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The regulation of feeding behavior and energy balance is crucial for maintaining health. 
Various modern day health problems like obesity, metabolic syndrome, diabetes type 
2 and eating disorders are all linked to a combination of disrupted feeding behavior 
and energy balance. In addition to the well-known endocrinological aspects in this, 
recently it was recognized that the brain is very important in regulation of our feeding 
behavior, both on a conscious and sub-conscious level. 
In the regulation of feeding behavior, various internal and external factors play a 
role. Hunger and the basic need for energy for both the body and brain are the main 
driving factor to start eating. Energy intake is regulated by the homeostatic system. 
The most important brain area of this system is the hypothalamus, which uses 
objective signal from the periphery to determine the energy status of the body and 
combines these with signals of hunger and satiety. However, besides caloric need, 
the pleasure and reward of eating and drinking  may also lead to the intake of more 
energy than strictly necessary. Unfortunately, highly palatable food is often high in 
carbohydrates, high in fats and usually strongly flavored. All of these characteristics 
can be very stimulating and elicit strong rewarding responses from the brain. Other 
factors such as memory and learned habits, social circumstances, personal preference 
and inhibitory control can also influence hedonic feeding. The hedonic regulation is 
mainly determined by the limbic and executive control systems of the brain, which 
can inhibit or override the homeostatic system. If so, this often leads to energy intake 
that is not in line with homeostatic need. Altogether, the central regulation of energy 
balance by the brain is a very complex, but is important in maintaining health. 
Extending knowledge on how these process are influenced and disrupted is crucial 
for a better understanding of feeding behavior and effects of diet on the brain, and 
for the development of markers aiding in the management of obesity, metabolic 
syndrome and eating disorders.
In this chapter the neuronal brain systems involved in central regulation of energy 
balance will be explained in more detail. The differences in function and responses of 
these systems when energy balance is disrupted will also be introduced. Furthermore, 
the effects that different food characteristics can have on the functional responses of 
the brain in the maintenance of energy balance will be described. And a short 
introduction of Magnetic Resonance Imaging techniques to investigate these functions 
and responses will be given. Finally, the  overall aim of this thesis and the aim of the 
various chapters will be discussed.

Central regulation of energy balance by the homeostatic and hedonic systems
In the last decades the regulatory role of the brain in directing energy balance, glucose 
homeostasis, and  eating behavior, is increasingly being recognized [1-3]. Energy 
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balance is centrally regulated by the brain through several interacting neuronal 
systems. The  homeostatic system and the hedonic system are mainly involved in 
maintaining energy balance [2, 4]. The homeostatic system, consisting of the 
hypothalamus and several nuclei in the brainstem, regulates energy intake by 
combining satiety signals with metabolic and hormonal cues from the periphery [4, 5]. 
In this system, the hypothalamus is the most important structure. It regulates energy 
balance by integrating information from glucose and insulin trajectories with varying 
levels of hormones and peptides from the gut and stomach [6-10]. Circulating metabolic 
cues that are related to the energy status of the body, such as ghrelin, leptin and insulin, 
all influence the homeostatic regulation by initiating signals of hunger and satiety [11, 
12]. This information is than integrated with signals from the reward system [13]. A 
schematic depiction of these interactions between the periphery and homeostatic 
satiety and reward signalling is shown in figure 1. The reward pathway is responsible 
for the hedonic response to food. The ventral tegmental area (VTA) and other areas of 
the limbic system, such as the amygdala and nucleus accumbens, are brain areas that 
are  important in this hedonic response [14]. The VTA is the origin of dopaminergic 
signaling in the mesolimbic reward system, which is a key substrate for reward 
prediction and response [15]. The VTA is anatomically and functionally connected to 
the hypothalamus and integrates homeostatic signals with reward responses [16-18]. 
Hedonic processes can, completely without awareness, override the homeostatic 
system and lead to disrupted energy balance, eating behavior and finally to obesity 
[14, 19]. 

Figure 1. Central regulation of energy balance. The brain 
coordinates food intake based on various homeostatic 
(satiety) signals from the periphery and gut combined with 
reward signals. CCK, cholecystokinin; FFAs, free fatty acids; 
GLP1, glucagon-like peptide 1. Adapted from Morton, G.J., 
et al. Nat. Rev. Neurosci, 2014. 15(6)
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Understanding of homeostatic and hedonic functional brain responses yields insights 
into satiety signaling, nutrient sensing, energy seeking and feeding behavior. Moreover, 
it may aid in the development of neurophysiological markers for (de)regulation of these 
systems in obesity, eating disorders or type 2 diabetes. 

