 

 

7.2.2 Procedure 

The participants followed the study procedures as described in the Methods 

section 6.2 of chapter 6. The study was approved by the University of Roehampton 

Human Research Ethics Committee and Science Museum, London (PSYC 15_185) 

7.2.3 Measures 

7.2.3.1 Anthropometry 

As described in Chapter 6, participants measured their height, weight and 

waist circumference under supervision. Resting metabolic rate was estimated using 

the Mifflin-St Jeor equation (Mifflin et al., 1990). Waist-to-height (WHtR) ratio was 

calculated using the following formula (Rönnecke et al., 2019) 

WHtR =
waist circumference (cm)

height (cm)
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7.2.3.2 Timing of last meal 

The participants were asked to report when they had eaten their last meal as 

described in the Methods section of Chapter 6. 

7.2.3.3 Estimation of portion size  

7.2.3.3.1 Stimuli 

The portion size task was a shorter version adapted from a portion size 

laboratory task published by Brunstrom and colleagues (Brunstrom & Rogers, 2009). 

Permission to adapt the task and use food images was obtained from Professor J.M. 

Brunstrom, Department of Experimental Psychology, University of Bristol. The task 

presented images of five different foods: peas (British garden peas, Sainsburys 

Supermarket Ltd), sweetcorn (Sainsburys Supermarket, Ltd), peanut M&M’s (Mars 

Inc.), milk chocolate (Cadbury, Mondelez) and salted peanuts (Original salted 

peanuts, KPnuts, KP snacks). The macronutrient composition of the test foods was 

obtained from packaging and is detailed in table 7.1. Each food was photographed on 

a 255 mm diameter white plate as described (Brunstrom & Rogers, 2009). These 

foods were explicitly chosen to eliminate judgements on food portions based on 

habitual or expected norms. For each food portion, the first image displayed a 20 

kcal portion. As the picture number increased, the portion size increased by 20 kcal, 

therefore picture 2 contained 40 kcal, picture 3 contained 60 kcal etc. The largest 

portion size depended on the amount of food that could be positioned on the plate. A 

total of between 40 to 70 food images for each food, providing a maximum of 800 

kcal and 1400 kcal respectively. The name of the food and brand (where appropriate) 

was presented with the relevant image in the lower left-hand corner of the images.  

Table 7.1 

Nutritional information for five test foods 
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Food Carbohydrate (g) Protein (g) Fat (g) Total energy kcal 

/100g 

Peas 9.1 5.9 0.9 68 

Sweetcorn 19.6 4.2 2.3 116 

Peanuts 9.9 27.5 49 590 

M&M's 68.6 4.6 20.7 479 

Chocolate 57 7.3 30 534 

 

7.2.3.3.2 Measures 

The maximum portion size was assessed by displaying an image of food 

portions in the middle of a 15-inch LCD-monitor. Portion size was measured in a 

one trial for each food item. In the trial, the food image was displayed on the monitor 

and participants could adjust the portion size by depressing the left or right arrow 

key on a keyboard. Depressing the left arrow key caused the portion size to decrease 

while pressing the right caused the portion size to increase, as described by 

Brunstrom & Rogers (2009). The participants were asked to choose a portion of food 

that would indicate the “maximum amount of that food they would choose to eat for 

lunch if no other food was available”. The images of food and portion size were 

presented in a randomised order. After the participants had selected a portion size, 

participants were instructed to press a button marked ‘continue’. Participants were 

asked to indicate the timing of their last meal as described in chapter 6. 

7.2.4 Data analysis 

Tests for normality and equal variance were conducted on dependent and 

independent (predictor) variables. Age, waist, WHtR, BMI, the timing of last meal, 

portion size for peas and sweetcorn were not normally distributed and transformed 

using the natural log function (Ln).  If participants indicated they had ‘never eaten’ 

the food, they were not included in the data analysis for the respective food. Separate 
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one-way ANOVAs were used to compare maximum portion size between 

individuals with WHtR greater or less than 0.5 and comparisons between men and 

women. A chi-squared test of homogeneity was used to test the proportional 

differences between men and women categorised according to WHtR < 0.5 or ≥ 0.5. 

Post hoc analysis employed pairwise comparisons using the z-test of two 

proportions.  

Pearson’s correlations were used to determine the relationship between age, 

BMI, waist, WHtR and RMR and portion size of each food and the average portion 

size for all foods. From these results, variables with significant correlations were 

included in multiple regression models designed to test my hypotheses.  Both age 

and RMR were significantly correlated (respectively, negatively and positively) with 

portion size for all foods (individual foods and average portion size) and included in 

the regression analyses (please refer to Table 7.4). BMI and waist were not 

correlated with the portion size of any food . WHtR correlated negatively with 

portion size of peas and M&M’s and average portion size for all foods and was 

included in the regression model. A multiple linear regression analysis was used to 

determine whether WHtR, age, sex and RMR were significant predictors of portion 

size. Sex was coded as females = 1, males = 2. Sex was strongly correlated with 

RMR; therefore, two separate models were performed: In model 1, age, RMR and 

WHtR were included as predictors in the regression equation. In model 2, age, 

WHtR and sex were included as predictors in the regression equation. All 

assumptions were met and detailed in Appendix I.  
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7.3 Results 

7.3.1 Subject characteristics 

Details of the participants’ characteristics grouped by WHtR are listed in 

table 7.2. Individuals in the WHtR ≥ 0.5 group were older, had a larger waist 

circumference, and a higher BMI and resting metabolic rate (p<0.001). The high 

WHtR ( ≥ 0.5) group contained a greater proportion of men than women compared 

to the WHtR < 0.5 group (p < 0.001) (Table 7.2). 

 

Table 7.2:  

Comparison of the mean (standard deviation) age, waist circumference, body mass index 

(BMI), waist-to-height ratio (WHtR) and resting metabolic rate (RMR) for participants 

who were above and below cut off values of 0.5 for waist-to-height ratio 

 

All 

(N = 555) 

< 0.5 

(N = 362) 

>= 0.5 

(N = 193) 

Age (years) 31.77 (11.9) 28.87 (9.93) 37.22 (13.32)** 

Waist (cm) 83.78 (13.19) 76.34 (7.08) 97.12 (10.9)** 

BMI (kg.m2) 25.58 (5.11) 23.01 (2.54) 30.2 (5.31)** 

WHtR  0.49 (0.08) 0.45 (0.03) 0.57 (0.06)** 

RMR (kJ.kg-1.day1) 6564.45 (1106.92) 6273.45 (967.8) 7110.26 (1146.84)** 

Sex (count) 198 (M) 362 (W) 133 (M) 229 (W) 107 (M) 91 (W)*** 

Sex (Percentage)  37% (M) 63.% (W) 54 % (M) 46% (W)*** 

**p < 0.001, *** p < 0.001 Chi-square test of homogeneity, greater proportion of men 

and smaller proportion of women classified WHtR ≥ 0.5 compared to WHtR < 0.5. 
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7.3.2 Comparison of maximum portion size between individuals with WHtR < 0.5 or 

≥ 0.5  

Participants with WHtR ≥ 0.5 reported smaller portion sizes for peas, 

M&M’s and chocolate, mean difference ± SE [95%CI]; peas (Ln Peas) -0.16 ± 0.077 

[-0.31 to -0.012], one-way ANOVA p = 0.035, partial 2 = 0.008; M&M’s -16.38 ± 

5.71 [-27.60 to -5.16], p = 0.004, partial 2 = 0.015; Chocolate -10.45 ± 5.15 [-20.57 

to -0.32], p =0.043, partial 2 = 0.008 (please refer to figure 7.1) 
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Figure 7.1: Comparison of maximum portion size of peas, corn, peanuts, M&M’s and chocolate 

between participants with WHtR of less than or greater than 0.5; *p < 0.05 portion size larger for 

individuals with WHtR less than 0.5. Mean ± 1SEM, (1-way ANOVA tests) 
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7.3.3 Comparison of maximum portion sizes chosen between men and women  

Men’s chosen higher portion sizes for all foods, compared to women (please 

refer to table 7.3) 

Table 7.3: 

Comparison of maximum portion size (g) between men and women of peas, corns, 

peanuts, M&M’s and chocolate mean, Mean ± 1SEM 

Food (g) All 

(N = 541) 

Men 

(N = 235) 

Women 

(N = 306) 

Peas 252.8 ± 8.51 299.12 ± 13.86 217.22 ± 10.2** 

Corn 234.51 ± 8.42 274.95 ± 14.09 203.98 ± 9.94** 

Peanuts 75.91 ± 2.01 90.17 ± 3.06 65 ± 2.5** 

M&M's 104.83 ± 2.77 117.59 ± 4.25 95.18 ± 3.55** 

Chocolate 99.55 ± 2.49 108.13 ± 3.81 93.11 ± 3.24* 

*p<0.01 and  **p< 0.001 Men reported higher portion sizes compared to women 
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7.3.4 Associations between predictor variables and maximum portion size for each 

food 

BMI (LnBMI) and waist were not correlated with maximum portion size (p > 

0.05) for all foods except peas. BMI and waist were excluded from subsequent 

analyses (largest r for BMI = -0.089, p = 0.038 for peas; largest r for waist = 0.052, p 

= 0.22). Older age (LnAge) and higher RMR were associated with decreased and 

increased portion sizes of all foods, respectively. Higher WHtR (LnWHtR) was 

associated with a smaller portion size for peas and M&M’s (Table 7.4). 

Table 7.4: 

Pearson correlations between predictor variables BMI (LnBMI), Age (LnAge), Waist, WHtR 

(LnWHtR) and RMR for maximum portion of peas, corn, peanuts, M&M’s, chocolate and 

average portion size for all foods (All) 

Maximum portion (g) Peas Corn Peanuts M&M's Chocolate All 

LnBMI -0.075 -0.003 -0.029 -0.066 -0.023 -0.053 

LnAge -0.13** -0.15** -0.15** -0.29** -0.22** -0.21** 

LnWaist -0.03 0.02 0.05 -0.03 0.02 0.00 

LnWHtR -0.14** -0.079 -0.049 -0.10* -0.057 -0.11** 

RMR 0.18** 0.20** 0.24** 0.18** 0.18** 0.25** 

*p<0.05; **p< 0.001; LnBMI = natural log body mass index (BMI), LnAge = natural 

log of age,LnWaist =natural log of waist; LnWHtR = Natural log of waist to height 

ratio 

 

 

7.3.5 Correlation between timing of last meal and maximum portion size 

The timing of the last meal did not influence maximum portion size; peanuts 

r (539) = 0.024, p = 0.58; M&M’s r (546) = -0.043, p = 0.28; Chocolate r (544) = -
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0.051, p = 0.24; Peas r (546) = -0.029,  p = 0.49 and Sweetcorn, r (542) = 0.006, p = 

0.89. 

