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The increasing prevalence of obesity forms a severe health threat to present and future 
generations, not least due to associated chronic diseases, including diabetes and 
cardiovascular disease (1). obesity is a global epidemic that results from disturbance 
of the energy balance, i.e. energy intake exceeding energy expenditure (2, 3). The 
cause of this disturbance is diverse and complex and can be attributed to physiological, 
environmental, behavioral, neuro-endocrine, genetic and other factors. a recent study 
observed that physical activity has not declined over the same period that obesity rates 
have increased dramatically; hence, it is unlikely that decreased expenditure has fuelled 
the obesity epidemic (4). Therefore, the cause most likely lies on the energy intake side 
of the energy balance. appetite serves to regulate adequate energy intake to maintain 
energy balance. it is regulated by an interaction between peripheral hormones of the 
digestive tract and the adipose tissue acting on neural circuits in the brain. a chronic 
deregulation of energy balance, with energy intake exceeding energy expenditure, leads 
to storage of the excessive energy as fat. disruption of appetite regulation therefore may 
affect the decision to finish a meal, promote overeating, and contribute to obesity. This 
thesis aims to identify risks for this disruption of appetite regulation.

HunGER anD THIRST MECHanISMS

Appetite is the desire to eat food, felt as hunger. Hunger is often defined as a sensation 
that promotes food seeking and ingestive behaviors, with the primary function to ensure 
that energy needs are met (5, 6). The regulation of food intake and energy homeostasis 
is based on hunger and satiety signals produced in the hypothalamus and in peripheral 
organs (7). satiety signals, such as insulin, cholecystokinin (CCK), glucagon-like peptide 
1 (GLP-1) and peptide YY (PYY) are of capital importance in appetite control for the 
termination of food intake by inhibiting the effect of hunger signals, such as neuropeptide 
Y, ghrelin, the orexins, agouti-related peptide, and melanin-concentrating hormone (7). 
The identification of peptides that function as appetite regulatory signals has stimulated 
interest in their use as biomarkers and potential pharmacological targets for the treatment 
of dysregulated energy intake (8, 9). Ghrelin, glucose and insulin may be particularly 
relevant for that purpose (8). Ghrelin is an orexigenic hormone produced primarily by 
the stomach and proximal small intestine (10) was shown to increase food intake in 
diverse species (11), including humans (12). Contrary to satiety peptides, circulating 
levels of ghrelin peak shortly before meals and are suppressed by ingested nutrients; 
carbohydrates are most effective in suppressing ghrelin compared to proteins, and lipids 
(13). Glucose may be involved in meal initiation, as feeding is usually preceded by a 
decrease in blood glucose concentrations (14-17). Moreover, glucose triggers insulin 
secretion from the pancreatic islets and similar to blood glucose, insulin has been 
hypothesized to play a role in appetite regulation (12, 14, 18, 19). in addition to the use 
of biomarkers to assess appetite, a common approach is to use self-reports of various 
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somatic sensations on open ended questionnaires or rating scales (9). Measured 
feelings of appetite expressed as ratings on visual analogue scales (Vas) have shown 
to be highly reproducible and therefore reliable (20).
Thirst is a subjective perception that provides the urge for humans and animals to 
consume fluids to meet hydration needs (21). It is a physiological state that is often 
difficult to diagnose but a system that is very finely controlled (22). James Fitzsimons 
was the first to describe two major thirst stats: primary drinking and secondary drinking 
(23). in primary drinking there is an actual need for water, it is an emergency response 
to a deficit of body fluid (24). In secondary drinking, however, there does not appear to 
be any present internal need for water despite the fact of drinking, it may be induced 
by a variety of cues such as for example a dry mouth and the circadian rhythm of 
drinking (24). Primary thirst is subsequently divided into that of intracellular origin and 
that of extracellular origin. from a purely physiological point of view the regulation of 
thirst is absolutely necessary for the correct functioning of our milieu intérieur (25). Yet 
despite this fact humans appear to respond inappropriately to thirst signals (22). This 
inappropriate reaction may have undesirable consequences related to overweight and 
obesity. 
although hunger and thirst mechanisms show a multitude of similarities (9, 26) the 
health implications of deficits or surfeits of eating and drinking are distinct. While for 
eating there are no short-term life-threatening consequences of a deficit, drinking deficits 
lead to life-threatening consequences in a time frame of days, making thirst a particular 
salient signal, less likely to be ignored (26). Contrarily however, eating to excess may 
pose a great health risk in the long term by leading to overweight and obesity with the 
resulting co-morbidities, while drinking in excess, save extreme condition, poses little 
health risk (26). Furthermore, there are contradictory findings regarding the cause and 
effect of eating and drinking. some studies state that feeding is a determinant of drinking, 
and fluid intake is regulated secondarily to food intake (26-31). This statement is based 
on several observations; 75 % of fluid intake is peri-prandial (28-30), there is a direct 
relationship between eating and drinking under ad lib conditions (28-30) and significant 
positive correlations between meal size and quantity of water consumed have been 
observed (27, 28, 31). Other studies postulate that fluid intake is independent of energy 
needs (26, 32). This view is physiologically more plausible as greater consequences are 
associated with fluid deficits relative to the effects of deviations from energy balance, as 
described above. 
These asymmetries in the mechanisms related to hunger and thirst, together with a 
possible drive to maintain fluid balance hold important implications in the current 
environment with an abundance of soft drinks, fruit or sport beverages, gourmet coffees, 
etc; all supplying energy while drinking.  
approaching hunger, or desire to eat, which is related to eating, and thirst, or desire to 
drink, which is related to drinking, at the same time is complicated. eaten foods contain 
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water and generate water endogenously during their metabolism, while on the other hand; 
drinking certain beverages provides energy and essential nutrients. This shows that the 
principles of eating foods or drinking beverages may exert effects contributing vice versa, 
namely to water- and nutrient-ingestion respectively. here the mode of consumption 
(eating or drinking) is not straightforwardly in line with the expected functions (9). The 
question remains whether biological consequences may differ according to the mode 
of consumption. for instance, will gastro-intestinal and post-intestinal responses to the 
ingested items differ? 
The confusion of energy ingestion by drinking and fluid ingestion by eating may imply a 
risk for a positive energy balance if for instance drinking energy-dense liquids leads to 
over-consumption, or, vice versa, a risk for under-nutrition or unbalanced macronutrient 
intake from eating mainly foods with a high water content. 

FOOD TExTuRE

A general definition of food texture states that texture is a sensory property perceived 
as a multi-parameter attribute derived from the structure of food that is detected by 
several senses, the most important ones being the senses of touch and pressure (33). 
differences in the mechanisms by which the body senses ingested energy contained 
in different food textures are previously reported. Food texture can influence appetite 
through effects on satiety and satiation. satiation is the process that determines meal 
size. it is mainly driven by early processes (<20 min), such as sensory, cognitive, and 
early pre-absorptive factors, which can all be influenced by food texture (34). Satiety is 
the process that suppresses the internal drive to eat (appetite), which can be quantified 
by measuring the intermeal-interval (34). The processes responsible for the differences 
in satiation and satiety responses between liquid and solid foods have not been fully 
clarified. Studies regarding the comparison of satiety evoked by solid and liquid meals 
are controversial.
some studies suggest that energy-yielding liquids seem to elicit less satiation and cause 
less satiety compared to solid counterparts (35-39). furthermore, they evoke a weak 
compensatory response in balancing energy intake throughout the day compared to 
solids (39-43) as evidenced by several longitudinal intervention studies (38, 44). other 
studies assign this weaker satiating response of liquids compared to solids to oral 
sensory exposure and the need to chew (36, 45, 46). oral sensory exposure is increased 
with longer oral transit time, which is observed in solid foods because of the need for 
oral processing (chewing) before swallowing. it is hypothesized that due to the high rate 
of consumption and consequently the lower oral sensory exposure time in liquids the 
cephalic phase response is bypassed (47), leading to a delayed meal termination and 
thus over consumption of energy. 
Other studies did not find differences in the satiating response between liquid and solid 
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foods (37, 48). for example, in the study of almiron-roig et al. thirty-two volunteers 
consumed equal-energy preloads of regular cola or fat-free raspberry cookies after 
which they measured hunger ratings, satiety and subsequent energy intake (37). They 
observed that the different physical food-forms suppressed hunger ratings equally and 
did not observe any difference in satiety or subsequent energy intake (37). however, the 
interpretation of these studies is often unclear because of the use of dissimilar foods. 
foods that differ along other dimensions than texture (energy density, palatability, 
macronutrient composition, etc.) evoke responses that cannot solely be ascribed to 
differences in food texture. 
still other studies showed that liquids are more satiating than solids, but they almost 
all concentrate on soup in comparison to a solid meal (49-52). These studies confirm 
that soups have a higher satiety value than beverages despite their fluid form and that 
soup has to be differentiated from beverages. several hypotheses exist regarding the 
high satiating value of soup. firstly, the principle source of energy in most consumed 
beverages is carbohydrate whereas this can be more variable in soups. secondly, 
several researchers have proposed that cognitive factors likely contribute to the high 
satiety value of soups (41, 50). furthermore, soup implies a mode of consumption, which 
is different from a drink; soup may be viewed as a meal component ingested to address 
sensations of hunger as compared to a beverage, which is used to satisfy thirst. This 
could lead to a conscious decision to stop eating, which decreases overall calorie intake.
This again attests the problem of mode of consumption; foods may be differentiated 
from beverages based on physical form; however, a classification on this basis may 
be modified by mode of consumption (eating or drinking). The same consumption 
can be classified as a drink or as a soup depending on the delivery to the oral cavity 
by a particular vessel (e.g., glass, mug, or bowl) or utensil (e.g., spoon or straw) (9). 
Therefore, in previous studies, it is difficult to disentangle the effects of food texture and 
those of mode of consumption of foods on differences in satiating value between liquids 
and solids.
Liquid energy containing foods and drinks (protein shakes, soft-drinks, sport-beverages, 
dessert coffee, etc.) are abundantly eaten and drunk in our current society and are 
adding to the obesity epidemic. for example; there has been an undeniable temporal 
association between the growing consumption of sweetened beverages and the rise in 
obesity rates, particularly among adolescents and young adults (53). Previous research 
finds contradicting effects of texture on appetite and does not always take mode of 
consumption into account; therefore, further research on the impact of liquid calories on 
appetite regulation is necessary.  
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STRESS 

