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Chapter 1

General Introduction



In the developed world, the prevalence of obesity has been growing over the past 
decades, reaching epidemic proportions1,2,3. This has been receiving increasing 
attention, especially since visceral (or central) obesity plays a key role in the 
development of the metabolic  syndrome, diabetes and ultimately cardiovascular 
disease2,4,5,6. The etiology of overweight and obesity has been attributed to 
numerous causes, including genetic, physiological, environmental and behavioral 
factors7,8,9. In this thesis, methods are explored to model brain activity using 
functional  magnetic  resonance imaging (fMRI) and the brain representation of the 
rewarding value of food. The effects of some cognitive and anthropometric  factors, 
related to liking and wanting related signaling in the brain were studied. These 
factors included dietary restraint and disinhibition, and body mass, activation of the 
hypothalamus pituitary axis (HPA-axis) and shifts in macronutrient intake. 

Energy balance
To maintain a constant supply of energy while maintaining stable body weight, 
energy intake and energy expenditure need to be in balance. A recent study 
observed that total  energy expenditure did not decrease between 1988 and 2006. 
Thereby, it is suggested that the recent rise in obesity may result from maintaining 
positive energy balance through increased energy intake over long periods of time, 
rather than from a lack of physical exercise and the resulting lower activity induced 
energy expenditure10. This idea is supported by studies that have indicated that the 
increased incidence of obesity was paralleled with increasing portion sizes of 
commercially available foods and sweetened drinks and also possibly increased 
sugar and fat intake11,12. 
In controlling energy intake with respect to energy balance, two modes have been 
described: Firstly, homeostatic eating, in which energy intake matches energy 
expenditure. Here, energy intake is related to hunger and satiety and this mode of 
eating leads to energy balance and a steady body weight. Secondly, non-
homeostatic  eating, in which energy intake does not match energy expenditure, e.g. 
eating in the absence of hunger13. This non-homeostatic eating over extended 
periods of time, by definition leads to body-weight change, if the energy imbalance is 
not restored e.g. through adjusting energy expenditure by altering the physical 
activity level13. It has been shown that homeostatic  eating does not necessarily take 
place on a daily basis: Subjects that were in energy balance had a highly variable 
energy intake from day to day, but over a week, energy intake was closely related to 
energy expenditure14, indicating that homeostatic  regulation may take place over a 
number of days. In non-homeostatic eating, the degree to which overeating takes 
place has been attributed to the rewarding value of food7,15,16. 
In the brain, homeostatic and non-homeostatic processes are attributed to two 
divergent pathways13. Homeostatic signaling is derived from two origins (Figure 1): 
Firstly, orosensory signals and sensory input from the gastrointestinal tract that 
arrive in the central  nervous center through the nucleus of the solitary tract (NTS), 
from which they are projected through the parabrachial nucleus to the thalamus and 
the primary taste cortex15,17. Additional  sensory input, namely olfactory signals, 
originate in the olfactory bulb, and are projected to the olfactory cortex, converging 
with the taste signals in the hypothalamus and orbitofrontal cortex18. Secondly, the 
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energy state is sensed through several pathways: Food intake leads to uptake of 
nutrients into the blood stream (glucose, amino acids, free fatty acids) and to 
gastrointestinal release of numerous regulatory peptide hormones, such as insulin, 
leptin, cholecystokinin (CCK), peptide YY (PYY), glucagon-like peptide 1 (GLP1) 
and to the inhibition of the ghrelin18,19. Signaling of the energy state follows two 
distinct routes. The first route, is signaling through the vagus nerve, which connects 
the peripheral  organs to the brain. Signals that arrive in the NTS from the vagus 
nerve include gastric  distention signals and signals derived from receptors for CCK, 
leptin, GLP1 and PYY20,21 and these hormonal receptors on the vagal  afferents are 
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Figure 1: The homeostatic system. 
Nerve inputs  from peripheral organs,  including the gastrointestinal tract, are received in the 
nucleus of the solitary tract (NTS) through the vagus nerve (nervus vagus, NV). These 
Gastrointestinal and taste signals  received in the NTS are signaled to the hypothalamus 
(Hyp) and to the parabrachial nucleus (PBN), thalamus (Thal),  sensory cortex (SCt) and 
further through the insula (Ins) to the orbitofrontal cortex (OFC). Olfactory input from the 
olfactory  bulb (OB) is signaled to the hypothalamus and OFC. Another connection leads 
from the NTS to the Amygdala (Amy), which also receives input from the OFC. Loops 
between the OFC, nucleus accumbens (NAc), ventral tegmental area (VTA), striatum (Str) 
and prefrontal cortex (PFC), connect the homeostatic processes to the motivational system, 
which is required to execute homeostatic eating. In the hypothalamus, additionally receptors 
for nutrients and peptide hormones are expressed. These substances enter the brain 
through the blood brain barrier (BBB). Regulatory output from the hypothalamus targets the 
NTS and the periphery through the NV, as well as neuronal projections to the pituitary gland 
(PIT), thereby regulating release of multiple hormones into the blood stream. Hormones are 
indicated in italics and hormone signaling is indicated with an intermittent  line.  PFC: 
prefrontal cortex, CCK: Cholecystekinin, GLP1:  glucagon-like peptide 1, PYY: peptide YY, 
Ins: insulin, Lep: leptin, Ghr: ghrelin, Glu: Glucose, FFA: free fatty acids, ACTH: adreno-
corticotrope hormone, TSH: thyroid stimulating hormone, OT: oxytocin, VP: vasopressin, 
GH: growth horomone. 



additionally modulated by peripheral glucose levels20. The NTS is connected to the 
ARC and PVN through neuroepinephrine and neuropeptide Y (NPY) neurons22. In 
addition, nutrients and peptide hormones arrive in the brain through the blood brain 
barrier (BBB) and the transport of peptide hormones, such as insulin, leptin and 
ghrelin, involves active processes. These processes show diurnal variation, and 
modulation by other factors, e.g. the presence of insulin enhances leptin transport 
and triglycerides promote insulin transport, while inhibiting leptin and ghrelin 
transport19,23. In the brain, nutrient and peptide hormone sensing is predominantly 
located in the arcuate (ARC) and paraventricular nucleus (PVN), as well  as the 
ventromedial (VMH) part of the hypothalamus15,18,22,24,25. In the ARC, receptors for 
insulin, leptin and ghrelin have been found 15,18,25, there are indications for GLP1 
signaling in the PVN and neurons sensitive to glucose and fatty acids and possibly 
amino acids have been discovered in the lateral hypothalamus18,24. Projections from 
the ARC to the LHA and finally NTS involve signaling with NPY and agouti-related 
protein (AgRP) neurons that stimulate food intake, as well  as signaling by pro-opio-
melanocortin (POMC)/α-melanocyte stimulating hormone (αMSH)/cocaine and 
amphetamine regulated transcript (CART) neurons, which inhibit food intake18,22. 
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Figure 2: The motivational system. 
This  system is involved in non-homeostatic aspects of  food intake. Key regions involved in 
motivational signaling are the regions of the dopamine mediated reward signaling, which are 
the ventral tegmental area (VTA), the striatum (Str) which includes the pallidum, putamen 
and caudate, and the nucleus accumbens (NAc). In return, the VTA receives returning input 
from the Str and NAc, and additionally from the hypothalamus (Hyp) and the amygdala 
(Amy). Some projections from the NAc target the orbitofrontal cortex (OFC), possibly 
modulating the hedonic  properties associated with the current reward. The NAc, Amy and 
Str, reciprocally link to the prefrontal cortex (PFC), the location of executive functions, which 
receives further input from the thalamus. The PFC modulates the sensory signals that arrive 
from the thalamus (Thal) to the Str,  in the sensory-motor cortex (SMC), where motor signals 
may also be induced resulting in behavior.



The leptin induced signaling via the POMC/αMSH and its receptor, the melanocortin 
4 receptor (MC4R), has become known as the leptin melanocortin pathway, and 
specifically this signaling cascade has been implicated strongly in feeding behavior, 
such that increased leptin leads to increased αMSH and MC4R activation, leading to 
decreased energy intake26. Signaling from the LHA, using melanocortin 
concentrating hormone (MCH) and orexin, has been implicated in increasing food 
intake, while signaling from the PVN to the pituitary and NTS, involving corticotropin 
releasing hormone and oxytocin reportedly inhibits feeding behavior 18. 
Experimentally, the importance of the hypothalamus in feeding behavior has been 
underscored in studies describing increased food intake after stimulating the lateral 
hypothalamus, while food intake seized when this region was damaged by 
lesions27,28. Additionally, in overweight and obese subjects, melanocortin signaling 
was specifically targeted with MC4R agonists and this has been shown to reduce 
food intake26,29. Overall, in this homeostatic  system, the key areas are those 
associated with taste and hedonics, i.e. the orbitofrontal cortex and insula, and the 
hypothalamus as key recipient of peripheral input and source for peripheral  signal 
output. Furthermore, parallel  projections from the NTS and projections from the 
orbitofrontal  cortex converge in the amygdala and nucleus accumbens (NAc), the 
latter of which has especially been implicated in the motivational aspects of eating 
behavior18,30. 
Non-homeostatic  signaling is largely independent of the nutritional status and is 
closely related to the rewarding value of food18,30,31. In this pathway the dopamine 
mediated reward circuitry is essential (Figure 2). Dopamine projections originates in 
the ventral tegmental area (VTA) and project to the NAc, striatum (caudate, 
putamen, globus pallidus) and the thalamus 32,33,34. These areas connect to several 
other areas: From the NAc, projections loop back to the VTA and forward from the 
NAc to the prefrontal cortex, orbitofrontal cortex13,18, striatum and the amygdala; 
additional  projections from the latter two return to the VTA33. Specifically the 
dopaminergic projections from the VTA to the NAc have been implicated in food 
intake: Direct stimulation in the NAc  using dopamine increased food intake in 
rodents and cats35,36,37, and certain antipsychotics with an antagonistic  effect on 
dopamine D2 receptors have been shown to significantly increase body weight in 
psychiatric patients38, indicating a key role for specifically dopamine in food intake 
regulation. Additional connections from the VTA to the thalamus, hypothalamus and 
returning to the VTA, modulate the VTA32 and loop between the prefrontal cortex and 
respectively the striatum, NAc and amygdala. These connections link the reward 
and taste systems to the executive functions of the prefrontal cortex 32,33,39,40. 
Overall, key areas in this non-homeostatic  system are the striatum with input from 
the VTA, as well  as the NAc and the amygdala. Connections from the prefrontal 
cortex to the sensory-motor cortex, may represent modulation of sensory signals 
and motor signals resulting in directed behavior, such as eating. 
Behaviorally, non-homeostatic  eating may be countered using cognitive dietary 
restraint. This process, together with disinhibition, i.e. loss of control  and perceived 
feelings of hunger, are assessed using the ‘Three Factor Eating Questionnaire’ by 
Stunkard and Messinck41, and they each are represented by one of the factors (F1, 
F2 and F3, respectively41). Together, the three factors indicate the individuals’ 
success in restricting energy-intake: successful dietary restraint is associated with 
relatively high scores for dietary restraint (TFEQ F1) and low disinhibition and 
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feelings of hunger scores (TFEQ F2 and F3, respectively42,43). Conversely, 
unsuccessful  dietary restraint is a consequence of high disinhibition and high 
feelings of hunger that may lead to the break down of restraint and increasing 
energy-intake43,44. While cognitive dietary restraint, disinhibition and feelings of 
hunger have been studied in behavioral studies, the question remained how the 
underlying processes may be represented in the brain.

The rewarding value of food as liking and wanting
Berridge proposed the ‘incentive salience’ theory30 that divides the rewarding value 
of food into two distinct processes: ‘Liking’ which is the hedonic preference for, or 
palatability of each respective food-item. This liking is directly related to the taste 
and the pleasantness of taste that is associated with the respective food item. 
‘Wanting’ is the motivation to eat a particular food item, which is related to the 
reinforcing value and reward that is associated with the respective item30. Liking and 
wanting may occur in synchrony, however, although there are clear indications that 
liking and wanting are related, they are not the same process: individuals may like 
something without acutely wanting it, such as liking a food while satiated, or wanting 
something without necessarily liking it, which is especially true for drugs of 
abuse30,45. Additionally, this may apply to meal-specific  food items. The combination 
of liking and wanting defines to a large extent the rewarding value of a given food 
item and thereby its specific  perceived food reward30. Ultimately, it is argued that 
energy-intake is mainly determined by wanting46,47, implying that the motivational 
aspect of the rewarding value of food influences food intake to a higher degree than 
the hedonic value. 

Food reward, liking and wanting in the brain
Most of the work on the actual representation of the concepts of liking and wanting 
in the brain has been conducted in rodents. Behaviorally, liking and wanting have 
been described as related processes, containing convergent and divergent parts30. 
The overlap as well  as distinctiveness of liking and wanting have been described: 
processes related to wanting were found in the ventral tegmental area (VTA), 
nucleus of the solitary tract, ventral pallidum, ventral  striatum (including the nucleus 
accumbens) and possibly dorsal striatum (caudate, putamen)30,48,49,50,51,52,53. Other 
studies described similar regions, namely the VTA, ventral pallidum, striatum and 
nucleus accumbens as overlapping regions for liking and wanting, while the 
orbitofrontal  cortex, insular cortex and amygdala were reported as more specifically 
liking related areas33,46,54,55,56. Thereby, distinctiveness and partial  overlap of liking 
versus wanting in the central nervous system seems to involve regions similar to the 
homeostatic  versus non-homeostatic  pathways described earlier: Wanting, although 
influenced by some homeostatic signals, is predominantly related to the non-
homeostatic  motivational  pathways, and may therefore be involved specifically in 
non-homeostatic  eating30,57. Liking, which represents the hedonic value of food, is 
signaled through taste and pleasure pathways, which have been described as 
mostly the homeostatic  pathways30,57. The integration of liking and wanting into the 
rewarding value may take place in higher centers, such as the orbitofrontal and 
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prefrontal cortices, in which cognitive control is exerted, and which may then 
modulate the basal nuclei, i.e. NTS, VTA, striatal  regions and NAc in a top down 
manner31. For successful  reward related learning, it is necessary to evaluate reward 
outcomes, i.e. compare reward prediction with reward outcome. This comparison 
has been attributed to the anterior cingulate cortex, but also the nucleus accumbens, 
caudate and putamen48,58,59,60,61. Here, higher activation was found in cases were 
reward prediction did not match reward outcome, indicating that the error is signaled 
rather than the success of prediction. 
To investigate food reward specifically, several types of cues were used, including 
food images, positive and negative affective images, smells and tastes. Using any of 
these stimuli, consistently the regions associated with homeostatic and non-
homeostatic  signaling were activated, indicating that assessment of food choice, and 
liking and wanting using any of these stimuli should be feasible54,62,63,64,65,66. So far, 
the location of liking and wanting in the human brain has not been assessed using 
directly comparable paradigms. Thus while the behavioral aspects of liking and 
wanting have been studied in humans, the representations of these processes in the 
human brain have been inferred from animal research30,67,68,69. To assess and 
compare behavioral and centrally signaled liking and wanting, a set of stimuli that 
was comparable for liking and wanting was used. This paradigm was discriminatory 
between the two concepts, and the task related signaling in the brain was recorded 
simultaneously using functional neuroimaging.

Reward models
The relation between reward and food intake has been described with two distinct, 
but seemingly contradictory models. The reward sensitivity theory states that high 
reward, which is perceived as pleasurable, may lead to increased reward seeking. 
Arguably the strength of this theory is that pleasure is a necessary motivator for 
behavior: the more pleasurable it is to perform a given action (such as eating), the 
higher is the motivation to start and subsequent positive feedback supports 
continuation. Support for this theory has been found in human eating 
behavior70,71,72,73. Contrarily, the model of the reward deficiency syndrome explains 
reward seeking as the maintenance of a reward balance. Rather than acting on 
short term pleasure alone, it is thought that each individual needs to obtain a given 
total  level  of reward. Thereby subjects with lower reward sensitivity need to sustain 
their reward balance by increasing the frequency or intensity of the rewarding 
activity, such as eating74,75. With respect to obesity, lower dopamine receptor density 
has been observed in obese individuals as a function of BMI76. Furthermore, 
previous studies have shown that dopamine release in these brain areas is 
dependent on satiety and body mass index56,76, and recent studies showed that 
small genetic  variations in the gene for dopamine receptors is predictive of the level 
of brain signaling in the reward system and body weight in the present and 
future66,77. Additionally, it has been shown that repeated consumption of rewarding 
substances (drugs, food) leads to decreased dopaminergic  reward signaling75,78 and 
finally, several dopamine antagonists that are used to treat psychotic  disorders 
reportedly lead to increased body weight in many individuals, by increasing energy-
intake79. Taken together, low dopaminergic signaling may result in more frequent 
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meals and more diverse, or more palatable food, suggesting that the dopamine 
reward system is directly involved in the etiology of obesity. Recently, an attempt has 
been made to combine both reward models, describing reward sensitivity as a 
function of BMI as an inverted u-shaped relation. In this model, lower body-weight is 
associated with reward sensitivity, while higher body weight, is associated with 
reward deficiency80. It is argued that individuals with high reward sensitivity initially 
tend to have slightly higher body weight and are at high risk for getting heavier. At a 
certain weight, reward deficiency develops, leading to further increased body weight 
due to compensatory reward seeking. This new unifying theory of reward sensitivity 
may offer an interesting explanation for the discrepancy for the theories on reward 
sensitivity, while both theories seem to be supported by some studies. Given that 
reward deficiency has been described in overweight and obese individuals, it is likely 
that achievement of reward balance in those individuals can disturb energy balance, 
while successful  energy balance may lead to loss of reward balance. Thus these 
subjects cannot achieve both balances at once, leaving them prone to future weight 
gain.
The effects of body mass, hunger and satiety on activation of the reward system has 
been studied. However, it is of great interest how the processes of liking and wanting 
related brain signaling may relate to the behavioral  liking and wanting measures, 
and how they are modulated by hunger, satiety and body mass.

The effect of the hypothalamus pituitary (HPA) axis on the 
rewarding value of food 
Psychological stress has been implicated in the development of overweight and 
obesity, since stress indices haver risen in developed societies coinciding with 
increasing numbers of overweight and obese individuals81,82.  This stress is 
indicated by increased activity of the hypothalamus pituitary adrenal axis (HPA-axis), 
which ultimately leads to elevated cortisol levels83,84 and it has been shown that 
viscerally obese subjects often have increased cortisol levels compared with normal 
weight subjects85. Moreover, stress appeared to result in food choice for items with a 
higher content of fat and sweet, which are perceived as highly rewarding86,87,88,89,90. 
It was shown that stress leads to eating in the absence of hunger in subjects with 
high disinhibition scores91. This suggests that stress interferes with non-homeostatic 
pathways, such as food reward signaling, explaining a shift of food choice towards 
foods with high fat and carbohydrate content91. In the brain, interactions between 
dopamine reward systems and cortisol, and corticotropin releasing factor have been 
shown92,93,94,95,96, confirming that a state of endocrinological stress may lead to 
dramatic changes in food reward signaling. Overall, these findings suggest that 
stress related increase of cortisol may support the development of overweight and 
obesity.
Related to the effects of stress and HPA-axis activation, other hormones were 
implicated in regulating food intake, such as insulin and leptin. The obesogenic 
effects of leptin deficiency in rats can be reversed by subsequent adrenalectomy97, 
indicating that both leptin and cortisol signaling simultaneously, or co-dependently 
contribute to food intake regulation. Furthermore, insulin levels are positively related 
to cortisol  levels and it has been shown that insulin and cortisol  antagonistically 
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affect each other in relation to feeding behavior and body weight98,99,100. More 
specifically, it was shown that insulin and cortisol co-determined the macronutrient 
intake in rats, such that higher insulin levels were associated with higher lard intake 
in rats101 and other studies suggest that also high cortisol levels alone lead to altered 
food choice89,102,103. While the involvement of cortisol, insulin and leptin in food 
intake and reward signaling has been described, it remained unclear how these 
hormones may affect liking and wanting behaviorally, in the brain, or the link 
between brain and behavior. 

The effects of shifts in macronutrient composition
In studies of energy intake related to macronutrient intake, important differences 
between the satiating efficacies of each respective macronutrient was found. 
Consistently, protein was shown to have the highest satiating capacity, followed by 
carbohydrates and fat104, and satiety could be induced acutely with a single high 
protein meal, and sustained for longer periods of time when high protein meals were 
consumed104,105,106. Unfortunately, compliance to protein diets tends to be relatively 
low105. Additionally, it has been shown that extreme single macronutrient intakes 
during one meal, lead to macronutrient compensation, such that the overall 
macronutrient composition averaged across the day was close to normal over the 
whole day (39-46% of Energy carbohydrates, 37-44% of Energy fat and 17% of 
Energy protein107).
Macronutrient composition of a consumed meal  translates to changes in hormone 
levels, such as cortisol, cholecystokinine (CCK), glucagon like peptide 1 (GLP), 
ghrelin, insulin, leptin and peptide YY (PYY)101,104,106,108,109,110,111,112. In the brain, 
each hormone has been shown to modulate food choice and energy intake. The 
relationship between hormone levels and hunger ratings, or energy intake are less 
than perfect: the predictive value of hormones for hunger, satiety, or energy intake is 
generally no higher than approximately 30%113,114,115,116,117,118. However, a more 
recent study indicated that taking timing and time shifting into account may increase 
the predictive power to 40-70%119. Nonetheless, the usefulness of hormones as 
satiation and satiety markers is currently somewhat limited. Here, the focus was 
directed at the effects of different macronutrient intakes and macronutrient shifts on 
liking and wanting related brain activation. 

Functional neuroimaging
Previously, most of our knowledge on the rewarding value of food has been obtained 
through animal  research, often using highly invasive methods, involving brain 
surgery30. Until now, studies on the reward system have not specifically targeted the 
concepts of liking and wanting in humans using non-invasive neuroscience 
techniques120,121,122,123,124. Several methods of brain imaging and neuronal recording 
are available, each with its own merits and drawbacks, starting with the availability of 
each technique. One commonly used technique is functional magnetic resonance 
imaging (fMRI). This technique allows a relatively low risk assessment of neuronal 
activity, with a spatial resolution on the millimeter scale using the current technology 
(3 Tesla imaging systems125). Potentially, other methods offer interesting and 
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exciting insights as well. For example, one alternative technique, positron emission 
tomography (PET) using a radioactive tracer, allows to visualize neurotransmitter 
receptor availability on a millimeter scale and thereby provide insight in the 
mechanisms of neuronal signaling125. Furthermore, electro-encephalography (EEG) 
or magneto-encephalography (MEG) record the electric activity of neurons 
(respectively directly, or by measuring the resulting magnetic field), allowing to 
distinguish processes that are spaced in millisecond resolution, although spatial 
resolution is limited and the ability to discriminate the depth of the origin of the signal 
is extremely limited125. The extremely high temporal resolution is in stark contrast 
with fMRI, which is limited in its temporal  resolution to seconds using current 
systems and whole brain coverage125. 
Using fMRI implied that a high temporal  resolution and the ability to measure the 
underlying neuronal  mechanism were sacrificed125. However, given our specific 
research questions on the locations of brain signaling related to liking and wanting, 
fMRI was chosen for its ability to visualize the subjects brain in high resolution on 
the single millimeter scale, thus helping to pinpoint the exact locations that are 
involved in specific processes, such as liking and wanting. 