7.3.6 Predictors of maximum portion size 

7.3.6.1 Model 1 

Model 1 included age, resting metabolic rate and waist-to-height ratio as 

predictors.  Model 1 significantly predicted portion size; however it only explained a 

small proportion of the variance: peas 7.8 %; sweetcorn 6.7%; peanuts 8.7%; 

M&M’s 11%; chocolate 7.1%, respectively. Higher RMR predicted a larger portion 

size for all foods, while older age predicted a smaller portion for sweetcorn, M&M’s 

and chocolate. Higher WHtR predicted smaller portion sizes for all foods except 

chocolate. The model is detailed in table 7.5 

7.3.6.2 Model 2 

Model 2 included age, waist-to-height ratio and sex as predictors. Model 2 

also significantly predicted portion size; however it also only explained a small 

proportion of the variance: peas 6.9%; Sweetcorn 5.7%; peanuts 8.7%; M&M’s 

11%; Chocolate 6.0%, respectively. Males chose larger portion sizes for all foods in 

comparison to females. Older age predicted a smaller portions of all foods. Higher 

WHtR predicted a smaller portion size for peas. Model 2 is detailed in table 7.6 
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Table 7.5: Unstandardized (B) and standardised (Beta) regression coefficients for Age (lnAge), 

resting metabolic rate (RMR) and WHtR (lnWHtR), t values, p-values, and the full model for 

standard regression models predicting maximum portion size (Model 1) 

Food Predictors Full model 

  B SE Beta t Adj R2 df F 

LnPeas LnAge -0.08 0.12 -0.03 -0.65 

0.078 3,532 16.04***  RMR 0.21 0.04 0.27 5.47*** 

 LnWHtR -1.42 0.30 -0.24 -4.68*** 

LnCorn LnAge -0.27 0.12 -0.10 -2.21* 

0.067 3,528 13.63***  RMR 0.18 0.04 0.23 4.63*** 

 LnWHtR -0.87 0.32 -0.14 -2.77** 

Peanuts LnAge -6.47 6.25 -0.05 -1.04 

0.087 3,526 17.86***  RMR 12.90 2.03 0.31 6.37*** 

 LnWHtR -53.98 16.32 -0.17 -3.31* 

M&M's LnAge -43.57 8.51 -0.23 -5.12*** 

0.11 3,533 23.45***  RMR 11.76 2.79 0.20 4.21*** 

 LnWHtR -50.51 22.44 -0.11 -2.25* 

Chocolate LnAge -29.36 7.82 -0.18 -3.76*** 

0.07 3,531 15.22***  RMR 10.12 2.54 0.19 3.98*** 

 LnWHtR -30.50 20.36 -0.08 -1.50 

*p< 0.05 **p < 0.01,*** p < 0.001. LnAge = Natural log of Age, LnWHtR = Natural log of 

waist to height ratio, LnPeas = natural log of peas, LnCorn = natural log of sweetcorn. 
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Table 7.6: Unstandardized (B) and standardised (Beta) regression coefficients for Age 

(lnAge), (Sex) and WHtR (lnWHtR), t values, p-values, and the full model for standard 

regression models predicting maximum portion size (Model 2) 

Food Predictors Full model 

  B SE Beta t Adj R2 df F 

LnPeas LnAge -0.23 0.11 -0.09 -2.09* 

0.069 3,532 14.13***  WHtR -0.83 0.27 -0.14 -3.09** 

 Sex 0.36 0.07 0.21 4.94*** 

LnCorn LnAge -0.40 0.11 -0.16 -3.52*** 

0.057 3,528 11.61***  WHtR -0.34 0.28 -0.05 -1.21 

 Sex 0.30 0.08 0.17 3.95*** 

Peanuts LnAge -15.69 5.93 -0.12 -2.64** 

0.087 3,536 17.75***  WHtR -18.85 14.40 -0.06 -1.31 

 Sex 25.17 3.97 0.27 6.34*** 

M&M's LnAge -51.77 8.10 -0.28 -6.39*** 

0.11 3,533 23.66***  WHtR -18.04 19.61 -0.04 -0.92 

 Sex 23.06 5.39 0.18 4.28*** 

Chocolate LnAge -37.31 7.49 -0.22 -4.98*** 

0.06 3,531 12.71***  WHtR 0.21 18.06 0.00 0.012 

 Sex 14.71 4.99 0.13 2.95** 

*p< 0.05 **p < 0.01,*** p < 0.001. LnAge = Natural log of Age, LnWHtR = Natural log of 

waist to height ratio, LnPeas = natural log of peas, LnCorn = natural log of sweetcorn, Sex 

coding: Females = 1, Males = 2. 
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7.4 Discussion 

This study examined whether adiposity, especially the health-associated 

waist-to-height ratio (WHtR), and resting metabolic rate (RMR) predicted maximum 

portion size of five foods in a sample population of visitors to the Science Museum, 

London. I found that both WHtR and RMR explained a significantly proportion of 

the variation in maximum chosen portion size, while BMI did not. However, 

contrary to the study hypothesis, a higher WHtR predicted a smaller maximum 

chosen portion size of snack foods and side dishes. 

7.4.1 RMR, WHtR, sex and age are better predictors of portion size than is BMI 

The results of this study showed that RMR, WHtR, sex and age were 

significant predictors of portion size, while BMI was not. The inability of BMI to 

predict portion size is consistent with findings from other experimental studies. 

Whether participants choose their ideal portion size from an array of food images 

(Brunstrom, Rogers, et al., 2008; Fay et al., 2011; Wilkinson et al., 2012; Zuraikat et 

al., 2018) or participants food intake was measured (meal size or volume of food 

consumed, Blundell, Caudwell, Gibbons, Hopkins, Naslund, et al., 2012; Blundell, 

Caudwell, Gibbons, Hopkins, Näslund, et al., 2012; Caudwell et al., 2013), in these 

studies BMI was not associated with portion size or meal size.  

In the current study, participants were asked to choose a maximum amount of 

that food they would choose to eat for lunch if no other food was available. Resting 

metabolic rate predicted larger portion sizes for all foods, meaning that individuals 

with higher energy needs estimated that they needed larger portions of snack foods 

and vegetables to maintain satiety. This finding is in line with a recent proposed 

Formulation for Appetite Control, that emphasises that fat-free body mass and RMR 

are better indicators of appetite and food intake than is BMI or fat mass (Blundell, 
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2018; Hopkins et al., 2016). My findings further suggest that RMR also plays a role 

in influencing decisions about portion size. Since RMR reflects the physiological 

demand for energy, it is proposed that these signals would influence both biological 

and behavioural processes to ensure adequate food intake (Blundell, 2018).  

7.4.2 Higher adiposity associated with smaller portion size estimates 

WHtR was used in this study as a measure of adiposity yet was found to be 

negatively related to maximum portion sizes for M&M’s and peas and predicted a 

smaller portion size for all foods (except chocolate) when accounting for resting 

metabolic rate (energy requirements) and age. This was contrary to the study 

hypothesis. Other studies have shown that fat mass does not predict energy intake 

across the spectrum of adiposity (i.e for lean, overweight individuals and individuals 

with obesity) (Blundell et al., 2012; Blundell et al., 2015; Woodward et al., 2017), 

however in two studies fat mass index (fat mass expressed as a proportion of height: 

kg/m2), was associated with a lower energy intake (Blundell et al., 2015; Weise et 

al., 2014). As fat mass index and WHtR are similar measures of adiposity (i.e. 

weight or circumference as a proportion of height), the findings of this study support 

the hypothesis that fat plays an inhibitory role on food intake (Blundell, 2018; 

MacLean et al., 2017).  However, it is also important to consider that in this study, 

participants were responding to visual food cues, not the presence of food. 

Furthermore, behaviours such as dietary restraint, underreporting and differences in 

expectations of postingestive effects of food may have influenced the outcome of the 

present study.  

The smaller predicted portion sizes could reflect a form of underreporting 

that is consistently observed in overweight/obesity study participants.  
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Overweight individuals and individuals with obesity are less likely to 

accurately report their food intake and preferences (De Castro, 2010), and under or 

misreport dietary intake by an average of 15 % (Poslusna et al., 2009). This 

behaviour has been observed for adults (Heitmann & Lissner, 1995; Merema et al., 

2019; Visscher et al., 2006) and children (Abreu et al., 2014; Gomez-Bruton et al., 

2019; Vieira et al., 2014).  In the current study, the smaller portion estimates 

predicted by higher WHtR may reflect a form of underreporting whereby individuals 

with higher adiposity deliberately chose smaller portion sizes to provide a more 

socially desirable response (Merema et al., 2019).  

Considering that testing took place in a public area, participants with higher 

adiposity may have felt more self-conscious about disclosing their desired food 

portions. Lewis et al. (2015) found that in comparison with lean, individuals with 

obesity selected similar portions of food considered normal by other people (social 

norms), whereas they chose a significantly larger portion of food  (compared to lean) 

for what they considered normal for themselves (a personal norm). This suggests that 

overweight individuals and individuals with obesity are aware of portion sizes 

deemed normal or acceptable at a social level and may adjust estimates accordingly. 

Furthermore, similar studies highlight the role that underreporting may play a role in 

influencing the relationship between BMI and meal size (Brunstrom, Rogers, et al., 

2008; Labbe et al., 2017; Spence et al., 2016). 

It is also possible that individuals with higher WHtR were exercising dietary 

restraint when choosing maximum portion sizes. Dietary restraint describes the 

intention to restrict or control food intake to reduce body weight (Lowe, 2002). 

Individuals who report high levels of dietary restraint are found to choose smaller 

portions of food (Brunstrom, Rogers, et al., 2008; Labbe et al., 2017; Lewis et al., 
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2015; Spence et al., 2016). Faulkner et al., (2017) found that restrained eaters 

estimate smaller portion sizes and also reported feeling more guilty about eating 

standard portions of food compared to unrestrained eaters, suggesting that portion 

size control is a method restrained eaters use to reduce food intake.  

Restrained eating may have influenced the relationship between portion size 

and adiposity in men and women. In this study, simple analyses (ANOVA) revealed 

that men chose larger food portions and men also presented with a higher WHtR 

compared to women. In the regression model, however, WHtR did not predict the 

portion size of sweetcorn, M&M’s, peanuts and chocolate when sex was included as 

a predictor. This finding suggests sex confounds with WHtR and that the effect of 

adiposity on portion size differs between men and women. Women with higher 

WHtR chose smaller portions of energy-dense (peanuts, M&M’s and chocolate) and 

sweet foods (sweetcorn) and these choices may be an expression of restrained eating 

and controlled food intake due to a higher level of adiposity. Although high dietary 

restraint is not consistently associated with BMI (Bellisle et al., 2009; Klesges et al., 

1991; Provencher et al., 2003; Smith et al., 1998), overall dietary restraint is reported 

to be higher in women than men (Cornier et al., 2010; Goldfield & Lumb, 2008) and 

rigid restraint (more stringent approach to controlling food intake) is associated with 

higher BMI in women, not men (Provencher et al., 2003). Also, Brunstrom and 

Shakeshaft (2009) highlighted that there might be a restraint towards specific foods 

(food-specific restraint), particularly foods that are energy-dense and palatable 

(Lemmens et al., 2010). An interesting study reported that amongst women, 

restrained eaters were more vulnerable to the context of food exposure than 

unrestrained eaters. Viewing images of low or high energy-dense foods did not 

increase subsequent food intake in restrained eaters, relative to unrestrained eaters 
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(Kemps et al., 2016). The authors proposed that viewing pictures of these foods 

activated dietary goals for the restrained eaters, such that seeing images of palatable 

foods reminded of need to restrict these foods, which then resulted in the subsequent 

control of food intake.  In this study, however, I did not measure dietary restraint, so 

it is difficult to assess the impact on the study outcomes. 

Another explanation for the study findings is that individuals with higher 

adiposity may differ in their perceptions of appetite and attitudes towards foods, 

which then influenced their decisions about portion size. Factors such as palatability 

(how much the food is ‘liked’), familiarity (how often the food is consumed), energy 

density (ED) of the food, and the expected feelings of fullness (satiety/satiation) that 

the food provides influences decisions about portion size (Brogden & Almiron-Roig, 

2010; Brunstrom, 2011, 2014). I observed that across all participants, larger portions 

(or greater weight of food) of low ED foods (peas and sweetcorn), but smaller 

portions for high ED foods (peanuts, M&M’s and chocolate) were chosen. However, 

it was estimated that the energy by high ED foods (energy provided per average 

portion size) would provide twice as much energy for the high ED foods in 

comparison with the low ED foods (High ED: average energy for peanuts, M&M, 

chocolate = 450.38kcal vs low ED foods: average energy for peas and sweetcorn = 

222.87kcal). This finding is in line with the observation that per energy unit, high 

energy-dense foods provide less satiation and are likely to result in overconsumption 

(Almiron-roig et al., 2013; Brunstrom, Shakeshaft, et al., 2008; Ello-martin et al., 

2005).  

Although ED did not appear to influence portion size estimates for 

individuals with higher adiposity (i.e. the differences between maximum portion size 

of low and high energy foods were similar between groups), differences in liking and 
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familiarity may play a relatively important role in influencing portion estimates.  For 

instance, overweight individuals and individuals with obesity report consuming fruit 

and vegetables less frequently (Johnson et al., 2008; Ledikwe et al., 2006; Mendoza 

et al., 2007), therefore, arguably may be less familiar with the feeling of fullness that 

a portion of food may provide. Less familiar foods are expected to deliver poor 

satiation (Brunstrom, Shakeshaft, et al., 2008) and possibly chosen in smaller portion 

sizes (Keenan et al., 2015b). Familiarity improves with eating, mainly if a food is 

eaten to fullness (Irvine 2013). Although familiarity was controlled for in the study, 

foods consumed more regularly (once per week) are expected to provide more 

satiation than foods eaten less frequently (Brunstrom, Shakeshaft, et al., 2010). It 

may be that individuals with higher adiposity who consume low energy-dense foods 

less often are less familiar with the satiation value, and more likely to choose smaller 

portion sizes. Similarly, lower liking scores could also contribute to foods being 

chosen in smaller portion sizes (Spence et al., 2016), although the study did not 

assess liking for or perceived pleasantness of the test foods. 