one of the environmental factors contributing to overeating may be stress-induced 
eating (54-57). Previous studies show that acute psychological stress causes eating in 
the absence of hunger and cause especially visceral overweight individuals to consume 
more food compared to lean individuals (58, 59). Chronic stress has been associated 
with greater weight gain among participants who are already overweight or obese (57, 
60, 61). Moreover, literature shows that the incidence of both visceral obesity and the 
metabolic syndrome correlates with indices of stress in the affected populations (62, 
63). however, the effect of stress on food intake has been discussed controversially. 
increased food intake as well as decreased food intake has been reported depending 
on parameters such as dietary restraint, gender and body weight (57, 58, 64, 65). stress 
possibly influences food intake through effects on the HPA-axis and the reward system.
stress is associated with increased hPa-axis activity and is mirrored by increased 
cortisol concentrations in the blood (66). The cascade of the hPa response beholds that 
the hypothalamus produces corticotropin-releasing hormone (Crh), which subsequently 
stimulates the production of adrenocorticotropin (aTCh) from the anterior pituitary, 
which in turn will stimulate the synthesis and release of cortisol by the adrenal cortex 
(67). evidence of the involvement of the hPa axis in body-weight regulation is found in 
two extremes of plasma cortisol levels in humans; addison’s disease (hypocortisolism) 
that has been related to weight loss, and Cushing’s syndrome (hypercortisolism) that 
has been related to rapid weight gain (68, 69). furthermore, visceral fat accumulation in 
obese subjects is related to altered hPa-axis functioning, such as decreased salivary and 
serum cortisol levels (70-72), increased urinary secretion of cortisol (73, 74), decreased 
cortisol variability (70, 75, 76) and enhanced cortisol awakening response (77).
rodent as well as human studies implicate the involvement of the brain reward system in 
stress-induced eating (78-80). both the opioid system, which is involved in the process 
of liking, as the dopamine system, which is involved in the process of wanting seem to be 
altered in reaction to stress or increased hPa-axis activity (81-83). overall, it seems that 
stress causes a decreased sensitivity of the reward system to food cues. a study by born 
et al. confirms this by showing a decreased activation of food reward related brain areas 
(amygdala, hippocampus and cingulated cortex) after acute stress in a satiated state, 
which was associated with an increased energy intake (84). This implies that stress 
influences meal termination, thereby promoting eating in the absence of hunger and thus 
overeating. furthermore, research showed mesolimbic dopamine release in response 
to a stressful task (83) and a negative correlation between the tendency to eat when 
emotionally stressed and dopamine d2 receptor availability in normal weight subjects 
(80). 
it has been shown that food choice shifts towards so-called ‘comfort-foods’, which are 
high in sugar and fat, in stressful conditions, possibly because they are perceived as 
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highly rewarding and in this way form a coping mechanism to deal with stress (58, 85-
91). for example, from animal studies we know that pleasurable behaviors such as 
palatable food intake contribute to stress reduction through the recruitment of brain 
reward pathways (92). Moreover, there is some evidence that sweetness, and sensory 
cues to high energy density, can mitigate effects of stress via the brain’s reward system 
(93). This suggests that the orosensory attributes of liking may change during stress. 
however, results are controversial and there is also evidence for increased hPa-axis 
activity in response to these preferred foods (94, 95). a study by Vicennati et al. showed 
that a high carbohydrate meal, in contrast to a high protein/fat meal significantly increased 
cortisol levels in female visceral obese subjects (94). in contrast, however, other studies 
did not find a cortisol response to meal consumption nor did they find macronutrient-
related differences in cortisol levels or mood (96-99). furthermore, research even 
indicated increased cortisol levels in reaction to a protein-rich meal (100, 101). Taken 
together, this shows a need for studies clarifying the effect of single macronutrients on 
cortisol release.
The above-described findings may be indicative of a vicious circle in which stress leads 
to a delayed meal termination, which leads to eating in the absence of hunger, possibly 
through a preference for foods high in fat and sugar, which in turn increase hPa-axis 
activity. Therefore, functional foods, with a specific macronutrient composition that lead 
to a decreased cortisol response have to be discovered.
Taken together, research shows that stress is a risk factor for delayed meal terminating 
and thus eating in the absence of hunger, leading to weight gain through effects on 
hPa axis functioning and the brain reward system. further research on the effect of 
stress on food reward (liking and wanting) may open an avenue to understanding the 
impact of food reward on eating behavior (78, 102-104). in this context it is important 
that also the orosensory attributes of liking are investigated, as they may be changed 
during stress (93). furthermore, in light of the relationship between hPa axis functioning 
and body-weight regulation, there is a need for information related to the regulation of 
meal induced cortisol secretion due to its possible clinical implications and potential 
as a clinical marker of health. further research on the role of single macronutrients in 
meal-induced cortisol secretion may result in the finding of a macronutrient composition 
that relatively decreases cortisol concentrations, which may lead to the development of 
functional foods to prevent overeating. 

FOOD REwaRD

food intake is regulated homeostatically as well as non-homeostatically (102). The 
homeostatic regulation of food intake depends on the nutritional status and aims for 
energy intake to be in balance with energy expenditure through hunger and satiety 
signals produced in the hypothalamus and in peripheral organs. non-homeostatic food 
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intake entails that energy intake does not match energy expenditure, which occurs 
via the involvement of factors such as food reward, environmental cues and cognitive 
factors. non-homeostatic regulation of food intake is largely independent of nutritional 
status and is closely related to the rewarding value of food, often leading to eating in the 
absence of hunger to reach reward homeostasis (105-107). ideally, energy and reward 
regulation act in concert to promote eating behaviors under conditions of deprivation and 
to inhibit food intake under conditions of satiety. disruption of the interaction between 
energy and reward regulation might promote overeating and contribute to obesity (80).
according to the incentive salience concept by berridge et al. the rewarding value of food 
is divided into two components: ‘liking’ and ‘wanting’ (78, 102, 106, 108-110). Liking is 
the hedonic or affective process of palatability/pleasure/displeasure, often associated 
with the orosensory stimulation by food, and wanting is the motivational incentive 
component consisting of the non-affective, purely motivational process of appetite or 
craving (78, 102, 106, 108-110). wanting translates affect into the action of obtaining 
food (78, 102, 106, 108-110). Liking and wanting go hand in hand and are both needed 
to gain full reward (78, 106). however, under certain circumstances liking and wanting 
may diverge, for example due to cognitive restraint or addiction. Less liked foods may 
be selected due to their health benefits (110, 111) and drugs may be taken without always 
actually being liked (112).
The effects of weight status as well as nutritional status on liking and wanting diverge. 
Several studies reported liking as a relatively stable trait-like feature, not influenced by 
weight status (113, 114). Those studies found no significant differences between lean 
and obese consumers for overall pleasantness scores, or separately for foods classified 
for sweet, salty, sour or bitter (113). Mela et al. suggested that obesity may be associated 
with greater motivation to obtain food (wanting), possibly directed to energy-dense foods, 
without deriving any greater pleasure from the oro-sensory experience of eating (liking) 
(110). epstein et al. showed that deprivation in humans causes an increase in wanting, 
but they observed no influences in the deprived group for the subjective or objective 
hedonic measures (liking) (115). finally, born et al. found that the liking of food remained 
stable postprandially, whilst the wanting decreased (84). 
In contrast with those studies, others found a flexibility in liking: Finlayson et al. found a 
significant general decline in acute hedonic ratings for most food categories following a 
meal intervention, except for sweet and low fat sweet foods (109), and Lemmens et al. 
found a decreased relative liking for desserts after eating a dessert-specific food item 
(116). Taken together, most studies seem to suggest that liking is rated at a constant 
level (84, 104, 110, 113, 117), yet specific variability was reported for certain food items 
after eating a meal (109, 116), while wanting seems to be variable across nutritional as 
well as weight status (84, 104, 110, 117).
evidence in humans suggests that taste contributes to the selection of foods to be 
eaten and to palatability, defined by Yeomans as ‘the hedonic evaluation of orosensory 
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food cues under standardized conditions’ (118, 119). Previous studies regarding 
differences between the orosensory or taste perception of food between normal weight 
and overweight individuals are contradictory. Earlier studies did not find differences in 
tasting threshold for various tastes comparing overweight and normal weight participants 
(119, 120) for example, Cox et al. suggest that overall, lean and obese humans do not 
differ in the selection of foods with perceived tastes and hedonic attributes (113, 114). 
however, studies investigating the effects of gastric bypass surgery found increases 
in bitter and sour sensitivity and decreases in sweet and salt sensitivity in the morbidly 
obese after gastric bypass surgery (119-121). furthermore, bartoshuk et al. suggest that 
the obese live in different oro-sensory and oro-hedonic worlds than do the non-obese; 
they found that the obese experience reduced sweetness, which they think intensifies 
fat sensations, and that the obese like both sweet and fat more than the non-obese do 
(122). overall, previous research has not reached a consensus regarding differences 
in the orosensory perception of food between overweight and normal weight individuals 
and how this contributes to differences in liking or the rewarding value of food. Therefore, 
it is necessary that in the context of studying the liking of food, orosensory perception of 
food has to be taken into account. 
in behavioral measurements of food reward the two components, liking and wanting 
are often measured separately. Recent human behavioral studies quantified liking by 
either subjective ratings on Vas, objective measures of facial affective expressions or 
measuring liking by means of indicating relative preference of paired food items, resulting 
in a relative ranking of liking (104, 109, 116, 123, 124). wanting has been measured by a 
forced choice methodology in which individuals were presented with pairs of food items 
and had to choose which item was most wanted at that time (103, 109). another method 
to measure wanting is by measuring the motivation to obtain food as a proxy for wanting 
by assessing the reinforcing value of food using progressive reinforcement schedules 
(104, 116, 125). hereby, motivation to obtain food is expressed as the willingness to 
work for a chosen food item, sometimes compared to alternate reinforces such as money 
(104, 116, 125).
More recently, neuroimaging studies have measured food reward, by measuring signaling 
in brain areas involved in dopamine release or the regulation thereof (i.e: amygdala, 
hippocampus, ventral pallidum, nucleus accumbens and striatum, the ventral tegmental 
area and substantia nigra, as well as the anterior cingulate, orbitofrontal, insular, 
dorsolateral prefrontal and medial prefrontal cortices (126, 127)). several methods of 
brain imaging and neuronal recording are available, but one of the most commonly used 
techniques is functional magnetic resonance imaging (fMri). fMri is a Mri procedure 
that measures neuronal activity by detecting associated changes in regional blood supply 
(128-131). fMri uses a blood oxygen level dependent (boLd) measurement, which is 
based upon the magnetic properties of de-oxygenated hemoglobin in oxygen-poor blood 
vs. the non-magnetic properties of oxygenated hemoglobin in oxygen-rich blood (128). 
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when a brain area becomes active, oxygen demand increases, this demand is met with 
a higher than proportional increase in blood flow, thereby causing a temporal regionally 
greater proportion of oxygen-rich blood and thus oxygenated hemoglobin. This causes a 
local increase in the homogeneity of the magnetic field, which can be measured by the 
Mri scanner when using the correct settings. in this way the scanner can make whole 
brain images of localized variations in blood supply, and via the relation of blood supply 
with neuronal activity, signaling in different brain areas can be measured.
The fMri technique allows us to get a better view on the integrative role of the central 
nervous system (Cns) in energy and reward homeostasis. Previous observations point 
towards an overlap between the neurocircuitries that regulate food-reward perception 
and energy homeostasis (132, 133) and as previously stated, disruption of the interaction 
between energy and food-reward regulation might promote overeating and contribute 
to obesity. especially important in food-reward related brain signaling is the dopamine 
related reward circuitry. dopamine projections originate in the ventral tegmental area 
(VTa) and project to the nucleus accumbens (nac), striatum (caudate, putamen and 
globus pallidus) and the thalamus (134-136). These food-reward related brain areas 
are in turn connected to several control related brain areas such as the prefrontal cortex 
(PfC) and the orbitofrontal cortex (ofC), which are involved in inhibitory control that is 
possibly necessary to terminate a meal (134-136). recently, fMri studies were able to 
identify separate areas of liking and wanting brain signaling (137-139).
Previous literature concerning food-reward signaling in the brain points towards two 
different models: the reward-surfeit hypothesis and the reward deficiency hypothesis 
(134-136). according to the reward-surfeit model hyper-responsivity of brain reward 
circuitry leads to overeating (140, 141). evidence for this model can be found in studies 
showing that overweight/ obese participants show greater brain signaling in response 
to food cues and anticipated reward compared to normal weight participants (140, 
142-146). This increased reward-related brain signaling in the overweight or obese 
has been observed pre- as well as post-prandially (140, 143, 146-148). furthermore, 
even after diet-induced weight loss, formerly obese humans still exhibit an increased 
responsiveness to food cues relative to the normal weight or obese in reward related 
brain regions, such as insula, dorsal striatum and frontal cortex (149-152). The reward 
deficiency model posits that individuals showing hypo-responsivity of the brain reward 
circuitry overeat to compensate for reward defiency (140, 153). Evidence for this model 
is found in the fact that obese vs. normal-weight humans show less striatal d2 dopamine 
receptor availability (153) and less striatal response to actual food intake, which predicts 
future weight gain for individuals at genetic risk for comprised dopamine signaling (140, 
144). 
as previously stated, food-reward related brain areas are linked with several control 
related brain areas such as the PfC and the ofC (105, 154); previous research using 
positron emission tomography (PeT) in lean and obese persons indicates that the PfC 
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may play an important role in the central regulation of eating behavior by sending inhibitory 
inputs (155-161). furthermore, self-report and behavioral data suggest that impulsivity 
or decreased inhibition may contribute to the development and maintenance of obesity 
(162). support for this is found in PeT studies showing that satiation is associated with 
an increased activity in the PfC. however, when comparing obese with lean people 
PET studies show conflicting results (156-160). Some report a larger increase in PFC 
activity from the fasted to the satiated state in the obese vs. lean (159, 160), while 
others show the exact opposite (156, 157). using fMri, the group of stice et al. among 
others showed that in a hungry state bMi is negatively correlated with activation in the 
PfC when subjects are required to inhibit responses to appetizing foods (147, 162). 
The latter studies particularly underline how altered activity in the PfC and thus altered 
inhibitory control may play an important role in the development of obesity by influencing 
the decision-making.
Taking all studies together, these are examples of possible dysregulation of appetite, 
confusing the decision for meal termination. 