Functional magnetic resonance imaging
MRI imaging uses a strong magnetic  field and radio-frequencies to induce a signal 
that is dependent on the local presence of hydrogen nuclei125. The current functional 
MRI method of choice, is blood oxygen level dependent (BOLD) imaging. This type 
of functional imaging benefits from the close relation of neuronal activity and the 
regulation of its regional blood supply, and the magnetic  properties of de-oxygenated 
hemoglobin versus the non-magnetic  properties of oxygenated hemoglobin126. As 
oxygen demand in an active brain region increases with neuronal activity, this 
demand is met with a higher than proportional increase in blood flow. Thereby, the 
capillary bed of a localized region, temporarily contains a greater proportion of 
oxygenized blood and thus more oxygenized hemoglobin. Consequently, the local 
homogeneity of the magnetic field increases slightly. By choosing a scanner setting 
that is specifically sensitive to magnetic field inhomogeneity (i.e. T2* weighted 
imaging), a signal containing data on localized variations in blood supply is obtained. 
Together with the relation between neuronal activity and blood supply, neuronal 
activity can be inferred from the BOLD signal126,127,128,129,130. 
While in the scanner, subjects are instructed to participate in a task, such as rating 
food for liking and wanting, respectively. The subjects behavioral  responses, as well 
as detailed BOLD responses are recorded continuously during the scan, and from 
these data the magnitude of the task related signal  is assessed: The behavioral  data 
is convolved with the known average shape of the hemodynamic response to 
neuronal  activity, and used as a predictor in subsequent analyses131. To prepare 
BOLD imaging data for further analysis, two procedures are executed: Firstly, on a 
practical level, even when fixated, subjects cannot lie completely still, thus 
corrections for movement have to be applied to align all data to a fixed volume-
image (3D motion correction131). Secondly, the brains of different individuals need to 
be spatially normalized, such that the corresponding regions of all subjects are 
aligned with each other. This is achieved by transforming all  data to a standard size-
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template, i.e. scaling each brain to match the Talairach brain131,132. Finally, the BOLD 
signal contains a vast amount of noise, including the effects of breathing, heart beat, 
movement and background brain activity that have to be accounted for as much as 
possible, especially since the signal  associated with the intentional stimulus is a 
small percentage of the total measured signal. Additionally, a long stay in the fMRI 
scanner results in habituation effects and fatigue, resulting in progressively lower 
signal returns throughout the scan. Each of these multiple confounding effects, as 
well as the intended brain activation signal are modeled as a predictor (also often 
called ‘regressor’) in a ‘general linear model’ (GLM) approach131. To assist in the 
preparation of dummy coding, filtering of motion parameter estimates and 
habituation effects, a publicly available software tool was privately developed (BVA-
Predictor tool133). Finally, from the GLM, parameter estimates for each predictor or 
confound (i.e. beta values) are extracted for further analysis. In the final step, these 
estimates are then used, i.e. compared or contrasted with each other, or related to 
other measures, such as questionnaire results, hormone data, or subject 
characteristics. 

Functional MRI stimuli
During the functional MRI run, subjects participate in one or more tasks. Dependent 
on the questions that are addressed, there are two general types of stimuli  that can 
be used: In a blocked design, stimuli  are grouped together and presented in 
relatively long stretches one after another. While the continuous nature of this design 
results in strong brain activation in relevant regions, the discriminatory capacity of 
this technique is limited: the resulting BOLD signal is effectively averaged over 
multiple stimuli125. In contrast, in an event related design, the stimuli are spaced 
apart by a long inter trial  interval, or by shorter intervals of variable length. Thereby, 
the activation resulting from individual stimuli  can be assessed. While an event 
related design can achieve much more detail  regarding each individual  stimulus, the 
overall sensitivity for small  effects is lower: each stimulus presentation represents a 
small individual effect, that may become indiscernible due to the limited signal to 
noise ratio. To counter these limitations, individual  stimuli must be presented a 
number of times, providing an average signal over multiple trials125. In the research 
presented in this thesis, it was chosen to use a fast event related design. This 
enabled subjects to change their valuation of any food item at any time during the 
scan. In previous studies the generally accepted approach has been to analyze and 
describe the brain activation that is associated with a given task; however, in most 
cases, the behavioral observations were not made, or not combined with the 
imaging data. In the present studies brain signaling was directly related to behavioral 
outcomes, including the liking and wanting ratings given during the task, as well  as 
mood scores, hunger and satiety ratings, and other behavioral scores on the TFEQ. 
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Outline of this thesis
Against the background of the global obesity epidemic, it is important to understand 
how overeating and the likely increase in body weight may develop. Therefore the 
focus was on the processes that may lead to loss of homeostatic regulation of food 
intake. Energy balance is achieved by tuning energy intake to meet energy 
expenditure. Energy intake, thus food intake, is affected by reward processes such 
as liking and wanting, as well as cognitive processes such as dietary restraint. 
Therefore, it was studied which brain regions may be involved in homeostatic  and 
non-homeostatic  food intake, related to liking and wanting task related signaling, to 
BMI, and dietary restraint (Chapter 2). In the brain, a distinct representation of liking 
and wanting was expected, in which wanting was to be represented in regions 
related to reward and energy homeostasis (e.g. in the striatum including nucleus 
accumbens and hypothalamus), while liking was expected in regions related to 
taste, reward, and affectivity (e.g. in the insular cortex, nucleus accumbens, and 
amygdala). Furthermore, cognitive dietary restraint may play a key role in behavioral 
dietary restriction, therefore it was hypothesized that dietary restraint may modulate 
the rewarding value of food depending on the energy state. Previous reports 
seemed contradictory regarding the way in which the rewarding value of food may 
be related to body weight as a cause or effect. Therefore, the aim was to determine 
a model  that would consistently link the rewarding value of food (i.e. liking and 
wanting) to a range of body weights. This was studied in normal  weight subjects 
(Chapter 2) as well  as in subjects with a wider range of body weight (BMI of 19-33), 
while linear and nonlinear approaches were used to determine the best model  fit 
(Chapter 3). 
Stress and the associated increase in HPA-axis activity has been implicated as a 
cause for eating in the absence of hunger, which is non-homeostatic  eating. 
Additional  evidence pointed toward changes in reward related brain signaling as an 
effect of higher levels of cortisol and CRH. Therefore the effects of acute 
psychosocial stress on food choice related brain activity was studied. It was 
hypothesized that acute stress reduces signaling in food reward circuits, which 
would then lead to non-homeostatic eating and possibly altered food choice 
(Chapter 4). In addition, it was studied how high versus low HPA-axis activation 
affects the link between behaviorally liking and wanting (i.e. explicitly expressed), 
and liking and wanting task related signaling. The hypothesis was that behavioral 
liking and wanting is represented in relevant brain areas during low HPA-axis 
activation, while during high HPA-activation this link may be disturbed. This would 
help to explain altered food preference and food intake that has been described 
during stress (Chapter 5). 
Finally, it has been shown, that extreme macronutrient intakes may lead to 
compensatory food choice. Therefore, the effects of acute high protein and high 
carbohydrate intakes, with subsequent shifts in macronutrient compositions were 
studied and related to liking and wanting related brain signaling. Given the satiating 
properties of protein, thus involvement of homeostatic  regulation in addition to 
possible reward related influences, it was hypothesized that differential shifts in 
protein versus carbohydrate intake, may acutely modulate hypothalamic and striatal 
signaling, which may represent differential signaling of motivation for energy intake 
in the absence of hunger (Chapter 6). 
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Abstract
Background: Eating behavior is determined to a significant extent by the rewarding 
value of food i.e. liking and wanting. 
Aim: To determine brain regions involved in liking and wanting and to relate brain 
signaling to BMI and dietary restraint.
Methods: Fifteen normal weight female subjects (Age=21.5±0.4, BMI=22.2±0.2) 
completed a food choice paradigm using visually displayed food items during fMRI 
scans. Two scans were made: one in a fasted condition and one in a satiated 
condition. The paradigm discriminated between liking and wanting, and subjects 
were offered items rated highly for wanting immediately after each scan. Imaging 
contrasts for high/low liking and wanting were made and the data for regions of 
interest were extracted. Activation related to liking and wanting (respectively) was 
determined. Outcomes were correlated to cognitive dietary restraint and BMI.
Results: Dietary restraint predicted liking task related signaling (TRS) in the 
amygdala, striatum, thalamus and cingulate-cortex (r=-0.5±0.03, p<0.00001). 
Surprisingly, in the nucleus accumbens, the pre-meal  liking and wanting TRS and 
pre- to post-meal  liking TRS change correlated positively with dietary restraint 
(bilateral average r=0.6±0.02, p<0.04 Bonferroni corrected). BMI and hunger 
predicted wanting TRS in the hypothalamus and the striatum (p<0.05). Post-meal 
liking TRS in the striatum, anterior insula and cingulate cortex, and also wanting 
TRS in the striatum, predicted energy intake (liking r=-0.3±0.05, p<0.0001 and 
wanting r=-0.3±0.03, p<0.00001).
Conclusions: Successful dietary restraint was supported by liking TRS from pre- to 
post-meal  in the nucleus accumbens. Reward-related signaling was inversely 
related to BMI and energy intake, indicating reward deficiency. 
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Introduction
The prevalence of obesity and its co-morbidities is increasing in the developed 
world1,2. This is caused by energy intake exceeding energy expenditure, i.e. positive 
energy balance3,4 and may be influenced by features of food intake, such as eating 
in the absence of hunger5. Conversely, overeating may be countered by cognitive 
dietary restraint (Three factor eating questionnaire, TFEQ6,7,8) and modulated by 
disinhibition (loss of restraint), and feelings of hunger. Together, these factors predict 
individual success in restricting energy intake: Relatively high dietary restraint 
(TFEQ F1), low disinhibition and low feelings of hunger TFEQ F2 and F3, 
respectively6,7, indicate success. Overeating is often driven by reward seeking9 and 
it remains unclear how successful and unsuccessful dietary restraint are balanced in 
relation to body weight regulation. Berridge’s model divides the rewarding value of 
food into two distinct processes: ‘liking’, i.e. hedonic preference, or palatability, and 
‘wanting’, the motivation to eat a particular food item10. The original animal work was 
translated to adult humans, using either implicit or explicit measures11,12,13,14 and our 
approach was based on the latter. Liking and wanting are related and may occur in 
synchrony, but they are not the same process: individuals may want a food item 
without liking it10,15. Energy intake is mainly determined by wanting9. In the brain, 
overlap and distinctiveness of liking and wanting are represented: wanting related 
processes were observed in the ventral  pallidum and striatum (including caudate, 
globus pallidus, putamen, nucleus accumbens) in rodents and humans10,16,17,18,19,20. 
Overlapping areas for liking and wanting were observed in the ventral pallidum and 
parts of the striatum, while the orbitofrontal  cortex, insular cortex and amygdala were 
reported as liking specific areas in rodents9,21,22,23,24. Two models describe the 
relationship between body weight and reward: The reward sensitivity theory, stating 
that high reward leads to seeking of more reward25,26 and the reward deficiency 
syndrome17,27, explaining reward seeking as maintaining reward homeostasis: 
subjects with lower reward sensitivity need to increase the frequency or intensity of 
the rewarding activity28,29. Reward deficiency was shown as inverse relationship of 
dopamine receptor density and BMI in obese individuals27, or decreased 
dopaminergic reward signaling after repeated consumption of rewarding substances 
drugs, food29,30. Furthermore, dopamine antagonists lead to increased body weight 
by increasing energy intake in many individuals31. 
We expected distinct representation of liking and wanting: wanting representation 
especially in reward and energy homeostasis related regions (striatum and 
hypothalamus), and liking representation in taste, reward and affectivity related 
regions (insular cortex, nucleus accumbens and amygdala). Cognitive dietary 
restraint was hypothesized to modulate the rewarding value of food depending on 
energy state to support dietary restriction. Finally, we expected an inverse relation of 
BMI and signaling in reward and energy homeostasis related areas (striatum and 
hypothalamus) in line with reward deficiency. 

Subjects and methods
Subjects
The study was approved and registered under MEC07-3-019 by the Medical  Ethical 
Committee of Maastricht University and at the Central Committee on Research 
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Involving Human Subjects (CCMO) under NL17946.068.07. Starting on March 17th 
2008, 20 test subjects were screened. Informed, written consent was obtained from 
all  subjects. Inclusion criteria were: healthy female subjects, normal body weight 
(BMI 19-26) and right-handedness. Exclusion criteria were recent dieting, a personal 
or familial history of psychiatric  disorder, or intra-uterine contraceptives. Fifteen 
subjects were included with the following characteristics: Age = 21.5±0.4, BMI = 
22.2±0.2, range 19.5-25.5, Three factor eating questionnaire TFEQ, 8 scores were 
dietary restraint (F1)= 9.7±1.4, disinhibition (F2) = 5.4±0.4, emotional eating (F3) = 
4.5±0.5.

Visual analog scale questionnaires hunger and satiety
The Visual analog scale (VAS) questionnaires consisted of 100 mm lines, anchored 
with “not at all” at the far left “extremely” at the far right. Questions asked were “How 
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Figure 1: The test setup:
A: Schematic overview of the test day. 
Subjects arrived fasted between 0800 and 0900. After 20 min, the first questionnaires for 
hunger and satiety were given. Each magnetic resonance imaging (MRI) session lasted 
for ’45 min, including a 35-min functional MRI (fMRI) run. In between scans, subjects were 
given 30 min to consume their meal. B: Timeline of the stimulus presentation during the 
fMRI run. Wanting and liking stimuli were shown in 4 segments (dotted line) that 
contained ’17 stimulus trials in an event-related design. Solid lines indicate the course per 
segment.  Segments were presented in a counterbalanced order. C: Example stimulus that 
shows the layout of the stimuli slides with a centered food image that was standardized 
for size and color with the food name below the image.



hungry are you?”, “How full do you feel?”, “How satiated do you feel?”, “How thirsty 
are you?”, and “How large is your desire to eat?”
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Food tasting 
To assess the acceptability and familiarize subjects with all items, a food tasting test 
was performed on a separate day. In this session, all food items (N=17) were offered 
individually, to be tasted and rated. Water was provided to avoid cross tasting. The 
taste dimensions that were tested were pleasantness of taste, crispiness, 
creaminess, fullness of taste, sweet, sour, salty and bitter. Fullness of taste was 
defined by instructing the test panel to consider how strong the taste of a given food 
item was as well as how much this taste filled the mouth. All dimensions were rated 
on 100 mm VAS scale, anchored left with “not at all” and anchored right with 
“extremely” for each food item and each dimension. Group average ratings (between 
subjects) were calculated per food item and used in the subsequent analyses. 
Furthermore, group averages for macronutrient composition, total  energy intake and 
structural characteristics of the consumed foods were calculated (Table 1). 

Functional MRI sessions
To create a fasted and a satiated condition, subjects came to the university after an 
overnight fast of at least 10 hours: Subjects were instructed not to drink any 
alcoholic  beverages the day before the test and not to eat, or drink coffee or tea 
after 10 pm the evening before testing. Subjects individually confirmed adherence to 
these instructions. Each session included four VAS questionnaires for hunger and 
satiety and two fMRI scans during which the subsequent meal was chosen (Figure 
1A). Breakfast, given between the first and the second fMRI scan, created the 
subsequent satiated condition. The second meal followed the second scan. Both 
meals consisted of the food items that were chosen from the 17 food images within 
the scanner (Table 1). The meals were offered immediately after the questionnaires 
and as quickly as possible after the scan. The fasted and satiated conditions were 
identical and therefore directly comparable. 

Functional MRI settings and paradigm
The subjects were scanned in a Siemens Magnetom Allegra, with the standard one-
channel head coil. The subjects’ position was confirmed with T1 weighted scout 
images. During the functional  run, subjects were presented with four segments of 
wanting and four segments of liking in which the stimuli were presented as an event 
related paradigm. The subjects knew all of the 17 items (Table 1) from the food-
tasting test described above. Each segment consisted of an introduction slide, 
containing instructions for liking (preference without the need to eat the item), or 
wanting (how much the subject wanted to eat the respective item) and for giving the 
rating response with the button box (Figure 1B). The instruction was followed by a 
12 second fixation cross. Each image (Figure 1C) was presented for 2s after a short 
reminder (“like” and “eat now” respectively, 0.5s), was followed by a fixation cross for 
2-5s, instruction to give the rating indicated by “*”, 1.5s and finally an inter-trial 
interval of 7-9s. The reminder before every trial  assured that subjects could 
discriminate between the otherwise identical liking and wanting paradigms at any 
time during the run. On average two trials in every segment were null-events, 
containing no image but showing a fixation cross instead. In total, each run lasted for 
approximately 35 minutes and each image was shown 4.5 times on average. Liking 
and wanting task related signaling (TRS) was modeled using only the image 
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presentations, i.e. the task used to model  liking or wanting, was viewing a food 
image and judging either its hedonic  value, or the motivation to obtain it. Ratings 
were given by using a four-button response box (LUMItouch, Photon Control, 
Burnaby, BC, Canada) that was fixed to the right hand. The buttons represented a 
value of 1-4. The average ratings calculated directly after the scan and items with an 
average wanting rating of 2.5 or higher were offered to eat. All items were given in 
large quantities to account for the limited number of different items and therefore, 
subjects were allowed to stop eating after sampling each item. 
Functional MRI images were acquired throughout the session using a T2* weighted 
protocol to obtain blood oxygen level dependent (BOLD) T2* signal (TR = 2 s, TE = 
26 ms, Flip angle = 90°, matrix = 96x96, field of view = 269 voxel size 2.8x2.8x2.6 
mm, gap 0.2mm). 

fMRI data preprocessing
The fMRI data were imported into BrainVoyager QX version 2.1 (Brain Innovation 
B.V., Maastricht, The Netherlands). To preprocess the functional data, slice scan 
time correction with cubic  spline interpolation, motion correction with trilinear 
interpolated motion estimation and subsequent windowed sinc  interpolation, and 
temporal high pass filtering with a window of 6 cycles was applied. 
The functional data were aligned to each subjects’ own 1 mm isovoxel  high 
resolution T1 weighted anatomical scan. The auto alignment was performed using 6 
parameter affine alignment and corrected manually under visual inspection, if 
necessary. Finally, all images were transformed into the Talairach coordinate system 
32 using the standard procedure in BrainVoyager QX, resulting in a resolution of 
3x3x3mm voxels, resulting in functional voxels of 27mm3. Statistical  analyses were 
superimposed on a group average anatomical brain image. 

Region of interest definition
Anatomical regions of interest (ROI) related to our hypotheses were determined 
from literature9,10,16,17,18,19,20,21,22,23,24 and generated manually on the 15 subject 
average anatomical  (Talairach transformed) scan, using the Talairach atlas. If 
discernable, the regions were adapted to follow the region borders in our anatomical 
scan. The regions included the anterior cingulate cortex, amygdala, hippocampus, 
hypothalamus, putamen, medial  and lateral globus pallidus and nucleus accumbens. 
To further specify these regions, a contrast of the localizer trials versus null  events 
was created within the ROI volumes. The resulting activation maps were smoothed 
with a spatial Gaussian kernel with FWHM of 2.4 mm, except for the hypothalamus 
and amygdala due to the small size of the activation. The newly generated areas 
filled most of the predefined regions, but slightly adjusted the outer limits, thereby 
excluding the voxels that were not at all involved in the process of liking and wanting 
task related signaling. These adjusted regions were subsequently used in the 
analyses.

Behavioral measurements
To determine effects of a pre-meal (hunger) and a post-meal state (absence of 
hunger), VAS for hunger and satiety were taken four times: before the first scan, 
immediately after the first scan before breakfast, before the second scan and 
immediately after the second scan before the second meal. The model that was 
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used for the rewarding value of food consists of two elements i.e. liking and wanting. 
Thus, to assess the behavioral aspect of rewarding value of food and food intake, 
behavioral liking and wanting were analyzed using the ratings given in the scanner. 
Here, the question to determine liking was “how much do you like this item, not 
considering if you want to eat it right now?”. Wanting was determined using the 
question “how much do you want to eat this item right now?”, while the subjects 
were instructed that the items that were rated high in wanting were to be consumed 
immediately after the scan. Behavioral  liking was thereby defined as explicit food 
preference and behavioral wanting was defined as explicit food choice. 