Another possibility that limits interpretation of my findings, highlighted by 

Labbe and colleagues (2017) is that individuals with higher adiposity may be more 

responsive to the presence of food, rather than viewing food images. Two recent 

studies demonstrate that the presence of food has a substantial influence on food 

evaluations and that compared with lean individuals, overweight individuals and 

individuals with obesity are susceptible to eating more food when presented with 

physical form of food than when evaluating food images alone (Medic et al., 2016; 

Romero et al., 2018). Overweight individuals and individuals with obesity are found 

to be more responsive to food cues, such as the sight and smell of food (Ferriday & 

Brunstrom, 2011) and heightened responsiveness that is directly associated with the 
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size of food portions an individual will habitually serve themselves (Tetley et al., 

2009). Thus, participants with higher adiposity may have found it easier to apply 

restraint to portion size when choosing from images rather than real foods.  

This study did not find an association between the time since the last meal 

and maximum portion estimates, despite considerable variation across participants, 

suggesting that the task was unaffected by concurrent nutritional state. However, we 

did not measure hunger levels directly, and several studies have demonstrated that it 

does influence portion size estimates (Brogden et al., 2009; Brogden & Almiron-

Roig, 2011; Spence et al., 2016).  Moreover, the foods in this study are either eaten 

commonly as between-meal snacks, perhaps in the absence of high hunger, or as side 

dishes rather than on their own, which may limit the relevance of portion size to 

hunger relief. 

7.4.3 Individual differences in portion size estimates 

Consistent with the findings from other studies, men chose larger portions of 

food compared to women.  It is known that men have a higher fat-free body mass 

and RMR compared to women, and these physiological differences are often cited as 

the reason for differences in eating behaviour between sexes (Blundell et al., 2015). 

However, it is also important to consider social and cultural expectations associated 

with gender and eating behaviour. For instance, smaller portion sizes are considered 

more feminine, while larger portion sizes more masculine (Bock & Kanarek, 1995; 

Chaiken & Pliner, 1987), although recent evidence indicates that the influence of 

gender stereotyping on portion sizes may be changing (Yantcheva & Brindal, 2013). 

Conventional beliefs about gender and eating behaviour may have influenced 

choices about portion size.  
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In both regression models, older age predicted smaller food portion sizes, 

meaning that older individuals chose smaller portions of food, a finding which is 

consistent with studies reporting a decline in food intake with ageing (Wakimoto & 

Block, 2011).  

7.4.4 Limitations 

This investigation was limited to five side dish or snack foods due to time 

constraints, and therefore do not reflect decisions about the portion size of main 

meals or entrees or reflect food choice across a spectrum of available foods. This 

study did not control for variables such as dieting, restraint and palatability, which 

may have influenced the study outcome. More specifically the finding that women 

with higher WHtR chose smaller portions of food suggests that the measurement of 

dietary restraint is key to understanding the relationship between excess adiposity 

and portion size.  

Furthermore, body composition was not measured directly, but inferred from 

weight, height and waist circumference. This study was a cross-sectional survey, and 

the results cannot imply casualty, i.e. that higher levels of body fat cause individuals 

to choose smaller portions of food.   

Participants for this study were obtained from a sample population of visitors 

to the Science Museum, London. The ethnicity profile of the sample population 

closely matched that of the UK population. The sample population was 

predominantly British, white adults (approximately 85%), which is similar to 

ethnicity population groups reported in the 2011 UK census (Office of National 

Statistics, 2018). However, this population would represent individuals who 

expressed an interested in science education.  
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7.4.5 Conclusion  

This study demonstrated that resting metabolic rate and waist-to-height ratio 

significantly predicted estimated maximum portion size, while BMI and waist 

circumference were not associated with estimates. However, it is not clear whether 

individuals with higher adiposity do select larger portions of food, primarily because 

it was difficult to assess true estimates of portion size without controlling for dieting, 

restraint, liking or expected satiety. It may be that individuals with higher adiposity 

do select larger portions of actual food, however, because other factors such as 

eating rate, eating frequency and energy density may play an equal role in 

contributing to increased energy intake and the development of obesity (Herman et 

al., 2016; Mattes, 2014). This provides further support for the need to use measures 

of body composition (fat-free body mass, fat mass and resting metabolic rate) in the 

assessment of appetite and eating behaviour to understand the aetiology of obesity. 
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Chapter 8: General discussion:  

8.1 Summary of findings 

The thesis aimed to investigate the biopsychological factors associated with 

overeating and the development of obesity. These factors were explored under two 

themes: that the foods now available to humans are extremely palatable, energy-

dense, with low protein value (or content), and served in large portion sizes. It was 

hypothesised that these factors profoundly impact appetite to encourage food intake 

and are associated with overeating and excess adiposity or obesity. The second 

theme explored the individual variability in biological, physiological, psychological 

and socio-economic traits or factors that would increase responsiveness to the 

obesogenic nature of the food environment. These factors were investigated in 

experimental intervention studies and larger population-level or cross-sectional 

studies. 

Chapter 3 and 4 investigated the appetite responses to consuming foods 

containing high levels of fat and sugar. Combinations of fat and sweetness enhanced 

the palatability and desire to eat on initial tasting and sustained reward responses and 

feelings of hunger in the early stages of eating. These responses were associated with 

a higher intake of food.   Restrained eaters exhibited sustained pleasantness and 

desire to eat during the first part of the meal. Chapter 4 further investigated the 

postprandial responses in acyl-ghrelin to during palatable food consumption and 

found that the addition of sweetness to a high-fat food sustained acyl-ghrelin levels 

in the early stages of eating.  

Chapter 5 investigated the individual responses to low protein intake and 

found that the level of physical activity did not influence the response to a low 
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protein meal as only marginal differences were observed between the active, 

moderately active and sedentary groups. Across all participants and over both lunch 

meals body composition and resting metabolic rate was strongly associated with 

energy and protein intake.  

Chapter 6 investigated the biological, psychological, anthropometric and 

socio-economic factors associated with obesity-related eating behaviours and 

attitudes toward food in a community-based sample. A heightened desire to eat, 

weaker satiety response and frequent intake of energy-dense foods are associated 

with weight gain and obesity. In this sample, individuals who were overweight or 

obese had the at-risk AA/AT allele and of the lower level of education, showed a 

greater motivation to eat energy-dense foods and reported eating these foods more 

often. Furthermore, when viewing images of controlled portions of food, overweight 

individuals and individuals with obesity reported lower anticipated satiation for 

energy-dense foods, confirming the findings observed in smaller experimental 

studies.  

Chapter 7 investigated the relationship between portion size and obesity in a 

community-based sample.  When accounting for age and sex, resting metabolic rate 

and adiposity (waist-to-height ratio) predicted the maximum food portion size 

chosen for lunch, while body mass index and fat mass did not significantly predict 

portion size. Individuals with a higher resting metabolic rate chose larger food 

portions, while a higher waist-to-height ratio predicted smaller portion sizes. And 

older individuals and women chose significantly smaller portions of food.  
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8.2 Environmental factors influencing appetite and eating behaviour: palatable, 

energy-dense, sweet foods heighten eating-related reward processes and 

undermine appetite control.  

The modern food environment provides an abundance of palatable, energy-

dense foods that contain high levels of fat and sugar and salt. Studies have 

demonstrated that food palatability, energy density and portion size are 

environmental factors that profoundly influence eating behaviour (Ledikwe et al., 

2005; McCrory et al., 2006; Rolls, 2018) and evoke a heightened reward response 

(DiFeliceantonio et al., 2018; Stice, Burger, et al., 2013a). The findings from this 

thesis suggest that the mechanisms that evoke overeating may involve the following: 

that combinations of high levels of fat and sugar in foods provide a more palatable 

and rewarding eating experience than eating high-fat foods alone. The fat-sugar 

combinations not only enhance the pleasantness of food on first tasting, but these 

foods also evoke appetite response in the early stages of eating that sustains hunger, 

motivation to eat and hunger-related acyl ghrelin levels, leading to increased food 

intake. The work from this thesis largely suggests that it is the taste of the food 

strongly influences appetite and that the pleasant taste may stimulate orosensory 

reward processes to encourage food intake. Furthermore, these findings also suggest 

that fat-sugar combinations may elicit supra-normal appetite responses, because they 

may exploit the basic human liking for fat and sweet flavours  (Drewnowski & 

Almiron-roig, 2010; Drewnowski et al., 2012). Naturally occurring foods do not 

contain high levels of fat and sugar or salt, therefore high levels of fat and sugar in 

food may have a synergistic effect on sensory perception, evoking a more powerful 

reward response to encourage food intake (DiFeliceantonio et al., 2018; Drewnowski 

& Greenwood, 1983; Gibson et al., 2008; Stice, Figlewicz, et al., 2013; Valkauskaite 
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& Gibson, 2010). The work from this thesis does not negate the role of post-

ingestive responses in reinforcing food intake, as these processes have been shown to 

influence reward processing in the brain, particularly in response to the palatable 

taste of sweetness (Small & DiFeliceantonio, 2019; Thanarajah et al., 2019).  Future 

studies should investigate how the post-ingestive response to combinations of fat and 

sugar may play a role in reinforcing acute food intake and influencing long-term 

eating behaviour.  

The dissociation of the behavioural components of reward underlies many 

addictive behaviours and eating disorders and is characterised by a heightened 

‘wanting’ or motivational salience independently of a heightened ‘liking’ or 

pleasantness (Berridge, 2009; Berridge & Robinson, 2016). The findings from this 

thesis demonstrated that a high-fat, sweet food sustained the motivation to eat while 

ratings for pleasantness decreased with food consumption. This finding suggests that 

acute overeating may be driven by a dissociation of reward responses demonstrated 

by a reduction in the liking or pleasantness of the food, but a sustained desire to eat. 

However, measuring the behavioural components of reward behaviour, namely 

‘liking’ and ‘wanting’, remains a controversial topic in eating behaviour research 

(Finlayson & Dalton, 2012a; Havermans, 2011). Therefore, future studies should 

consider how these behaviours are operationalised as the individual’s perception of 

the sensory cue and associated reward (expected pleasantness) may play a stronger 

role in directing eating behaviour  (Pool et al., 2016).  

The sustained postprandial acyl-ghrelin responses with the intake of high-fat, 

sweet food (Chapter 4) also indicates that these foods alter appetite on a 

physiological level. Although the acyl-ghrelin responses were not directly linked to 

the sustained hunger and motivation to eat observed in Chapter 3, the changes in 



241 

 

 

ghrelin may underlie the appetite and reward responses when eating high-fat, sweet 

food. Alongside its role in stimulating food intake, ghrelin also acts on dopaminergic 

reward neural circuits to drive the motivational reward processes of eating behaviour 

(King 2011, Kawahara 2013, Skibicka 2011), and, therefore, has been implicated in 

reward-based feeding and hyperphagia  (Naleid et al., 2005; Wei et al., 2015).  

Collectively, the findings suggest the consumption of a high-fat, sweet food triggers 

the release of ghrelin, which then acts to increase hunger and motivational aspects of 

eating behaviour to drive food intake. These findings present an exciting opportunity 

for future research to investigate how ghrelin may be involved in acute and chronic 

overconsumption of high-fat, sweet foods. Furthermore, how postprandial changes in 

ghrelin also underlie the overconsumption of high-fat, salty or savoury foods 

(Bolhuis et al., 2016). 