OuTLInE OF THE THESIS

The research presented in this thesis deals with ‘risks for dysregulated appetite’, 
especially focusing on the risks that texture, stress, food reward and inhibition represent.
The risk that texture represents for dysregulated appetite is present in the form of 
abundantly available liquid energy containing foods and drinks in our current society. 
Previous research shows contradicting effects of texture on appetite; therefore, further 
research on the impact of liquid calories on appetite regulation is necessary. here 
we present texture-related research with different macronutrients. assessment of 
differences in appetite profile and in physiological parameters after consumption of a 
subject-specific meal in liquefied vs. solid form, controlled for energy density, weight, 
and volume is described for a meal only containing protein in chapter 2 and for a meal 
only containing carbohydrates in chapter 3. herewith the risk for dysregulated appetite 
on confused decision making for meal termination is assessed from a texture and 
macronutrient specific point of view. 
The risk that texture represents leads straightforwardly to the risk that different modes 
of consumption may cause for dysregulated appetite. These effects are disentangled 
by focusing on the behavioral and physiological consequences of mode of consumption, 
structure, and thirst separately (chapter 4). 
in our everyday life, stress is abundantly present; therefore, it is desirable to develop 
functional foods that are able to influence the physiological and psychological stress 
response in a favorable way. however, there are still discrepancies regarding the role 
of single macronutrients in meal-induced cortisol secretion. Therefore, we identified 
effects of protein and fat in comparison to carbohydrate on cortisol concentrations and 
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tried to find a macronutrient composition that may decrease cortisol concentrations and 
subsequently prevent overeating (chapter 5). 
as described above, stress as well as appetitive food and food cues in our current 
environment may imply risks for dysregulated appetite through reward homeostasis 
overwriting energy homeostasis via altered mechanisms of food reward signaling in the 
brain, decreased inhibitory control and changed liking, wanting or orosensory perception 
of food. we aimed to characterize how these orosensory attributes of food are correlated 
with liking, in overweight compared to normal weight participants during rest or stress and 
we assessed the effect of stress on orosensory perception and on liking in overweight 
vs. normal weight participants (chapter 6). 
The risks for dysregulated appetite that are represented by food reward and disinhibition 
are explored using fMri. here we assessed differences between overweight and normal 
weight subjects in the flexibility of food-reward related brain signaling between food and 
non-food-stimuli, while controlling for subject specific energy requirement and visual 
complexity (chapter 7). special attention was paid to the sensitivity of food reward in the 
hungry state as well as in the satiated state. The latter was related to decision making 
for meal termination.
finally, in the general discussion the results and interpretations of the above-described 
studies are discussed and presented in an overview (chapter 8).
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aBSTRaCT
 
hunger is a potential problem for compliance with an energy restricted diet. relatively 
high-protein meal replacement products have been shown to diminish this problem; 
they are available as liquid and solid meals, yet their physical state can affect hunger 
suppression. The objective was to investigate differences in appetite profile and 
physiological parameters after consumption of a single-macronutrient, subject-specific, 
high-protein meal in liquefied versus solid form, controlled for energy density, weight and 
volume. Ten male subjects (age:21.1±3.9 y; bMi:22.4±1.2 kg/m2) were offered lunch 
subject-specifically as 15 % of daily energy requirement, consisting of solid (steamed 
chicken breast+750 ml water) or liquefied protein (steamed chicken breast blended 
in 500 ml water+250 ml water). Appetite profiles, insulin, glucose and ghrelin were 
measured over 3 h. Comparing the solid versus liquefied condition, oral exposure time 
did not differ between conditions (19.2±0.4 min and 18.8±0.6 min respectively, p=0.13). 
Area under the curve effects were observed for thirst; statistically significant condition 
x time interactions and statistically significant differences at several time points were 
observed for desire to eat (condition x time p<0.05; 31±6 mm vs. 53±8 mm; p<0.04 at 
115 min) and thirst (condition x time p<0.01; 27±8 mm vs. 41±8 mm; p<0.05 at 30 min 
and 23±6 mm vs. 41±8 mm; p<0.02 at 70 min) being lower, while hunger suppression 
(79±3 mm and 52±10 mm; p<0.03 at 20 min and 61±7 mm and 44±8 mm; p<0.03 at 
115 min) was higher in the solid condition. Glucose, insulin and ghrelin concentration 
curves were similar for both conditions. in conclusion, solid protein evokes a stronger 
suppression of hunger and desire to eat than liquefied protein.
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InTRODuCTIOn