Effects of food characteristics and different nutrients on functional 
brain responses  regulating energy balance
The palatability of food and beverages plays an important role in the consumption of 
energy. Various food characteristics can influence palatability and therefore influence 
regulation of energy intake. Several aspects of food and beverages such as taste, smell, 
visual cues and energy content have been found to elicit or influence functional brain 
responses [20-22]. The ingestion of different mixtures of macro nutrients, fats, proteins 
and carbohydrates, which all have specific effects on the brain, can elicit various brain 
responses [23, 24]. Circulating glucose is the primary source of energy for the brain, 
and its metabolism is kept under tight regulation to maintain optimal (brain) physiology 
[25, 26]. Both homeostatic and mesolimbic pathways in the brain have glucose sensing 
neurons and respond readily to glucose ingestion [25, 27, 28]. Glucose has been shown 
to elicit a homeostatic satiety response from the hypothalamus almost immediately 
after ingestion indicated by a decrease in hypothalamic neuronal activity [8, 29-31]. 
Glucose is a commonly consumed natural sugar and is used a sweetener in various 
foods and beverages. In addition to glucose, various other mono- and di-saccharides, 
such as fructose and sucrose, and low or non-caloric sweeteners are increasingly being 
used to sweeten foods and beverages [32, 33]. The metabolic pathways of these 
sweeteners is all different. For instance; in contrast to glucose, fructose cannot be used 
directly as a source of energy but first has to be metabolized by the liver before it can 
be taken up in the blood and recognized by the brain [7, 34, 35]. The metabolic effects 
of non-caloric sweeteners are less straightforward. Although, non-caloric sweeteners 
are expected to decrease caloric intake and might therefore be useable to control 
obesity [36], epidemiological studies have found that non-caloric sweeteners might 
have the opposite effect and could actually lead to increased energy intake [9, 37]. The 
increased ingestion of glucose, fructose or non-caloric or low caloric sweeteners over 
the last decades, coincides with increased prevalence of obesity [38, 39]. This increases 
the particular interest of investigating the homeostatic and hedonic aspects  of these 
substances [9, 32, 39, 40]. 
An important contributor to the overall increased intake of sugars and sweeteners in 
the modern diet is the increased consumption of sweetened beverages [40]. Generally, 
sugar sweetened beverages have a very high sugar content and are sweetened with a 
combination of several sugars (a typical nutrition label for a sugar sweetened beverages 
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is shown in figure 2). In the palatability and rewarding aspects of consumption of sugar 
sweetened beverages several factors are involved. In addition to the high energy 
content and sweetness, the refreshment and thirst quenching features are also 
important [41]. Drinks consumed at low temperatures have been shown to be more 
thirst quenching than drinks consumed at room temperature [42], indicating that the 
relatively low consumption temperature, at which sugar sweetened beverages are 
generally consumed, could have effects on reward and homeostatic brain responses. 
In addition to sweetness and energy content and consumption temperature, the 
pleasantness of food is also affected by factors such as flavor and texture. Flavor can 
have a direct influence on feeding behavior by making food palatable and attractive 
and thereby eliciting a reward response in the brain [16, 43, 44]. Taste and flavor are 
an important part of the palatability and pleasantness of food and have been shown 
to have an effect on the consumption volume and rewarding effects of food and might 
cause overeating [43, 45, 46]. Energy ingestion combined with a pleasant flavor has 
been shown to enhance the rewarding properties of energy ingestion. For instance, 
when glucose is paired with a congruent flavoring, the perception of flavor is enhanced, 
and results in a greater feeling of satiety [47-49]. Furthermore, sweet taste that is rated 
as pleasant has been shown to elicit an insulin response when applied to the oral cavity 
only [50]. Although the evidence for the effect of taste perception on the insulin 
response is limited, these results suggest that the taste of food, independent of energy 
content, might influence the central regulation of energy intake and the peripheral 
energy metabolism. 
Taken together, current scientific evidence indicates that various ingredients and other 
aspects of food and beverages as consumed in our modern day diet could influence 
and/or alter functional brain responses important for the maintenance of energy 
balance. Therefore, investigating these effects is important for our understanding of 
how they might affect regulation of energy consumption and feeding behavior and 
what role they could play in the disruption of energy balance.