The thesis found that consumption of a high-fat, sweet food leads to a higher 

energy intake relative to an isoenergetic non-sweet food (Chapter 3) and that relative 

to lower energy-dense food, portions of high energy-dense foods chosen for lunch 

provide more energy (Chapter 7). These two findings suggest that it is easier to 

consume more calories from high energy-dense, palatable foods, increasing the 

likelihood that an individual will overeat. These findings support the suggestion that 

humans are unable to adapt to the modern, western-style food environment as we are 

unable to accurately determine the energy content of high energy-dense foods 

(Brunstrom et al., 2018).  Therefore, frequent intake of these foods is likely to lead to 

overeating, positive energy balance and the development of excess adiposity.  
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8.3 Individual variation in body composition, metabolism and level of 

physical activity may influence responses to low protein intake 

Chronic consumption of a diet that is highly processed and offers a relatively 

lower proportion of protein is implicated as a driver of overeating. The work sort to 

investigate whether the individual variation in body composition, estimated protein 

needs, and level of physical activity influenced appetite and eating responses to acute 

protein restriction. However, only minor differences in appetite and food intake were 

observed between activity groups, suggesting that either protein restriction is 

unaffected by activity status or that the degree of restriction was not enough to elicit 

substantial changes in eating behaviour.  Although studies have demonstrated that 

both animals and humans respond to acute periods of protein restriction (Baker et al., 

1987; Gibson & Booth, 1986; Gibson et al., 1995; Masic & Yeomans, 2017), the 

expected appetite responses, such as increased hunger and desire to eat savoury/salty 

foods, are more consistently observed with longer periods of restriction (Griffioen-

Roose et al., 2012, 2014; Martens et al., 2014; Martens et al., 2014). On a wider 

level, studies show that energy homeostasis is relatively insensitive to acute 

perturbations in energy balance caused by exercise (Dorling et al., 2018; Schubert et 

al., 2013). It may be that similar mechanisms operate to regulate protein homeostasis 

and that perturbations in protein balance need to take place over successive meals or 

several days to have a substantial effect on eating behaviour. 

The experimental findings of chapter 5 may warrant further discussion. Body 

composition and resting metabolic rate were associated with food intake across both 

lunch meals. It appeared that the active group, overall, exhibited a greater level of 

dietary regulation, as energy and protein intake at lunch as the association between 

body composition, metabolism and food intake was retained were these groups were 
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subdivided according to activity status. These findings were underpowered; however 

it may suggest that despite protein restriction, active individuals balance food 

choices and choose the correct amount of food to meet their nutritional needs. This 

behaviour may occur with a greater level of accuracy in comparison with those who 

are moderately active and or sedentary, which is consistent with the recently updated 

perspective on physical activity and appetite control (Beaulieu et al., 2018).  This 

finding does not exclude the possibility that active individuals present with a greater 

amino acid reserve that serves to buffer the effect of a single low protein meal 

(Poortmans et al., 2012).  

In the active group, FFM and RMR were associated with protein intake, 

which indicates that fat-free mass exerts an influence on appetite mechanisms to 

direct both energy and protein intake, consistent with the Protein-stat model 

proposed by Millward (1995, 1997). The observation that this behaviour was evident 

only in the active group further suggests that physical activity heightens awareness 

for both energy and macronutrient requirements, such as dietary protein. Rationally, 

an individual with more lean tissue will require a greater amount of protein to 

support growth and maintenance. Therefore regular physical activity, particularly of 

a high intensity, serves to heighten appetite control to ensure nutritional requirements 

are met (Beaulieu et al., 2016; Blundell, 2011). However, it is important to consider 

that the activity groups were not matched for sex and therefore future studies will 

need to confirm this suggestion.  

On a broader level, these findings may be relevant to overweight individuals 

and individuals with obesity who do present with greater levels of fat-free body 

mass, a higher resting metabolic rate, yet increased adiposity and increased sedentary 

behaviour (Oussaada et al., 2019; Shields & Tremblay, 2008; Blundell et al., 2012, 
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2015).  A higher level of body fat may weaken appetite control (Blundell, 2018), 

while sedentary behaviour may increase the susceptibility to appetite dysregulation, 

or overeating fat-rich, carbohydrate-rich foods (Beaulieu et al., 2018). This 

interaction may become more acute when protein intake is restricted, such that a 

greater level of appetite dysregulation occurs with protein deprivation in moderately 

active, or less active individuals, and individuals consume more energy from non-

protein foods.   

8.4 Is obesity associated with choosing larger portions of food? 

The provision of large food portions is another key factor implicated in the 

development and maintenance of obesity. However, because studies have not 

observed a consistent relationship between body mass index and portion size, this 

thesis posited that another index of adiposity, the waist-to-height ratio, would predict 

a relationship between excess adiposity and portion size. Contrary to the study 

hypothesis, however, in a large community sample, individuals with a higher WHtR 

choose smaller portions of food. Furthermore, when accounting for age and resting 

metabolic rate, WHtR predicted smaller portion sizes across the study sample. 

Despite the findings of the study, it cannot be concluded that increased adiposity is 

not associated with choosing larger portions of food. Overweight individuals and 

individuals with obesity are proposed to have higher metabolic requirements because 

of higher body weight and the support of increase adipose tissue (Oussaada et al., 

2019; Schutz et al., 2002). Also, those with higher metabolic requirements exhibit 

higher levels of hunger, which would drive an increase in food intake (Blundell et 

al., 2012; Caudwell et al., 2013). Furthermore, numerous cross-sectional studies 

have shown that overweight and obesity are associated with consuming a higher 

energy intake (Austin et al., 2011; Ford & Dietz, 2016; Kant & Graubard, 2005; 



245 

 

 

Scarborough et al., 2011; Stubbs et al., 2004; Yancy et al., 2013). It is likely that the 

increased energy intake is caused either by consuming larger portions of food or 

eating more frequently (increased meal frequency of eating occasions) (Mattes, 

2014). However, it must also be considered that the study was limited to five side 

dish or snack foods and therefore do not reflect decisions about the portion size of 

main meals or entrees (discussed further in ‘Strengths and Limitations’ subsection 

below). Consideration must be given for the fact that the investigation took place in a 

public setting. Therefore, factors such as social desirability, dietary underreporting 

and dietary restraint may have influenced the decisions about portion size in the 

study sample. Underreporting of energy intake is commonly reported in nutrition 

research (Livingstone & Black, 2003) and is particularly prevalent amongst 

overweight individuals and individuals with obesity (Heitmann & Lissner, 1995; 

Kelly, Rennie, et al., 2009). Furthermore, overweight individuals and individuals 

with obesity may choose a smaller portion of food that is deemed to be socially 

acceptable, over a portion of food they would serve themselves (Lewis et al., 2015).  

The findings from Chapter 7 observed found that individuals with greater 

metabolic needs (higher resting metabolic rate) chose larger portions of food, while 

increased adiposity predicted choosing a smaller portion of food. Similarly, Chapter 

5 observed that resting metabolic rate and fat-free mass predicted energy intake in 

physically active individuals. Collectively, these findings support the proposal that 

the components of energy expenditure exert a stimulatory effect on food intake and 

eating behaviour, while fat mass exerts an inhibitory effect on food intake (Blundell, 

2018).  These findings have important implications for future studies as it is 

important to include components of energy expenditure (resting metabolic rate and 

fat-free body mass) when assessing eating behaviour. Consideration may be given 
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for the role these components play in reflecting either the excitatory or inhibitory 

aspects of eating behaviour. As such resting metabolic rate and fat-free body mass 

may serves as predictors of factors related to meal initiation (decisions about portion 

size, hunger, prospective food intake, desire to eat, desire for specific flavours etc.), 

while fat mass may be used to predict behaviours relating to meal termination 

(fullness, sensory-specific satiety, satiation and satiety  (Hopkins et al., 2017).  

8.5 Individual variation in eating styles, eating behaviours and personality traits 

influence the response to palatable foods  

The individual variation in eating styles, eating behaviours and personality 

traits may predict how an individual will respond to palatable food cues. In this 

thesis, restrained eaters were particularly susceptible to the taste of palatable food, as 

they demonstrated a sustained reward response in the early stages of eating a high-

fat, sweet food (Chapter 3). Although these responses did not lead to increased 

energy intake, these responses may predict a susceptibility or likelihood of 

overeating in the future. Restrained eaters face a perpetual conflict between the 

enjoyment of eating palatable food and the goal of attaining the desired body weight. 

Restrained eaters are characteristically overresponsive to palatable food cues (Burger 

& Stice, 2011; Fedoroff et al., 2003; Houben et al., 2010; Wang et al., 2016) and 

demonstrate a high degree of cognitive control to suppress heightened responses 

(Houben et al., 2012; Wang et al., 2016). This may explain why restrained eaters are 

prone to disinhibition, overeating and weight gain (Chaput et al., 2009; Drapeau et 

al., 2003; Snoek et al., 2013; Stice et al., 1999), because the effort required to 

suppress urges to overeat are easily undermined, and led to overeating.  

In the thesis, other eating styles (emotional eating, disinhibition), propensity 

towards hedonic hunger (Power of Food Scale), and personality traits (sensitivity to 
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reward and impulsivity) did not predict a greater reward response palatable food, 

alterations in postprandial acyl-ghrelin responses or increased food intake (Chapter 3 

& 4). Sensitivity to reward did not predict reward responses when viewing pictures 

of palatable, energy-dense foods (Chapter 6). It is important to note that the absence 

of a finding does not indicate that individuals who exhibit these eating styles or 

personality traits are less susceptibility to palatable foods cues. As numerous studies 

have observed a strong relationship between sensitivity to reward, impulsivity, 

overeating energy-dense foods and development of obesity (Davis, 2009; Davis et 

al., 2007; Loxton & Tipman, 2017; Morris et al., 2015). In particular high levels of 

emotional eating, sensitivity to reward and impulsivity often predict the preference 

for food rich in sugar and fat (Davis et al., 2007; Gibson, 2012; Meule et al., 2014). 

It is acknowledged, particularly in the case of reward sensitivity, that global 

measures of reward sensitivity may not predict reward responses to specific foods, 

i.e. that individuals find some foods more rewarding than others (Stephens et al., 

2010). Evidence for food-specific reward has been reported in individuals with 

obesity and those with binge eating disorder (Loxton, 2018). An individual who 

exhibits these behaviour and personality traits may still find energy-dense, palatable 

foods more rewarding, yet further studies are encouraged to examine the food-

specific reward responses to palatable food cues. 

8.6 The individual variation in age, sex, weight status and inheritable genetic 

traits predicts susceptibility to palatable food cues 

Groups of individuals may be more susceptible to food than others. The 

thesis investigated the motivational and appetite aspects of eating behaviour across a 

sample population. The results at a population level largely reflected findings 

reported from laboratory-based studies: overweight individuals and individuals with 
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obesity, who carry the at-risk AA/AT allele of the FTO gene, and have a lower level 

of education show an increased motivation and preference for high energy-dense 

foods, yet find these foods less satisfying (Chapter 6). This means that the theoretical 

concepts of motivational processes relating to food choice and eating are measurable 

and valid for a community sample of free-living adults.  

8.6.1 Weight status and FTO polymorphism alleles AA/AT/TT 

The heightened reward response and reduced satiety/increased satiation in 

OWOB has been reported in experimental studies (Epstein et al., 2012; Ferriday & 

Brunstrom, 2011; Finlayson et al., 2012; French et al., 2012; French et al., 2014). An 

individual who exhibits these behaviours maybe at greater risk of overeating because 

they gain more pleasure from eating and are more likely to eat for hedonic reasons 

than for reasons relating to energy homeostasis (Blundell & Finlayson, 2004). 

Similarly, weaker satiety with eating means OWOB may be more likely to consume 

more food or eat more frequently to achieve a level of fullness or food satisfaction 

(Delgado-Aros et al., 2004; Meyer-Gerspach et al., 2014). The thesis observed 

similar appetitive behaviour in individuals with AA/AT allele of the FTO gene at 

rs9939609; these individuals showed an increase preference for high-fat sweet foods, 

like ice-cream. Although the study cannot confer causality, it may be that an 

increased motivation to eat underlies the increased intake of high energy-dense foods 

observed in these individuals (Tanofsky-Kraff et al., 2009). Certainly, individuals 

with a higher proportion of at-risk obesity-related genetic polymorphisms are found 

to exhibit high levels of disinhibition and susceptibility to hunger (Jacob et al., 

2018). This suggests that the genetic contribution towards the variability in body 

weight may be mediated in part by eating behaviour traits. It is noted, however, that 

not all individuals with the ‘at-risk’ AA/AT allele presented with obesity, which 
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suggests several behaviour traits interact with genetic traits to increase susceptibility 

to palatable food cues. 