obesity is a major health concern with serious comorbidities (1, 2); it results from 
disturbance of energy balance, i.e. energy intake exceeding energy expenditure (3). 
furthermore, hunger is a potential problem for compliance with an energy restricted 
diet. Proteins can suppress hunger despite negative energy balance (4) and because a 
hierarchy prevails for the satiating efficacies of the macronutrients protein, carbohydrates 
and fat, with protein being the most satiating and fat the least (5). studies of satiating 
effects of protein often compare protein-containing drinks with carbohydrate-containing 
drinks (6-9). effects of protein-containing drinks versus control drinks appear when 
sufficient protein and energy are present in the drinks (5). Bertenshaw et al. compared 
isoenergetic dairy fruit drink preloads (300 ml, 1.25 MJ) differing in macronutrient 
composition in normal-weight men (bMi 22.6 ± 0.4 kg/m2) and observed that significantly 
less energy was consumed at lunch 120 min after the protein (3.2 MJ) compared with the 
control (3.5 MJ) and Cho preloads (3.6 MJ), without showing complete energy intake 
compensation (7). a study by harper et al., comparing the effects of a sugar-sweetened 
beverage (cola) and a chocolate milk drink (0.9 MJ, 500 ml) in healthy subjects (bMi 
22 ± 2 kg/m2) showed that satiety and fullness were significantly greater 30 minutes 
after consumption of chocolate milk than after cola, although no significant difference 
in energy intake occurred during lunch (3.2 MJ after chocolate milk versus 3.3 MJ after 
cola) (8). soenen et al. found no difference in effects on appetite, energy intake, and 
energy intake compensation 50 minutes after consumption of 800 ml milk (1.5 MJ), or 
carbohydrate drinks in their study in 40 young healthy normal-weight (bMi 22.1 ± 1.9 kg/
m2) men and women (9). a study by bellissimo et al. in normal-weight and obese boys 
showed that 60 minutes after consumption of glucose and whey-protein drinks (250 ml 
3.5 MJ), food intake was suppressed more by whey protein (2.7 MJ) than by glucose 
(3.1 MJ) or control (3.6 MJ) drinks (6). a study by dove et al. in 34 obese men and 
women (bMi 31.5 ± 5.5 kg/m2) compared two common breakfast beverages (1.1 MJ) and 
showed a significantly lower energy consumption 4 hours after a skimmed milk preload 
(2.4 MJ) than after a fruit drink preload (2.7 MJ); self-reported satiety was significantly 
higher throughout the morning after consumption of skimmed milk preload than after 
consumption of the fruit drink preload, with the differences becoming significantly larger 
over the 4 hours (10). Summarizing, despite some studies finding a decreased energy 
intake (6, 7, 10) and an increased satiety (8, 10) after a protein preload when compared 
with a carbohydrate preload, not al studies could confirm these results. Soenen et al. and 
harper at al. found no differences in energy intake and soenen et al. also did not detect 
differences in appetite (8, 9).
Taken together, previous studies mostly investigated the satiating capacity of protein 
by comparing protein drinks with carbohydrate drinks. To our knowledge, no previous 
study compared liquid and solid food forms of protein to investigate satiety effects and 
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the physiological background thereof. only one previous study reported a comparison 
of high protein solid and beverage loads on appetite and energy intake using food items 
other than meal replacement products (11). The prior study found that the beverage food 
form (milk) elicited a weaker compensatory dietary response than the matched solid 
food form (cheese) and that total daily energy intake was significantly higher by 15 % 
on days the beverage form was ingested, however they did not report any physiological 
parameters (11). Therefore, the objective of our study was to investigate differences in 
appetite profile and in relevant physiological parameters after consumption of a single 
macronutrient, subject-specific, protein meal in liquefied versus solid form, controlled 
for energy density, weight and volume. Appetite profiles as well as the physiological 
parameters insulin, glucose and ghrelin concentrations were measured over three hours.

METHODS anD PROCEDuRES
 

SuBJECTS
subjects were recruited by advertisements in local newspapers and on notice boards at 
Maastricht university, the netherlands. eleven subjects underwent an initial screening 
including body weight and height measurements and completed a questionnaire related 
to medical history, smoking behavior, alcohol consumption and physical activity. Ten 
healthy male subjects qualified for participation in this study. Based upon a study by 
haber et al. (12) 10 men (age:21.1±3.9y; bMi:22.4±1.2kg/m2) participated in this study; 
according to a possible difference in satiety scores of 14 and a standard deviation of 14, 
power analysis shows that with an a of 0.05 and b of 0.20 (power=1-b=0.80), at least 
10 subjects are needed. subject characteristics can be found in table 1. The research 
procedures followed were in accordance with the helsinki declaration and were approved 
by the Medical ethical Committee of Maastricht university. all subjects were informed 
on the purpose, procedures and potential risks of the study prior to signing the informed 
consent. 

ExPERIMEnTaL DESIGn
The study was conducted following a within-subject, randomized, crossover design. 
subjects came to the university on two occasions (once a week during 2 weeks). on 
the day before the trial and during the trial they were not allowed to consume alcohol 
and to practice heavy exercise. on the morning of the visit subjects had to consume 
a predetermined amount of breakfast drink (‘Goedemorgen’, Campina) at home. after 
this, subjects were not allowed to eat or drink anything (except water) until arrival at the 
university at 12 PM. upon arrival an intra-venous catheter (iV) was inserted for blood 
sampling. At 12:40 PM subjects got there subject-specific lunch composed of protein in 
a solid or liquefied texture, which they had to consume within 20 min. Hereafter, twelve 
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more blood samples were drawn for the measurement of plasma insulin, glucose and 
ghrelin concentrations. at 16:00 PM the catheter was removed and subjects could go 
home. 

MEaLS
Breakfast
subjects had to consume a prescribed breakfast at home, composed of a commercially 
available breakfast drink called ‘Goedemorgen’ from the brand Campina. The amount 
consumed corresponded to 20 % of the subjects’ daily energy requirement (der). daily 
energy requirements were calculated individually for each of the recruited subjects by 
multiplying basal metabolic rate (bMr) by the appropriate physical activity factor (1.5-
1.8), derived from the baecke screening questionnaire (13). The bMr (kJ/day) was 
calculated according to the equation of harris-benedict (14) (Table 1).

Lunch
Lunch consisted of one of the following two conditions in random order; solid protein: 
whole steamed chicken breast or liquefied protein: blended steamed chicken breast. 
it is important to note that this is a comparison between a solid food and a soup, not a 
beverage. These meals were subject-specific and controlled for energy density, weight 
and volume. The solid meal consisted of food and 750 ml water to drink; the liquefied 
meal consisted of food mixed with 500 ml water and 250 ml water to drink. These meals 
were rated beforehand on palatability using visual analogue scales in an independent 
panel of 12 subjects. There were no differences between the palatability rating of the 
solid protein meal (62±2 mm VAS) and the liquefied protein meal (60±3 mm VAS). 
The amount of lunch given was subject-specific, corresponding to 15 % of their DER, 
again calculated individually according to the equation of harris-benedict and using the 

Table 1. subject characteristics.

Characteristics Mean ± sd

Male (n) 10

age (years) 21.1±3.9

height (cm) 178.5±3.7

weight (kg) 71.5±5.0

waist circumference (cm) 77.9±3.3

hip circumference (cm) 86.2±6.2

bMi1 22.4±1.2

bMr2 7531.6±369.9
1 body Mass index = weight (kg)/height (m)2

2 basal Metabolic rate (kJ/day) calculated according to the equation of harris-benedict (14)
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appropriate physical activity factor (13, 14). The solid meal had to be eaten with knife 
and fork and the liquefied meal had to be eaten with a spoon in order to keep rate of 
ingestion and oral exposure time the same. All subjects had to finish their meal within 
20 min. Measured oral exposure time in the solid and the liquefied condition was not 
statistically different (19.2±0.4 min and 18.8±0.6 min respectively, p=0.13).

aPPETITE PROFILE
One hundred mm visual analog scales (VAS) were used to assess the appetite profile at 
baseline, and before every blood sample (15). The scales were anchored with opposing 
extremes of feelings of hunger, fullness and thirst. subjects were instructed to make a 
single vertical mark at the appropriate point between the two anchors on each scale to 
indicate their subjective feelings. These Vas were completed at thirteen time points 
(at 10 min before the start of the lunch and at 20 min, 30 min, 40 min, 50 min, 60 min, 
70 min, 85 min, 100 min, 115 min, 130 min, 160 min, and 190 min after the start of the 
lunch). all Vas were completed before blood sampling in order to prevent mutual effects.

BLOOD SaMPLInG 
at the beginning of the test session, 40 min before the lunch was served (12:00 aM), a 
polytetrafluoroethylene catheter was placed in the antecubital vein for blood sampling. 
During each test day, a first blood sample was drawn 10 min before the start of the lunch 
(at -10 min) and 12 blood samples were drawn after the start of the lunch (at 20 min, 30 
min, 40 min, 50 min, 60 min, 70 min, 85 min, 100 min, 115 min, 130 min, 160 min, and 
190 min) for the measurement of plasma insulin, glucose and ghrelin concentrations. a 
blood sample for insulin and glucose was drawn (8ml) on all thirteen time points. a blood 
sample for ghrelin was drawn (3 ml) on 5 time points (at -10 min, 20 min, 50 min, 85 min, 
160 min). blood samples were collected in tubes containing edTa (bd vacutainer with 
edTa, 10 ml) to prevent clotting. blood plasma was obtained by centrifugation (4 °C, 
3000 r.p.m., 20 min). all samples were frozen and stored at -80 °C until further analysis. 
Plasma glucose concentrations were analyzed enzymatically by using the hexokinase 
method (abx diagnostics, Montpellier, france). Plasma insulin concentrations were 
determined in our own laboratory from the plasma samples, by means of ria according 
to the manufacturer’s instructions (Human insulin-specific RIA kit, Millipore, Billerica, 
Massachusetts, usa). Plasma concentrations of active ghrelin were measured in our 
own laboratory by means of radio immuno assay (RIA) (Human ghrelin (active)-specific 
ria kit, Millipore, billerica, Massachusetts, usa). Plasma active ghrelin concentrations 
were measured in acidified plasma with 50 µl of 1 N HCL and addition of 10 µl of 
phenylmethylsulfonyl fluoride per 1 ml of plasma. 

STaTISTICS
areas under the curve (auC) were calculated for all hormone concentrations measured 
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and for appetite profiles using the trapezoidal method. Data were analyzed using 
StatView 5.0 (SAS Institute Inc., Cary, NC, USA). Appetite profiles and blood values 
were tested with a student T-test to determine the differences between textures at all 
time points and for the AUC. Differences over time and between conditions (liquefied 
and solid) were determined using two-factor analysis of variance (anoVa) with repeated 
measures. bonferroni correction was used to prevent type i errors. all tests were two-
sided and differences were considered significant at p<0.05. Values are expressed as 
mean ± standard error of the mean (seM).