Figure 2. Typical nutrition label of a sugar sweetened beverage.
Sugar sweetened beverages are often very high in sugar and 
sweetener content, often containing various other sugars or added 
artificial sweeteners besides glucose such as sucrose and high 
fructose corn syrup.
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Altered brain function in disrupted energy balance
Knowledge of the regulation of the energy balance by the brain is also important 
because various modern day health problems and chronic diseases can be led back 
to a disrupted energy balance, feeding behavior and altered brain function. One of the 
most important and most prevalent public health concerns is obesity and its subsequent 
co-morbidity [51]. Obesity is generally marked by a disrupted energy balance and 
increased storage of energy (fat) often coinciding with disturbed eating behavior [52]. 
The regulatory role of the brain in obesity is essential since it has unequivocally been 
shown that in obese persons the function of homeostatic and hedonic brain areas is 
altered [53-57]. Generally, in obese persons, brain connectivity and activity is increased 
compared to lean persons [53, 56-58], especially in brain areas that are involved in 
reward processes [53-55, 57]. Furthermore, brain responses to fasting but also to food 
intake are different between lean and obese persons [59]. In diabetes type 2, a common 
co-morbidity of obesity, the hypothalamus demonstrates a decreased homeostatic 
response after glucose ingestion [29, 30]. This lack of response can be caused by 
disrupted insulin sensitivity and signaling. Insulin is a hormone that gives negative 
feedback to hypothalamic nuclei that control energy and glucose homeostasis, and is 
vital in the regulation of glucose and energy metabolism [60-63]. Hypothalamic 
functioning is also important on the other end of the spectrum of a disrupted energy 
balance. For instance, in patients with anorexia nervosa, who demonstrate a severe 
negative energy balance  and disrupted feeding behavior, the hypothalamic-pituitary-
adrenal axis is hyperactive [64-66]. 
Taken together, disrupted brain function plays an important role in several diseases 
and conditions associated with a disrupted energy balance. Investigating these 
alterations in brain function and how they could be influenced and/or normalized is 
therefore important to determine potential targets for the treatment of obesity, 
metabolic syndrome and eating disorders.

Magnetic resonance imaging techniques to investigate functional brain 
responses
To investigate functional brain responses in regulating energy balance, functional 
Magnetic Resonance Imaging (fMRI) can be used to visualize and quantify both 
functional brain activity and connectivity. Blood oxygen level dependent (BOLD) fMRI 
is used as a measure of neuronal activity [67]. BOLD fMRI has been used extensively 
to analyses the immediate effects of nutrient ingestion on specific brain areas and 
throughout the brain [8, 20, 30, 31]. Beyond measurements of neuronal activity, 
analysis of functional connectivity can been used to provide further insights into brain 
areas interacting together to perform specific functions. Functional connectivity analysis 
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has been successfully used to identify and investigate various functional networks 
involved in feeding behavior, reward responses and energy balance. Changes in 
connectivity in these networks have been found after exposure to food cues and 
nutrient ingestion [54, 55, 68-70]. 

Aim of this thesis
The primary aim of this thesis was to gain more insights into brain function in the 
maintenance of energy balance by determining the effects of several aspects of our 
modern day diet and the effects of a disrupted energy balance on functional brain 
responses. With the goal to further elucidate both normal and disrupted central 
regulation of energy consumption and feeding behavior to find neurophysiological 
markers aiding in the management of obesity, metabolic syndrome and eating 
disorders.
As glucose is the preferred source of energy of the brain we first investigated the 
normal functional brain responses to glucose (Chapter 2) in healthy normal weight 
participants. However, in addition to glucose other sugars and sweeteners are often 
consumed as part of our daily diet. Therefore, to gain a better understanding of the 
different effects of the ingestion of other caloric and non-caloric sweeteners in addition 
to glucose, in Chapter 3 we investigated the effects of several different sugars and 
sweeteners on the homeostatic and hedonic responses. With the exception of sugar 
sweetened beverages, sugars and sweeteners are usually consumed in a mixed meal 
together with other nutrients. Therefore, in Chapter 4 we investigated the effects of 
different sugars and sweeteners throughout the brain in the context of other nutrients. 
To this end, we investigated the effects of the ingestion of sweetened nutrient shakes 
containing fats and protein and sweetened with either the nutritive natural sugars or 
low- /non-nutritive sweeteners. In addition to  the effects of sweetness and energy 
content, we investigated the role of consumption temperature (Chapter 5) and 
flavoring (Chapter 6) of beverages on hedonic and homeostatic brain responses. 
As discussed, various metabolic cues, such as circulating insulin, are known to influence 
homeostatic regulation of energy balance via the hypothalamus. Deficits in central 
insulin action in Diabetes type 2 are theorized to play a role in defective hypothalamic 
responses to glucose. As a proof of concept we investigated in Chapter 7 whether 
centrally administrated insulin could potentiate the BOLD response in the hypothalamus 
after glucose ingestion in healthy normal weight subjects.
Because of the strongly disrupted energy balance and known hypothalamic dysfunction 
in patients with anorexia nervosa, we investigated whether the hypothalamic response 
to energy ingestion in these patients was disrupted (Chapter 8). Obesity is also be 
characterized by a disrupted energy balance and alter feeding behavior. The disrupted 
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energy balance in obesity is also associated with altered brain function, often in the 
form of increased connectivity and activity, compared to lean persons [53, 56-58]. 
However it is not known if these altered functions are the cause or a consequence of 
excess body weight. Therefore, in Chapter 9 we investigated whether weight loss could 
reverse and/or normalize the increased brain activity in obese participants. 
Overall conclusions, final remarks on the findings of this thesis and future perspectives 
are discussed in Chapter 10.
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