8.6.2 Age and sex 

This thesis observed that the age- and sex-related differences in eating 

behaviour traits are consistent with the variations in dietary patterns reported in 

cross-sectional studies. Older individuals chose smaller portions of food, preferred 

lower energy-dense foods and reported eating high energy-dense foods less 

frequently compared to younger. Although there was a greater proportion of older 

individuals who were overweight or obese, the preferences observed in the younger 

individuals (for instance, a greater motivation to eat and more frequent intake of 

energy-dense foods), may represent a susceptibility to overeating and weight gain in 

the future if continued to later stages of adulthood. 

The sex-related differences in food preferences and food portion sizes have 

been reported in several cross-sectional studies (Knudsen et al., 2014; Mikkilä et al., 

2005; Pinto de Souza Fernandes et al., 2017; Wardle et al., 2004). The findings from 

Chapter 6 and 7 observed that men chose larger portions of food and show a 

motivation to eat high-fat savoury foods like beef steak. Women chose smaller food 

portions yet demonstrate a greater desire to eat high-fat sweet foods and report eating 

them more frequently. The sex-related differences in food preferences and portion 

sizes may shape attitudes toward future food choices and may confer a susceptibility 

toward overeating specific foods. These findings are particularly relevant for 

creating targeted approaches to obesity treatment and prevention. 

8.6.3 Socio-economic status 

The increased availability of cheap, processed food, increased proximity to 

fast food outlets and to increase food disparity are some the key factors implicated 
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for increased obesity  rates in low socioeconomic communities (Drewnowski & 

Darmon, 2005a; Jeffery et al., 2006; Maguire et al., 2015; Reidpath et al., 2002; 

Taveras et al., 2005). The findings of this thesis provide a further contribution by 

demonstrating that there are behavioural traits that may predispose these individuals 

to overeat. The thesis found that individuals of a lower level of education showed an 

increased motivation to consume energy-dense foods, like a hotdog, yet perceive 

healthier foods, like salmon, to be less filling. Overall, this suggests that since 

education level is a proxy for socio-economic status, individuals of lower 

socioeconomic status are likely to choose high energy-dense foods because they find 

them more appealing and consume them more frequently, yet likely to avoid 

healthier foods as they find them less satisfying. It will be important to examine 

these findings in more detail using established psychometric tools.  These insights 

provide an important understanding of the attitudes and behaviours are shaping 

eating habits in this population group. While the predominance of research has 

focused on investigating the environmental drivers of overeating (Jeffery et al., 

2006; Larson et al., 2009; Mason et al., 2018; Riva et al., 2009), these findings 

highlight the role of psychological and behavioural factors that underlie food 

choices. Recently several qualitative studies have shown that social and 

psychological factors, such as social constructs relating to masculinity or femininity, 

nutrition knowledge, food awareness, cooking skills and attitudes toward healthy 

eating and exercise contribute towards food choices in individuals of a low 

socioeconomic status (Daborn et al., 2005; Romeike et al., 2016; Stephens et al., 

2018). Understanding the relative contribution of the psychological and behavioural 

susceptibilities is not only important in understanding the specific pathways of 
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overeating in this population group, but also in the development of effective 

intervention strategies that will address behaviour change.  
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8.7 Strengths and Limitations  

This thesis investigated the biopsychological factors of overeating on a broad 

level using experimental and population-level studies in adults under free-living 

conditions. The methodological approach of this thesis has several strengths and 

limitations which influence the generalisability of the findings. This section provides 

a discussion of the general limitations relating to laboratory and field-based studies, 

followed by a discussion of the specific limitations relating to each thesis chapter.  

Eating behaviour is a learnt response to environmental cues and therefore is 

guided both the physiological processes of taste, ingestion and assimilation, and non-

automatic, cognitive processes such beliefs, perceptions and attitudes toward food. 

These factors will influence the measurement of eating behaviour in a laboratory or 

field setting (Brunstrom, 2005). On a general level, measuring food intake and eating 

behaviour for a single meal or at a single time point may not reflect habitual eating 

practices and behaviours. Therefore, one is limited to the generalisability of the 

findings. Many of the studies in this thesis require the individual to report their 

appetite and food preferences, and this requires an individual to have a degree of 

interoceptive awareness (Stevenson et al., 2015); in other words an awareness of 

their internal state and of subjective perception of physiological cues that relate to 

hunger, fullness, and satiety. Although eating is a repetitive and automatic 

behaviour, the use of Visual Analog Scales, which are commonly used to obtain an 

objective assessment of appetite sensations, may be limited by the participants 

understanding of them or, as discussed previously, the ability to evaluate appetite 

sensations (Lesdéma et al., 2016). Although the thesis investigated the association of 

several eating styles, eating behaviour traits and personality traits associated with 
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overeating, there are other psychological and behavioural traits that were not 

measured that may have impacted the outcome of the thesis.  

Experimental investigations that take place in a laboratory setting provide the 

investigator with an opportunity to control for extraneous variables that may impact 

the outcome of the study. However, a laboratory is an unnatural setting and may alter 

intake and food preference, thereby reducing the ability to capture authentic eating 

behaviour (Best et al., 2018). The setting itself may reduce the motivation and desire 

to eat (Best & Papies, 2017). The strength of the thesis was that the experimental 

studies reported in chapters 3, 4 and 5 followed the guidelines proposed for the more 

rigorous measurement of ingestive behaviour (Hetherington & Rolls, 2018). It is also 

acknowledged that in a controlled laboratory setting, there may be interactions 

between tester and participant or attributes relating to the participant that can vary 

the response to experimental investigations (Stubbs & Finlayson, 2018). The 

findings from a single meal or short term studies must be considered in light of 

longer-term or longitudinal studies to understanding the effect on eating behaviour 

and weight gain (Berthoud et al., 2011; Berthoud et al., 2017) 

Cross-sectional investigations take place at a single time point, and therefore, 

the outcome may only represent eating behaviours in part, and the outcome cannot 

infer causality. In a public setting, several extraneous variables would influence the 

study outcome, such as time of day, emotional state, presence of families or large 

crowds (some presented with families, others were alone). A degree of dietary 

misreporting may have influenced participant responses, and this behaviour may 

have been more prevalent in weight-conscious individuals.  

Limitations and strengths specific to each study are discussed in relevant 

chapter 3-7. To summarise: In Chapter 3 and 4, the strength of the study was that the 
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comparison of a high-fat, sweet and non-sweet food allowed comparison of appetite 

mechanisms that occur through the eating process. However, in both studies there 

were several limitations that are important to discuss.  The study design did not 

include a low-fat control as the design closely followed that of previous experiments 

undertaken in our laboratory (Gibson et al., 2008; Valkauskaite & Gibson, 2010). 

However, including a low-fat control would have determined the interaction between 

the taste of fat and sweetness in influencing appetite and eating behaviour, rather 

than the addition of sweetness alone.  

The findings of both studies were underpowered to detect a medium effect 

size between the two experimental conditions for food intake, appetite ratings and 

changes in acyl ghrelin levels. Furthermore, the analyses did not control for multiple 

comparisons. Accordingly, future research directives would be to replicate the study 

in larger samples and include a low-fat control.  

In chapter 3, study cannot infer overconsumption as an increased food intake 

of the high-fat, sweet condition at a single occasion may not reflect a risk factor for 

weight gain. An individual may initiate compensatory behaviours to mitigate the 

effects of high energy intake. Therefore, overconsumption is more accurately 

expressed as an increased intake that occurs over several eating occasions or 

overtime, where a higher energy intake occurs over and above the individual’s 

energy requirements (Fay et al., 2012). 

In Chapter 4 only one appetite hormone was measured, and the 

characterisation of postprandial responses of satiety hormones such as Peptide YY 

(PYY), Glucagon-like peptide-1 (GLP-1), Cholecystokinin (CCK) would have 

provided a clearer picture of the overall appetite responses with ingestion of high-fat 

sweet food. Furthermore, the hormones responses were measured over a short period 
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(60 minutes), but future studies would benefit in a longer post-prandial assessment to 

show responses as they relate to satiation, satiety and initiation of next meal (Chapter 

3). 

Several limitations were found for study reported in Chapter 5. The study 

design employed a single protein-restricted meal; however the protocol did not elicit 

the expected appetite and food intake responses across the sample population, nor in 

groups stratified for level of physical activity. It was concluded that a single low 

protein meal may not have created enough of a protein deficit to elicit a meaningful 

change in eating behaviour. However, consideration must be made for the small 

sample sizes and lack of heterogeneity between activity groups, as these factors 

could have contributed to the variability in ingestive response. Future research 

should consider restriction protein intake over several meals or days and also 

consider assessing habitual protein intake and overall dietary intake (for instance 

data collected using a dietary recall or food diary method), as food choices may be 

influenced by habitual intake (Masic & Yeomans, 2017).  Also, the objective 

assessment of physical activity, for instance wearing an accelerometer would have 

provided a more accurate assessment of habitual physical activity and sedentary 

behaviour.  

A strength of the studies reported for Chapter 6 and 7 was that the sample 

population could be considered a representation of the wider UK population. The 

sample population was compromised of predominantly British, white adults 

(approximately 85%), which is similar to ethnicity population groups reported in the 

2011 UK census (Office of National Statistics, 2018). A limitation reported for 

Chapter 6 is that the food image questionnaire used for the study was not validated 

before testing. This was due to restrictions in the time each participant could engage 
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in the study. However, the food images used in the questionnaire were validated for 

use in ingestive behaviour research (Blechert et al., 2014). Similarly, the 

questionnaire was limited to ten different foods, and the participant responses may 

reflect the attitudes towards specific foods, rather than categories of foods (high 

energy-dense, low energy-dense, sweet or savoury foods).  

A strength of the study reported in Chapter 7 was the use of an established 

psychometric tool to assess expectations about portion size in adults (Brunstrom, 

Shakeshaft, et al., 2008). However, a limitation of the study is that there were only 

five snack foods or side dishes chosen for the study. As with the limitations of 

chapter 6, the participants were restricted for time. Factors related to food liking may 

have played an important role in driving responses to chosen portion size. The study 

did not control for eating behaviours or traits (such as restrained eating/dieting) that 

may have influenced decisions about portion size (Brunstrom, 2014).  
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8.8 Summary and Implication of findings 

The findings of this thesis indicate that the environmental factors associated 

with a Western-style diet may play a role in influencing appetite and eating 

behaviour. Palatable, high energy-dense foods stimulate the sensory, appetite and 

reward responses to provide a pleasurable eating experience, and this may encourage 

further eating. Individuals find it difficult to accurately assess the energy content of 

these foods, making it more likely that they will consume too many calories. 

Importantly, the thesis observed that individuals do not respond to the obesogenic 

nature of the food environment in the same way. Decisions about portion size, 

energy intake and macronutrient balance are influenced more strongly by an 

individual’s body composition and metabolic rate, rather than body fat or body mass 

index. Individuals who exercise dietary restraint, are overweight or obese or have 

inherited the obesity-related AA/AT allele show a heightened reward response to 

palatable food cues, meaning these individuals may be more susceptible to 

overeating. Individuals of lower socioeconomic status also show an increased 

motivation towards high energy-dense foods, yet find healthier foods to be less 

satisfying, which indicates that attitudes toward food may be shaping future food 

choices.  

The work from this thesis contributes to a wider framework investigating the 

environmental determinants of appetite and eating behaviour and their role in the 

development of obesity. There is a growing interest in how the chronic intake of 

ultra- or highly-processed foods influence eating behaviour, overall health and 

mortality and obesity risk (Hall et al., 2019; Lawrence & Baker, 2019; Sjöblad, 

2019). Although the level of food processing per se is not a primary contributing 

factor (as many nutritionally dense foods may also be highly processed) (Ludwig et 
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al., 2019), these foods offer little nutritional value. They are stripped of 

micronutrients, protein and dietary fibre that would otherwise confer a nutritional 

benefit to the consumer (Steele et al., 2017; Monteiro et al., 2017), however, the 

clever combinations of high levels of fat and flavour (sugar and salt) offer an 

extremely palatable food product. The work from this thesis suggests that the 

unnaturally high levels of fat and sugar in food evoke supra-normal responses in 

appetite and food-reward processes that promote acute feeding behaviour. 