RESuLTS

aPPETITE RaTInGS
After consumption of the lunch fullness and hunger suppression ratings significantly 
increased and hunger, desire to eat and thirst ratings significantly decreased over time 
(p<0.0001) (Figure 1).
Statistically significant condition x time interactions were found for desire to eat (p<0.05) 
and thirst (p<0.01), with desire to eat and thirst being rated higher over 2 hours in the 
liquefied condition. The AUC of the appetite ratings were not significantly different 
between the conditions, except for the thirst ratings, being higher in the liquefied 
condition than in the solid condition (respectively, 9069±1354 and 7221±956; p<0.05). 
Hunger suppression was rated higher in the solid condition than in the liquefied condition 
20 min (respectively, 79±3 mm and 52±10 mm; p<0.03) and 115 min after the start of 
the lunch (respectively, 61±7 mm and 44±8 mm; p<0.03). furthermore, desire to eat 
was rated higher in the liquefied condition (53±8 mm) than in the solid condition (31±6 
mm) 115 min after the start of the lunch (p<0.04). in addition, thirst was rated higher in 
the liquefied condition than in the solid condition at 30 (respectively, 41±8 mm and 27±8 
mm; p<0.05) and 70 min (respectively, 41±8 mm and 23±6 mm; p<0.02) after the start 
of the lunch. The slopes of the appetite ratings curves of the two protein forms were not 
significantly different. 

BLOOD PaRaMETERS
blood parameters are represented in Figure 2. all blood parameters showed a 
significant effect over time (p<0.05). Glucose concentration curves were similar for the 
liquefied and the solid condition; there was no statistically significant condition x time 
interaction. Moreover, the AUC were not significantly different between the conditions. 
furthermore, insulin concentration curves were similar for both conditions; there was 
no statistically significant condition x time interaction. In addition, ghrelin concentration 
curves were similar for both conditions; there was no statistically significant condition 
x time interaction and the AUC were not significantly different between the conditions.
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Figure 1. On the left: mean (±SEM) visual analog scores for the appetite profile; hunger, fullness, 
hunger suppression, desire to eat and thirst for the solid (—■—) and the liquefied (—○—) condi-
tion. On the right: mean areas under the curve for the appetite profile for the solid ( ■ ) and the 
liquefied (    ) condition. a Indicates a significant difference between the solid and the liquefied con-
dition at that time point (p<0.05). b Indicates a significant difference between the mean area under 
the curve for the solid and the liquefied condition (p<0.05). * Indicates significant condition x time 
interactions (p<0.03).
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DISCuSSIOn 

The objective of our study was to compare appetite profiles and relevant physiological 
parameters after consumption of a single macronutrient, subject-specific, protein 
meal in liquefied versus solid form, controlled for energy density, weight and volume. 
Appetite profiles as well as the physiological parameters insulin, glucose and ghrelin 
concentrations were measured over three hours. For appetite profile, effects were found 
on desire to eat, hunger suppression and thirst. When compared with the liquefied 
condition, the solid condition suppressed desire to eat and hunger stronger at different 
time points. Subjects were thirstier after the liquefied condition. Probably, drinking the 
water separately instead of it being part of the liquefied mixture had quenched their thirst. 
Glucose, insulin and ghrelin concentration curves were similar for both conditions. 
The effect of the texture of protein was already observed as a satiation effect, with 

Figure 2. on the left: mean (±seM) values of glucose, insulin and ghrelin for the solid (—■—) and 
the liquefied (-○-) condition. on the right: mean areas under the curve for the blood values for the 
solid ( ■ ) and the liquefied  (    ) condition.
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hunger suppression being larger immediately after the meal. Moreover, there was a 
significant condition x time effect over 2 hours due to the shift in satiation. Since after the 
meal the starting point for satiety development was different, and since this difference 
remained as a treatment x time effect, the effect on satiety was secondary to the primary 
satiation effect. in addition to solid protein showing a stronger satiation effect, evidence 
for a stronger satiety effect than liquefied protein is given by a higher hunger suppression 
and a lower desire to eat at 115 min after the meal. 
satiety is logically important for successful weight loss. relatively high-protein meal 
replacement products are available as liquid and solid (shakes and bars) meals and 
the physical state of food has been hypothesized to affect the intensity and duration of 
satiety in adults (12, 16-23). Our results confirm previous studies comparing textures 
of relatively high-protein meal replacement products. They found that the solid meal 
replacement product was able to evoke more satiety than the liquid one (24, 25). in the 
study by Tieken et al. they found a lower post-prandial hunger response following the 
solid versus the liquid meal replacement (p<0.005), which remained below baseline over 
4 h (p<0.05); similar responses were observed with the desire to eat (25). In a first study 
by Mattes and rothacker 84 adults (age: 48 ± 13 years; bMi: 30.7 ± 6.6 kg/m2) ingested 
325-ml (220 kcal) shakes that were matched on weight, volume, temperature, energy, 
macronutrient content, energy density, rate of consumption, cognitive expectations, 
palatability, appearance, and requirements for mechanical processing, but varied in 
viscosity; appetitive ratings were obtained over the subsequent 4 h (26). They reported 
that the thickness of meal replacement diet shakes had a direct and significant effect 
on hunger intensity during the first 2 h and that hunger intensity scores for liquid meal 
replacements were significantly below baseline for 3 h following consumption (26). A 
follow-up study by rothacker et al. used a similar protocol to investigate meal replacement 
bars designed for overweight consumers; 108 subjects  (age: 50 ± 17 years; bMi: 32.6± 
7.3 kg/m2) replaced 1 or 2 meals per day over 6 weeks by a meal replacement bar (250 
kcal) and hunger assessments were made (24). They found that hunger and desire 
to eat ratings remained significantly below baseline for 5 h following consumption and 
stomach fullness scores were significantly above baseline for 5 h (24). From these two 
studies they concluded that meal replacement bars allowed a gain of two added hours 
of satiety compared to liquid meal replacements (24, 26). Our results also confirm a 
previous study by Mourao et al. who used more every-day and dietary relevant food 
items (milk and cheese) to compare high protein solid and beverage loads on appetite 
and intake (11). They found that the beverage food form elicited a weaker compensatory 
dietary response than the matched solid food form and that total daily energy intake was 
significantly higher by 15 % on days the beverage form was ingested, however they did 
not report any physiological parameters (11)
To our knowledge no previous study concentrated on the effect of high-protein solid 
versus liquefied meals on physiological parameters. We did not detect differences in 
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glucose, insulin and ghrelin concentration in response to the high-protein liquefied 
versus solid meals. Glucose and insulin are more important in carbohydrate metabolism 
and will react more to a high-carbohydrate meal and may in this case be less relevant. 
Ghrelin is an orexigenic hormone produced primarily by the stomach and proximal small 
intestine; it functions oppositely to satiation peptides (27). it can increase food intake 
in diverse species (28), including humans (29), and is the only known hormone to do 
so. Contrary to satiation peptides, ghrelin increases Gi motility and decreases insulin 
secretion. also in contrast to satiation peptides, circulating levels peak shortly before 
meals and are suppressed by ingested nutrients; carbohydrates are more effective in 
suppressing ghrelin than proteins, which are more effective than lipids (30). 
To improve this study the measurement of cholecystokinin (CCK) and glucagon-like 
peptide-1 (GLP-1) would have been instructive. intestinal CCK is especially secreted 
in response to luminal lipids and proteins (30). Through endocrine and/or neural 
mechanisms, CCK regulates many Gi functions, including satiation (30). GLP-1 is a 
satiety peptide involved in the ileal break by engaging a behavioral brake on eating (30). 
Primarily L cells in the distal small intestine and colon produce GLP1. ingested nutrients, 
especially fats and carbohydrates, stimulate GLP1 secretion (30). however, we were not 
able to measure CCK and GLP-1 due to technical problems. we were not allowed by 
medical ethical committee to draw the necessary amount of blood and furthermore it is 
not permitted to use trasylol as inhibitor anymore.
The improvements of design in this study compared with other studies are: 1) giving 
exactly the same foods in solid and liquefied form with the same amount of water in total 
(750 ml to drink; or 500 ml homogenized + 250 ml to drink); 2) using a subject specific 
design in which the subjects received an amount of lunch corresponding to their daily 
energy requirement. in this way the Vas were controlled for energy requirement and 
they did not reflect differences between subjects but between conditions. 
Taken together, we found a hunger suppression effect during the meal interval of the 
texture of protein. This effect was already observed as a satiation effect, with hunger 
suppression being larger immediately after the meal, and translated in an overall 
higher suppression of hunger and desire to eat during the meal-interval in the solid 
protein condition. in conclusion, a solid protein meal is able to evoke stronger hunger 
suppression during the meal interval than a liquefied protein meal. 
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aBSTRaCT 

background: differences in satiating capacity of liquid and solid meals are unclear.
objective: investigating appetite parameters, physiological measurements and within-
subject relationships after consumption of a single macronutrient, subject-specific 
carbohydrate meal in liquefied versus solid form, controlled for energy density, weight 
and volume.
design: in a cross-over design, ten male subjects (age = 21.1±3.9 y, bMi = 22.4±1.2 kg/
m2) consumed a solid (CS, whole peaches + 750 ml water) and liquefied carbohydrate 
(CL, peach blended in 500 ml water + 250 ml water) lunch. Appetite profiles, insulin-, 
glucose- and ghrelin concentrations were measured over three hours. Post-prandial 
relationships between appetite and blood parameters were calculated using subject-
specific regression analyses.
results: fullness ratings were higher in the CL (85±5 mm) compared to the Cs condition 
(73±8 mm) at 20 min (p<0.03). Glucose concentrations peaked 20 to 30 min after the 
start of the lunch in the CL condition, and 30 to 40 min after start of the Cs condition. 
Correspondingly, insulin concentrations were peaked at 20-30 min in the CL condition, 
and at 30-40 min in the Cs condition. auC or condition x time interactions were not 
different comparing the CL and the CS condition. Insulin was significantly higher in the CS 
compared to the CL condition 40 min after the start of the lunch (p<0.05). fullness scores 
were significantly related to insulin concentrations but not to glucose concentrations; 
desire to eat scores were significantly associated with ghrelin concentrations in both, 
the CL and the Cs condition. The relationship between fullness scores and glucose 
concentrations was not statistically significant.
Conclusion: Liquefied and solid carbohydrate meals do not differ in satiating capacity, 
supported by appetite profile and relevant blood parameters. Postprandially, fullness 
and desire to eat were associated with respectively insulin and ghrelin concentrations.
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InTRODuCTIOn