Data analysis
To analyze the brain activation, separate predictors for liking and wanting were 
created, to be used in general linear model analyses and subsequent second level 
analyses: Subjects rated the images for all items, thus each image was ranked 
according to the average rating given for the respective item. From this ranking, the 
five highest and five lowest ranked images were selected to avoid an unbalanced 
design. Consequently, the predictors obtained were ‘low liking’, ‘liking’, ‘low wanting’ 
and ‘wanting’. Two groups of non-selected trials that remained in between the high 
and low rated images, were subsequently used to adjust the size and shape of the 
regions of interest i.e. as localizer trials. The onset and duration of each trial were 
defined as the onset and duration of the image presentation and the trials were 
modeled using the standard canonical  two-gamma hemodynamic response function. 
To account for habituation effects, linear habituation predictors were added using the 
BVA-Predictor tool (BVA-Predictor Tool, J.M. Born, Maastricht). To perform group 
contrasts comparing the pre-meal and post-meal conditions, dummy coding was 
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Table 2: Behavioral correlations

 BMI
Energy 
intake 1

Energy 
intake 2

Dietary 
restrain

t

Liking 
pre-
meal

Liking 
post-
meal

Wantin
g pre-
meal

Wantin
g post-
meal

Change 
in liking

Change 
in 

wanting

BMI 1 0.023 0.504 0.079 -0.202 -0.006 -0.279 -0.31 -0.254 0.164

Energy intake 
1 0.023 1 -0.076 0.106 0.293 -0.160 -0.029 -0.631* 0.535* 0.710**

Energy intake 
2 0.504 -0.076 1 0.042 0.136 0.255 -0.042 -0.316 -0.077 0.338

Dietary 
restraint 0.079 0.106 0.042 1 -0.503 -0.333 0.011 0.142 -0.318 -0.157

Liking pre-
meal -0.202 0.293 0.136 -0.503 1 0.642** 0.216 -0.148 0.652** 0.324

Liking post-
meal -0.006 -0.160 0.255 -0.333 0.642** 1 0.404 0.228 -0.163 0.02

Wanting pre-
meal -0.279 -0.029 -0.042 0.011 0.216 0.404 1 0.516* -0.122 0.105

Wanting post-
meal -0.31 -0.631* -0.316 0.142 -0.148 0.228 0.516* 1 -0.416 -0.798**

*
Change in 

liking -0.254 0.535* -0.077 -0.318 0.652** -0.163 -0.122 -0.416 1 0.397

Change in 
wanting 0.164 0.710** 0.338 -0.157 0.324 0.02 0.105 -0.798** 0.397 1

N=15. *** Correlation is significant at the 0.001 level (2-tailed) ** Correlation is significant at the 0.01 
level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).



applied using the BVA-Predictor tool. Group effects were determined by second 
level random effects analysis (ANOVA), which was performed using all GLM factors. 
Relevant group contrasts were high liking compared with low liking and high wanting 
compared with low wanting. To compare the change in liking and wanting over the 
meal, activation maps for liking pre-meal  – liking post-meal, wanting pre-meal – 
wanting post-meal  were created and tested vs. zero separately. Overlays were 
created containing the liking data in light and dark blue and the wanting data in red/
orange. Significant voxels after false discovery rate (FDR) correction (q<0.05) and in 
double overlays uncorrected (p<0.0063) were used to compare activations in whole 
brain images and an additional functional  voxel cluster threshold of n=4 × 27mm3 
was set.
To assess the balance between dietary restraint and reward seeking in relation to 
body-weight, neural  correlates of liking and wanting were related to dietary restraint 
and BMI. These comparisons were executed in hungry as well as satiated 
conditions, while energy intake was taken into account: From regions of interest, 
parameter estimates for the liking and wanting models were extracted and baseline 
corrected, in which baseline represents the parameter estimates for the constant in 
the GLM/ANOVA model. Parameter estimates for high and low liking and wanting 
were used in GLM analysis. In the regression analyses, only the high wanting and 
high liking models were used. With the exception of the fMRI image data, all  data 
were analyzed using Microsoft Excel and SPSS 16. The distribution of the data was 
assessed the Shapiro-Wilk test for normality. All  reported data did not deviate 
significantly from normal distribution.
Behavioral data were analyzed using factorial  ANCOVA with repeated measures. 
Single covariates included were none or BMI27,33. Additionally, Pearson correlations 
were calculated between BMI, dietary restraint, liking and wanting rating.
Pearson correlations between fMRI ROI activation data (related to high liking or high 
wanting) and behavioral as well  as anthropometric data (hunger, energy intake, BMI, 
TFEQ F1) were calculated per condition (fasted pre-meal and satiated post-meal). 
ROI data were further assessed, using second level group analyses, by grouping 
test values (Pearson r) from multiple relevant regions and testing against zero using 
a two-sided t-test. Following our hypotheses, this was performed for the striatum 
related to energy intake, BMI and dietary restraint (caudate, lateral and medial 
globus pallidus putamen, bilaterally i.e. 8 regions pre-meal and post-meal), for the 
hypothalamus related to hunger and BMI (bilateral pre-meal  and post-meal) and in 
the amygdala related to dietary restraint (bilateral pre-meal and post-meal). Values 
are reported as average r±SEM with significance level. Finally a correlation analysis 
between dietary restraint and change in liking and wanting task related activation 
specifically in the nucleus accumbens was made. These relations are reported with 
Bonferroni correction for testing twice (bilateral).

Results
Hunger, satiety and energy intake
The fasted state before the first scan was confirmed by low VAS scores for satiety 
and fullness, and high scores for hunger. Eating the self-selected breakfast after the 
first scan lead to significantly decreased hunger (Figure 2A, p<0.001), and to 

Differences between liking and wanting signals

31



Chapter 2

32

Figure 2:
Group-average (±SEM) values of  anthropometric and behavioral data (n=15). A: Hunger 
and satiety premeal compared with postmeal. B: Energy intake at the first  and second meal. 
C: Percentages of items with coincidence different levels of liking and wanting, in which +L
+W denotes high liking and high wanting, –L+W denotes low liking and high wanting, +L-W 
denotes high liking and low wanting, and –L-W denotes low liking and wanting. Depicted is 
the situation while choosing breakfast  (premeal) and while choosing the second meal 
(postmeal).  D: Average change for liking and wanting rating per item from premeal to 
postmeal.  *,**,***Differences premeal to postmeal were significant as follows (t tests): *P , 
0.05, **P , 0.01, ***P , 0.001. VAS, visual analog scale.



increased satiety (Figure 2A, p<0.001) for the remainder of the session, confirming 
that our intended fasted pre-meal and satiated post-meal conditions were met. 
During the second meal, thus when satiated, energy intake was significantly lower 
than during breakfast (Figure 2B and Table 1, p<0.001). No changes in other 
average food characteristics of the selected foods were observed (Table 1, n.s.). 

Liking and wanting
Behaviorally, items that were highly liked (average rating ≥ 2.5) were wanted more 
pre-meal than post meal, while lowly liked items (average rating < 2.5) were hardly 
chosen pre-meal  (4.4%±1.4) and not at all post meal (Figure 2C). From fasted to 
satiated conditions, average liking rating over all  food items did not change 
significantly, while wanting ratings decreased (Figure 2D). Liking and wanting ratings 
were not significantly related (Table 2). Overall, wanting appeared more variable 
than liking between pre-meal and post-meal conditions. 
In the brain, liking task related signaling (TRS) was found (contrast liking high – low) 
pre-meal in the thalamus and occipital  visual areas (Figure 3A, FDR q<0.05). 
Wanting TRS was observed in the thalamus, in the caudate and occipital  visual 
areas (contrast wanting high – low, Figure 3B, FDR q<0.04). From the fasted to the 
satiated condition, TRS in the caudate was reduced significantly for wanting (Figure 
3C, p<0.0063 uncorrected), while for liking the decrease was predominantly located 
in the anterior insula (Figure 3D, p<0.0063 uncorrected). Thus overlapping TRS was 
found (Thalamus and visual  cortex) as well as distinct regions (caudate or anterior 
insula), underlining the difference in TRS for liking and wanting.
In regions of interest, overall  TRS pre-meal  was higher than TRS post-meal  in the 
anterior cingulate cortex, caudate, putamen, hypothalamus and lateral  globus 
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Figure 3:
G r o u p - a v e r a g e b r a i n -
activation contrasts (n = 15) 
for high liking compared with 
low liking [false discovery 
rate (FDR) q<0.05] (A) and 
high wanting compared with 
low wanting (FDR q<0.04) 
(B). C and D: Overlay of 
premeal compared with 
postmeal liking (dark and 
light blue) and premeal 
compared with postmeal 
wanting (red and orange); 
both contrasts, P<0.0063 
uncorrected).  The observed 
effect  was significant in the 
anterior insula for liking (C) 
and in the caudate for 
wanting (D).  Arrows indicate 
the caudate (red), anterior 
insula (green), thalamus 
(blue), and visual cortex 
(white). TRA, transversal; 
C O R , c o r o n a l ; B o n f , 
Bonferroni corrected.
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Table 3: Region of interest ANOVA and ANCOVA with liking low. liking high. wanting 
low and wanting high.

Region Effect

Value 
without 

covariate F(1.14) Sig  
Value with 

BMI F(1.13) Sig
Left caudateLeft caudate

Time 0.313 6.383 0.024 0.017 0.222 0.645
Question-type 0.045 0.654 0.432 0.085 1.204 0.292

Rating 0.189 3.252 0.093 0.012 0.153 0.702
Question-type x 

Rating 0.070 1.054 0.322 0.145 2.211 0.161

Right caudateRight caudate
Time 0.291 5.743 0.031 0.000 0.004 0.949

Question-type 0.002 0.025 0.876 0.006 0.084 0.776
Rating 0.272 5.244 0.038 0.069 0.963 0.344

Question-type x 
Rating 0.012 0.163 0.692 0.135 2.032 0.178

Anterior cingulate cortexAnterior cingulate cortex
Time 0.484 13.150 0.003 0.007 0.095 0.763

Question-type 0.000 0.006 0.938 0.122 1.800 0.203
Rating 0.290 5.705 0.032 0.236 4.009 0.067

Question-type x 
Rating 0.002 0.027 0.872 0.027 0.356 0.561

Posterior cingulate cortexPosterior cingulate cortex
Time 0.164 2.750 0.119 0.000 0.001 0.973

Question-type 0.000 0.006 0.941 0.278 4.994 0.044
Rating 0.088 1.347 0.265 0.009 0.115 0.740

Question-type x 
Rating 0.007 0.104 0.752 0.009 0.119 0.735

Left hypothalamusLeft hypothalamus
Time 0.265 5.054 0.041 0.057 0.787 0.391

Question-type 0.088 1.355 0.264 0.038 0.520 0.484
Rating 0.225 4.064 0.063 0.022 0.299 0.594

Question-type x 
Rating 0.243 4.491 0.052 0.016 0.213 0.652

Right hypothalamusRight hypothalamus
Time 0.357 7.759 0.015 0.000 0.001 0.975

Question-type 0.000 0.004 0.953 0.004 0.057 0.815
Rating 0.166 2.786 0.117 0.001 0.009 0.925

Question-type x 
Rating 0.015 0.218 0.648 0.001 0.008 0.928

Left lateral globus pallidusLeft lateral globus pallidus
Time 0.233 4.263 0.058 0.042 0.565 0.466

Question-type 0.030 0.435 0.520 0.140 2.124 0.169
Rating 0.096 1.491 0.242 0.074 1.042 0.326

Question-type x 
Rating 0.002 0.027 0.871 0.342 6.745 0.022
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Region Effect

Value 
without 

covariate F(1.14) Sig  
Value with 

BMI F(1.13) Sig
Right lateral globus 
pallidus
Right lateral globus 
pallidus

Time 0.266 5.071 0.041 0.178 2.810 0.118
Question-type 0.005 0.076 0.787 0.002 0.032 0.860

Rating 0.124 1.982 0.181 0.091 1.303 0.274
Question-type x 

Rating 0.056 0.831 0.378 0.303 5.665 0.033

Left medial globus pallidusLeft medial globus pallidus
Time 0.135 2.176 0.162 0.005 0.069 0.797

Question-type 0.007 0.095 0.762 0.000 0.002 0.965
Rating 0.078 1.184 0.295 0.035 0.467 0.506

Question-type x 
Rating 0.000 0.002 0.962 0.268 4.758 0.048

Right medial globus 
pallidus
Right medial globus 
pallidus

Time 0.241 4.436 0.054 0.057 0.786 0.392
Question-type 0.004 0.059 0.812 0.001 0.018 0.895

Rating 0.119 1.885 0.191 0.049 0.670 0.428
Question-type x 

Rating 0.001 0.021 0.887 0.309 5.811 0.031

Left posterior insulaLeft posterior insula
Time 0.004 0.059 0.811 0.002 0.028 0.870

Question-type 0.234 4.270 0.058 0.281 5.083 0.042
Rating 0.003 0.045 0.835 0.080 1.124 0.308

Question-type x 
Rating 0.028 0.408 0.533 0.001 0.015 0.904

Right posterior insulaRight posterior insula
Time 0.026 0.370 0.553 0.059 0.818 0.382

Question-type 0.324 6.711 0.021 0.358 7.250 0.018
Rating 0.041 0.592 0.454 0.097 1.398 0.258

Question-type x 
Rating 0.002 0.022 0.885 0.005 0.068 0.798

Left putamenLeft putamen
Time 0.279 5.422 0.035 0.025 0.329 0.576

Question-type 0.018 0.256 0.621 0.167 2.607 0.130
Rating 0.114 1.798 0.201 0.036 0.487 0.498

Question-type x 
Rating 0.008 0.107 0.749 0.445 10.420 0.007

Right putamenRight putamen
Time 0.395 9.152 0.009 0.000 0.005 0.942

Question-type 0.010 0.134 0.719 0.029 0.390 0.543
Rating 0.209 3.703 0.075 0.048 0.651 0.434

 Question-type x 
Rating 0.001 0.019 0.891  0.369 7.610 0.016

Tests were performed in 18 regions of interest (14 regions are shown). Excluded regions were the left 
and right hippocampus and the left and right thalamus. Time, pre-meal or post-meal; Question type, 
liking or wanting, Rating, high or low. ’x’ denotes interaction effect. 



pallidus (Table 3, all p<0.05). When corrected for BMI, liking TRS resulted in higher 
activation than wanting TRS in the posterior insula and the posterior cingulate cortex 
(Table 3, question-type effect, i.e. liking vs. wanting, liking > wanting, all  p<0.05). A 
significant interaction effect of question-type and rating (i.e. high vs. low) was found 
in the hypothalamus, globus pallidus and putamen (Table 3, all p<0.05). Thus 
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Figure 4: 
Wanting (A) and liking (B) task-related signaling in the nucleus accumbens (NAc) as a 
function of dietary restraint [Three-Factor Eating Questionnaire (TFEQ),  F1; n = 15].  Lines 
represent  trends, wanting task-related signaling is denoted by “·”, and liking task-related 
signaling by “+”, each representing a single subject. Trends shown were significant at 
P<0.05 (left NAc). C:  The change in liking task-related signaling from premeal to postmeal in 
the NAc related to dietary restraint. Change in liking task-related signaling per subject is 
represented by triangles. Trends shown were significant at P<0.04 (Bonferroni corrected for 
bilateral testing). The solid line denotes the left NAc, and the dotted line denotes the right 
NAc. BOLD, blood oxygen level dependent.



specific activation related to the liking task was located in the posterior insula and 
wanting in the striatum and cingulate cortex, and secondly, the variability in liking 
and wanting TRS was related to BMI.

Liking and wanting TRS in relation to cognitive dietary restraint
Regarding our second hypothesis, liking TRS post-meal  was inversely related to 
cognitive dietary restraint in the left thalamus, cingulate cortex, amygdala and most 
of the striatum (smallest R2(13)=0.26, p<0.05, liking TRS, post-meal, second level 
group analysis r=-0.493±0.030, p<0.00001, data not shown). 
Liking and wanting TRS in the left nucleus accumbens correlated positively to 
dietary restraint before eating breakfast (Figure 4A and B, smallest R2(13)=0.27, 
p<0.05). The change in liking TRS in left and right the nucleus accumbens from pre-
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Figure 5:
Wanting task-related signaling in the striatum as a function of BMI is  represented by one 
diamond per subject.  Data are shown for the putamen (A) and right medial globus (glob.) 
pallidus (B). C: Wanting task-related signaling in the right hypothalamic region as a function of 
BMI is represented as one circle per subject. D: Wanting task-related signaling in the 
hypothalamic region as a function of hunger.  Trends shown were significant at P<0.05 (n = 15). 
Overall,  BMI was a function of wanting task-related signaling in the striatum (grouped caudate, 
putamen, and globus pallidus): P<0.00002.  BOLD, blood oxygen level dependent; VAS, visual 
analog scale.



meal to post-meal was a function of dietary restraint (Figure 4C, smallest R2(13)
=0.36, Bonferroni corrected p<0.04). 
Effectively, in subjects with high dietary restraint compared with subjects with low 
dietary restraint, the rewarding value of food (the combination of liking and wanting), 
was lower after eating, while it was higher for those subjects when fasted. 

Liking and wanting TRS in energy homeostasis
Correlations were made between liking or wanting TRS and BMI. Post-meal, i.e. in 
the satiated state, wanting activation in the putamen, medial globus pallidus and 
hypothalamus was an inverse function of BMI (Figure 5A, B and C). Using second 
level analysis on these relationships, an overall negative relation between BMI and 
wanting TRS in the striatum (r=-0.293±0.036, p<0.00002) and hypothalamus 
(r=-0.391±0.069, p=0.011, data not shown) were found. Thus subjects with a higher 
BMI exhibited lower liking and wanting TRS, i.e. lower rewarding value of food, in 
multiple brain regions. 
Moreover, liking or wanting TRS specifically in the hypothalamus, were correlated to 
hunger ratings in accordance with our hypotheses. Pre-meal, wanting TRS in the 
hypothalamus was an inverse function of hunger (Figure 5D), post-meal this was not 
significant, thus TRS in the hypothalamus was dependent on the energy state. 
The link between energy balance and TRS was further analyzed: Post-meal, liking 
TRS in the right putamen, anterior insula and wanting TRS in the hypothalamus and 
right globus pallidus were inversely related to energy intake during the second meal 
(smallest R2(13)=0.26 p<0.05). Using second level  group analysis, we observed an 
inverse relationship between liking and wanting TRS in the striatum and energy 
intake during both meals (liking r=-0.284±0.052, p<0.0001 and wanting 
r=-0.306±0.033, p<0.00001, data not shown); high energy intakes were related with 
low TRS for liking and wanting, i.e. the rewarding value of food. 

Discussion
Hunger, satiety and energy intake
This study targeted the difference in brain signaling between the fasted state and the 
satiated state. Upon arrival, subjects showed high hunger and low satiety, while post 
meal, hunger was decreased and satiety was increased significantly and the 
differences were of considerable magnitude (Figure 2A, Table 1). When satiated, 
significantly less food was chosen, resulting in lower energy intake (Figure 2B). 
These findings confirmed the presence of pre-meal fasted ‘hunger’ conditions and 
the post-meal ‘satiated’ conditions.

Liking and wanting 
Behaviorally, liking and wanting was assessed by image ratings for liking and 
wanting, i.e. as an explicit measure. We found that subjects were able to distinguish 
liking and wanting: Wanting ratings were significantly reduced over breakfast, while 
liking ratings did not change (Figure 2D). Furthermore, these findings agree with our 
earlier studies, in which we showed greater stability of liking compared with 
wanting13,17, indicating that our simplified fMRI optimized liking and wanting 
paradigm performed appropriately to distinguish the two concepts. 
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For the first time, we compared both liking and wanting task related signaling (TRS) 
in the human brain using a comparable method for liking and wanting. This is in 
contrast with earlier studies that assessed either liking or wanting separately24,33,34, 
or used different paradigms for liking and wanting in rodents10,35. In our group, liking 
and wanting TRS was seen in overlapping areas, independent of the fasted or 
satiated condition (Thalamus and visual  areas, Figure 3). Moreover, liking TRS was 
found specifically in the anterior insula and wanting TRS in the caudate (Figure 3). 
Overlap as well  as distinctiveness of liking and wanting were further confirmed by 
region of interest analyses: liking and wanting TRS were found in the nucleus 
accumbens (Figure 4), wanting but not liking TRS was found in the cingulate cortex, 
thalamus and striatum (caudate, putamen, medial and lateral globus pallidus, Figure 
5, and Table 3), while liking TRS was found in the anterior and posterior insula 
(Figure 3C, Table 3). These finding are in line with our hypotheses and underline the 
model of the rewarding value: liking and wanting are signaled as two distinct aspects 
of one overall  process10,36, i.e. they are signaled in some overlapping and some 
specific regions. 

Liking and wanting signaling in relation to cognitive dietary restraint
We established a novel relation between dietary restraint and liking and wanting 
TRS in the nucleus accumbens (Figure 4), a key area in signaling of reward16,36,37. 
Here, high dietary restraint was related to high liking and wanting TRS pre-meal. 
Thus in the fasted condition the rewarding value of food predicted the level of dietary 
restraint, in line with studies showing an increased reinforcing value of items 
temporarily omitted from the diet38,39. Over the meal  we observed that the liking 
specific component of reward decreased in the nucleus accumbens as a function of 
dietary restraint. Thus during successful dietary restraint, represented in our subject 
group6,7, lower liking TRS, specifically in the nucleus accumbens post-meal, leads to 
decreased rewarding value of food36. Thereby, our data suggest, that cognitive 
dietary restraint may increase the rewarding value of food pre-meal in order to reach 
reward balance during eating at an appropriate time, thus avoiding reward 
deficiency28, while post-meal decreasing reward-related signaling to decrease eating 
motivation, similar to the reward sensitivity theory25. 

Liking and wanting TRS indicating reward deficiency
Energy intake and post-meal  liking and wanting TRS in the striatum and cingulate 
cortex were inversely related post-meal, suggesting that food reward-related 
signaling is an important factor in eating while satiated. Moreover, we showed that 
energy intake is generally inversely related to liking and wanting TRS in the striatum. 
At the same time, subjects with higher BMI exhibited lower wanting TRS in striatum, 
hypothalamus and anterior insula (Figure 5A-B, D). Thus all findings are in line with 
the reward deficiency27,28,40: lower reward-related signaling was related to higher 
energy intakes in our subjects. At the same time, lower reward-related signaling was 
associated with higher BMI. While we found support for the reward deficiency 
syndrome in our normal weight subjects (BMI=19.5-25.5), it is possible that the 
reward sensitivity theory applies to subjects with BMI<19: a study indicating reward 
sensitivity in humans included subjects in the below normal and low normal range of 
BMI 26.
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Liking and wanting related signaling in energy homeostasis
Pre-meal but not post-meal, wanting TRS in the hypothalamus was an inverse 
function of hunger (Figure 5C), i.e. hypothalamus activation was dependent on 
energy state. This is in agreement with the role of the hypothalamus as the 
regulatory region in homeostasis35,41, suggesting adequacy of our paradigm to 
measure explicit wanting related processes: While choosing food in the fasted state, 
subjects select food according to their need (homeostatic eating), which was 
reflected in hypothalamic  signaling. When satiated, hunger was detached from 
hypothalamic signaling in our subjects (Figure 5B). 

Summary
In the brain, liking and wanting TRS was found in some separate and some 
overlapping regions, confirming the uniqueness of liking and wanting while showing 
the close link between the two concepts that together determine the rewarding value 
of food. Notably, an effect of dietary restraint on this rewarding value of food was 
observed in the nucleus accumbens: subjects with higher dietary restraint showed 
higher reward-related signaling when fasted and relatively lower signaling when 
satiated. This implies that successful  dietary restraint28,29,42 may express itself as a 
relatively highly anticipated pre-meal reward and post-meal reward suppression, 
representing decreased hedonic properties of food stimuli when satiated. 
Consequently, the motivation to obtain food reward may be decreased, as expected 
in the reward sensitivity theory, rather than inducing reward compensation as 
expected in the reward deficiency syndrome27,28,40. Thus, successful dietary restraint 
appears to be represented more similarly to reward sensitivity25,26.
Surprisingly, our study suggests reward deficiency even in our normal  weight subject 
population. Energy intake and BMI were inversely related to reward-related signaling 
and our findings indicate that reward deficiency may have the most significant effect 
while satiated, which is in agreement with this theory stating that reward deficiency 
leads to reward seeking that may result in eating while satiated and consequently 
overeating5,17,27,28,29. 