Furthermore, the enhanced palatability appears to be acting primarily on processes 

involved in the cephalic phase of eating, suggesting that taste and early sensory 

responses act to reinforce food intake. However, it is possible that both the taste and 

post-ingestive responses have a reinforcing effect on feeding behaviour (Small & 

DiFeliceantonio, 2019; Thanarajah et al., 2019). Therefore, future studies need to 

understand the role that ingestive processes play in reinforcing the consumption of 

fat-rich, sweetened foods, and the interplay between taste and ingestion that serves to 

strengthen a chronic intake of these foods. 

This thesis also investigated the role of two other environmental determinants 

of overeating, namely protein leverage (restriction) and large portion sizes, and their 

association with overeating and excess adiposity. Although this thesis did not 

provide conclusive evidence that protein restriction influences eating behaviour, or 

that excess adiposity is associated with choosing larger portions of food, these 

environmental factors may still play a key role in promoting overeating. It has been 

acknowledged that protein leverage is incomplete, as inconsistent responses to 

appetite and feeding have been observed with various levels of dietary protein intake 

(Hall, 2019), yet a compromised intake of dietary protein may still play a primary 

role in the development of obesity (Gosby et al., 2014). Similarly, large food portion 
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sizes may still contribute to the development of obesity (Young & Nestle, 2012) 

although the understanding of the relative contribution of increased meal frequency 

is also important (Mattes, 2014). One important implication for future research is 

that studies should consider including components of energy expenditure (fat-free 

body mass, daily energy expenditure, resting metabolic rate) as independent 

variables predicting eating behaviour. The work from this thesis confirms the 

observation from others that these indices serve as a valid and informative measure 

of eating behaviour (Blundell, 2018; Hopkins et al., 2016; McNeil et al., 2017). 

The individual variation in response to a palatable food environment has 

important implications for guiding future research studies. Recently studies have 

characterised other eating behaviour traits associated with overeating, such as loss of 

control over eating (Latner et al., 2014), reward-based eating (Mason et al., 2017) 

and food cravings (Nijs et al., 2007), therefore individuals who exhibit these 

behaviours may also be more responsive to palatable food cues. Including these 

newer psychometric tools in investigations may provide valuable insight into the 

individual susceptibility to the obesogenic food environment. Furthermore, Vainik et 

al. (2019) suggest that many of the obesity-associated eating behaviours are related 

and broadly describe a single construct of uncontrolled eating. Their work identifies 

an uncontrolled eating phenotype: where components of body mass index, food 

intake, personality traits and neural responses are linked. Others have also identified 

specific phenotypes weak satiety phenotype (Drapeau et al., 2013a); high-fat 

phenotype (Blundell et al., 2005). The work from this thesis may be used to 

characterise how susceptible a specific phenotype is to palatable food cues (in other 

words, whether food cues provoke overeating in distinct phenotypes). The work 

from this thesis may also be useful in designing a targeted approach for obesity 
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treatment and prevention. For instance, a restrained eater may benefit from a strategy 

that reduces exposure to palatable food cues.  

While it is beyond the scope of this thesis to provide recommendations for 

public health policy, the knowledge gained from this thesis will contribute to a 

broader debate on issues of public health. The Food and Drink industry has been 

heavily criticised for their role in the development of the obesity epidemic (Monteiro 

& Cannon, 2019; Moodie et al., 2013) and failing to take a responsible role to 

support public health programmes and policies (The Lancet, 2011).  Up until this 

point, the food and drink industry has profited enormously from favourable 

economic policies and free trade agreements allowing for the production and global 

distribution of their products (Stuckler et al., 2012). It is estimated that the industry 

has generated over $90 billion US dollars in products sales. Nestle’s profit increased 

by 42% to reach $10.3 billion US dollars (Forbes, 2019). Much of the growth in 

profit has come directly from increased sales in low-income and middle-income 

countries (Moodie et al., 2013).  

Historically, governments have been reluctant impose strict regulations on 

the food and drink industry, instead have encouraged industry to self-regulate and 

engage in voluntary pledges to improve public health (Bryden et al., 2013; Durand et 

al., 2015; Panjwani & Caraher, 2014). As good as these pledges sound, they have 

yielded little real action (Bauman et al., 2019; Knai et al., 2015). Instead, the 

government has been heavily criticised for allowing the industry to have input to 

policy development and it has been revealed that, apart from profit motives, the 

industry seeks to influence policies to reduce the likelihood of stricter regulation 

(Durand et al., 2015; Flint & Oliver, 2019).  Of greater concern is that the food, 

drink and alcohol industry have been found to use unethical strategies, such as 
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lobbying politicians and public health officials, to dissuade industrial regulation 

(Monteiro & Cannon, 2019; Moodie et al., 2013).  

The primary argument used by industry and government is that individuals 

should be free to make their own food choices and it’s up to them to make the right 

ones (Brownell et al., 2010; Kent, 2009), however the sheer scale of the obesity 

epidemic implores abandonment of a such a simplified view of obesity. There have 

been calls to reframe our understanding of the drivers of the obesity epidemic and 

the level of personal responsibility in its development (Roberto et al., 2015). The 

finding from this thesis, together with observations from other research studies, 

primarily suggests that humans are unable to adapt to a highly palatable, energy-

dense food environment fully; these foods are very appealing, available in abundance 

and challenging to resist. Eating them provides an immensely rewarding eating 

experience, which then encourages further consumption. While individual variability 

may predict susceptibility to overeating, the scale of the obesity crisis suggests that 

these environmental factors exploit the normal biological, physiological, 

psychological processes to encourage overeating and excess adiposity, exerting 

influencing on a population level, and not just the chosen few. 

A political declaration at the UN high-level meeting on non-communicable 

diseases (UN General Assembly, 2011) and recommendations from the World 

Health Organization’s Commission to Ending Childhood Obesity (World Health 

Organisation, 2017) has urged governments to recognise their responsibility in 

reducing the obesity risk.  This responsibility would involve stricter regulations on 

the manufacturing, production and distribution of high energy-dense palatable food 

products (Monteiro & Cannon, 2019). Furthermore, work is needed to encourage the 
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reduction in food portion sizes, food reformulations and reducing exposure to the 

consumer (Hetherington et al., 2018; Marteau et al., 2015).  

The obesity epidemic and the associated health concerns present a substantial 

burden to countries across the globe. Given the prevalence of obesity remains high in 

developed countries, yet increasing in more vulnerable communities and population 

groups, there is an urgent need to prioritise obesity treatment and prevention 

strategies. A greater understanding of the environmental drivers of overeating and 

the individual susceptibility to the environment can be used to develop a more 

targeted approach to reducing the prevalence of the obesity condition. 
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Appendix A: Experimental measures 

A1: BIS-BAS Scales (Carver & White, 1994) 

Response options: Very false for me, Somewhat false for me, Somewhat true for me, 

Very true for me 

1. A person’s family is the most important thing in life.  

2. Even if something bad is about to happen to me, I rarely experience fear or 

nervousness. 

3. I go out of my way to get things I want.  

4. When I’m doing well at something I love to keep at it.  

5. I’m always willing to try something new if I think it will be fun.  

6. How I dress is very important to me.  

7. When I get something I want, I feel excited and energized.  

8. Criticism or scolding hurts me quite a bit.  

9. When I want something I usually go all-out to get it.  

10. I will often do things for no other reason than that they might be fun.  

11. It’s hard for me to find the time to do things such as get a haircut.  

12. If I see a chance to get something I want I move on it right away.  

13. I feel pretty worried or upset when I think or know somebody is angry at me.  

14. When I see an opportunity for something I like I get excited right away.  

15. I often act on the spur of the moment.  

16. If I think something unpleasant is going to happen I usually get pretty “worked 

up.”  

17. I often wonder why people act the way they do. 18. When good things happen to 

me, it affects me strongly  

18. When good things happen to me, it affects me strongly. 
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19. I feel worried when I think I have done poorly at something important.  

20. I crave excitement and new sensations.  

21. When I go after something I use a “no holds barred” approach.  

22. I have very few fears compared to my friends.  

23. It would excite me to win a contest.  

24. I worry about making mistakes.  
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A2: Three Factor Eating Questionnaire R-18 (Cappelleri, Bushmakin, 

Gerber, Leidy, Sexton, Lowe, et al., 2009) 

Response options: definitely true, mostly true, mostly false, definitely false 

1. I deliberately take small helpings as a means of controlling my weight.  

2. I start to eat when I feel anxious.  

3. Sometimes when I start eating I just can't seem to stop.  

4. When I feel sad I often eat too much.  

5. I do not eat some foods because they make me fat  

6. Being with someone who is eating often makes me want to eat also.  

7. When I feel tense or 'wound up' I often feel I need to eat.  

8. I often get so hungry that my stomach feels like a bottomless pit.  

9. I'm always so hungry that it's hard for me to stop eating before finishing all of the food on 

my plate.  

10. When I feel lonely I console myself by eating.  

11. I consciously hold back on how much I eat at meals to keep from gaining weight.  

12. When I smell or see a really tasty, savoury food, I find it very difficult to keep from 

eating - even if I've just finished a meal.  

13. I'm always hungry enough to eat at any time.  

14. If I feel nervous I try to calm down by eating.  
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Response options Never, rarely, sometimes, at least once a week 

17. Do you go on binges even though you are not hungry? 

Response options Only at mealtimes, sometimes between meals, often 

between meals, almost always 

18. How often do you feel hungry? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

15. When I see something that looks very delicious, I often get so hungry that I have to eat 

right away.  

16. When I feel depressed I want to eat.  
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A3: Power of Food scale (Michael R. Lowe et al., 2009) 

 

  

Response options: I don’t agree at all,  I agree a little, I agree somewhat, I agree, I 

strongly agree 

1. I find myself thinking about food even when I’m not physically hungry.  

2. I get more pleasure from eating than I do from almost anything else  

3. If I see or smell a food I like, I get a powerful urge to have some.  

4. When I'm around a fattening food I love, it's hard to stop myself from at least tasting it.  

5. It's scary to think of the power that food has over me.  

6. When I know a delicious food is available, I can't help myself from thinking about 

having  some.  

7. I love the taste of certain foods so much that I can't avoid eating them even if they're bad 

for me.  

8. Just before I taste a favourite food, I feel intense anticipation  

9. When I eat delicious food I focus a lot on how good it tastes.  

10. Sometimes, when I'm doing everyday activities, I get an urge to eat 'out of the blue' (for 

no apparent reason).  

11. I think I enjoy eating a lot more than most people.  
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12. Hearing someone describe a great meal makes me really want to have something to eat.  

13. It seems like I have food on my mind a lot.  

14. It's very important to me that the food I eat are as delicious as possible.  

15. Before I eat a favorite food my mouth tends to flood with saliva.  
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A4: Barratt Impulsivity Scale (A. Meule et al., 2015)  

Response options: Rarely/Never, Sometimes, Often, Almost Always  

1. I act on impulse.  

2. I act on the spur of the moment.  

3. I do things without thinking.  

4. I say things without thinking.  

5. I buy things on impulse.  

6. I plan for job security.  

7. I plan for the future.  

8. I save regularly.  

9. I plan tasks carefully.  

10. I am a careful thinker.  

11. I am restless at lectures or talks.  

12. I squirm at plays or lectures.  

13. I concentrate easily.  

14. I don’t pay attention.  

15. I am easily bored solving thought problems.  
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A5: Positive and Negative Affect Scores (PANAS) (Watson, Clark and 

Tellegen, 1988) 

This scale consists of a number of words that describe different feelings and 

emotions. Read each item and then shade in a box in the appropriate column, next to 

that word, which indicates to what extent you feel this way right now, that is, at the 

present moment. Responses include: Very slightly or not at all, a little, moderately, 

quite a bit, extremely  

1. Interested 

2. Disinterested 

3. Excited  

4. Upset  

5. Strong  

6. Guilty  

7. Scared  

8. Hostile  

9. Enthusiastic  

10. Proud  

11. Irritable  

12. Alert 

13. Ashamed  

14. Inspired  

15. Nervous  

16. Determined  

17. Attentive  

18. Jittery  

19. Active  

20. Afraid  
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Appendix B: Sussex Ingestion Pattern Monitor (SIPM) version 2.0  

B1: Screen prompts, appetite and sensory ratings 

‘Today we will serve you rice pudding and you are welcome to eat as much 

or little as you like. While eating or rating, it is essential that you do no leave your 

spoon in the bowl at any time: if you want to put your spoon down, please use the 

small plate provided. Please also do not lean on the placemat.  Occasionally, you 

may be asked to call you experimenter who will provide more food. If you have any 

questions, please call the experimenter now, otherwise click on ‘Start’ to begin.’ 