obesity results from an imbalance of energy intake and energy expenditure (1). one 
explanation for the rise in energy intake during the last decade may be the increased 
consumption of calorically sweetened beverages or other energy-yielding liquids (2, 3). 
There has been an undeniable temporal association between the growing consumption of 
sweetened beverages and the rise in obesity rates, particularly among adolescents and 
young adults (4). Physiological mechanisms by which the body senses ingested energy 
are reported to be less precise for energy contained in liquid beverages as opposed to 
solid foods (5, 6). however, the mechanisms underlying the differences in satiation and 
satiety responses comparing liquid and solid foods have not been clarified yet. There is 
some evidence that liquids are more satiating than solids (7-10). for example, Mattes 
et al. observed that spoon-ingested soup loads (liquefied apple) led to reductions in 
hunger ratings comparable to those observed in response to the matching solid food 
(apples) (11). highest hunger ratings were observed when the liquid food was drunk 
(apple beverage) (11). Those results support the notion that soups have a higher satiety 
value than beverages, despite their fluid form. 
opposing those results are studies that demonstrate that solid foods are more satiating 
than liquids (6, 10-13). it is suggested that the higher satiety evoked by solid foods is 
-at least in part- due to the longer oral exposure time caused by chewing (12, 14), while 
another study suggests that the eating mode of consumption plays a role in the higher 
satiating value of solids (15). Still other studies did not find differences in the satiation 
capacity of beverages and solid foods (16). 
The comparison of these studies is often difficult due to the use of different or not 
comparable foods, i.e. foods that differ along other dimensions than texture evoke 
responses that cannot solely be ascribed to the food form. 
Very few studies so far have included physiological parameters to examine the difference 
in satiety and satiating capacity of liquid and solid foods. appetite related biomarkers 
involved in those differences may include ghrelin-, glucose- and insulin. haber et al. 
found that with the rate of ingestion equalized, apple juice was significantly less satiating 
when compared to apple puree, while apple puree was less satiating than whole apples; 
both puree and juice condition were associated with disturbances in glucose homeostasis 
(12). Zijlstra et al. found that products with similar palatability, macronutrient composition 
and energy density but different texture lead to significant differences in intake, with 
the liquid product being consumed more (14). in contrast to haber et al., they found no 
differences in plasma-glucose concentrations (17). 
as Lemmens et al. (18) already summarized, possible intra-individual relations between 
Vas and physiological measurements remain unclear. some studies show no relation 
between appetite ratings and ghrelin, glucose or insulin concentrations (19, 20), while 
others do find associations between appetite ratings and ghrelin or insulin concentration 
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(21, 22). studies assessing the relationship between appetite and gut-peptides would 
greatly benefit from the inclusion of the factor time in a within subject approach (19-
26). while energy requirements differ between subjects due to differences in body size, 
muscle mass, gender, etc., changes in appetite parameters do not necessarily have to; a 
subject feels satiated to a certain extent when his/her subject specific energy requirement 
is met to a certain extent. This illustrates, why possible relationships between appetite 
ratings and changes in glucose- and gut-hormone concentrations should be assessed 
intra-individually when investigating the relationship of appetite ratings and gut peptides. 
Taken together, due to the use of a mixture of macronutrients or hardly comparable 
foods it has been difficult to discriminate between satiating effects of liquid and solid 
food-textures in the past. furthermore, the lack of an intra-individual approach to assess 
the relationship between appetite ratings and physiological measurements made it 
difficult to explain differences in texture induced satiety. 
Therefore, the objective of our study was to investigate differences in appetite profile 
and in relevant physiological parameters and to study the within-subject relationships 
between both, comparing a liquefied and solid carbohydrate meal. 

METHODS anD PROCEDuRES

ETHICS STaTEMEnT
This study was conducted according to the guidelines laid down in the declaration 
of helsinki and the Medical ethical Committee of Maastricht university approved all 
procedures involving human subjects. all subjects were informed on the purpose, 
procedures and potential risks of the study. written informed consent was obtained from 
all subjects.
 

PaRTICIPanTS
Participants were recruited by advertisements in local newspapers and on notice boards 
at Maastricht university, the netherlands. eleven subjects underwent an initial screening 
including body weight and height measurements and completed a questionnaire related 
to medical history, smoking behavior, alcohol consumption, eating behavior and physical 
activity. Ten healthy male subjects qualified for participation in this study. Power 
calculation was based on results of related studies. assuming a mean difference of 
14 for satiety ratings, as well as a standard deviation of 14 calculations showed that 
with an α of 0.05 (power=1-β=0.80), at least 10 subjects were needed. Glucose and 
insulin concentrations were utilized for power calculation in addition to satiety ratings 
(12). All subjects were identified as normal breakfast and lunch consumers. Subject 
characteristics can be found in Table 1. 
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ExPERIMEnTaL DESIGn
The experimental design of the study is depicted in Figure 1. The study was conducted 
in a within-subject, randomized, crossover design. subjects came to the university twice. 
Visits were separated by one week. on the day before the trial and during the trial, they 
were not allowed to consume alcohol or to engage in heavy exercise. on the morning of 
the test day subjects consumed a predetermined amount of a fluid breakfast at home. 
after this, subjects were not allowed to eat or drink anything (except water) until arrival 
at the university at 12 PM. upon arrival an intra-venous catheter (iV) was inserted for 
blood sampling. at 12:30 PM, a baseline blood sample for the measurement of plasma 
insulin, glucose and active ghrelin concentrations was drawn. at 12:40 PM subjects 
received a subject-specific (based on individual energy requirements) lunch composed 
of carbohydrates in a solid or liquefied texture, which they had to consume within 20 
min. after lunch, twelve blood samples were drawn for the measurement of plasma 
insulin, glucose and active ghrelin concentrations. at 4 PM, the catheter was removed 
and subjects were free to leave the laboratory.

Table 1. Participant  characteristics.

Characteristics Mean ± sd

Male (n) 10

age (years) 21.1±1.3

height (cm) 178.5±1.2

weight (kg) 71.5±1.7

waist circumference (cm) 77.9±1.1

hip circumference (cm) 86.2±2.1

bMi1 22.4±0.4

bMr2 7531.6±29.5
1 body Mass index = weight (kg)/height (m)2

2 basal Metabolic rate (kJ/day) calculated according to the equation of harris-benedict (27)

Figure 1. Timeline representing the study design. Vas = visual analog scales on appetite, iV = in-

travenous catheter placement, glu = glucose blood sample, ins = insulin blood sample, ghr = active 

ghrelin blood sample.
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MEaLS
Breakfast

subjects had to consume a prescribed breakfast at home, composed of a commercially 
available breakfast drink called ‘Goedemorgen’ (Campina, The netherlands). The 
amount prescribed was based on 20 % of the subjects’ daily energy requirement (der), 
which corresponded to a mean intake ± seM of 2636.1 ± 43.2 kJ and 840.1 ± 13.8 ml. 
daily energy requirements were calculated individually for each of the recruited subjects 
by multiplying basal metabolic rate (bMr) with the appropriate physical activity factor 
(1.5-1.8), derived from the baecke screening questionnaire (28). The bMr (kJ/day) was 
calculated according to the equation of harris-benedict (27) (Table 1).

Lunch
Lunch consisted of one of the following two conditions presented to the participant in 
random order; solid carbohydrate (CS): whole, peeled peaches or liquefied carbohydrate 
(CL): blended peeled peaches. Peaches consisted of 54 % sucrose, 31 % fructose, 
and 15 % glucose (29). The energy content of these meals was subject-specific and 
controlled for energy density, weight and volume. The solid meal consisted of food and 
750 ml water to drink; the liquefied meal consisted of food mixed with 500 ml water and 
250 ml water to drink. 
The amount of lunch was based on 15 % of der, using the equation of harris-benedict 
and the appropriate physical activity factor (27, 28). This resulted in a lunch with a mean 
± seM energy content of 1977.6 ± 32.4 kJ and a mean ± seM weight of 727.0 ± 11.9 
grams. The solid meal had to be eaten with knife and fork and the liquefied meal had to 
be eaten with a spoon in order to equalize rate of ingestion and oral exposure time. all 
subjects had to finish their meal within 20 min. 
The meals were rated for palatability before consumption using visual analogue scales 
(Vas) by an independent panel of 12 subjects. This panel, was asked how palatable the 
foods were, after thoroughly experiencing their taste and texture. Palatability was rated 
on a 100 mm Vas, anchored with ‘not palatable at all’ and ‘extremely palatable’. 

aPPETITE PROFILE
One hundred mm VAS were used to assess the appetite profile at baseline, and before 
every blood sample (30). The scales were anchored with opposing extremes of feelings 
of fullness, desire to eat and thirst. subjects were instructed to make a single vertical 
mark at the appropriate point between the two anchors on each scale to indicate their 
subjective feelings. These Vas were completed at thirteen time points (at 10 min before 
the start of the lunch and at 20 min, 30 min, 40 min, 50 min, 60 min, 70 min, 85 min, 100 
min, 115 min, 130 min, 160 min, and 190 min after the start of the lunch). all Vas were 
completed before blood sampling in order to prevent mutual effects.
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BLOOD SaMPLInG
at the beginning of the test session, 40 min before lunch was served (12 PM), a 
polytetrafluoroethylene catheter was placed in the antecubital vein for blood sampling 
(BD Venflon™). During each test day, a baseline blood sample was drawn 10 min before 
the start of the lunch (at -10 min). subsequently, twelve more blood samples were drawn 
after the start of the lunch (at 20 min, 30 min, 40 min, 50 min, 60 min, 70 min, 85 min, 
100 min, 115 min, 130 min, 160 min, and 190 min) for the measurement of plasma 
insulin, and glucose concentrations. a blood sample for active ghrelin was drawn (3 ml) 
five times (at -10 min, 20 min, 50 min, 85 min, 160 min). Blood samples were collected 
in tubes containing edTa (bd vacutainer with edTa, 10 ml) to prevent clotting. blood 
plasma was obtained by centrifugation (4 °C, 3000 r.p.m., 20 min). all samples were 
frozen and stored at -80 °C until further analysis. Plasma glucose concentrations were 
analyzed enzymatically by using the hexokinase method (abx diagnostics, Montpellier, 
France); the coefficient of variation (CV) was 0,63 %. Plasma insulin concentrations 
were determined in our own laboratory by means of ria according to the manufacturer’s 
instructions (Human insulin-specific RIA kit, Millipore, Billerica, Massachusetts, USA); 
the CV was 3,68 %. Plasma concentrations of active ghrelin were measured in our own 
laboratory by means of radioimmuno assay (RIA) (Human ghrelin (active)-specific RIA 
kit, Millipore, billerica, Massachusetts, usa); the CV was 3,70 %. Plasma active ghrelin 
concentrations were measured in acidified plasma with 50 µl of 1 N HCL and addition of 
10 µl of phenylmethylsulfonyl fluoride per 1 ml of plasma. 