Conclusion
We confirmed the distinctiveness of liking and wanting for the first time in humans 
both behaviorally and in terms of the human brain regions involved. While liking was 
specifically represented in the insula, wanting appeared specifically in the striatum 
and cingulate cortex. Importantly, we found that cognitive dietary restraint predicts 
the change in liking TRS from pre- to post-meal  in the nucleus accumbens, which 
sheds light on the process of successful  cognitive dietary restraint. Moreover, 
inverse relationships of liking and wanting TRS in the striatum and BMI or energy 
intake support the reward deficiency hypothesis surprisingly strongly, in our normal 
weight subjects. 
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Abstract
Background: Two models for the relation between BMI and motivational  systems 
exist: the reward sensitivity hypothesis and the reward deficiency syndrome. 
Recently, it was speculated that a u-shaped relation might explain these seemingly 
contradictory hypotheses and unify them. 
Aim: To determine the type of relation between body weight and reward-related brain 
signaling.
Methods: 27 female subjects (21.6±2.2y, BMI=25.0±3.7) completed two fMRI scans: 
one fasted; one satiated.  During scans, subjects rated liking and wanting for food 
images, choosing those to eat immediately afterwards. Parameter estimates for 
wanting task related signaling were extracted and related with BMI using linear and 
polynomial models. 
Results: Hunger changed significantly over the meal  (p<0.001). Behavioral wanting 
ratings were lower after breakfast compared with before (p<0.001). Between BMI 
and wanting task related signaling (TRS) no linear relation was found. The best 
overall model, was a nonlinear relationship with a peak/nadir at BMI=24, which was 
observed in the hypothalamic region and striatum (caudate and putamen). The 
transformed BMI model was inversely related to wanting TRS in the hypothalamic 
region and striatum post-meal  which was statistically significant within the individual 
regions (R2 >0.10, p<0.04) and the mean of these regions (hypothalamic region and 
striatum) was statistically different from zero (r=-0.40±0.3, p<0.0001). 
Thus, only with nonlinear modeling was BMI significantly related to post-meal 
wanting task related signaling in the hypothalamus, and the striatum indicating that 
subjects with BMIs increasing above and decreasing below 25 exhibited 
progressively higher wanting task related signaling. 
Conclusion: The relationship between reward-related brain signaling and BMI is non-
linear. This implies the lowest motivation may imply the lowest motivation to eat at a 
BMI of 25, stimulating weight gain in thin individuals, and supporting overweight and 
obesity in the overweight and obese. 
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Introduction
The prevalence of obesity and its co-morbidities is increasing in the developed 
world1,2. This is caused by energy-intake exceeding energy expenditure, i.e. a 
positive energy balance3 and may be influenced by features of food intake, such as 
eating in the absence of hunger4. This overeating is often driven by reward seeking5. 
When trying to explain how eating and body weight is related to reward related 
signaling in the brain, two models were developed: The reward sensitivity theory, 
states that high reward sensitivity leads to seeking of more reward6,7, effectively 
maximizing the experienced reward. In contrast, the reward deficiency syndrome8,9, 
explains reward seeking as trying to maintain reward homeostasis while the 
experienced reward is reduced, thus implying that subjects with lower reward 
sensitivity need to increase the frequency or intensity of the rewarding activity10,11. 
Reward deficiency was shown as inverse relationship of dopamine receptor density 
and BMI in obese individuals8, or decreased dopaminergic reward signaling after 
repeated consumption of rewarding substances, such as drugs or food11,12. 
Furthermore, dopamine antagonists lead to an increased body weight by increasing 
energy-intake in many individuals13. Davis and Fox (2008) proposed a combined 
model, that uses an inverted u-shaped relation, such that in the lower body-weight 
range the reward sensitivity theory applies, while in the higher body-weight range, 
the reward deficiency syndrome theory applies14. This theory thus proposes that 
individuals with high reward sensitivity tend to have higher body weight and tend to 
get heavier. At a certain weight, reward deficiency may develop, leading to a further 
increased body weight due to compensatory reward seeking. To study the relation 
between the rewarding value of food and subjects characteristics, we recently used 
Berridge’s model that describes the rewarding value of food as ‘liking’, the hedonic 
preference or palatability, and ‘wanting’, the motivation to eat a particular food 
item15. Energy-intake is mainly determined by wanting5,16, while liking is relatively 
more stable16. We showed that liking and wanting are signaled in a partially 
overlapping and a partially distinct fashion in the human brain16. Additionally, we 
observed that wanting task related signaling was represented significantly in the 
hypothalamic region and the striatum. Signaling in the satiated condition in these 
regions was typically inversely related with BMI in the range of 19-2516. So far it 
remained unclear, how reward related signaling is affected in the BMI range of 25-33 
or over all, 19-33. Here we studied the relation between BMI and wanting task 
related signaling in the hypothalamic region and striatum, here caudate and 
putamen.
We used a linear and nonlinear model  to assess the relationship between BMI and 
brain signaling in reward and homeostasis related regions and expected to find the 
best fit with a nonlinear relationship, explaining the difficulty to find significant results 
when using a linear model.

Subjects and methods
Subjects
The study was approved and registered under MEC 09-3-035 by the Medical Ethical 
Committee of Maastricht University and at the Netherlands Trial  Register under 
NTR1904. Subject recruitment started on November 23rd 2009 and included 
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subjects with BMI=19-33. 35 test subjects were screened. Informed, written consent 
was obtained from all  subjects. Inclusion criteria were: healthy female subjects, 
normal to slightly obese body weight (BMI 19-33) and right-handedness. Exclusion 
criteria were recent dieting, a personal  or familial history of psychiatric disorder, or 
use of intra-uterine contraceptives. 30 subjects were included with the following 
characteristics: Age = 21.6±2.2, BMI = 25.0±3.7, range 19.4-32.8. During fMRI data 
analyses, 3 subjects were excluded due to excessive movement, resulting in a total 
of 27 subjects in the subsequent analyses.

Functional MRI sessions
To create a fasted and a satiated condition, subjects came to the university after an 
overnight fast of at least 10 hours: Subjects were instructed not to drink any 
alcoholic  beverages the day before the test and not to eat, or drink coffee or tea 
after 10 PM the evening before testing. Subjects individually confirmed adherence to 
these instructions. Each session included five VAS questionnaires for hunger and 
satiety and two fMRI scans during which the subsequent meal was chosen (Figure 
1A). Breakfast, given between the first and the second fMRI scan, created the 
subsequent satiated condition. The second meal followed the second scan. Both 
meals consisted of the food items that were chosen from the 15 food images within 
the scanner.  The meals were offered immediately after the questionnaires and as 
quickly as possible after the scan. The fasted and satiated conditions were identical 
and therefore directly comparable. 

Functional MRI settings and paradigm
The subjects were scanned in a 3T Siemens Magnetom Allegra, with the standard 
one-channel head coil. The subjects’ position was confirmed with T1 weighted scout 
images. During the functional run, the subjects were presented with each four 
segments of wanting and four segments of liking. All  food items had been tasted and 
rated for multiple characteristics on a separate day and were thereby known to the 
subjects16. The items were presented one by one, asking subjects to rate the image 
for either ‘liking’ of ‘wanting’ (Figure 1). In total, the paradigm took approximately 35 
min and each image was shown 4.5 times on average. Ratings were given by using 
a four-button response box (LUMItouch, Photon Control, Burnaby, BC, Canada) that 
was fixed to the right hand. The buttons represented a value of 1-4. The average 
ratings calculated directly after the scan and items with an average wanting rating of 
2.5 or higher were offered to eat. All  items were given in large quantities to account 
for the limited number of different items and therefore, each item had to be sampled 
at least, but not mandatorily eaten completely. 
Functional MRI images were acquired throughout the session using a T2* weighted 
protocol to obtain blood oxygen level dependent (BOLD) T2* signal (TR = 2 s, TE = 
26 ms, Flip angle = 90°, matrix = 96x96, field of view = 269 voxel size 3.0x3.0x2.9 
mm, gap 0.1mm). 

fMRI data preprocessing
The fMRI data were imported into BrainVoyager QX version 2.3 (Brain Innovation 
B.V., Maastricht, The Netherlands). Functional data was preprocessed using the 
standard methods in Brainvoyager QX 16,17. Functional data were aligned to each 
subjects’ own 1 mm isovoxel high resolution T1 weighted anatomical  scan using 
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auto alignment (6 parameter affine) with supervision. Finally, all images were 
transformed into the Talairach coordinate system (Talairach and Tournoux, 1988) 
using the standard procedure in BrainVoyager QX, resulting in a resolution of 
3x3x3mm voxels, resulting in a functional voxel size of 27mm3. 

Region of interest definition
Anatomical regions of interest (ROI) related to our hypotheses were determined 
from our earlier study16. These ROIs included the hypothalamus, which is a key 
region in homeostatic signaling16, the nucleus accumbens as a region in which high 
dopaminergic reward related signaling was observed previously18, and additionally 
the caudate and putamen, which are reward related areas that were consistently 
activated related to wanting tasks 9,16. The ROIs definitions from the previous study 
were used16. These definitions were based on a localizer contrast for wanting in the 
predefined anatomical regions, based on a group average. 
  
Behavioral measurements
To assess the success with creating a pre-meal (hunger) and a post-meal state 
(absence of hunger), VAS for hunger and satiety were taken four times: before the 
first scan, immediately after the first scan, before the second scan and immediately 
after the second scan. The model that was used for the rewarding value of food 
consists of two elements i.e. liking and wanting. Thus to assess the rewarding value 
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Figure 1: 
(A) Test  day schematic overview. Subjects arrived fasted between 8 and 9 am. Each fMRI 
session took approximately 45 minutes including a functional MRI run of  35-minute MRI. 
Subjects were given 30 minutes to consume their meal after each scan. (B) Layout of  the 
stimuli slides: A centered food image that was standardized for size color with the food 
name below the image. (C) Overview of the stimulus presentation during the fMRI run. 
Stimuli were shown in 4 segments (dotted line) containing ~17 event related stimulus trials 
(solid line). Segments were presented in counterbalanced order. 
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Table 1: 
Correlation coefficients for the relationship between wanting task related signaling in the 
specified regions and BMI with a linear and quadratic model, and related to the average 
wanting rating for the trials included in the analysis. 

BMIBMIBMI
Average wanting 

rating
Linear QuadraticQuadratic

Wanting TRS in the

Caudate
L
R

Hypothalamus
L
R

Putamen 
L
R

Overall:

r value r value Nadir BMI r value

0.134 0.354 24.36 0.118
0.179 0.287 24.51 0.093

0.192 0.531# 25.25 0.344
0.191 0.514# 24.76 0.298

0.377# 0.469# 22.88 0.176
0.457 0.500# 21.03 0.260

0.255* † 0.321*** 23.80 0.215**
# Correlation significant at P<0.05, * versus zero P< 0.05, corrected, ** versus zero P< 0.01, corrected, 

Figure 2: 
The quadratic model for the relation between post-meal wanting task related signaling and 
BMI. (A) In the caudate left: y=0.0039x2-0.19x+2.42, R2=0.082; right y=0.0051x2-0.25x+3.18, 
R2=0.126. (B) In the hypothalamic region left: y=0.0099x2-0.50x+6.20, R2=0.265; right 
y=0.0105x2-0.52x+6.55, R2=0.282. (C) In the Putamen left: y=0.0059x2-0.27x+3.08, R2=0.220; 
right y=0.0039x2-0.164x+1.67, R2=0.250. 



of food and food intake, behavioral  liking and wanting were analyzed using the 
ratings given in the scanner. Here, the question to determine liking was “how much 
do you like this item, not considering if you want to eat it right now?”. Wanting was 
determined using the question “how much do you want to eat this item right now?”, 
while the subjects were instructed that the items that were rated high in wanting 
were to be consumed immediately after the scan. Behavioral liking was thereby 
defined as explicit food preference and behavioral  wanting was defined as explicit 
food choice. 

Data analysis
To analyze the brain activation, separate predictors for liking and wanting were 
created, to be used in general linear model analyses and subsequent second level 
analyses: Subjects rated the images for all items, thus each image was ranked 
according to the average rating given for the respective item. From this ranking, the 
five highest and five lowest images were selected to avoid an unbalanced design. 
Consequently, the predictors obtained were ‘low liking’, ‘liking’, ‘low wanting’ and 
‘wanting’. The duration of each trial  was defined as the duration of the image 
presentation and the trials were modeled using the standard canonical two-gamma 
hemodynamic response function. Furthermore, predictors containing the non-
selected trials were made and a linear habituation predictor was added using the 
BVA-Predictor tool (BVA-Predictor tool, J.M. Born, Maastricht). In the second study, 
additionally, onsets of instructions, reminder and response request were modeled. 
To perform group contrasts comparing the pre-meal and post-meal conditions, 
dummy coding was applied using the BVA-Predictor tool. Group effects were 
determined by second level random effects analysis (ANOVA) using all  GLM factors. 
Neural correlates of wanting were related to BMI in hungry as well as satiated 
conditions. From the regions of interest, parameter estimates for the high wanting 
models were extracted and corrected for baseline, in which baseline represents the 
parameter estimates for the constant in the GLM/ANOVA model. All  data were 
analyzed using Microsoft Excel 2008 for Macintosh and PASW statistics 18. 
Simple Pearson’s r correlations were made between wanting task related signaling 
in the specified regions and BMI. In addition second order polynomial model was 
applied using Microsoft Excel  and significances were assessed using PASW 
statistics (Figure 2 and Table 1). Consistency of correlation results between wanting 
task related signaling with BMI for both linear and quadratic  models, was estimated 
by testing the averaged correlation coefficients from significant regions (all included 
regions) against zero, using a student’s t-test. Finally, the correlation between the 
average wanting rating and the wanting task related signal was assessed using 
using Pearson’s r correlation and the effect of including this wanting rating in the 
linear/nonlinear model was assessed using multiple regression analyses. 
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Results
Hunger and satiety
The hungry versus satiated condition was confirmed by high ratings for hunger pre-
meal (62.2±3.5 mmVAS) and low ratings post-meal (10.8±1.7, difference p<0.001). 
The decrease in hunger over breakfast was statistically significant (p<0.001). 

BMI related to behavioral measures
BMI was positively related to hunger post-meal (R=0.48, P=0.01), while it was not 
related to energy intake and behavioral liking and wanting as well as liking and 
wanting TRS in any region. In addition, in no region was a relationship found 
between a combined model of body weight and hunger and wanting TRS post-meal 
using a multiple regression analysis. 

BMI related to wanting TRS
To assess the way in which BMI relates to wanting task related signaling (TRS), we 
compared a quadratic model linear model of BMI when related to wanting TRS. Pre-
meal, no correlations between wanting TRS and BMI was found. Conversely, post-
meal, several  significant results were seen: Over all three regions, the correlation 
coefficient was higher using a quadratic model (P<0.02), showing the lowest wanting 
TRS with a BMI of 24. Individually, four significant quadratic correlations were found 
(bilaterally in the putamen and hypothalamus) compared with only one significant 
result (left putamen) when using a linear model (Table 1). The relationship between 
nonlinear BMI and wanting task related signaling was most pronounced in the 
hypothalamic region (Table 1 and Figure 1). These findings show that the 
relationship between wanting related signaling and BMI is highly consistent when 
using a nonlinear model, indicating that after eating a meal, BMI predicts wanting 
task related signaling such that signaling is lowest around BMI~24 (Table 1). In both, 
subjects with a BMI lower or higher than this value, wanting task related signaling 
was progressively higher, dependent on the distance from this BMI value. 

Discussion
Here we present data that directly supports a nonlinear relationship between BMI 
and wanting task related signaling, especially in the hypothalamic region, but also in 
the striatum. This may explain some of the problems in describing the way in which 
BMI affects brain signaling: Previously, BMI was related with reward-related 
signaling in the striatum and with specifically wanting task related signaling in the 
hypothalamic region9,14,19. However, the outcomes of different studies published 
appeared contradicting, in part reporting that overweight and obesity leads to 
increased brain signaling in reward-related and taste-related brain regions20,21 while 
others support the idea of reduced brain signaling in reward-related brain regions, 
indicating reward deficiency in subjects with a higher BMI9,14,16,21. We show that a 
nonlinear model nadir at a BMI between 22 and 25 is the best model for the relation 
between BMI and signaling in the hypothalamic region and putamen, and to a lesser 
degree for the relation between BMI and signaling in the caudate.  In the lower 
range of BMI 19-24 the model  implies that wanting task related signaling in several 
regions is lower with higher BMI. Our own previous studies showed similar 
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relationships between wanting TRS and BMI in subjects with similar weight range. 
Conversely, the new data regarding a BMI of 24-33 implies a positive relationship 
between wanting TRS and BMI. No relationships were found between hunger and 
wanting TRS, or for a combined model of hunger and BMI, confirming that 
differences in hunger did not account for the effects on wanting TRS that were 
observed. Taken together, the data suggest that sensitivity rather than deficiency in 
signaling of the rewarding value of food may drive excessive energy intake in 
overweight and obese subjects.  
Previouws studies showed that genetic differences lead to different directionality in 
the correlations, offering more possible explanations for the seemingly contradictory 
effects19,22: In these studies, subjects with an obesity prone genetic  background 
exhibited a positive correlation between BMI and brain activation and subjects 
without this obesity susceptibility exhibited a negative correlation. Depending on the 
distribution of genotypes, this may also be modeled with a nonlinear model. The lack 
of a significant relationship between BMI and wanting TRS in the nucleus 
accumbens, is in line with our earlier study, in which we did not see an involvement 
of this region predominantly with liking in relation to cognitive dietary restraint16.
Furthermore, previous studies have shown that the drive to eat was positively 
related to activation in multiple brain regions23. Thin subjects exhibited reduced 
signaling related to food images, while reduced obese showed relatively increased 
signaling when in a positive energy balance24. Taken together, this suggests that 
normal weight individuals, may be biased towards a BMI of approximately 24 by 
reward sensitivity: The lower the BMI, the higher the brain activation in wanting 
related, homeostatic  regions during food choice in the absence of hunger25. It is 
possible that this bias implies a drive towards the body weight that is associated with 
the most favorable survival rate and overall health, i.e. a BMI of approximately 
24-2526,27. Conversely, in subjects with a BMI of 25-33, we found that wanting task 
related signaling was higher in subjects with a higher BMI. Thus these overweight 
and obese subjects may experience motivation for an even higher energy intake in 
the absence of hunger, biasing them towards an excessive energy intake resulting in 
maintenance of overweight or even positive energy balance resulting in unfavorable 
weight gain23. The results from this study agree with earlier findings for subjects with 
a BMI < 25, in which overall brain signaling, including signaling in the hypothalamic 
region, was inversely related with BMI9,16.  In addition, the present study is in line 
with recent findings that indicated a positive relationship between reward or 
gustatory signaling, with overweight and obesity, thereby implying a body weight 
related susceptibility for overweight and obesity20,22,28. Obviously, brain signaling 
processes associated with food choice, food viewing or food tasting can only explain 
a part of body weight regulation: Previous studies have shown that dietary restraint, 
disinhibition and feelings of hunger also affect food intake29,30. Thereby, the 
susceptibility to weight change may thus be modulated or even overruled by 
complex cognitive processes, preventing some subjects from gaining body weight. 
However, the limited success rate of weight maintenance after successful weight 
loss, which is reportedly only about 20% of the subjects that lost significant amount 
of weight31,32, may be due to an underlying susceptibility in brain signaling, which 
may ultimately also originate from the genetic background19,22,33.
In conclusion, the relationship between reward-related brain signaling and BMI was 
better characterized by a nonlinear model compared with a linear model, especially 
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in the hypothalamic  region and putamen. This nonlinearity may explain contradicting 
past findings and may imply the lowest motivation to eat at a BMI of approximately 
25, stimulating weight gain in thin individuals, and supporting overweight and obesity 
in the overweight and obese.
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Abstract
Background: Stress results in eating in the absence of hunger, possibly related to 
food reward perception.
Hypothesis: Stress decreases food reward perception.
Aim: Determine the effect of acute stress on food choice and food choice reward 
related brain activity.
Subjects: 9 females (BMI=21.5±2.2kg/m2, Age=24.3±3.5y).
Procedure: Fasted subjects came twice to randomly complete either a rest or stress 
condition. Per session, two functional MRI scans were made, wherein the subjects 
chose the subsequent meal (food images). The rewarding value of the food was 
measured as liking and wanting. Food characteristics (e.g. crispiness, fullness of 
taste etc.), energy intake, amount of each macronutrient chosen, plasma cortisol 
and VAS hunger and satiety were measured. 
Results: Fasted state was confirmed by high hunger (80±5 mmVAS). Breakfast 
energy intake (3±1MJ) and liking were similar in all  conditions. Wanting was lower 
postprandially (∆=-.3 items/category, p<.01). Breakfast decreased hunger (-42 
mmVAS, p<.01). Postprandially, energy intake (-1.1MJ), protein intake (-14.7g) and 
carbohydrate intake (-32.7g all p<.05) were lower. Fat intake was not different (-7.3, 
p=.4). Putamen activity was not lower postprandially. Cortisol levels were increased 
in the stress condition (cortisol ∆AUC=+2.2·104nmol·min/l, p<.05). Satiety was lower 
after breakfast (-8 mmVAS, p<0.01). Postprandial energy intake, protein intake and 
carbohydrate intake was relatively higher compared with the rest condition, resulting 
from more choice for crispiness and fullness of taste (p<.05). Brain activation was 
reduced in reward-areas: Amygdala, hippocampus and cingulate cortex 
(AUC=-13.33, -1.34, -2.56 %BOLD·sec for choosing breakfast and AUC=-9.31, 
-1.25, -2.34 %BOLD·sec  <.05 for choosing the second meal). Putamen activation 
was decreased postprandially (AUC=-1.2 %BOLD·sec, p<.05). 
Conclusion: Reward signaling and reward sensitivity was significantly lower under 
stress, coinciding with increased energy intake from food choice for more crispiness 
and fullness of taste. The changes in putamen activation may reflect specifically 
decreased reward prediction sensitivity.
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Introduction
The currently rising obesity epidemic in the developed world is drawing increasing 
attention1, especially since visceral  (or central) obesity is a key factor in the 
development of the metabolic syndrome2,3. It has been shown that increased stress 
indices coincide with the increased prevalence of obesity and the metabolic 
syndrome4,5. Stress is indicated by increased activity of the hypothalamus pituitary 
adrenal axis (HPA axis) and is represented by elevated plasma cortisol levels6,7. It 
has been shown that viscerally obese subjects often have increased cortisol  levels 
compared with normal  weight subjects8. Furthermore, an interaction between 
cortisol and leptin has been shown: the obesogenic effects of leptin deficiency in rats 
can be reversed by subsequent adrenalectomy9. This indicates that both leptin and 
cortisol signaling simultaneously contribute to food intake regulation. Other studies 
have indicated that also insulin levels are positively related to cortisol levels and that 
insulin and cortisol have antagonistic  effects on each other in terms of feeding 
behavior and body weight10,11,12. Furthermore, it was shown that cortisol and insulin 
co-determine the macronutrient intake in rats, such that higher insulin levels were 
associated with higher lard intake in rats13. 
Additionally, other studies suggest that high cortisol levels leads to altered food 
choice14,15,16 and stress is thought to result in food choice for items with a higher 
content of fat and sweet, which are perceived as highly rewarding15,17,18,19,20. Over 
all, this is striking evidence that stress influences food choice through various 
hormonal pathways. 
Eating behavior that may be influenced by stress is divided into two components: 
The first component is homeostatic  eating, which relates to hunger and satiety, and 
ultimately to energy balance and steady body weight. The second component is 
non-homeostatic  eating, which is influenced by food reward, and is observed as 
eating in the absence of hunger21. Westerterp and Speakman (2008) performed an 
extensive meta analyses on energy expenditure data of cohorts around the world. 
They showed that the energy expenditure of adults was related to factors such as 
BMI, but did not decrease at all between 1988 and 200622. This suggests that the 
recent rise in obesity may result from non-homeostatic  eating over long periods of 
time, rather than a lack of physical exercise. Furthermore, we showed that stress 
leads to eating in the absence of hunger in subjects with high disinhibition scores23. 
This suggests that stress interferes with non-homeostatic  pathways that are involved 
in food intake regulation, such as food reward signaling, resulting in a shift of food 
choice towards foods with high fat and carbohydrate content23. Taken together, we 
hypothesize that stress significantly decreases the food reward, leading to non-
homeostatic  eating in the absence of hunger, with food choices that result in higher 
energy intakes. 
The rewarding value of food can be described as consisting of two components: 
liking, which is the hedonic preference for a given food item and wanting, which is 
the motivation to obtain the food item24. The combination of liking and wanting, 
defines the rewarding value of a given item and thereby its specific maximum 
perceived food reward. At the level  of the central nervous system, it has been shown 
that reward activates dopamine mediated signaling in key areas of the brain. In 
studies that investigated food reward specifically with various paradigms, using food 
images, smells and tastes, brain areas involved were the amygdala, striatum, 
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hippocampus anterior cingulate cortex and orbitofrontal cortex25,26,27,28,29,30. Previous 
studies have shown that dopamine release in these brain areas is dependent on 
satiety, but also on body mass index31,32, which by itself has been inversely 
correlated with dopamine mediated signaling32. This indicates that dopamine reward 
signaling may be involved in food intake regulation. Finally, several reports show 
interactions between dopamine reward systems and cortisol, or corticotropin 
releasing factor33,34,35,36,37, thus suggesting that a state of endocrinological  stress 
may directly lead to dramatic changes in food reward signaling.
We hypothesize that acute stress reduces signaling in food reward circuits, thereby 
leading to eating in the absence of hunger. To test the hypothesis that stress 
reduces the rewarding effect of food in general, we aimed to determine the effects of 
acute stress on food reward related brain activation that was induced by food 
choice.