‘At this point in the study we simply need you to complete 3 ratings of your 

appetite. Each rating is on a simple line scale. Please take care to read the question 

and then scale your response between the two extreme points by moving the slide bar 

left or right. Click on ‘Start Rating’ button when you are ready to start.’ 

‘On the scale above, please indicate, by moving a vertical mark’ 

‘How full do you feel right now?’  

‘How hungry do you feel right now?’  

‘How sick do you feel right now?’  

Sensory ratings: ‘In this part of the study we would like you to make a 

number of sensory ratings. In order to start this procedure, you will be asked to call 

you experimenter who will provide a bowl of rice pudding for you to taste and 

evaluate. All the evaluations are completed on the simple rating scales: use the 

mouse or touch pen to adjust the scale to the answer which best fits your evaluation. 

Please call your experimenter now for a bowl of rice pudding. When a bowl of rice 

pudding is served, please click on ‘Start’.’ 

‘Please taste on or two spoonfuls of rice pudding provided and then click on 

‘Start Sensory Ratings’. WHILE RATINGS: Please do not lean on the placemat or 
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leave your spoon in the bowl at any time: if you want to put your spoon down, please 

use the small plate provided.’ 

‘On the scale, please indicate, by moving a horizontal mark, how 

SWEET/CREAMY the rice pudding tastes to you. N.B. Use the scale to indicate 

how INTENSE THE SWEET/CREAMY TASTE is relative to sensations you has 

experience of any kind, not just taste (e.g. pain, noise, etc.).’ 

‘How close the SWEETNESS of the rice pudding tastes to your ideal 

sweetness in rice pudding.  

‘How CREAMY the rice pudding tastes to you.  

‘On the scale (above), please indicate, by moving a vertical mark, how close 

the SWEET?CREAMY of the rice pudding tastes to your ideal sweetness/creaminess 

in rice pudding.’ 

‘How much PERCENT fat (by weight) do you think this rice pudding 

contains?’ 

‘This completes the sensory ratings. Please call your experimenter now: they 

will provide another bowl of rice pudding for you to eat as much as you like at your 

own speed. While eating or rating, it is essential that you do not lean on the 

placemat, lift the bowl up or leave your spoon in the bowl at any time: if you want to 

put your spoon down, please use the small plate provided. Please do no click on the 

button below – it is for experimenter only’ 

Starting Eating Stage: ‘In this part of the study please eat as much as you like  

at your own speed and then click on the ‘Meal finished’ when you have finished 

your meal. Click on ‘Meal Finished’ ONLY when you are sure you have had enough 

food.’ 
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Within meal ratings ‘PLEASE PAUSE EATING, complete some ratings and 

then resume eating again. Please remember while rating: Do no lean on the placemat, 

lift the bowl up or leave your spoon in the bowl at any time: if you want to put your 

spoon down, please use the small plate provided. Please click on ‘Start Ratings’. On 

the scale above, please indicate, by moving a vertical mark.’ 

‘How much do you want to eat a spoonful right now?’ 

‘How hungry do you feel right now? 

‘How pleasant do you find the taste of this rice pudding right now? 

Stop eating 

‘Please stop eating’ 

After meal ratings: ‘At this point in the study we simply need you to 

complete 3 ratings of your appetite. Each rating is on a simple line scale. Please take 

care to read the question and then scale your response between the two extreme 

points by moving the slide bar left or right. Click on ‘Start Ratings’ button when you 

are ready to start. On the scale above, please indicate, by moving a vertical mark’ 

‘How full do you feel right now?’ 

‘How sick do you feel right now?’ 

‘When you finish, click on ‘Completed’. Experiment is now completed. 

Please do not click on the button below – it is for experimenter only. Call your 

experimenter now.’ 
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B2: SIPM VAS  

 

 

B3: SIPM gLMS  
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B3: Image of rice pudding meal 
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Appendix C: Nutritional information for lunch buffet (Chapter 5)  

C1: Nutritional information for food items served to participants in a buffet-style lunch 

 

Table 5.2: 

Nutritional information for food items served for lunch buffet (per 100 g and per portion) 

Food item 
Energy 

(kJ) 

Energy 

(kcal) 
Fat (g) 

Saturate

d fat (g) 

Carbohy

drate (g) 

Sugars 

(g) 

Fibre 

(g) 

Protein 

(g) 
Salt (g) 

portion 

(g) 

protein 

(g) 
PE% 

Chicken 477.0 113.0 1.6 0.5 0.5 0.5 0.8 23.9 0.5 80.0 19.1 83% 

Tuna 478.0 113.0 0.5 0.1 0.5 0.5 0.5 27.0 0.8 60.0 16.2 98% 

Meatballs 1000.0 240.0 17.0 7.0 8.5 1.3 1.0 12.0 1.4 100.0 12.0 21% 

Yoghurt 341.0 80.0 0.2 0.1 11.6 10.9 0.2 7.9 0.1 150.0 11.9 40% 

Pasta 733.0 173.0 1.0 0.2 35.0 1.0 2.0 5.0 0.0 200.0 10.2 13% 

Bread 1164.0 275.0 4.1 0.7 47.8 1.9 3.0 10.3 0.8 89.0 9.3 15% 

Peanuts 2569.0 620.0 50.6 6.3 12.5 6.0 6.2 25.6 0.7 30.0 7.7 17% 

Cheese 1619.0 370.0 32.0 20.8 0.5 0.5 0.5 25.5 1.8 30.0 7.6 25% 

Ice-cream 684.0 163.0 5.6 4.6 24.4 22.6 1.0 3.2 0.1 56.0 1.8 8% 

Crisps 2242.0 537.0 32.2 2.8 55.4 0.5 2.3 5.3 1.2 30.0 1.6 4% 

Tomato sauce 216.0 51.0 1.0 0.1 8.1 7.0 1.6 1.7 0.7    

Ketchup 435.0 102.0 0.1 0.0 23.2 22.8 0.0 1.2 1.8    

Creamy sauce 422.0 102.0 8.1 3.2 5.8 2.3 0.2 1.1 0.8    

Mayonnaise 2749.0 668.0 73.2 6.1 1.4 1.2 0.0 1.0 1.5    

kJ = kilojoules; kcal = kilocalories; g = grams; PE% = percentage energy from protein  
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C2: Image of the lunch buffet 
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Appendix D: Systematics of experimental procedures 
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Appendix E: Live Science at the Science Museum, London 

E1: Lifestyle questionnaire: Science Museum: How Much Do You Like 

to Eat? 

 WELCOME 

 There are 3 parts to this task: 

 (i) Some brief questions about who you are (anonymous of course) 

 (ii) A few questions about your personality 

 (iii) A task involving ranking of pictures of foods on 3 different qualities   

(i) About you: 

a. How old are you (number of years)? 

b. Now enter your body measurements: 

c. Please enter your HEIGHT in cm: 

d. Please enter your WEIGHT in kilogrammes: 

e. Please enter your WAIST circumference in cm: 

f. Who am I?  Some questions about you: 

g. What language do you speak most of the time at home? (please 

type in) 

h. Please select the HIGHEST level of education you have 

completed from the dropdown list. 

i. What is your gender 

j. What is your ethnic group? 

(ii) A few questions about your personality? (BAS scale from Carver & 

White BIS/BAS: please refer to Appendix A1)  

(iii) A task involving ranking of pictures of foods on 3 different qualities   
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a. How much do you want to eat these foods (in these portions)? 

 Which of these 10 foods would you most like to eat right now, 

if it was available in this amount? Please drag these foods into the 

box, then order them to show how much you would like to eat 

each of them right now, with the most wanted at the top...(Rank 

by how much you want to eat each food now (you can reorder 

within this box) 

b. How filling are these foods (in these portions)? 

 Which of these 10 foods would most fill you up? Please drag 

these foods into the box then order them to show how much they 

would fill you up, with the most filling at the top... 

c. How often do you eat these foods?  

 Please drag these foods into the box, then order them to show 

how often you eat each food, with the one most often eaten at the 

top...  

 If you have never eaten a food, drag it into the bottom box. 
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Screenshot of food rank task in the lifestyle questionnaire 
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E2: Food images used for rank order task  

 

 

 

Red grapes Beefsteak 

Salmon Hotdog 

Bread roll Ice-cream 

Waffle with whipped cream Croissant 

Donut with chocolate topping Chocolate cake 
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E3: Nutritional information of ten food images  

Table 6.1 

Nutritional information for the ten food items used for the online questionnaire 

images 

Food item 

Weight 

(g) 

Carbo-

hydrate 

(g) 

Fat (g) 

Protein 

(g) 

Energy 

(kcal) 

Energy 

(kJ) 

ED 

 (kcal.g-

1) 

Red grapes 300.0 46.8 0.9 2.1 213.0 873.3 0.3 

Steak 200.0 0.0 8.0 42.0 242.0 992.2 1.2 

Salmon fillet 125.0 1.6 12.0 25.0 212.5 871.25 1.7 

Hot dog 115.0 30.2 11.4 10.6 266.8 1093.9 2.3 

Bread roll  95.0 48.1 1.3 7.0 235.6 966.0 2.5 

Strawberry ice 

cream cone 92.0 36.0 9.0 2.5 235.0 963.5 2.6 

Plain croissant 70.0 25.1 13.2 3.6 233.1 955.7 3.3 

Waffle with 

whipped cream 80.0 42.0 17.1 2.9 264.8 1085.7 3.3 

Chocolate cake 65.0 33.5 10.0 3.5 243.8 999.6 3.8 

Donut with 

chocolate 

topping 55.0 20.0 14.9 3.8 231.0 947.1 4.2 

kcal = kilocalories; kJ = kilojoules, g = grammes, ED = energy density (kcal.g-1)  
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E4: Food images used for portion size task 

Images of food portion sizes for milk chocolate and sweetcorn. 
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E5: Image of research station at the Science Museum
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Appendix F: Supplementary data Chapter 4 

Table F1: Descriptive statistics for variables Body Mass Index (BMI) and Fat Mass (FM) for initial sensory ratings, Sweetness, Creaminess 

for sweet rice condition (S) and Initial hunger and Adjusted ideal creaminess ratings for non-sweet condition (NS).  

 N Mean 
Std. 

Deviation 
Skewness Std. Error Kurtosis Std. Error 

Skewness z-

score 

Kurtosis 

z-score 

Sweetness S 15 26.53 14.29 1.63 0.58 3.94 1.12 2.82 3.51 

Creaminess S 15 33.60 13.65 1.24 0.58 3.28 1.12 2.15 2.93 

Initial Hunger 

NS 
15 61.73 21.39 -1.63 0.58 3.43 1.12 -2.81 3.06 

Adjust Ideal 

Creamy NS 
15 49.13 19.74 0.58 0.58 3.12 1.12 1.08 2.79 

BMI 15 19.20 33.40 23.51 3.37 1.93 0.58 4.92 1.12 

FM 15 12.80 48.00 21.03 8.49 2.60 0.58 7.74 1.12 

 



288 

 

 

 

Appendix G: Supplementary data for Chapter 5

Table G1: 

Number of participants not included in appetite and mood analyses 

Appetite measure Sedentary Moderate Active 

Hunger 0 0 3 

Fullness 0 1 2 

Satisfaction 2 2 2 

Estimated intake 1 1 1 

Sweet 2 4 3 

Salty 1 1 0 

Savoury 1 2 0 

Fatty 2 2 1 

PANAS    

Positive affect 1 0 0 

Negative affect 1 0 0 
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Appendix H: Supplementary data for Chapter 6 

 

Table H1, H2, H3 present Pearson’s correlation coefficients of correlations 

between ranks scores for the desire to eat, expected satiation and frequency of intake 

of ten different food items.  