STaTISTICS
data were analyzed using statView 5.0 (sas institute inc., Cary, nC, usa). areas under 
the curve were calculated using the trapezoidal method. differences over time and between 
conditions (liquefied and solid) were determined using two-factor analysis of variance 
(anoVa) with repeated measures. a student’s T-test was used to determine the differences 
between textures at all time points and for the auC. following the method previously described 
by Lemmens et al. (18) the magnitude of the within-subject relationship between changes 
in Vas scores and blood values were assessed. This method entails the calculation of 
regression slopes and the regression between Vas scores and blood values for each subject 
separately, for the corresponding measuring moments (fullness vs. glucose concentrations, 
fullness vs. insulin concentrations and desire to eat vs. active ghrelin concentrations). after 
that it is tested if the means of the regression slopes are significantly different from zero 
(student’s one-sample t-tests) and thus whether the relationships between Vas scores and 
blood parameter concentrations are statistically significant. Paired Student’s t-tests were 
used to test whether the observed slopes and r2 values differed between meal conditions. 
All tests were two-sided and differences were considered significant at p<0.05. Values are 
expressed as mean ± standard error of the mean (seM). 
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RESuLTS

Measured oral exposure time in the solid and the liquefied condition was not statistically 
different (19.0 ± 0.3 min and 18.3 ± 0.3 min respectively, p=0.14).
No statistically significant differences between the palatability ratings of the CS meal 
(62 ± 4 mm Vas) and the CL meal (62 ± 3 mm Vas) were observed based on the panel 
ratings preceding the experiment.

aPPETITE RaTInGS
After lunch fullness ratings significantly increased and desire to eat and thirst ratings 
significantly decreased over time (p<0.0001). Peak or nadir of the ratings occurred at the 
end of the lunch, 20 min after the start (Figure 2). 
There were no statistically significant condition x time interactions for any of the appetite 
ratings, except for thirst (p<0.03). Moreover, the auC for the appetite ratings were not 
different between conditions, except for the thirst ratings where the auC for thirst was 
higher in the liquefied condition compared to the solid condition (p<0.05). Fullness was 
rated higher in the CL condition (85±5 mm) compared to the Cs condition (73±8 mm), 
20 min after the start of the lunch (p<0.03), when subjects finished eating. Thirst ratings 
were higher in the CL condition than in the Cs condition at 100, 130 and 160 min after 
the start of the lunch (p<0.03).

BLOOD PaRaMETERS
blood parameters are represented in Figure 2. Time was a significant factor for all blood 
parameters (p<0.0001). after consumption of the lunch, glucose concentrations peaked 
20-30 min after the start of the lunch in the CL condition (5.9±0.3-6.3±0.6 mmol/ml). 
in the Cs condition glucose concentrations peaked at 30-40 min after the start of the 
lunch (6.3±0.6-6.2±0.6 mmol/ml). insulin concentrations peaked 20-30 min after the 
start of the lunch in the CL condition (47.8±6.7-50.9±6.6 uu/ml) and 30-40 min after the 
start of the lunch in the Cs condition (56.6±7.3-58.1±5.4 uu/ml). auC’s of glucose- and 
of insulin concentrations were not significantly different between conditions and there 
was no statistically significant condition x time interactions. Insulin concentrations were 
significantly higher in the CS condition compared to the CL condition at 40 min after the 
start of the lunch (p<0.05). active ghrelin concentrations were similar for both conditions; 
there was no statistically significant condition x time interaction and the AUC was not 
significantly different between the conditions.

RELaTIOnSHIPS BETwEEn aPPETITE RaTInGS anD BLOOD PaRaMETERS
Following the method by Lemmens et al. (18) physiological intra-individual significant 
relationships between Vas scores and blood values were assessed, as described in 
the statistics section (Figure 3). relationships were assessed for fullness vs. insulin 
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concentrations, for desire to eat vs. active ghrelin concentrations and for fullness vs. 
glucose concentrations. There were no statistically significant differences between the 
slopes or the r2 values comparing meal conditions. The relationship between fullness 
scores and insulin concentrations was significant in both the CL (slope=0.8±0.1, p<0.0005, 
r2=0.4±0.1) and the Cs condition (slope=0.6±0.2, p<0.005, r2=0.4±0.1). similarly, the 
relationship between ‘desire to eat’ scores and ghrelin concentrations was significant in 
the CL (slope=0.9±0.4, p<0.05, r2=0.3±0.1) as well as in de Cs condition (slope=0.7±0.3, 
p<0.05, r2=0.3±0.1). fullness scores were not related to glucose concentrations in neither 
condition (CL: slope=4.2±3.2, p=0.2; Cs: slope=0.6±4.2, p=0.9). 

Figure 2. Appetite profiles and blood values. On the left: mean (±SEM) visual analog scale scores 
for the appetite profiles; hunger, fullness, hunger suppression, desire to eat and thirst for the solid 
(—■—) and the liquefied (-○-) condition. on the right: mean (±seM) plasma glucose, insulin and 
active ghrelin concentrations for the solid (—■—) and the liquefied (-○-) condition. a indicates a 
significant difference between the solid and the liquefied condition at that time point (p<0.05). * 
Indicates significant condition x time interactions (p<0.03).
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DISCuSSIOn 

The objective of this study was to investigate the relationship of appetite and physiological 
parameters comparing a carbohydrate meal in liquefied versus solid form, while the 
meal was controlled for energy density, weight and volume. 
Specific attention was given to the within-subject relationships of appetite parameters 

Figure 3. Visual representation of the relationships between the blood values (—■—) and the 
visual analog scales  (Vas, —●—) in the liquefied (CL) and the solid (CS) conditions.
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and glucose-, insulin- and active ghrelin-concentrations. The current study addresses 
controversies in the existing literature by:
1) giving the same foods in solid and liquefied form with the same amount of total water 
(750 ml to drink; or 500 ml homogenized + 250 ml to drink); 
2) utilizing a subject specific design in which subjects received an amount of food bases 
in their daily energy requirements. 
Due to the study design, VAS were controlled for energy requirement and did reflect 
differences between conditions rather than between subjects. Moreover, when comparing 
the change in Vas appetite scores with changes in blood parameter concentrations, a 
statistical approach was used to analyze the possible within subject relationships of 
these dynamics, including the factor time.
The present study did not find any significant differences in peak-values, AUC or 
condition x time interactions for fullness and desire to eat. although insulin reached 
a significantly lower value in the CL condition at 40 min after the start of the lunch, no 
significant differences were found for any of the blood parameters comparing AUC’s 
and no condition x time interactions were found. Based on those results, the liquefied 
carbohydrate meal and the solid carbohydrate meal can be considered as equally 
satiating, supported by a lack of differences in appetite and relevant blood parameters. 
however, despite that overall conclusion, 20 minutes after the start of the lunch, 
fullness ratings were higher in the liquefied condition compared to the solid condition. 
A possible explanation for this effect may be that homogenization can influence gastric 
emptying and thereby increase satiation and satiety ratings more than the fluid and 
solid components served separately (9, 31). for example, santangelo et al. evaluated 
the effects of the same meal in solid-liquid and in homogenized form on satiety and 
gastric emptying rate (31). They found that a vegetable-rich meal was significantly more 
satiating in a homogenized form than in a solid-liquid state, probably due to a change 
in gastric emptying time when the food was consumed in the homogenized form (9, 10, 
31). In the current study, a separation of liquid and fluid components for gastric transit 
may have contributed the delayed peak in glucose and insulin concentrations and the 
higher insulin concentration in the solid condition compared to the liquefied condition, 40 
minutes after the start of the lunch. 
The within-subject analysis showed corresponding changes in Vas and insulin and 
ghrelin concentrations. desire to eat scores and active ghrelin concentrations declined 
at the same time, and showed a significant relationship in both meal conditions. 
Fullness scores and insulin concentrations increased in parallel and showed a significant 
relationship in both meal conditions, implying a role for insulin in fullness perception. in 
a meta-analysis, flint et al. already showed that the postprandial insulin response is 
associated with a decrease in hunger and increases in satiety ratings (22). in contrast 
to our study results, Zijlstra et al. found that a semi-solid product appeared to be more 
satiating than a liquid product. However, that finding was not substantiated by a difference 
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in glucose, insulin or ghrelin concentrations (17). similar to our results, haber et al., 
found similar increases in plasma-glucose concentrations independent of condition and 
comparable increases in insulin concentrations after fast puree and apples (12). 
studies comparing solid or semi-solid foods often explain their differences in appetite 
scores by; 1) the need to chew fiber (12) or 2) a longer oral exposure time (32). The 
difference with our study is thus the lack of fiber in peeled peaches and the lack of 
significant differences in oral processing time. The results of our appetite scores in 
response to the conditions are similar to those of Mattes et al. who found a similar 
reduction in hunger and increase in fullness in a liquefied meal (11). 
Thirst was higher in the liquefied condition as shown by AUC and condition x time 
interaction. Previous research already showed that drinking water separately with the 
meal vs. water consumption in the food suppressed thirst more (15). when thirst is not 
quenched by water in the meal, this could be due to a different mouth feel, which leads 
to secondary thirst as described according to fitzsimons (33, 34).
although our analyses of regression slopes and r2 values showed a relationship between 
Vas appetite scores and insulin and ghrelin concentrations, the mean explained variation 
was low (35 %). Therefore, we conclude that this relationship is not applicable as a 
biomarker to the individual level. However, the magnitude of this correlation is sufficient 
to discriminate intervention-related satiating effects at a group-level. 
from a methodological point of view it would have been interesting to additionally use 
a peach juice as a liquid meal, similar to the use of apple juice in the paper of Mattes et 
al. (11). as described in the introduction, they observed the weakest satiety effect in the 
liquid condition (apple beverage). however, in a drinking condition not only the texture 
is different but also the mode of consumption, therefore it is difficult to disentangle the 
cause of observed differences in satiation capacity (15). The lack of differences in the 
appetite profile between the liquefied and solid condition in the current study could also 
be macronutrient specific. Previous studies reported that solid protein evokes a stronger 
suppression of hunger and desire to eat compared to liquefied or liquid protein (35, 36).
Based on the current results it can be concluded that liquefied and solid carbohydrate 
meals do not differ in their satiating effects, as evidenced by the lack of differences in 
appetite profile and relevant blood parameters. Postprandially, fullness and desire to eat 
were associated with respectively insulin and ghrelin concentrations.
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aBSTRaCT 