Methods
Subjects
The study was approved by the Medical  Ethical Committee of the University 
Maastricht, and informed, written consent was obtained from all  subjects. Inclusion 
criteria were: female, normal  body weight (BMI 19-25), right-handedness. Exclusion 
criteria were recent dieting, a personal  or familial history of psychiatric disorder, or 
intra uterine contraceptives. Fourteen test subjects were screened and ten of them 
were included with the following characteristics: Age = 24.1±1.1, BMI = 21.5±0.7, 
Three factor eating questionnaire TFEQ38 dietary restraint = 8.4±1.1, disinhibition = 
4.2±0.5, emotional eating = 4.6±0.9, age = 24.3±1.2, State trait anxiety inventory, 
STAI-2 (trait) = 37.8±6.2. 

Sessions
Subjects came to the university twice in the fasted state. Randomly two sessions 
were completed, one in the rest condition and one in the stress condition, each at 
least one week apart. To create stress versus rest, an unsolvable versus solvable 
mathematical test was given before each scan. This test has been described and 
validated before23,39. A schedule of how the sessions were executed is given in 
Figure 1. Each session included five questionnaires and five blood samples, two 
fMRI scans and two meals (breakfast after the first scan and a postprandial meal 
after the second scan) that were chosen from food items shown within the scanner 
(Table 1). The meals were offered immediately after the questionnaires and blood 
samples were obtained quickly after the scan. 
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Figure 1: Schedule of the activities that subjects conducted per test session.
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Visual analog scales (VAS) 
To determine the effect of the breakfast and a postprandial  meal, visual analog 
scales for hunger and satiety were taken five times: baseline >20 min after placing 
the cannula, before the first scan, immediately after the first scan before breakfast, 
before the second scan and immediately after the second scan before the second 
meal. The VAS questionnaires consisted of 100 mm lines, anchored with “not at all” 
at the far left “extremely” at the far right. Questions asked were “How hungry are 
you?”, “How full  do you feel?”, “How satiated do you feel?”, “How thirsty are you?”, 
and “How large is your desire to eat?”

Hormones 
At the beginning of the test session, a cannula was placed in the antecubital vein, 
which was kept there for the duration of the session. After each time that the 
questionnaires were filled out, a blood sample for hormone measurements was 
drawn (10 mL). Thus in total  five blood samples were obtained starting >20 min after 
placing the cannula. These samples were each divided over two tubes: 6 mL was 
transferred into a serum tube (BD Vacutainer with separation gel, 8.5mL). Blood 
serum was obtained by centrifugation (4°C, 3000 RPM, 10 min). The remaining 4 
mL were transferred into a plasma tube (BD Vacutainer with EDTA, 10 mL). Blood 
plasma was obtained by centrifugation (4°C, 3000 RPM, 20 min). All samples were 
frozen and stored at -80°C until  further analysis.  Serum cortisol levels for stress 
were determined by radio immuno assay (at Département des Sciences 
Fonctionnelles, B41 - Physiologie de Reproduction, Liège, Belgium). Both leptin and 
insulin were determined in our own lab from the plasma samples, by means of radio 
immuno assay according to the manufacturer’s instructions (Human insulin specific 
and human leptin specific RIA kit, Linco Research, St. Charles, Missouri, USA). 

Rewarding value
Rewarding value was determined as liking and wanting. To obtain data on the 
rewarding value of food and food intake, liking and wanting were analyzed as 
follows: the food items used in this study were ranked based on their relative liking in 
a separate set of experiments 40. In our study, the liking scores refer to the average 
of the predetermined liking scores of all  the chosen items for one meal. To determine 
these scores, all food items were shown to the same subjects in random pairs. Each 
food item was shown paired with all  other items within the category and 
subsequently the items were additionally paired between the categories. By 
selecting the preferred items from each pair, a relative ranking was obtained for all 
items40. 
To determine which food was wanted by our subjects, food items were chosen inside 
the scanner. These items had to be eaten immediately after the scan. The choice for 
the respective item together with the average number of items chosen therefore 
reflects wanting. 

Food characteristics
To determine the characteristics of the selected food, the structural  characteristics of 
each food item were determined by a separate ten-subject taste panel. All  food 
items were offered individually and in randomized order. Water was provided to 
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avoid cross tasting. The taste dimensions that were tested were crispiness, 
creaminess, fullness of taste, sweet, sour, salty and bitter. Fullness of taste was 
defined by instructing the test panel to consider how strong the taste of a given food 
item was as well as how much this taste filled the mouth. All dimensions were rated 
on a seven-point scale, ranging from “not at all” to “extremely” for each food item 
and each dimension. The average ratings were calculated and used in the 
subsequent analyses. Furthermore, macronutrient composition, total energy content 
and the average energy density of the chosen food were calculated (Table 1). 

Functional MRI 
The subjects were placed in supine position in a Siemens Magnetom Allegra, with 
the standard one-channel head coil. The subjects position was confirmed with T1 
weighted scout images. In the functional MRI scanner, the subjects were 
successively presented with five categories of food items: bread, fillings, drinks, 
desserts and snacks (Table 1). The subjects knew all  items from a similar 
experiment outside the scanner, as well as the quantity that they were offered. For 
each category, a menu of eight images of the available food items was shown for ten 
seconds. The subjects were asked to choose between zero and two items from each 
of these menus to create their own meals, and they were instructed that those items 
had to be eaten completely immediately after the scan. To select the desired items, 
an MRI compatible joystick was used, which was fixed to the scan table at the waist 
at an angle that allowed comfortable usage. It was confirmed that the joystick was 
easily reached with the right hand to move the mouse pointer, and with the left hand 
to press a button to select the item. Before starting the food choices, subject had 
been in the MRI for 15 minutes, performing another behavioral paradigm. The food 
selection was preceded with 16 second gap (fixation cross), followed by written 
instruction regarding the subsequent food choice, which was followed by another 16 
second gap. Food choice displays were separated by 16 second gaps. Functional 
MRI images were acquired throughout the session using a standard T2* weighted 
protocol to obtain blood oxygen level dependent (BOLD) T2* signal (TR = 2 s, TE = 
25 ms, Flip angle = 90°, matrix=64x64, voxel size 3.5x3.5x3.5 mm). 

Data analysis
Hormone level measurements and behavioral  data were analyzed using factorial 
ANOVA with or without repeated measures, depending on the variables that were 
included. Pearson correlations were made per condition. With the exception of the 
fMRI image data, all data were analyzed using Microsoft Excel and SPSS 16. For 
cortisol data, areas under the curve were calculated using the trapezoid method. 
The fMRI data were imported into BrainVoyager QX (Brain Innovation B.V., 
Maastricht, The Netherlands). To preprocess the functional data, slice scan time 
correction with cubic spline interpolation, motion correction with trilinear interpolated 
motion estimation and subsequent sinc interpolation, and temporal  high pass 
filtering with a window of 5 cycles was applied. One out of the ten subjects scanned, 
had to be excluded from analysis due to excessive movement during the scan. 
The functional data were aligned to each subjects’ own 1 mm isovoxel  high 
resolution T1 weighted anatomical  scan. First, the head tissues were digitally 
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removed from the brain, to optimize the performance of BrainVoyager’s auto 
alignment algorithm. Second the auto alignment was performed and corrected 
manually under visual inspection, if necessary. Finally, all images were transformed 
into the Talairach coordinate system 41 using the standard procedure in 
BrainVoyager. Statistical analyses were superimposed on a group average 
anatomical brain image. 
To analyze the brain activation, predictors for general linear model  (GLM) analysis 
were created: One predictor with a duration of 10 seconds, was created for each 
presentation of the menu from which the food had to be chosen. The predictors were 
modeled using the standard canonical  two-gamma hemodynamic response function. 
Two predictor types were defined: menu presentation from which something was 
chosen, and menu presentation from which nothing was chosen. Group GLMs were 
performed, including the measurements for breakfast selection and the second meal 
selection (postprandially) in the rest and the stress condition. Group contrasts were 
used to compare activations in whole brain images and a functional  voxel cluster 
threshold of n=4 × 27mm3 was set. 
Anatomical  regions of interest (ROI) were determined from literature 
25,26,27,28,29,30 and generated bilaterally. The regions included the anterior 
cingulate cortex, amygdala, hippocampus, hypothalamus and putamen. Group 
contrasts for choosing something versus choosing nothing, revealed significantly 
higher activation in the right frontal cortex when something was chosen (Fig. 3A-C, 
FDR p<0.05). Additionally, it was found that signal  in all ROIs was higher on average 
in case that food items were chosen, therefore, the analyses of reward related 
activation were performed using the signal when food items were chosen. To 
determine functionally relevant ROI shapes, group contrasts were made for high 
wanting vs. low wanting, using the predetermined ROI definitions as a mask. 
Subsequently, the significantly active voxels from this contrast were exported as the 
new ROI definitions.
The average percent BOLD change was extracted using event related averaging. 
Events were defined as image presentations in which a choice was made for an 
item. The data that were extracted from the corrected ROI, was imported into 
Microsoft Excel. Subsequently, the data were normalized to time t=0 (the moment 
that the food menu was shown). The averages of all measurements were plotted per 
ROI and the presence of hemodynamic response curve in the BOLD signal  was 
visually confirmed. The area under the curve from the image presentation start until 
12 seconds (t=0 to t=12) was calculated using the trapezoid method and further 
analyzed using SPSS 16 using ANOVA repeated measures.
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Figure 2 : 
Sagittal (a), coronal (b) and transversal (c) sections, showing the GLM contrast of  choosing 
something versus choosing nothing.  Significant activation is  visible in the left frontal cortex 
(-21, 58, 13; P<0.05 FDR corrected).

Figure 3: 
Two sagittal (a, b) sections at different  planes and a transversal (c) section with the GLM 
contrast  of choosing breakfast versus choosing a meal postprandially. There is  a clear 
activation in the orbitofrontal cortex (3, 48, -1), frontal cortex (13, 61, 20 and -12, 63, 21) and 
putamen (18, 5, -5; P<0.05 FDR corrected).

Figure 4 :
Sagittal (a),  coronal (b) and transversal (c) sections,  showing the GLM contrast rest 
condition versus stress condition. Significant activation in present in the putamen (22, 4, -3 
and -23, 11, 4) and the orbitofrontal cortex (-8, 28, -6, P<0.05 FDR corrected).



Results
The fasted state before the first scan was confirmed by low VAS scores for satiety 
and fullness, and high scores for hunger, thirst and desire to eat. Eating the self-
selected breakfast lead to significantly decreased hunger, thirst and desire to eat, 
and to increased satiety and fullness for the remainder of the session (Table 2, VAS, 
p<0.01). 
To compare the rewarding value of the food that was chosen within the session, the 
subjective preference was determined in terms of liking and wanting. Average 
predetermined relative liking scores for the food items did not differ between the 
stress and the rest condition, and between the fasted and the satiated (postprandial) 
condition. However, the quantitative wanting for food, measured as the number of 
items chosen, was significantly decreased after breakfast (Table 2, rewarding value, 
p<0.01 in the rest condition and p<0.02 in the stress condition).
The acute stress as induced by the mathematical test was confirmed with cortisol 
measurements: cortisol levels were significantly higher, after the unsolvable 
compared with the solvable math test (Table 2, Cortisol, p<0.05). Leptin and insulin 
levels were not significantly increased in the stress condition compared with the rest 
condition (Table 2) and they were not correlated with cortisol levels.
The effect of stress on hunger and satiety was analyzed from the VAS scores for 
hunger and satiety. Subjects showed significantly lower scores for satiety after 
breakfast in the stress condition than in the rest condition, while the scores for 
hunger were equal  in both conditions. The average predetermined liking of the food 
items chosen during stress was not different from the rest condition (liking). 
Likewise, the number of food items chosen (wanting) was no different in the stress 
condition compared with the rest condition. Fat intake was not different during the 
postprandial second meal compared with breakfast in both the stress and the rest 
condition (Table 2, n.s.). However, the energy intake, protein intake and 
carbohydrate intake were not decreased postprandially in the stress condition. Thus 
carbohydrate and protein intake were relatively higher in the postprandial state (in 
the absence of hunger) in the stress condition compared with the rest condition. 
Regarding the food characteristics, firstly subjects selected food items with higher 
crispiness in the stress versus rest condition (Table 2, interaction effect p=0.043). 
Secondly their preference for fullness of taste was decreased postprandially in the 
rest condition, but not in the stress condition (Table 2, interaction effect p=0.024) 
and finally, subjects tended tot choose more energy dense food items in the 
absence of hunger in the stress condition compared with the rest condition (Table 2, 
interaction effect p<0.06). Postprandial  energy intake was positively correlated with 
the cortisol levels in the rest condition and in the stress condition (R=0.697 and 
R=0.695, both p<0.04).
To determine the effect of choosing food compared with choosing nothing, fMRI data 
were contrasted accordingly (Figure 2). There was significant activation in the left 
frontal  cortex (possibly Brodmann area 10, p<0.05, FDR corrected). To test the 
effects of eating breakfast on the representation of food choice related brain 
activation, fMRI data were contrasted for choosing breakfast versus choosing the 
second meal. Significantly lower activation was seen in the right putamen and the 
orbitofrontal cortex of satiated subjects (Figure 3, p<0.05, FDR corrected).
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When comparing the stress condition with the rest condition during breakfast 
selection, lower activation was present in multiple brain areas: firstly, in the group 
contrasts, significantly lower activation was observed in the orbitofrontal cortex, 
frontal  cortex and the putamen (Figure 4, FDR p<0.05). Secondly, ROI analysis of 
the Amygdala, the cingulate cortex and the hippocampus also showed lower 
activation in the stress condition compared with the rest condition (Table 2). Finally, 
the analysis of the putamen ROI revealed that in area of the whole putamen there 
was significantly reduced activation in the satiated stressed condition, compared 
with all the other conditions (Table 2).

Discussion
The main objective of the study was to determine the effect of stress on food choice 
and food reward. As a starting point, only normal weight women were included. We 
confirmed that the method we used induced an endocrinological state of moderate 
acute stress, which was reflected by significantly elevated cortisol levels in the 
stress condition. Since the effect of stress on food choice and food reward may be 
mediated by hunger or satiety, we executed the tests in a hunger as well  as a 
satiated condition, both of which were also confirmed by relevant VAS scores.
In terms of the total  food choice, energy intake was relatively higher postprandially in 
the stress condition compared with the rest condition. Additionally, subjects were 
similarly satiated postprandially both conditions (Table 2, VAS hunger), while satiety 
was lower in the stress condition compared with the rest condition (Table 2, VAS 
satiety, interaction effect p<0.02). This is in line with previous findings on eating in 
the absence of hunger, where it was found that subjects under stress had a higher 
energy intake compared with subjects at rest23. Nevertheless, liking and wanting 
were not different under stress compared with rest: we found that the number of 
food items that were chosen was lower in the satiated condition compared with the 
fasted condition, while there was no difference between the stress and rest 
condition. The average relative liking of the food item was not different during stress 
compared with rest, and in the fasted condition compared with the satiated 
condition. Therefore, the total  rewarding value of the food items that were chosen, 
which is the combination of liking and wanting24, was lower as an effect of satiety but 
not as an effect of stress. 
In contrast to the absent effect of stress on liking and wanting, we found that the 
food choice under stress compared with rest was different in terms of the food 
characteristics: subjects chose food items postprandially, that were higher in 
crispiness and fullness of taste in the stress condition compared with the rest 
condition. Consequently, the amount of carbohydrates and proteins in the selected 
food items was relatively higher during the second meal in the stress condition 
compared with the rest condition. This ultimately led to a trend towards choosing 
food items with higher energy density in the stress condition compared with the rest 
condition, resulting in eating in the absence of hunger. Overall, our findings support 
the idea that stress causes altered food choice, however, it does not lead to 
increased choice for carbohydrate and fat as proposed before15,17,18,19,20, but to 
increased carbohydrate and protein intake instead. We suggest that the likely cause 
for this difference is that our study population consisted of normal-weight females, 

Chapter 4

66



while the previous studies were conducted with obese and obesity prone subjects 
and the difference between the findings may in fact be a key component in the 
development of obesity. Surprisingly, our present findings indicate that the effects of 
stress are on food choice are clearly not only present in obese or obesity prone 
subjects. Furthermore, those effects are not limited to severe stress: our results 
show the effects of moderate stress that was indicated by significantly elevated 
cortisol but unaffected leptin and insulin levels.
With respect to relevant brain areas, whole brain contrasts were made and the 
resulting relevant active areas specific were defined as ROI from those. These 
regions included the putamen (dorsal  striatum), amygdala, hippocampus and 
cingulate cortex, all of which have been shown to be involved in reward 
signaling25,26,27,28,29,30. Using GLM group contrasts on the fMRI data it was found that 
reward signaling associated regions were significantly less active while choosing 
food in the satiated condition compared with the fasted condition (figure 3) and while 
fasted in the stress condition compared with the rest condition (figure 4), 
respectively. Using ROI event related averages, significantly lower activation was 
seen in the amygdala, hippocampus and cingulate cortex in the stress condition, 
compared with the rest condition. Thus stress seems to decrease the sensitivity of 
the reward system to food cues in general, which is reflected in decreased activation 
in food reward associated areas. 
The shift in food choice towards more crispiness, fullness of taste, and a tendency 
toward higher energy density in the stressed satiated condition compared with the 
stressed fasted condition, coincided with a lower activity of the putamen. Since the 
putamen is also known as a movement related pathway42, a contrast for choice for 
food versus choice for no food while viewing the images was included to confirm that 
putamen activation did not merely reflect extremity movement signaling (figure 2). In 
this specific  contrast, there was a significant activation in the left frontal lobe 
(possibly Brodmann area 10), which is reportedly involved in integration of different 
cognitive processes43. Therefore the observed effects in the putamen were not due 
to movement encoding: if moving the joystick and pressing the button in order to 
choose something did not activate the putamen by itself, then the signal in the other 
contrasts could not have originated from this motion alone. 
Using ROI event related averaging analyses, we found lower activation in the 
putamen in the combined stress satiated condition. Considering previous evidence 
that the putamen is involved in reward signaling and reward prediction27,44,45, our 
data suggest that putamen activity may reflect a specific  decrease in reward 
prediction sensitivity: choosing the different sized meals for breakfast and the 
postprandial second meal, lead similar putamen activation in the rest condition, 
indicating that the chosen items were predicted as a sufficient meal. In contrast, in 
the stress condition, the activation in this area was significantly lower during 
postprandial second meal selection, although the energy content of the selected 
second meal was not significantly different from the breakfast. Additionally, the 
striatum has been described to integrate activation from reward pathways and more 
behavior related pathways46. Our data suggests that the putamen integrates the 
information of hunger and satiety with the predicted food reward to determine the 
predicted plausibility of the food choice. This prediction was altered in the stress 
condition, which lead to compensatory food choice toward items with higher energy 
content.
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Overall, we found that stress interferes with the effects of hunger on energy intake, 
through lower satiety, a shift in food choice towards food that were higher in 
carbohydrates, proteins, crispiness and fullness of taste, and that had a tendency to 
higher energy density on average. This explained relatively higher energy intake in 
the postprandial  state compared with breakfast in this condition. It has been 
hypothesized that stress may affect food choice. We showed that stress decreased 
the activation in several  reward related brain areas, using GLM contrasts as well as 
ROI analyses, and that the putamen may play a complex integrating role in linking 
reward signals to behavior. Ultimately stress caused higher energy intake, which 
was attributed to choice for foods with higher carbohydrate and protein content, 
different structural characteristics and most likely a difference in energy density. 
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Abstract
Background: Eating behavior changes under stress, i.e. during high HPA-axis 
activation. 
Aim: Assessment of effects of high versus low HPA-axis activation on liking and 
wanting related brain signaling in relevant regions. 
Methods: 15 female subjects (21.5±0.4y, BMI=22.2±0.4) completed fMRI scans on 
two days, in a fasted as well  as a satiated condition on each day. The days were 
sorted by HPA-axis activation, resulting in two sufficiently separated HPA-axis states 
which was statistically confirmed (p<.05). During scans, subjects rated liking and 
wanting for food images; wanting indicated food choice for the subsequent meal. 
Energy-intake, hunger and fullness were additionally recorded. 
Results: Hunger changed significantly over the meal (p<.001).  Energy intake was 
lower during the second meal  (p<.001). Behavioral wanting was lower after 
breakfast (p<.01), behavioral liking did not change. During low HPA-activation, liking 
task related signaling (TRS) pre-meal  in the anterior insula predicted behavioral 
liking, wanting TRS in the anterior insula, nucleus accumbens and thalamus 
predicted behavioral wanting. During high HPA-activation, these relationships were 
not present pre-meal, but post-meal  behavioral  liking was predicted in the nucleus 
accumbens and wanting in the caudate.
Conclusion: High HPA-axis activation disrupted and redirected the connection of 
behavioral liking/wanting with the specifically associated brain signaling in relevant 
regions. 
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Introduction
The prevalence of overweight, obesity and the associated co-morbidities are 
increasing in the developed world1,2. The main cause of this increase is a positive 
energy balance that is maintained for extended periods of time3. Food choice and 
energy intake has been attributed to the rewarding value of food, and this rewarding 
value was defined as a combination of liking and wanting food4. Additionally, 
overeating has previously been partially attributed to stress indicated by activation of 
the hypothalamus-pituitary-adrenal axis (HPA-axis) and increased levels of cortisol 
in the blood5,6. This HPA-axis activation seems to results in food choice for highly 
rewarding food items7,8. We previously showed that acute stress lead to increased 
behavioral wanting for snacks and sweet foods in overweight subjects, yet 
decreased behavioral  wanting in normal weight subjects during a postprandial 
second meal9. Additionally, food choice during relatively high (compared with 
relatively low) HPA-axis activation, was changed towards items that were crispy and 
full  of taste, a higher energy intake, and lower striatal signaling during a second 
meal10,11.
In these studies, it remained unclear how behavioral liking and wanting tasks are 
linked to the related brain signaling, and subsequently, how this link is influenced by 
HPA-axis activation. We hypothesized that the link between behavioral liking and 
wanting and signaling in relevant brain areas may be disturbed during high versus 
low HPA-activation, helping to explain altered motivation towards eating behavior 
during stress. 