 

Table H1: 

Pearson correlation coefficients for rank scores of the desire to eat 10 food items: 

 
Chocol

ate 

cake 

Salmo

n 

Ice-

cream 
Donut 

Beef 

steak 
Grapes Bread Waffle 

Croiss

ant 
Hotdog 

Chocol

ate 

cake 

1 -0.31** 0.02 0.30** -0.17** -0.24** -0.27** 0.09** -0.13** -0.17** 

Salmo

n 
  -0.22** -0.40** 0.08 0.07 -0.01 -0.26** -0.14** -0.12** 

Ice-

cream 
   0.00 -0.25 0.12 -0.24 0.08 -0.14** -0.18** 

Donut     -0.24 -0.24** -0.22** 0.10** -0.07 -0.02 

Beef 

steak 
     -0.30** -0.12** -0.26** -0.27** 0.25** 

Grapes       0.05 -0.06 0.00 -0.35** 

Bread        -0.24** 0.17** -0.15** 

Waffle         -0.03 -0.19** 

Croiss

ant 
         -0.22** 

Hotdog          1 

**p < 0.001 
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Table H2: 

Pearson correlation coefficients for rank scores of the expected satiation of 10 food 

items: 

 
Chocol

ate 

cake 

Salmo

n 

Ice-

cream 
Donut 

Beef 

steak 
Grapes Bread Waffle 

Croiss

ant 
Hotdog 

Chocol

ate 

cake 

1 -0.45** 0.14** 0.38** -0.23** -0.29** -0.28** 0.19** -0.20** -0.10* 

Salmo

n 
  -0.21** -0.43** 0.32** 0.10* -0.09** -0.37** -0.16** -0.01 

Ice-

cream 
   0.13** -0.24** 0.01 -0.27** 0.06 -0.13** -0.24** 

Donut     -0.44** -0.31** -0.12** 0.16** -0.06 -0.13** 

Beef 

steak 
     -0.06 -0.14** -0.27** -0.25** 0.14** 

Grapes       -0.07 -0.19** -0.01 -0.28** 

Bread        -0.26** 0.18 -0.10** 

Waffle         -0.12** -0.05 

Croiss

ant 
         -0.19** 

Hotdog          1 

**p < 0.001, *p < 0.05 
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Table H3: 

Pearson correlation coefficients for rank scores of the frequency of intake of 10 food 

items: 

 
Chocol

ate 

cake 

Salmo

n 

Ice-

cream 
Donut 

Beef 

steak 
Grapes Bread Waffle 

Croiss

ant 
Hotdog 

Chocol

ate 

cake 

1 -0.15** 0.04 0.15** -0.26** -0.10* -0.02 0.02 -0.18** -0.12** 

Salmo

n 
  -0.20** -0.31** 0.12** 0.04 -0.21** -0.11** -0.11* -0.21** 

Ice-

cream 
   0.03 -0.18** 0.01 -0.15** 0.09 -0.14** -0.20** 

Donut     -0.23** -0.19** -0.10* 0.09 -0.02 0.12** 

Beef 

steak 
     -0.20** -0.16** -0.16** 0.07 -0.15** 

Grapes       -0.11** -0.06 -0.21** -0.20** 

Bread        -0.04 -0.08 0.02 

Waffle         -0.07 0.03 

Croiss

ant 
         -0.04 

Hotdog          1 

**p < 0.001, *p < 0.05 
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Appendix I: Supplementary data for Chapter 7  

Regression equation: Statistical assumptions 

Table I1 presents the intercorrelations for predictor variables BMI, age, 

WHtR, RMR and sex.  

Table I2 and I3 present the Durbin-Watson statistics and tolerance values for 

regression analysis (model 1& 2). The linearity of each predictor variable (BMI, age, 

waist, RMR) and the outcome variable (portion size) was assessed by partial 

regression plots and plots of the standardised residuals against unstandardized 

predicted values.  There was independence of residuals as inspected by Durbin-

Watson statistic (please refer to table I2 below). There was homoscedasticity as 

assessed by visual inspection of a plot of standardised residuals against 

unstandardized predicted values. There was no evidence of multicollinearity as 

assessed by tolerance values greater than 0.1. There were no studentized deleted 

residuals greater than ±3 standard deviations, no leverage values greater than 0.2, or 

Cook’s distance values greater than 1. The assumption of normality was met as 

assessed by visual inspection of the Q-Q plot.  

Table I1: Intercorrelations between predictor variables age, BMI, WHtR, RMR and sex 

 LnAge LnBMI LnWHtR RMR Sex 

LnAge 1 0.25** 0.34** -0.14** -0.03 

LnBMI   0.86** 0.53** 0.13** 

LnWHtR    0.41** 0.16** 

RMR     0.78** 

Sex     1 

**p < 0.001 
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Table I2: Durbain-Watson statistic and tolerance values for predictor variables 

used in regression model 1 

Model 1 
Durbin-Watson 

statistic 
Tolerance values 

Predictor 

variable 

 WHtR Age RMR 

Peas 1.96 0.66 0.79 0.73 

Corn 1.95 0.67 0.80 0.73 

Peanuts 1.95 0.67 0.79 0.73 

M&M's 2.01 1.52 1.25 1.38 

Chocolate 2.05 0.66 0.80 0.74 

 

Table I3: Durbain-Watson statistic and tolerance values for predictor variables 

used in regression model 2 

Model 2 
Durbin-Watson 

statistic 
Tolerance values 

Predictor 

variable 

 Age WHtR Sex 

Peas 2.09 0.88 0.86 0.97 

Corn 2.20 0.88 0.86 0.97 

Peanuts 2.12 0.88 0.86 0.97 

M&M's 2.25 0.89 0.86 0.96 

Chocolate 1.98 0.88 0.86 0.97 
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Appendix J: Ethics Committee Documents 

J1: Sample participant consent form consent for Chapter 4 

 

PARTICIPANT CONSENT FORM  

Title of Research Project:  

The influence of food sensory qualities on appetite-related hormones 

Brief Description of Research Project:  

The aim of this study is to look at the how the different properties of food (taste, 

flavour, nutrient content) influence hormones involved in controlling appetite 

and food intake. The trial will test 20 participants and take place over two 

mornings and lunchtimes at Whitelands College Campus, University of 

Roehampton, London. 

On the first day, you will be provided with a standard breakfast meal.  

Approximately 3 hours later, you will be provided with either a savoury meal 

or sweet dessert.  Shortly before the meal, we will ask permission to obtain a 

blood sample by venous cannulation.  The cannula will remain in your arm so 

that we will be able to obtain further blood samples taken before the meal 

(baseline 0 min), early-meal (+5 minutes), then at 15, 30 and 60 min following the 

meal. After that, the cannula will be removed.  On the second trial day, we will 

repeat the same procedure.  There will be a 7-day interval between the first 

and second trial day. The blood samples donated will be destroyed after 

completion of all analyses or upon withdrawal from the project. 

As part of this study, you will be required to complete a medical health history 

questionnaire; some brief personality questionnaires; a body composition 

assessment where your weight, height and body fat and lean body mass will 

be measured. For this assessment we will use the BOD POD and the 

assessment involves sitting in an enclosed chamber with a viewing window for 

approximately 40 seconds while the BOD POD records changes in air 

pressure and volume inside the chamber.  These values will be used to 

calculate your body composition. The assessment also requires that you wear 

minimal, tight-fitting clothing or a swimsuit.  You will ask be asked to provide a 

dietary record of all the food you have eaten over last 24 hours; visit the 

university laboratory on the morning of the requested days, and consume two 

breakfast and lunch meals on these testing days.  



297 

 

 

Investigator Contact Details: 

Name: Christle Coxon 

Department: Psychology 

University address: Whitelands College, Holybourne Avenue, London 

Postcode: SW15 4JD 

Email: coxonc@roehampton.ac.uk  

Tel : 020 8392 6005 

Consent Statement: 

I agree to take part in this research and am aware that I am free to 
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Appendix K: Published abstracts 

Coxon C., Gibson, E.L., Chhina, N., Scholtz, S., Purkayastha, S., Moorthy, 

K., Hakky, S., Ahmed, A. & Goldstone, A.P. (2016). Reduced desire to eat and ideal 

creaminess of food following gastric bypass surgery, Appetite, 107, 679-680. 

 Gibson, E.L., Coxon, C., Crossman, M., Norbury, R., Bakic, D., Elias-Stagg, 

F., Brunstrom, J.M. (2016). Family influence on portion size? sibling number and 

birth position are inversely related to maximum portions chosen across a range of 

foods.  Appetite, 107, 681 

Coxon, C.; Halsey, L.; Gibson, E.L. (June, 2016) Sugar and fat interact to 

encourage overeating. Poster presentation at the International Society for 

Behavioural Nutrition and Physical Activity (ISBNPA, 2016). 

Gibson, E.L.; Coxon, C.; Crossman, M.; Norbury, R.; Bakic, D.; Elias-Stagg, 

F.; Brunstrom, J.M. (June, 2016) Eating rate is positively related to adiposity in 

adults and children independently of birth order, sibling number, reward sensitivity 

and FTO rs9939609 polymorphism. Poster presentation at the International Society 

for Behavioural Nutrition and Physical Activity (ISBNPA, 2016). 

 

Abstract presentations: Obesity week 2016  

Are reductions in reward responses to high-energy foods after gastric bypass 

surgery related to aversive symptoms and dumping syndrome? B Zaki 1, N Chhina 1, 

C Coxon 2, N Onokwai 1, S Scholtz 3, S Purkayastha 3, K Moorthy 3, S Hakky 3, A 

Ahmed 3, AP Goldstone 1 

1 Division of Brain Sciences, Imperial College London, UK; 2 Dept. of 

Psychology, University of Roehampton, London, UK; 3 Imperial Weight Centre, St. 

Mary's Hospital, London, UK 
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Healthier food hedonics and emotional eating link with orbitofrontal cortex 

and amygdala responses to food and unpleasant images after gastric bypass surgery  

Chhina N1, Coxon C2, Onokwai N1, Scholtz S3, Purkayastha S3, Moorthy K3, 

Hakky S3, Ahmed A3, Goldstone AP1 

1Division of Brain Sciences, Imperial College London, UK; 2Dept. of 

Psychology, University of Roehampton, London, UK; 3Imperial Weight Centre, St. 

Mary’s Hospital, London, UK 

 

Manuscripts in preparation 

Potter, C1*., Gibson, E.L.2, Griggs, R.L1., Ferriday, D.1, Coxon, C.2, 

Crossman, M.2, Norbury, R.2, Rogers, P.J.1,3, Brunstrom, J.M.1,3 (2019) Eating rate, 

sibling number, birth order and adiposity: Exploring associations between number of 

siblings, birth order, eating rate and adiposity in children and adults.  

 

1 Nutrition and Behaviour Unit, School of Psychological Science, University 

of Bristol, 12a Priory Road, Bristol, BS8 1TU, UK. 2 Department of Psychology, 

University of Roehampton, London, SW15 4JD, UK. 3 National Institute for Health 

Research Bristol Biomedical Research Centre, University Hospitals Bristol NHS 

Foundation Trust and University of Bristol, UK  
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Appendix L: Post-hoc power analysis of experimental studies 

Chapter 3: 

Change in hunger: For the number of participants (N = 19) to detect a 

medium size effect (d =0.5), statistical difference (power (1 – B) = 0.64, a = 0.05, 

GPOWER 3.1). To achieve adequate power > 0.8, 30 participants would need to be 

tested.  

Change in wanting:  For the number of participants (N = 19) to detect a 

medium size effect (d =0.5), statistical difference (power (1 – B) = 0.49, a = 0.05, 

GPOWER 3.1). To achieve adequate power > 0.8, 42 participants would need to be 

tested. 

Chapter 4: 

Intake:  For the number of participants (N = 14) with a small effect size (d 

=0.27), statistical difference (power (1 – B) = 0.15, a = 0.05, GPOWER 3.1). To 

achieve adequate power > 0.8, with a medium effect size (d= 0.5), 35 participants 

would need to be tested. 

Changes in acyl-ghrelin levels at T5:  For the number of participants (N = 10) 

with a small effect size (d =0.27), statistical difference (power (1 – B) = 0.43, a = 

0.05, GPOWER 3.1). To achieve adequate power > 0.8, with a small effect size (d= 

0.3), 20 participants would need to be tested. 

Chapter 5 

Intake: For the number of participants in each activity group (N = 8) with 

a medium effect size (d =0.48), statistical difference (power (1 – B) = 0.25, a = 

0.05, GPOWER 3.1). To achieve adequate power > 0.8, with a medium effect size 

(d= 0.5), 20 participants would need to be tested. 
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