Methods 
Subjects: 
The study was approved by the Medical Ethical Committee of Maastricht University. 
Informed, written consent was obtained from all subjects. Fifteen healthy, right-
handed test subjects were included (age = 21.5±0.4, bMI = 22.2±0.2, range 
19.5-25.5.

fMRI sessions: 
Subjects came twice, on two separate days, to the university in the morning, after an 
overnight 10 hour fast, which was confirmed individually. Days were assigned to 
high or low HPA-axis activity, within subjects, based upon the averaged cortisol 
concentrations during 4h in the morning. This separation was clear and statistically 
significantly confirmed. Subjects arrived in the fasted state and participated in the 
first fMRI run. The satiated state was achieved by eating breakfast. Fullness was 
confirmed and the measurements were repeated. To obtain blood for hormone 
samples, a cannula was placed in the antecubital  vein for the duration of the 
session. Following each set of questionnaires, blood was taken. The samples were 
transferred into a serum tube (BD Vacutainer with separation gel, 8.5mL, BD 
Biosciences, Franklin Lakes, NJ, USA), serum cortisol  was obtained by 
centrifugation (4C, 3000 r.p.m., 10 min). Samples were stored at -80C until  analysis 
using one radio immuno assay (Département des Sciences Fonctionnelles, B41 - 
Physiologie de Reproduction, Liège, Belgium). The assay variability was V.C. <5%. 
Average cortisol concentrations were determined per subject, per day. To compare 
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days with states of high versus low HPA-axis activation, each subjects’ days were 
assigned to the high versus low cortisol level  based upon the average 4h cortisol 
measurements, resulting in a significantly separated HPA-axis low as well as high 
condition within each subject (Table 1, p<0.05).
During the session four questionnaires and two fMRI scans were taken during which 
the subsequent meals (breakfast and second meal) were chosen by average 

wanting rating (≥2.5) on a four button box; before breakfast in a fasted, after 
breakfast in a satiated condition. The hungry pre-meal and satiated state post-meal 
were met, indicated by high pre-meal  versus low post-meal  ratings for hunger, as 
well as low pre-meal  versus high post-meal  ratings of fullness (Table 1, p<.001). The 
fasted and satiated conditions were identical and therefore directly comparable. 
Subjects knew all  items from a previous food tasting and texture rating session. The 
functional  MRI run included four segments, of each wanting and liking. Segments: 
instruction 12s, fixation 12s, reminder 0.5s, food image 2s, fixation 2-5s, rating 
period (1.5s), inter-trial interval, 7-9s; total duration ~35min. 
BOLD images were taken continuously (TR=2s, TE=26ms, Flip angle=90°, 
matrix=96x96, FOV=269 voxel size 2.8x2.8x2.6mm, gap 0.2mm). 
The effect of the meals was assessed four times with 100mm visual analog scales 
(VAS) for hunger and fullness: before and after each scan. Imaging data was 
extracted using BrainVoyagerQX 2.2 with standard procedures (BrainInnovation 
B.V., Maastricht, The Netherlands 12,13) and temporal  high pass filtering with a 
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Table 1: 
Behavioral measurements, hormone measurements and relations between behavioral 
wanting and wanting TRS in specified regions, dependent on HPA-axis low and high 
conditions. 

HPA LowHPA Low HPA HighHPA High
Pre-meal / 

Meal 1
Post-meal / 

Meal 2
Pre-meal / 

Meal 1
Post-meal / 

Meal 2

Mean±SEMMean±SEMMean±SEMMean±SEM
Wanting (AU)Wanting (AU) 2.16±0.10 1.59±0.13a 2.25±0.06 1.66±0.10a

Liking (AU)Liking (AU) 2.70±0.07 2.64±0.07 2.66±0.06 2.56±0.06
EI (MJoule)EI (MJoule) 2.81±0.26 0.91±0.27a 2.80±0.15 0.55±0.17a

Cortisol 4h average (nmol/l)Cortisol 4h average (nmol/l) 275.89±23.93275.89±23.93 346.96±42.49b346.96±42.49b
Cortisol intercept (nmol/l)Cortisol intercept (nmol/l) 382.68±29.10382.68±29.10 432.19±39.98b432.19±39.98b

Hunger (mmVAS)Hunger (mmVAS) 73.0±4.4 18.5±3.4a 74.8±3.4 18.3±4.03a
Fullness (mmVAS)Fullness (mmVAS) 13.0±1.5 64.7±4.0a 14.0±2.6 63.1±4.4a

Correlations (R2)Correlations (R2)Correlations (R2)Correlations (R2)
Wanting 

related to 
Wanting TRS 

(R2)

Insula 0.43* 0.00 0.00 0.00Wanting 
related to 

Wanting TRS 
(R2)

Caudate 0.22 0.00 0.00 0.52*
Wanting 

related to 
Wanting TRS 

(R2)
N. Accumbens 0.29* 0.00 0.00 0.00

Wanting 
related to 

Wanting TRS 
(R2) Thal 0.29* 0.00 0.00 0.00

Liking related 
to Liking TRS 

(R2)

Insula 0.35* 0.00 0.00 0.00
Liking related 
to Liking TRS 

(R2)
Caudate 0.25 0.00 0.00 0.00Liking related 

to Liking TRS 
(R2) N. Accumbens 0.00 0.00 0.00 0.33*

Liking related 
to Liking TRS 

(R2)
Thal 0.25 0.00 0.00 0.00

a Significant at p<.05 vs. Pre-meal, b significant at p<.05 vs. HPA Low, * significant 
correlation.
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Figure 1 Multiple regression analyses of behavioral liking and wanting versus liking 
and wanting TRS, respectively. 
Indicated trends are significant at p<0.05. Models shown are HPA- axis low condition: 
behavioral wanting predicted by A: left  anterior insula, B: left nucleus accumbens, C: left 
thalamus;  behavioral liking predicted by D: bilateral anterior insula. HPA-high condition: 
behavioral wanting predicted by E: bilateral caudate;  behavioral liking predicted by F: 
bilateral nucleus accumbens.



6cycles window. Predictors for ‘low liking’, ‘liking’, ‘low wanting’ and ‘wanting’ of the 
food image stimuli  were created using the subjects’ inputs during the scan. Linear 
habituation was modeled using BVA-Predictor tool software (J.M.Born, Maastricht).
Anatomical regions of interest (ROI), including regions associated with homeostatic 
signaling and taste, or reward, had been indicated for liking and wanting related 
processes previously4,14. From these regions, those regions that were identified in 
liking and wanting related signaling in humans in our previous study were included in 
the analyses here. These regions were the anterior insula, caudate, putamen, 
nucleus accumbens and amygdala10. Parameter (signal) estimates for ‘liking’ and 
‘wanting’ were extracted using ROI ANOVA for model fitting. Shapiro-Wilk testing 
was used to confirm normal data distribution and multiple regressions between 
behavioral liking and wanting ratings and bilateral fMRI ROI activation data high 
liking or high wanting) were performed using PASWStatistics 18. 

Results and discussion
In both HPA-axis conditions, behavioral wanting decreased similarly and significantly 
over the meal (Table 1, p<.001), while there was no significant change in behavioral 
liking (Table 1, p=.07). These findings agree with our previous studies, in which we 
showed that wanting was generally more variable over meals and conditions 
compared with liking11,13,15. The absence of a significant effect of HPA-axis activation 
on behavioral  liking and wanting, and energy intake in our normal weight subjects, 
agrees with our study that showed changes wanting specifically in overweight 
versus normal weight subjects during stress9.  During both second meals, energy 
intake was significantly lower than during the breakfast before (Table 1, p<.001), 
thus energy intake was supported by hunger, fullness and wanting, according to the 
subjects ratings. 
Concerning the link between behavioral data and brain activation, pre-meal in HPA-
low conditions, wanting TRS in the left anterior insula, nucleus accumbens and 
thalamus predicted behavioral wanting (Figure 1A-C and Table 1, p<.05) and liking 
TRS in the bilateral anterior insula predicted behavioral  liking (Figure 1D and Table 
1, p<.02). This indicates that behavioral wanting was supported by wanting TRS in 
regions related to reward, taste and integrative processes, while behavioral  liking 
was supported by taste related regions11,16, confirming that liking and wanting are 
related, but distinct processes4. 
Post-meal no relations were found between behavioral and imaging data in the HPA-
low conditions (Table 1). In contrast, during HPA-high conditions, pre-meal all 
relations between behavioral liking and wanting were absent (Table 1), while post-
meal behavioral  wanting was predicted by wanting TRS in the caudate (Figure 1E 
and Table 1, p<.02) and behavioral liking was predicted by liking TRS in the left 
nucleus accumbens (Figure 1F and Table 1, p<.03). Thus in HPA-low conditions, 
experiencing food intake seems to reduce the link between specific brain regions 
and behavioral  liking and wanting. In contrast, in HPA-high conditions, no significant 
relationship was found pre-meal while different associations between behavioral 
liking and wanting associated TRS appeared post meal, compared with HPA-low 
conditions.  This suggests that HPA-axis activation may redirect reward sensitivity in 
the brain and reduce the implicit perception of the first reward exposure during high 
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HPA-activation, which could help to explain why subjects are prone to overeating 
during stress, as it has been reported in overweight subjects9,17. 
Post-meal in the HPA-high conditions, links between behavioral liking and wanting 
and TRS, surprisingly appeared in different areas compared with HPA-low 
conditions: Only one region was involved during HPA-high conditions, namely the 
caudate (Table 1). Possibly, the reduced number of regions reflects moderate 
reward deficiency with an increased need to pursue reward17. Liking support shifted 
from the anterior insula, a region known for taste perception and hedonic signaling, 
to the nucleus accumbens which has been implicated in reward and motivational 
processes16,18,19 and which was related to wanting in HPA-low conditions (Figure 
1B). Thus in HPA-high conditions, liking appears connected to processes that are 
related to wanting processes in HPA-low conditions. 
In conclusion, energy intake reflected hunger, fullness and behavioral wanting. In 
HPA-low conditions, behavioral liking and wanting were supported by liking and 
wanting TRS in the anterior insula, nucleus accumbens and thalamus. In HPA-high 
conditions, the TRS supporting behavioral liking and wanting pre-meal was not 
significant, while it appeared in more reward related regions post-meal. Thus high 
HPA-axis activation may disrupt and redirect normal liking and wanting related brain 
signaling, possibly explaining stress induced eating in obesity prone subjects. 
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Abstract
Background: Extreme macronutrient intakes lead to subsequent macronutrient 
compensation, possibly accompanied by different brain signaling. 
Aim: Determine effects of ingesting a high protein versus high carbohydrate diet on 
liking and wanting task related brain signaling (TRS) in relevant regions and 
subsequent macronutrient and energy intake. 
Methods: 30 female subjects (mean±SD 21.6±2.2y, BMI=25.0±3.7) completed four 
fMRI scans: two fasted and two satiated on two different days. During scans, 
subjects rated all  food items for liking and wanting, thereby choosing the subsequent 
meal. High protein versus high carbohydrate conditions were generated using a 
protein (P), or carbohydrate (C) drink at the first meal. Energy-intake and hunger 
were recorded. 
Results: High protein (P=53.7±2.1En%, C=6.4±1.3En%) and high carbohydrate 
conditions (P=11.8±0.6En%, C=70.0±2.4En%) were achieved. Hunger, energy 
intake, and behavioral liking and wanting ratings were decreased after the first meal 
(p<0.001). Comparing the first meal with the second meal, macronutrient content 
shifted: C -26.9En% in the C condition, versus P -37.8En% in the P condition. After 
The First Meal  in the C condition, wanting TRS was increased in the hypothalamus. 
After The First Meal in the P condition, liking TRS was decreased in the putamen 
(p<0.05).
The change in Energy intake from the first meal to the second meal, was inversely 
related to the change in liking TRS in the striatum and hypothalamus in the 
carbohydrate condition and positively related in the protein condition (p<0.05).
Conclusion: wanting task related signaling and liking task related signaling were 
affected differentially after a shift in carbohydrate or protein intake, underscoring 
subsequent energy intake and shift in macronutrient composition.
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Introduction
The prevalence of obesity and its co-morbidities is increasing in the developed 
world1,2. This is caused by energy-intake exceeding energy expenditure, i.e. positive 
energy balance3 and may be influenced by features of food intake, such as eating in 
the absence of hunger4. This overeating is often driven by reward seeking5. Previous 
studies suggested that eating palatable food may disrupt food choice, leading to 
higher energy intake6. This increase in food intake was related to BMI and 
palatability7. Additionally, evidence was found that glucose intake may bias 
neurological  processes toward higher energy intake8,9,10. Conversely, proteins have 
been shown to assist in weight loss and weight maintenance, by increasing satiety 
over a meal  and decreasing energy intake11,12. However, compliance to protein diets 
is relatively low11, and little is known about the rewarding value of proteins and their 
influence on brain signaling. To study the rewarding value of food, we recently used 
Berridge’s model that describes the rewarding value of food as ‘liking’, the hedonic 
preference for, or palatability of a food item, and ‘wanting’, the motivation to eat a 
particular food item13. Energy-intake is mainly determined by wanting5,14, while liking 
is relatively more stable14. Additionally, we showed that liking and wanting are 
signaled in several overlapping, as well as specific areas in the human brain14. We 
observed that wanting task related signaling (TRS) was represented significantly in 
the hypothalamic region and the striatum and that signaling in the satiated condition 
in these regions was typically inversely related with BMI14. Additionally, we observed 
liking task related signaling in the insula, and when related to cognitive dietary 
restraint also in the nucleus accumbens14,15.  Here we assessed the way in which 
proteins versus carbohydrates may affect liking and wanting related signaling in the 
human brain in the short term, using functional MRI. We hypothesized, that protein 
intake may acutely modulate hypothalamic  and striatal signaling differently from 
carbohydrate intake, thereby differentially affecting brain signaling and motivation for 
food selection and energy intake in the absence of hunger. 

Subjects and methods
Subjects
This study was approved and registered under MEC 09-3-035 by the Medical Ethical 
Committee of Maastricht University and at the Netherlands Trial  Register under 
NTR1904. Subject recruitment started on November 23rd 2009 and included 
subjects with BMI=19-33. 35 test subjects were screened and informed, written 
consent was obtained from all  subjects. Inclusion criteria were: healthy female 
subjects, body weight ranging from normal weight to obese (BMI 19-33) and right-
handedness. Exclusion criteria were a personal or familial  history of psychiatric 
disorder, recent dieting, or the use of intra-uterine contraceptives other than Mirena. 
Thirty subjects with the following characteristics were included (Mean±SD): age = 
21.6±2.2, BMI = 25.0±3.7, range 19.4-32.8.

Conditions
Two conditions were generated using two macronutrient specific  drinks that were 
designed to be matched for consistency, energy content, taste and pleasantness of 
taste: A high carbohydrate (C) condition was generated by supplementing the first 
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meal with a drink high in carbohydrates (Carbohydrates (C): 94 En%, Protein (P): 6 
En%, Fat (F): 0 En%) and a high protein condition (P) was generated by 
supplementing the first meal with a drink high in Protein (C: 10 En%, P: 87 En%, F: 
3 En%). The carbohydrate drink contained 265.2 kJ and consisted of: 22.5g Optimel 
yoghurt (Friesland Campina, Amersfoort, the Netherlands), 2.5g strawberry syrup 
(PLUS, PLUS holding, de Bilt, the Netherlands), 10.0g Fantomalt (Nutricia, 
Zoetermeer, the Netherlands), 2.5 Nutilis (Nutricia, Zoetermeer, the Netherlands), 
0.1g Canderel powdered sweetener (Pietercil Barends, Zoetermeer, the 
Netherlands) and 62.5g water. 100g of the protein drink contained 249.5 kJ and 
contained: 10.0g Perfect protein 85+ Strawberry (Perfect Body, Almere, the 
Netherlands), 2.5g Perfect protein 95 (Perfect Body, Almere, the Netherlands), 25g 
yoghurt (“Magere kwark”, PLUS holding, de Bilt, the Netherlands), and 62.5g water. 
The amount of each drink given was individually determined as 14% of daily energy 
requirement (DER). DER was estimated using the Harris-Benedict equation to 
calculate the basal  metabolic  rate (BMR) and the the activity index (AI) was 
assessed using the Baecke questionnaire 16,17. DER was determined as BMR x AI. 
The drinks were given five minutes before the first meal  had to be consumed 
completely by then end of the meal.

Functional MRI sessions
A fasted and satiated condition was created: Subjects came fasted to the university 
Subjects were instructed not to drink any alcoholic beverages the day before the test 
and not to eat, or drink coffee or tea after 10 p.m. the evening before testing. 
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Figure 1: An overview of the functional MRI paradigm. 
Each fMRI session took approximately 45 minutes including a 35-minute functional MRI 
run. Example stimulus: Each food image was shown centered with the food name below 
the image. Images were standardized for size and color. B: Four segments of each liking 
and wanting were shown (dotted line) in counterbalanced order. Segments contained ~17 
event related stimulus trials (solid line). 



Thereby, subjects were fasted for at least 10 hours. Adherence to these instructions 
was individually confirmed. Each session included four Visual  analog scale (VAS) 
questionnaires for hunger and satiety and two fMRI scans during which the 
subsequent meal was chosen14. The VAS questionnaires consisted of 100 mm lines, 
anchored with “not at all” at the far left “extremely” at the far right and questions 
asked were “How hungry are you?” and “How full do you feel?”. The satiated 
condition was created by eating the first meal between the first and the second fMRI 
scan. The second meal followed the second scan. Both meals consisted of the food 
items that were chosen from 13 food images within the scanner. Each meal  was 
offered immediately after the scan. The food items that were used had been tasted 
individually and rated for their taste and texture on a separated day. In addition, the 
C and P drinks were tasted and their similarity in hedonic  value and texture was 
individually confirmed. After tasting, all items were known to the subjects14. The food 
images were presented against a black background (Figure 1A). All items were 
resized to match for intensity by the subjects during the tasting session. To account 
for the limited number of different items, all items were given in large quantities. 
Subjects were not required to eat all that was offered, but some of each chosen item 
had to be consumed. The setup and paradigm during the fasted and satiated state 
were identical and therefore directly comparable in the analyses. 

Functional MRI settings and paradigm
The subjects were scanned in a Siemens Magnetom Allegra magnetic resonance 
imaging system (Siemens, Erlangen, Germany), with the standard one-channel 
head coil. T1 weighted scout images were used to confirm the subjects’ position. 
Four segments of wanting and four segments of liking were presented during the 
functional  run. The food images were shown one by one in an event related design 
(Figure 1A and B), thus presented one by one and the subjects were asked to rate 
each for ‘liking’ and ‘wanting’14. Berridge’s model for the rewarding value of food was 
used i.e. liking and wanting13. Thus behavioral liking and wanting was assessed 
using the ratings obtained in the scanner. Here, the question to determine liking was 
“how much do you like this item, not considering if you want to eat it right now?”. 
Wanting was determined using the question “how much do you want to eat this item 
right now?”, while the subjects were instructed that the items that were rated high in 
wanting had to be consumed immediately after the scan. ‘Liking’ thereby 
represented explicit food preference and ‘wanting’ represented explicit food choice. 
In total, the functional run took ~35 min and each image was shown 4 to 5 times. A 
four-button response box was used to obtain the ratings (LUMItouch, Photon 
Control, Burnaby, BC, Canada) using the right hand. The buttons represented a 
value of 1-4. The average ratings were calculated directly after the scan and items 
rated 2.5 or higher were offered to eat. Functional MRI images were acquired 
throughout the session using a T2* weighted protocol to obtain blood oxygen level 
dependent (BOLD) T2* signal (TR = 2 s, TE = 26 ms, Flip angle = 90°, matrix = 
96x96, field of view = 269, voxel size 3.0x3.0x2.9 mm, gap 0.1mm resulting in a 
functional voxel size of 27mm3). 

fMRI data preprocessing
All fMRI data were imported, aligned and analyzed using BrainVoyager QX version 
2.3 (Brain Innovation B.V., Maastricht, The Netherlands). Preprocessing was 
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performed using the standard methods in Brainvoyager QX14. To align all  functional 
images, auto alignment (6 parameter affine) to each subjects’ own 1 mm isovoxel 
high resolution T1 weighted anatomical scan was performed and all  images were 
transformed into the Talairach coordinate system (Talairach and Tournoux, 1988). 
The resulting resolution was 3x3x3mm, i.e. a functional voxel size of 27mm3. 

Region of interest definition
Anatomical regions of interest (ROI) related to our hypotheses were determined 
from our earlier study and the ROI definitions files from that study were used14. 
Exploratory analyses were used to identify regions to be included and included 
regions were bilateral caudate, nucleus accumbens, putamen and hypothalamic 
region. 

Behavioral measurements
Visual analog scales for hunger and satiety were taken four times to determine 
effects of a pre-meal  (hunger) and a state after a meal (absence of hunger). These 
questionnaires were obtained before and after each scan. Thus the first meal was 
eaten in between questionnaire 2 and 3, the second meal  was eaten after 
questionnaire 4. In addition, the liking and wanting rating that was given for each 
item was recorded and analyzed. 

Data analysis
Brain activation was analyzed using a GLM approach with separate predictors for 
liking and wanting: Using the subjects’ image ratings, each image was ranked 
according to its average rating. The five highest and five lowest images were 
selected to avoid an unbalanced design. Consequently, the predictors obtained were 
‘low liking’, ‘high liking’, ‘low wanting’ and ‘high wanting’. Each trial was defined as 
the duration of the image presentation and was modeled using the standard 
canonical two-gamma hemodynamic  response function (2gHRF) and an additional 
predictors were created to contain the non-selected trials. Furthermore, several 
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Table 1: 
Correlation coefficients for the relationship between wanting task related signaling in the 
specified regions and BMI with a linear and quadratic model, and related to the average 
wanting rating for the trials included in the analysis. 

Wanting TRS in: BMIBMIBMI
Average 

wanting rating
Linear QuadraticQuadratic

Caudate
L
R

Hypothalamus
L
R

Putamen 
L
R

Overall:

r value r value Nadir BMI r value

0.134 0.354 24.36 0.118
0.179 0.287 24.51 0.093

0.192 0.531 # 25.25 0.344
0.191 0.514 # 24.76 0.298

0.377# 0.469 # 22.88 0.176
0.457 0.500 # 21.03 0.260

0.255* † 0.321*** 23.80 0.215**
# Correlation significant at P<0.05, * versus zero P< 0.05, corrected, ** versus zero P< 0.01, 
corrected, *** versus zero P< 0.005, corrected, † Correlations linear < quadratic P<0.02



confound predictors were included: Motion estimates obtained in the motion 
correction step of functional data preprocessing were de-trended, z-normalized and 
high-pass filtered (cutoff 0.025Hz) using the Brainvoyager Analysis-Predictor tool 
(BVA-Predictor Tool, J.M. Born, Maastricht), and subsequently a multi-subject GLM 
was run using these transformed motion estimates on the subjects’ data. The three 
strongest predictors (group average) were included: y and z translation and x 
rotation. Linear habituation was modeled as a single predictor from all  model 
parameters (BVA-Predictor Tool). Additionally, onsets of instructions, reminder and 
response request were modeled using the 2gHRF to account for the variation 
associated with these visual  stimuli. Dummy coding was used to extract group 
effects for pre-meal and after the first meal and carbohydrate vs. protein conditions 
(using BVA-Predictor Tool). From regions of interest, parameter estimates for the 
wanting task related models were extracted and baseline corrected, in which 
baseline represents the parameter estimates for the constant in the GLM model. All 
data were analyzed using Microsoft Excel and PASW statistics 18.

Results
Hunger and satiety
The hungry versus satiated condition was confirmed by high ratings for hunger pre-
meal (71.5±3.8 mm VAS) and low ratings after the first meal (15.3±2.7, difference 
p<0.001) in both conditions. 

Energy intake and macronutrient composition of the meals
Comparing the first meal and the second meal, energy intake was significantly lower 
during the second meal (Table 1, P<0.001). In the high protein condition, the 
macronutrient composition was significantly different compared with the C condition 
(Table 1, P<0.001). Fat intake was not significantly different comparing the 
conditions. During the second meal, the macronutrient composition of the meals was 
not significantly different comparing the C with the P condition (Table 1). Energy 
intake was not significantly different between the C versus P conditions. The 
reduction in energy intake implied a relative reduction of carbohydrate intake in the 
C condition from 69.9 En% to 43.0 En% and a relative reduction of protein in the P 
condition from 54.7 En% to 16.9 En%, thereby showing a shift in macronutrient 
composition. 

Liking and wanting in the carbohydrate versus protein condition
Behavioral liking and wanting ratings were lower after the first meal  (p<0.001), but 
the change in wanting was of a seven times higher magnitude (liking: -0.09±0.14, 
wanting: -0.72±0.47, liking vs. wanting p<0.001). 
In the putamen, liking TRS was reduced post meal in the protein condition, but not in 
the carbohydrate condition (Figure 2A, interaction effect, protein < carbohydrates, 
P<0.03). A similar trend was found for wanting TRS after the first meal in the 
hypothalamic region. (Figure 2B, interaction effect, protein< carbohydrates, 
P=0.067).
When relating the change in energy intake from the first meal to the second meal, no 
significant relations between energy intake and wanting signaling were found. 
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Conversely, the change in liking signaling was inversely related to the change in 
energy intake from pre-meal to post meal in the carbohydrate conditions, in the 
hypothalamic region and putamen (Figure 2C and D, P=0.02 and 0.08), while these 
parameters exhibited a positive correlation, in the protein conditions in the 
hypothalamic region (Figure 2C, P=0.03). These difference in brain signaling 
between the protein and carbohydrate condition was significant in both regions 
(P<0.01).

Discussion
High hunger ratings pre-meal  and low hunger-ratings after the first meal and a 
significantly decreased energy intake during the second meal  compared with the first 
meal, confirmed the hungry versus satiated state, while significantly different 
macronutrient composition confirmed the high C versus high P conditions during the 
first meal. During the second meal, the macronutrient composition was not different 
between the conditions, thus a condition-specific  shift occurred from the first meal  to 
the second meal. Behavioral  liking and wanting was not different between the C and 
P condition. Both decreased significantly from before to after the first meal, while 
confirming the higher relative stability of liking compared with wanting: the decrease 
in wanting was of a seven times higher magnitude. This is in line with expectations 
about liking and wanting as well as earlier findings that indicated strong decreases in 
behavioral wanting over a meal consumption while changes in liking were either 
absent or relatively small14,18,19,20. Previously, we have shown that liking and wanting 
are affected differently by different food items (cottage cheese versus chocolate 
mousse) that were liked significantly differently19. When the differences between the 
food items are limited to the macronutrient composition, such as in the present 
study, the subsequent changes in behavioral liking and wanting are not affected 
differently. 
In the brain, liking TRS in the putamen showed an interaction effect of meal and 
condition, such that it was reduced after the first meal  in the protein condition while it 
did not change in the carbohydrate condition. The decrease in energy intake, 
containing a relative decrease in protein intake from the first meal to the second 
meal, was positively related to the decrease in liking TRS in the protein conditions, 
while it was overall  negatively related in carbohydrate conditions in the putamen and 
hypothalamic region. Additionally, liking TRS was higher in the protein condition 
compared with the carbohydrate condition, after the first meal  compared with pre-
meal in the putamen and this was underscored by a similar trend of wanting TRS in 
the hypothalamus. Thereby, liking TRS exhibited significant opposite directionality 
comparing the carbohydrate versus protein conditions, without leading to a 
differential  behavioral effect in the short term. Additional, previous studies have 
shown both increased and decreased signaling associated with motivation to 
eat18,21,22,23,24.
In the present study, the different directionality of the liking TRS in the putamen and 
hypothalamic region may underscore the different changes of macronutrient intakes 
from the first meal to the second meal, both resulting in similar macronutrient intakes 
during the second meals. Therefore the liking TRS might represent the relative 
change in food choice at the following meal.  
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In summary, the present study showed that after a carbohydrate rich meal, but not 
after a protein rich meal, wanting TRS was increased, which may potentially 
stimulate energy intake. Finally, the increase in liking TRS after a carbohydrate rich 
meal was inversely related to the decrease in energy intake. This underscored 
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Figure 2: Functional data from the putamen and hypothalamic regions. 
A: Change in liking TRS over the meal in the putamen over the meal, with significant 
interaction effect meal x condition, P=0.025. B: Change of wanting task related 
signaling (TRS) over the meal in the hypothalamic region, with a trend towards 
interaction effect meal x condition, # P=0.067.  Data is represented as mean ± SEM (A 
and B). The change in liking TRS related to the change in energy intake from breakfast 
to the second meal, in the C condition in C: the putamen (P<0.04) and D:  the 
hypothalamic region (P<0.09) and in the P condition in E: the putamen (n.s.) and F: the 
hypothalamic region (P<0.04).



especially the relative decrease in carbohydrate intake. Similarly, the decrease in 
liking TRS after a protein rich meal positively related to the decrease in energy 
intake, underscoring the relative decrease in protein intake.
In conclusion, wanting TRS and liking TRS were affected differentially after 
carbohydrate or protein rich meals, underscoring subsequent energy intake and shift 
in macronutrient composition.
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Chapter 7

General Discussion



General discussion
In the research presented in this thesis, the brain representation of the rewarding 
value of food, defined as liking and wanting was studied. Firstly, it is discussed, 
which regions are involved in respectively liking and wanting task related signaling 
(TRS). Secondly, the effects of other factors, namely dietary restraint, body weight, 
HPA-axis activation and shifts in macronutrient intakes on the representation of the 
rewarding value will be discussed. 

Overview of findings
Behaviorally, liking and wanting represent two distinguishable concepts: Wanting 
was defined as the motivation to obtain a food item, i.e. a food item selection and 
some of the food item had to be eaten. In contrast, liking was defined as the hedonic 
preference rating of each food item. While both liking and wanting decreased over 
the test meals, the decrease in liking was of an approximately seven times smaller 
magnitude (Chapter 6). The brain activation associated with the liking and wanting 
tasks, was similar in the human brain compared with regions identified earlier in 
rodents, such that liking was signaled in homeostatic, taste related regions, while 
wanting was signaled in reward and motivation areas (Chapters 2-4). Regarding 
energy balance, it was shown that wanting task related signaling in the 
hypothalamus was related to energy intake and to body mass, in the hypothalamus 
and striatum. In normal  weight subjects, this inverse relationship suggested reward 
deficiency. However, taking into account a weight range between a BMI of 19 to 33, 
this relationship was best described with a nonlinear model, suggesting a drive 
towards a BMI of 25 while normal weight, and reward dissociation in overweight 
subjects (Chapter 2 and 3). Moreover, the data in this thesis suggests that cognitive 
dietary restraint represents a tool to regulate food intake by modulating the change 
in signaling from the hungry to the satiated state in the nucleus accumbens 
(Chapter 2).  This process then supports dietary restriction by limiting the rewarding 
value of food in the absence of hunger. This reduced rewarding value of food in the 
absence of hunger may offer a tool  to oppose reward dissociation in overweight and 
obese subjects, or during stress.  Reward dissociation at a central level  was also 
indicated during stress i.e. higher cortisol  levels, which lead to higher energy 
intakes, altered wanting task related signaling in the putamen, and disturbed the link 
between behavioral liking and wanting and the related brain signaling (Chapter 4 
and 5). Importantly, effects of cognitive dietary restraint, i.e. reducing the rewarding 
value of food in the absence of hunger, opposed the effects seen with increased 
HPA-axis activation and those seen in overweight and obese subjects. Finally, shifts 
in macronutrient intakes were predicted by brain signaling with opposite 
directionality dependent on the macronutrient, i.e. protein vs. carbohydrate. This 
may represent a central modulation of motivational pathways that can be used to 
control  food choice and energy intake, or which may lead to compensation for 
extreme macronutrient intakes (Chapter 6).
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Liking and wanting in the brain
Liking and wanting was signaled through partially divergent and partially convergent 
pathways in the human brain (chapter 2-4), which is in line with previous findings in 
the brains of rodents30,48,49,50,51,52,53: liking TRS was found in the anterior insula, 
posterior insula, posterior cingulate, thalamus and visual areas, wanting TRS 
appeared in the striatum, i.e. caudate, putamen and globus pallidus, and additionally 
in the thalamus and visual areas. Thus liking appeared in regions associated with 
taste perception and hedonic  properties of food, while wanting was related to 
regions that are involved in reward related signaling30,33,48,49,50,51,52,53,54,56,61,134, which 
may also explain why behavioral wanting was affected much more by satiety than 
liking (all chapters).

Reward models
Wanting TRS was observed in several regions involved in the homeostatic and 
reward pathways, namely the hypothalamus and striatum and this signaling was 
related to body mass (Chapter 2). Importantly, in the presented study including 
subjects with body mass ranging from low normal  weight (BMI = 19) to obese (BMI = 
33), it was found that a linear model, such as either reward sensitivity or reward 
deficiency, does not explain the relation between body mass and wanting TRS 
(Chapter 3). Subsequently, it was shown that a nonlinear model  approach explained 
the relation between body mass and wanting TRS in the absence of hunger 
significantly better, predominantly in the hypothalamic region, yet to a lesser degree 
also in the striatum and nucleus accumbens. Thus wanting TRS was lowest in 
subjects with a BMI of approximately 25, and progressively higher with BMIs lower 
and higher than 25. The involvement of the hypothalamus suggests, that the 
homeostatic  system exerts significant influence on wanting related processes. 
Simultaneously, the hypothalamic  deregulation associated with higher body weights 
suggests that the reward system may significantly affect the hypothalamic signaling 
as well: previous studies suggest that reward dissociation, possibly reduced 
dopaminergic signaling76,135, may underlie hypothalamic  deregulation (Chapter 2 
and 3). The data presented here, consistently suggests a bias toward a BMI of 
approximately 25 in normal weight subjects: The lower the BMI, the higher wanting 
TRS in the striatum and nucleus accumbens in the satiated condition, implying 
support for eating in the absence of hunger. Studies on morbidity and mortality 
generally show a similar characteristic: Related to body mass, morbidity and 
mortality consistently shows a u-shaped curve with nadir values around a BMI of 
25-26136,137,138. Thus a bias toward a high normal weight or slightly overweight BMI 
seems biologically favorable. Conversely in overweight subjects (BMI >25), 
increasing body mass was associated with progressively higher wanting TRS. The 
findings in overweight and obese subjects indicate reward dissociation, i.e. loss of 
the closely balanced link between reward pathways and homeostatic  signaling. This 
reward dissociation implies that signaling of the rewarding value of food is not 
appropriate: An increased motivation to eat in the absence of hunger in subjects with 
overweight or obesity, may be detrimental for their health in the long term, as it likely 
leads to maintenance or exacerbation of excessive body weight and consequently 
co-morbities such as the metabolic syndrome4,139 and a higher mortality136,137,138. 
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Biologically, evidence for reward dissociation has been given in previous studies: 
Dopamine D2 receptor availability in reward related areas of the brain, such as the 
ventral  striatum, decreased with increasing body mass in morbidly obese subjects. 
In addition, genetic  variation for the dopamine D2 receptor to brain signaling in 
reward related areas of the striatum was predictive for future body weight gain, 
indicating significant contribution of genetic  predisposition in the development of 
obesity66,76,140. Furthermore, deregulation of multiple peripheral hormones has been 
reported, including increased leptin and insulin resistance, as well as disturbed 
glucose and fatty acid levels4,141,142. The increased hormone levels, may then 
significantly affect the homeostatic  circuits of the arcuate nucleus, lateral 
hypothalamus and PVN. Ultimately, the disturbed activity in these regions can affect 
downstream signaling throughout the circuitry of food intake regulation and directly 
contributing to disturbed central signaling via receptors in the hypothalamus and 
ultimately reward dissociation15,18,22,24,25. Taken together, while in normal weight 
subjects there were indications for reward deficiency; however, a linear relationship 
could not be established consistently over the normal weight to obese range (BMI = 
19-33). Instead the nonlinear model fit suggested that above a BMI of 25, wanting 
TRS may be deregulated. This deviation from linear reward models may be 
described as reward dissociation, which may ultimately bias the subjects to higher 
energy intake and maintenance or exacerbation of overweight and obesity.  

The rewarding value of food related to energy balance
Related to energy balance, it was confirmed that liking and wanting diverge on key 
aspects of energy balance regulation: wanting task related signaling (TRS) in 
regions associated with reward, such as the striatum (both ventral and dorsal) was 
related to body mass30,48,49,50,51,52,53. Moreover, in the hypothalamus, wanting TRS 
was related to body mass, as well as hunger and satiety, and energy intake, 
indicating that wanting TRS was connected to the non-homeostatic  reward circuits 
as well  as homeostatic systems in the hypothalamus7,15,16. In contrast, liking TRS 
was predominantly found in regions associated with taste and hedonic  properties of 
food, consistently in the anterior insulae61,134 (chapter 2 and 3). Overlapping areas 
for liking and wanting TRS were seen in the thalamus, visual cortex, the orbitofrontal 
cortex (OFC) and the nucleus accumbens (NAc), and these results are in line with 
expectations: except olfaction, taste and sensory signals from the mouth and from 
the gastrointestinal tract are projected through the nucleus of the solitary tract (NTS) 
to the thalamus, from which these signals are projected to the taste cortex and 
higher centers such as the prefrontal cortex18,143. At the same time, the thalamus is 
involved in the signaling from the ventral tegmental area (VTA) to the amygdala, 
NAc, hypothalamus, prefrontal cortex (PFC) and the sensory-motor cortex32,33,34. 
Therefore, the overlap observed for liking and wanting in this region could either 
represent parallel pathways, or it may imply low level modulation between the 
homeostatic  and non-homeostatic  motivational pathways. In the studies presented 
here, liking TRS in the hypothalamic region was observed only related to shifts in 
macronutrient intakes (Chapter 6), while wanting TRS was observed in this region 
and the level of this signaling when fasted, predicted energy intake during breakfast 
(Chapter 2). The involvement of the hypothalamus in signaling of both liking and 
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wanting, may be explained by earlier findings: It was previously shown that the 
hypothalamus links to both homeostatic  and motivational  systems, underlining its 
pivotal role in homeostatic, yet also non-homeostatic energy intake15,18,22,24,25,31,33.

Cognitive dietary restraint to oppose reward dissociation
In achieving energy balance, energy intake has to be regulated. This regulation 
depends partly on the rewarding value of food, such that highly palatable food in 
some cases may lead to excessive energy intake16. To counter this drive towards 
overeating, cognitive dietary restraint may represent a behavioral  tool by which 
energy intake is controlled41,69,103,144,145. While it has been shown how cognitive 
dietary restraint together with disinhibition and feelings of hunger may affect food 
intake145, it was previously unknown how these processes may be reflected in the 
brain. In this thesis, it is shown that cognitive dietary restraint may be linked to liking 
TRS in the nucleus accumbens (Chapter 2). In this region, dietary restraint scores 
predicted the change of liking TRS from pre-meal  to post-meal, such that a high 
dietary restraint score was related to high pre-meal liking TRS and relatively low 
post-meal  TRS. From the nucleus accumbens, this modulation may affect the 
homeostatic  pathways through projections to the orbitofrontal cortex and the 
hypothalamus, and the reward system through projections to the striatum. Thereby, 
dietary restraint seems to decrease the rewarding value of food in the absence of 
hunger18,31,33. Comparing the effects of body weight on brain signaling with the 
effects of cognitive dietary restraint on brain signaling, they appear to result in 
opposing effects in overweight and obese subjects: increasing body mass above a 
BMI of 25 lead to increased signaling in the hypothalamus and striatum, high 
cognitive dietary restraint led to decreased post-meal signaling in the nucleus 
accumbens. Thus cognitive dietary restraint may be a tool to reduce reward 
dissociation. Taken together, cognitive dietary restraint reduces the rewarding value 
of food in the absence of hunger, thereby assisting in dietary restriction and possibly 
additionally reducing reward dissociation in overweight subjects. 

The effect of the hypothalamus pituitary (HPA) axis on the 
rewarding value of food 
The conducted studies presented here, link stress related changes that occur in 
central  signaling to behavioral scores and energy intake: During stress, higher levels 
of cortisol were measured, confirming acute HPA-axis activation; simultaneously, 
food choice related brain signaling in the putamen was decreased, coinciding with 
an increased choice for items that were crispy and had a high fullness of taste. This 
altered food choice then resulted in slightly increased energy intake in the absence 
of hunger (Chapter 4). These results are in line with previous studies that showed 
increased eating in the absence of hunger of snack foods44. Additionally, the 
disruptive effects of HPA-axis activation were found on the connection between 
behavioral liking and wanting with the task related brain signaling: In the fasted state 
and with low activation of the HPA-axis (low cortisol  levels), behavioral liking was 
related to liking TRS in the anterior insula and behavioral wanting was related to 
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wanting TRS in the anterior insula, nucleus accumbens and thalamus. All of these 
relationships were lost in a relatively high HPA-activated condition, while two new 
relationships appeared in the satiated state, i.e. behavioral liking was related with 
liking TRS in the nucleus accumbens and behavioral wanting with wanting TRS in 
the caudate (Chapter 5). Together, the above findings suggest that stress and 
increased HPA-axis activation act to bias the brain towards higher energy intake via 
reward dissociation: Firstly, the overall activation during high HPA-activation was 
decreased; in the studies presented in this thesis, lower brain activation in 
specifically in reward related areas consistently predicted eating in the absence of 
hunger and higher energy intake during the meal following the respective scan 
(Chapter 2-5). Secondly, the link between behavioral liking and wanting and liking 
and wanting TRS in the regions that were normally associated was disrupted, 
dissociating the behavioral  process from the appropriate brain signaling. Possibly, 
liking and wanting increased their effects in other, overall  more reward related areas, 
i.e. the nucleus accumbens and caudate. Involving these motivational and reward 
areas at an inappropriate time, i.e. in the absence of hunger, may lead to changed 
signaling and ultimately to increased food intake. The effects of HPA-axis activation 
may be derived from multiple stages including the hormones corticotropin releasing 
hormone (CRH), adreno-corticotrope hormone (ACTH), or cortisol, each of which 
have been shown to act on the amygdala and paraventricular nucleus (PVN) of the 
hypothalamus exerting negative feedback for HPA-axis activation146. CRH signals to 
the amygdala and PVN147. From this nucleus, projections to the nucleus of the 
solitary tract (NTS), ventral  tegmental area (VTA) and ultimately the striatum and 
nucleus accumbens18,32,33,34, may be the underlying processes that interfere with 
homeostatic  and motivational signaling. Taken together, the presented studies 
concur with earlier speculations as well as indications that stress (and the 
associated HPA-axis activation) may play an important role in the etiology of the 
obesity epidemic103,109,120,148,149. Stress was associated with changes in food choice 
toward more crispiness and fullness of taste, lead to higher energy intake, and it 
disrupted the link between behavioral  liking and wanting and the liking and wanting 
TRS in the brain. Thus, it is indicated that stress and increased HPA-axis activation 
may deregulate motivational, reward and homeostatic circuits, and deregulate the 
connection between wanting TRS and behavioral wanting. Thereby, HPA-axis 
activation may contribute to and exacerbate reward dissociation seen in overweight 
and obese subjects, and consequently contribute to changed food choice and higher 
energy intake. 

The effects of shifts in macronutrient composition on the 
rewarding value of food
In this thesis, it was shown that a normal  protein normal carbohydrate meal  was 
consumed after a high protein breakfast, and this shift in macronutrient composition 
was related to the change in liking TRS in the putamen. Similarly, after high 
carbohydrate low protein intake during breakfast the following meal that was 
consumed had a normal  macronutrient composition and this change in carbohydrate 
content of the meals was inversely related to wanting TRS in the hypothalamic 
region (Chapter 6). These findings suggest that shifts in macronutrient intakes, also 
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those involved in compensation for extreme macronutrient intakes105,107, are 
supported by marked differences in brain signaling. Compensational behavior may 
be an evolutionary protective mechanism, to avoid specific nutrient deficiencies that 
can arise from lack of diversity in food intake. The related brain signaling may help 
to explain the reported poor adherence to extreme macronutrient intakes, which is 
seen in protein rich diets104,105,106,150: extreme macronutrient intakes appear to alter 
homeostatic  brain signaling in the hypothalamus in a macronutrient specific 
direction. Additionally, they affected the putamen, which is involved in reward related 
processes13,31,32,33,34. Surprisingly, the change in liking TRS was differentially related 
to different macronutrient shifts in those two regions: the shift from high to low 
protein intake was related to liking TRS in the putamen, while high to low 
carbohydrate intake was inversely related to liking TRS in the hypothalamic region, 
suggesting that macronutrient specific  effects may be exerted in a similar way to 
dietary restraint, i.e. affecting liking rather than wanting TRS in motivational circuits 
(Chapter 2). Together, it is suggested that macronutrient intake may be used as a 
nutritional tool to modulate central  motivational regions and possibly thereby 
influence energy intake and food choice. Regarding the regions that were indicated, 
the hypothalamus receives macronutrient specific  inputs through direct nutrient 
sensing receptors for glucose and amino acids15,18,22,24,25, as well as from the vagus 
nerve through the nucleus of the solitary tract (NTS)20,21,22. In contrast, 
macronutrient related signals arrive in the putamen through other regions, such as 
the hypothalamus and the NTS through the thalamus, as well  as more complex 
pathways including multiple intermediate regions32,33,34. The position in the signaling 
route may explain why the shifts in liking TRS in the hypothalamus related more 
strongly to the shifts in macronutrient intakes, compared with the putamen. The 
involvement of the putamen indicates how macronutrient specific processes may 
affect motivational systems, ultimately resulting in macronutrient compensation as 
has been reported previously107. Taken together, extreme macronutrient intakes and 
the subsequent shifts to normal macronutrient content meals resulted in differential 
shifts in brain signaling in motivational  and homeostatic  regions that was dependent 
on the macronutrient involved. This differential signaling may bias the brain towards 
macronutrient compensation, while it may also indicate how extreme macronutrient 
intakes may assist as a nutritional tool to control energy intake. 

Conclusion
Wanting TRS is consistent with motivation, reward and homeostatic signaling, and 
this signaling was associated with hunger and energy intake. Liking TRS appeared 
independently in hedonic regions. In the brain, liking TRS was involved in the 
modulation of the rewarding value of food due to cognitive dietary restraint and shifts 
in macronutrient intakes. In multiple studies, indications were found for reward 
dissociation, which is a disruption of motivational, reward and homeostatic  signaling. 
Reward dissociation is represented by changed wanting TRS related to BMI, 
disrupted links between behavioral  liking and wanting and the associated TRS. This 
reward dissociation was observed in overweight and obese subjects, as well as 
during high HPA-axis activation. In conclusion, homeostatic food intake regulation is 
represented by closely regulated liking and wanting signaling in the brain, which is 
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related to behavioral  liking and wanting, BMI and hunger. Overweight, obesity and 
stress resulted in reward dissociation, supporting excessive food intake and altered 
food choice, yet these effects may be reduced using cognitive dietary restraint as a 
tool. 

Future research perspectives
In the studies presented in this thesis, liking and wanting related signaling pathways 
in the brain were assessed. Novel high field fMRI with field strengths of 7 Tesla and 
above, may offer the opportunity to study the networks that are involved in food 
intake regulation with a higher resolution and thereby in much more detail151. Thus in 
contrast to the current 3 Tesla system that was unable to discriminate sub-regions of 
the NAc or the hypothalamus, in future studies it may be feasible to study BOLD 
responses from these small functional sub-regions. While the use of functional MRI 
allows for exciting new insights, the underlying mechanisms are suggested to be 
studied in greater detail using other techniques: The use of specific neurotransmitter 
receptor agonists or antagonists in humans seems to be a promising approach, 
although it has been proven difficult in the past. It should be taken into account that 
undesired side effects of the drug, such as nausea or headaches may influence 
eating behavior, masking any effect for functional MRI. In addition, the 
pharmacokinetics of any psychoactive compound, may not be fully known, leading to 
unexpected results from side actions of the drug152. These effects have to be 
controlled for, by additional behavioral testing. To overcome these limitations, 
invasive techniques, such as micro-dialysis in rodent brains, may be used to assess 
neurotransmitter release directly153. Using this method, the neurotransmitter involved 
in reward can be assessed and related to overweight and obesity models. To specify 
this neurotransmitter involvement in humans, non invasive techniques, such as 
positron emission tomography, will be useful: New radio-ligands for use in PET 
imaging are currently being developed, making future receptor specific imaging of 
liking and wanting related processes feasible for dopamine, gamma amino butyric 
acid (GABA), endocannabinoid, serotonin, and other neurotransmitter signaling 
pathways154,155,156,157,158,159,160,161,162. This is especially relevant since even in 
overlapping regions for liking and wanting, separate neurotransmitters may be 
involved, and the pathways involved may indicate in greater detail  of how liking and 
wanting diverge and converge. However, two factors limit the usefulness of PET as 
a research tool: Firstly, the use of radio-nucleotides implies that the number of scans 
that are allowable per subject is relatively small in order to limit radioactive 
exposure. Secondly, radio-nucleotides used have to be freshly prepared in a 
cyclotron as the isotopes used have very short half-lives, again to limit radioactive 
exposure163. 
Regarding the relation between BMI and wanting TRS, it was shown that nonlinear 
modeling may be more suitable to explain the between subjects variability wanting 
TRS and BMI. Furthermore, it was previously shown that the genetic  background 
may be predictive of reward and motivational signaling in humans66,77. Therefore, it 
is relevant to further study the role of the genetic  background in these relationships 
between signaling, body mass, hunger and energy intake.  
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Furthermore, in this thesis, effects of HPA-axis activation and body mass on wanting 
TRS are described. Previous reports indicated that stress levels are rising in the 
developed world and effects of stress have been especially observed in viscerally 
overweight subjects85. These subjects exhibit the highest incidence of the metabolic 
syndrome and it would be highly relevant to assess how stress affects the 
deregulation of wanting TRS, as observed in overweight subjects5,82,149. It was 
shown that activation of the HPA-axis, assessed by serum cortisol measurements, 
was associated with deregulation of wanting TRS alone, and in relation to behavioral 
wanting. So far, the stress response was studied on one level of the HPA axis, i.e. 
the measurement of cortisol. However, the deregulation that was indicated may 
occur at several levels op the HPA-axis, including CRH, ACTH and cortisol signaling, 
and may interact with the dopamine reward system92,93,94,95,96. Finally, interactions 
between the HPA-axis and the hypothalamus pituitary thyroid axis (HPT-axis) have 
been described164. Given that thyroid hormones regulate body temperature and 
metabolism and possibly food intake165,166, it is relevant to study how these thyroid 
hormones may be affected by HPA-axis activation, and how these hormones 
themselves may modulate signaling of the rewarding value of food. Overall, the 
relation between stress, food reward and food intake seems the most relevant issue 
for future research: Levels of stress are increasing together with indices for 
overweight and obesity81,82,85,120. Thorough understanding of how stress affects 
brain signaling and interferes with the HPA/HPT-axis and food choice may lead to 
the identification of foods that may help to manage these interactions. This 
management may include specifically altering food choice, it may indicate 
pharmacological  targets in extreme cases, or identify characteristics of novel 
functional foods. 
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Summary



The etiology of overweight and obesity has been attributed to numerous causes, 
including genetic, physiological, environmental and behavioral factors. Regarding 
energy balance, the focus has been mostly on satiety, both behaviorally and 
hormonally; however, this may be insufficient: There are indications that reward 
balance may be an essential factor contributing to energy intake, without necessarily 
leading to energy balance. 
In this thesis, methods are explored to model brain activity using functional magnetic 
resonance imaging (fMRI) and the brain representation of the rewarding value of 
food. This rewarding value is defined as the combination of ‘liking’ and ‘wanting’ of 
food. Liking is the hedonic  preference for a food item. Conversely, wanting is the 
motivation to obtain and consume a food item. While liking and wanting are related, 
they are not the same process: At times, even highly liked food items are not 
wanted. In the present studies, it was found that both liking and wanting decreased 
over the test meals. However, the decrease in liking was of an approximately seven 
times smaller magnitude (Chapter 6). This indicates that liking was relatively 
unaffected by hunger and satiety, compared with wanting, which decreased very 
significantly. In the human brain, regions that were involved during the liking and 
wanting tasks, were similar to regions identified earlier in rodents: Specifically, liking 
was signaled in homeostatic, taste related regions: the anterior insula, posterior 
insula, posterior cingulate. Wanting was signaled in reward and motivation related 
areas: the caudate, putamen and globus pallidus. In the thalamus and visual areas 
both liking and wanting were represented (Chapters 2-4). Thereby, liking and 
wanting were found in mostly divergent pathways, that converged in specific 
regions, such as the thalamus. Furthermore, it was shown that wanting task related 
signaling in the hypothalamus was related to energy intake, and in addition, it was 
related to body mass in the hypothalamus and striatum. In normal weight subjects, 
this was an inverse relationship, suggesting reward deficiency, which would imply 
that with lower signaling (associated with higher weight), subjects may pursue 
reward by increasing food intake or by eating more rewarding foods. However, for a 
wider range of body weights, taking into account a BMI of 19 to 33, a nonlinear 
model described the data better, such that with a BMI higher than 25, wanting 
signaling increased progressively with increasing BMI. In effect, this may imply a 
drive towards a BMI of 25 in normal weight subjects, and reward dissociation in 
overweight subjects, thereby biasing the latter subjects to maintenance or 
exacerbation of their overweight (Chapter 2 and 3). To counter this brain based 
bias, cognitive dietary restraint may be used as a tool by limiting the rewarding value 
of food in the absence of hunger: In the brain, cognitive dietary restraint modulated 
the change in signaling from the hungry to the satiated state in the nucleus 
accumbens (Chapter 2): the higher cognitive dietary restraint scores were, the 
higher was liking related signaling in the nucleus accumbens pre-meal, and the 
lower was liking related signaling post-meal. Dietary restraint may thus effectively 
reduce the rewarding value of food in the absence of hunger, which may then 
oppose reward dissociation in overweight and obese subjects. 
Additional  reward dissociation at the central level was indicated during stress i.e. 
higher cortisol levels. Behavioral liking and wanting related to liking and wanting 
related signaling during rest conditions pre-meal in respectively the anterior insula 
and the anterior insula, nucleus accumbens and thalamus. With higher HPA-axis 
activation, these links were lost pre-meal and new relationships appeared in 
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respectively the nucleus accumbens and caudate post-meal. Additionally, during 
higher HPA-axis activations, higher energy intakes were observed that coincided 
with reduced wanting task related signaling in the putamen (Chapter 4 and 5).  
Finally, shifts in macronutrient intakes were predicted by brain specific  signaling 
dependent on the macronutrient, i.e. a downward protein shift related to decreased 
liking related signaling in the putamen, while a downward carbohydrate shift related 
to increased wanting related signaling in the hypothalamus. This may represent a 
central  modulation of motivational pathways that can be used to control food choice 
and energy intake, or which may lead to compensation for extreme macronutrient 
intakes (Chapter 6).
In conclusion, homeostatic  food intake regulation is represented by closely regulated 
liking and wanting signaling in the brain, which is related to behavioral  liking and 
wanting, BMI and hunger. Liking and wanting represent a partially overlapping 
network, in which liking is associated with regions implicated in hedonic processes, 
while wanting was observed in regions implicated in motivation, reward and 
homeostatic  signaling. Thereby, liking and wanting may contribute to reward 
homeostasis through the determination of the rewarding value of food. Overweight, 
obesity and stress resulted in reward dissociation, in which the normal  link between 
behavioral liking/wanting and liking/wanting signaling was disturbed, or by a 
changed relationship between BMI and wanting TRS. These processes ultimately 
support excessive food intake and altered food choice, yet these effects may be 
reduced using cognitive dietary restraint as a tool.

Representation of the rewarding value of food in the human brain 
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Samenvatting



Het ontstaan van overgewicht en zwaarlijvigheid wordt toegeschreven aan 
genetische aanleg, fysiologische factoren, omgevingsfactoren en gedrag. Deze 
factoren beïnvloeden de energiebalans, d.w.z. de balans tussen energie-inname en 
energiegebruik. De bijdrage van de energie-inname aan de energiebalans, is tot 
voor kort voornamelijk gedragsmatig en endocrienologisch onderzocht. Deze studies 
zijn echter onvolledig: er zijn aanwijzingen dat de belonende waarde van 
voedselinname een essentiële bijdrage levert aan de energie-inname, en dat dit 
wellicht niet altijd tot een neutrale energiebalans leidt. 
In dit proefschrift worden nieuwe methoden beschreven waarmee de locatie en 
intensiteit van de belonende waarde van voedsel in het brein wordt bepaald met 
behulp van functionele kernspinresonantie beeldvorming (functional magnetic 
resonance imaging, fMRI). De belonende waarde van voedsel  is gedefinieerd als 
een combinatie van twee factoren: Het ‘lusten’ en het ‘willen’. Het ‘lusten’ is de 
hedonische waarde, ofwel  ‘houden van’, en het ‘willen’ is de motivatie ofwel ‘het nu 
willen eten’. Hoewel het ‘lusten’ en ‘willen’ niet volledig onafhankelijk van elkaar zijn, 
vertegenwoordigen zij niet hetzelfde: Van een product houden wil  nog niet zeggen 
dat men het ook te allen tijde wil  consumeren. De huidige resultaten lieten zien dat 
zowel het ‘lusten’ als het ‘willen’ was verminderd na een maaltijd. De verandering 
van het ‘willen’ was daarbij echter zeven keer groter dan de verandering van het 
‘lusten’ (Hoofdstuk 6). Dit verschil wijst erop dat het ‘lusten’ nauwelijks wordt 
beïnvloed door honger en verzadiging, terwijl  het ‘willen’ hier juist sterk door wordt 
beïnvloed. De actieve hersengebieden die bij mensen werden gevonden gedurende 
de taken waarbij het ‘lusten’ en ‘willen’ werden bepaald, kwamen overeen met de 
hersengebieden die eerder beschreven zij voor ‘lusten’ en ‘willen’ bij knaagdieren. 
Het ‘lusten’ was vertegenwoordigd in homeostatische en aan smaakwaarneming 
gerelateerde gebieden: de insula anterior en posterior, en de cortex cingularis 
anterior. Het ‘willen’ was vertegenwoordigd in beloning- en motivatie-gerelateerde 
gebieden: de caudatus, het putamen en de globus pallidus. Daarnaast was er 
activering in de thalamus en visuele cortex zowel bij expressie van het ‘lusten’ als 
ook bij  expressie van het ‘willen’ (Hoofdstukken 2-4). Dus signalen gerelateerd aan 
het ‘lusten’ en ‘willen‘ verlopen via verregaand gescheiden routes in het menselijk 
brein, en overlappen in specifieke gebieden, zoals de thalamus. Daarnaast bleek dat 
het signaal in de hypothalamus tijdens de expressie van ‘willen’ was gerelateerd aan 
de energie-inname en dat dit signaal  in de hypothalamus en het striatum bovendien 
gerelateerd was a an het lichaamsgewicht (BMI). Bij proefpersonen met een 
normaal lichaamsgewicht ging een hogere BMI gepaard met een lager signaal  en dit 
suggereerde een gebrek aan beloning (beloningsdeficiëntie). Daarbij gaat men 
ervan uit dat er meer voedsel, of voedsel met een hogere belonende waarde moet 
worden geconsumeerd om alsnog voldoende beloning te ervaren. Wanneer echter 
een groep met meer uiteenlopende gewichten werd bestudeerd, dus een BMI 
tussen de 19 en 33 kg/m2, bleek een niet-lineair model beter overeen te komen met 
de data. Het aan ‘willen’ gerelateerde signaal  nam weer toe met hogere BMI boven 
de 25. Deze bevindingen wijzen er op dat proefpersonen met een normaal 
lichaamsgewicht wellicht juist naar een BMI van 25 neigen, en dat dus een hogere 
gevoeligheid voor beloning leidt tot het zoeken van meer beloning. Bij 
proefpersonen met overgewicht en zwaarlijvigheid (BMI>25) vindt er juist weer een 
dissociatie van de belonende waarde van gedrag (beloningsdissociatie) plaat, en dit 
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zou tot het behoud of verergeren van hun overgewicht kunnen leiden (Hoofdstuk 2 
en 3).
De aanleg voor een hoger lichaamsgewicht kan worden tegengegaan door het 
eetgedrag cognitief af te remmen (cognitief geremd eetgedrag) in afwezigheid van 
honger. In hoofdstuk 2 is beschreven dat dit geremd eetgedrag de verandering van 
het signaal  van het ‘lusten’ in de nucleus accumbens tussen de gevaste en 
verzadigde toestand beïnvloedt: Hoe sterker het eetgedrag geremd was, des te 
hoger het signaal van ‘lusten’ voor de maaltijd was en des te lager dit na de maaltijd 
was. Geremd eetgedrag kan dus de belonende waarde van voeding bij  afwezigheid 
van honger wellicht verlagen en daarmee de dissociatie van beloning bij 
proefpersonen met overgewicht of zwaarlijvigheid voorkomen. In het brein was er 
tevens een indicatie voor dissociatie van beloning gedurende stress, gekenmerkt 
door een sterkere activiteit van de hypothalamus-hypofyse-bijnier-as (HPA-as) en 
een hogere cortisol-concentratie in het bloed. De scores voor het ‘lusten’ en ‘willen’ 
waren in de rustconditie gerelateerd aan de hersenactiviteit tijdens de taken die het 
‘lusten’ en ‘willen’ tonen in respectievelijk de insula anterior, nucleus accumbens en 
thalamus. Bij een sterkere activatie van de HPA-as waren deze relaties niet meer 
aanwezig en verschenen nieuwe relaties in respectievelijk de nucleus accumbens 
en caudatus. Tevens vertoonden de proefpersonen een hogere energie-inname die 
gepaard ging met een lager signaal tijdens de expressie van ‘willen’ in het putamen 
(Hoofdstuk 4 en 5). Tenslotte konden de verschuivingen in de macronutriënt-
inname worden voorspeld aan de hand van macronutriënt-specifieke 
signaalverschuivingen in het brein: Een verschuiving van een extreem hoge naar 
een lagere eiwitinname was gerelateerd aan een verminderd ‘lusten’ signaal in het 
putamen, terwijl een verschuiving van een extreem hoge naar een lagere 
koolhydraatinname gerelateerd was aan een verhoogd ‘willen’ signaal in de 
hypothalamus. Deze verschillen vertegenwoordigen samen wellicht aanpassingen 
van motivatie signalen in het brein, die kunnen worden gebruikt om de voedselkeuze 
en energie-inname te regelen, of die tot compensatiegedrag bij  extreme 
macronutriënt-innamen kunnen leiden (Hoofdstuk 6). 
Concluderend kan worden gesteld dat de homeostatische voedselinname-regulatie 
in het brein is vertegenwoordigd in de vorm van nauwlettend geregelde signalen 
voor het ‘lusten’ en ‘willen’ van voedsel. Deze signalen zij gerelateerd aan het 
gedrag, dus hoe hoog het ‘lusten’ en ‘willen’ wordt gescoord, en aan de BMI en 
honger. Het ‘lusten’ en ‘willen’ komt tot uiting in een gedeeltelijk overlappend 
netwerk, waarin het ‘lusten’ van voedsel is geassocieerd met algemene hedonische 
gebieden, en waarin het ‘willen’ is geassocieerd met gebieden die in het algemeen 
worden gerelateerd aan motivatie, beloning en homeostase. Overgewicht, 
zwaarlijvigheid en stress leidden tot dissociatie van beloning. Hierbij is de normale 
relatie tussen de uiting van ‘lusten’/‘willen’ en de signalen van ‘lusten’/‘willen’ in het 
brein verstoord, of is er sprake van een veranderde relatie tussen lichaamsgewicht 
en de signalen van het ‘willen’ in het brein. Deze processen zouden uiteindelijk tot 
excessieve voedselinname en veranderde voedselkeuze kunnen leiden, echter kan 
cognitief geremde voedselinname deze schadelijke effecten wellicht verminderen. 

Vertegenwoordiging van de belonende waarde van voedsel in het menselijk brein 
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