while studying the effect of structure on satiety, effects of mode of consumption, 
additional water to drink and thirst have been neglected. The objective was to assess 
effects of structure, mode of consumption of food, and additional drinking of water on 
fullness and thirst. in study 1 twenty subjects (bMi 22.5±0.5 kg/m2; age 21.4±3 yrs), 
underwent consumption conditions; sew: solids to eat + 750 ml water to drink; Lew: 
Liquefied soup to Eat including 500 ml water + 250 ml Water separately to drink; LDW: 
the same as Lew but served as drinks; se, Le, and Ld: the same as previous but without 
water to drink. in study 2 a subset of subjects underwent consumption conditions: solid 
Carbohydrate, solid Protein, solid fat: the same as sew, but for each macronutrient 
separately; Liquified Carbohydrate, Liquified Protein, Liquified Fat:the same as LEW, but 
for each macronutrient separately. appetite, insulin-, glucose- and ghrelin-concentrations 
were measured.
eating, independently of structure, suppressed desire to eat more than drinking (p<0.01). 
drinking water separately vs. water consumption in the food suppressed thirst more 
(p<0.001). Regarding protein, satiety was higher in the solid vs. liquefied condition, 
while blood parameters were not significantly different. Only after drinking a meal most 
subjects (80 %) wanted to consume more of the same meal, in order to alleviate hunger 
(63 %) or quench thirst (37 %).
we conclude that mode of consumption plays a role in alleviating hunger and thirst. 
subjects required further consumption after drinking the meal, motivated by hunger or 
thirst, showing that drinking a meal causes confusion that may imply a risk of over-
consumption.
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InTRODuCTIOn

functional foods designed for weight loss are often available in liquid and solid structures 
(shakes and bars). The effect structure of food on satiety and energy intake has already 
been extensively researched (1-13). however, the effect of mode of consumption and 
additional water to drink on hunger and thirst has been neglected when comparing 
different structures.
foods may be differentiated from beverages based on physical form, however a 
classification on this basis may be modified by mode of consumption (eating or drinking). 
The same consumption can be classified as a drink or as a soup depending on the 
delivery to the oral cavity by a particular vessel (e.g., glass, mug or bowl) or utensil (e.g. 
spoon or straw). 
structure seems to play an important role in food intake regulation. it has been shown that 
liquid foods elicit weaker suppressive appetite responses and a weaker compensatory 
response in energy intake than solid or semi-solid foods (1, 2, 7, 13, 14). some of these 
studies suggest that the higher satiety evoked by solid foods, when compared with liquid 
foods, at least partly, depends on the need to chew, which causes longer oral exposure 
time (2, 11, 12). other studies show that liquids are more satiating than solids, however, 
these studies use a soup to consume liquids in comparison to a solid meal preload (1, 5, 
15). while there are compelling data that energy-yielding beverages have weak satiety 
properties (1, 2, 7, 13, 14), the opposite has been noted in several studies of soup (1, 3, 
4, 6, 15). for example, Kissileff et al. studied the effect of two equicaloric preloads (115 
kcal) on subsequent intake and found that a tomato soup preload reduced subsequent 
intake of a second course more than did cheese on crackers plus apple juice (5). This 
confirms that soups have a higher satiety value than drinks despite their fluid form and 
that soup has to be differentiated from beverages. several researchers have proposed 
that cognitive factors likely contribute to the high satiety value of soups (13, 15). soup 
does not only imply a mode of consumption different from a drink, but may also be 
viewed as a meal component ingested to address sensations of hunger as compared to 
a beverage, which is used to satisfy thirst (6). 
Thirst is a subjective perception that provides the urge for humans and animals to 
consume fluids (16). It is a physiological state that is often difficult to diagnose but a 
system that is very finely controlled (17). From a purely physiological point of view the 
regulation of thirst is absolutely necessary for the correct functioning of our “milieu 
intérieur” (18), yet despite this humans appear to respond inappropriately to thirst 
signals (17). This inappropriate reaction may have undesirable consequences related to 
overweight and obesity (17). 
approaching hunger, which is related to eating, and thirst, which is related to drinking, 
at the same time is complicated. eaten foods contain water (19) and generate water 
endogenously during their metabolism, while on the other hand, drinking certain 
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beverages provides energy (20) and essential nutrients. This shows that the principles 
of eating foods or drinking beverages may exert effects contributing vice versa, namely 
to water- and nutrient-ingestion respectively. here the mode of consumption is not 
straightforwardly in line with the expected functions (21). The question remains whether 
physiological consequences may differ according to the mode of consumption. 
our research question focuses upon the behavioral and physiological consequences 
of mode of consumption, structure, and thirst. in order to assess effects of structure 
more thoroughly, we assessed structure effects within the same mode of consumption 
(eating and not drinking) for each macronutrient separately.  from the literature it 
appears that mainly mixed macronutrient meals have been tested in this respect (1). 
for single macronutrients emphasize has been on carbohydrate (2, 14, 22) and only 1 
study assessed effects of structure in single macronutrient meals for each macronutrient 
separately (6). Since the results of the study by Mattes et al. have not been confirmed 
yet, we also addressed the research question for each macronutrient separately. 

METHODS anD PROCEDuRES
 

SuBJECTS
subjects were recruited by advertisements in local newspapers and on notice 
boards at Maastricht university, the netherlands. Twenty-one subjects underwent an 
initial screening including body weight and height measurements and completed a 
questionnaire related to medical history, smoking behavior, alcohol consumption and 
physical activity. Twenty healthy male subjects (age 21.4±3 yrs; height 180.5±3 cm; 
body-weight 73.1±3 kg; waist 79.2±1 cm; hip 87.1±2 cm; bMi 22.5±0.5 kg/m2) qualified 
for participation in the study; a random subset of 10 men (age: 21.1±3.9 y; bMi: 22.4±1.2 
kg/m2) participated in the second study. according to a possible difference in satiety 
scores of 14 and a standard deviation of 14 power analysis showed that with an α of 
0.05 and β of 0.20 (power = 1-β = 0.80), at least 10 subjects were needed (2). The 
research procedures followed were in accordance with the helsinki declaration and were 
approved by the Medical ethical Committee of Maastricht university. all subjects were 
informed on the purpose, procedures and potential risks of the study prior to signing the 
informed consent. 

ExPERIMEnTaL DESIGn
The study was conducted following a within-subject, randomized, crossover design. The 
timeline of both studies is provided in Figure 1. subjects came to the university six times, 
once a week, at a fixed day each week. In both studies they arrived at 8 AM for their 
pre-determined amount of a commercially available breakfast drink (‘Goedemorgen’, 
Campina) that comprised 20 % of their subject-specific daily energy requirement (DER). 
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after this, subjects were not allowed to eat or drink anything until their next arrival at 
12 PM. only in study 2 an intra-venous catheter (iV) was inserted for blood sampling 
upon arrival. In both studies subjects got there subject-specific lunch at 12:40 PM, which 
comprised 15 % of their der (mean±sd for all subjects: 1977.4±102.4 kJ). der were 
calculated individually for each of the recruited subjects by multiplying basal metabolic 
rate (bMr) by the appropriate physical activity factor derived from the baecke screening 
questionnaire (mean for all subjects: 1.5-1.8) (23). The bMr was calculated according 
to the equation of harris-benedict (mean±sd for all subjects: 7531.6±390.0 kJ/day) (24). 
Time of consumption was used as a proxy for measured oral exposure time and was 
calculated as the time needed to consume the lunch (11).

MEaLS
in study 1 lunch consisted of one of the following six conditions in random order: SEw: a 
Solid fruit salad consisting of apples, raw apricots and bananas, offered on a plate, to be 
Eaten with a fork and 750 ml water, offered in glasses to drink; LEw: a Liquefied cold soup 
of the same fruit mixture, now blended with 500 ml water, offered in a bowl, to be Eaten 
with a spoon and 250 ml water, offered in a glass to drink; LDw: a Liquefied cold Drink 
of the same fruit mixture, again blended with 500 ml water, this time offered in a glass, to 
drink and 250 ml water offered in a glass, to drink separately. The last three conditions; 
se, Le and Ld, were the same as the previous three but without the separate water to 
drink.
in study 2 lunch consisted of one of the following six single macronutrient conditions in 
random order; SC: Solid Carbohydrate consisting of whole peaches; SP: Solid Protein 
consisting of whole steamed chicken breast; SF: Solid Fat consisting of whole steamed 
high-fat pork belly; LC: Liquefied Carbohydrate: blended peaches; LP: Liquefied Protein: 
blended steamed chicken breast; LF: Liquefied Fat: blended steamed high-fat pork belly. 
all solid single macronutrient conditions were offered on a plate, to be eaten with a fork, and 
750 ml of water offered in glasses to drink, comparable to the SEW condition. All liquefied 

Figure 1. Timeline representing the study design. Vas = visual analog scales on appetite, iV = intravenous 

catheter placement, glu = glucose blood sample, ins = insulin blood sample, ghr = ghrelin blood sample.
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single macronutrient conditions were mixed with 500 ml water, offered in a bowl, to be 
eaten with a spoon and 250 ml of water offered separately in a glass to drink, comparable 
to the Lew condition.
All meals were subject-specifically calculated, according to their energy requirement, 
and controlled for energy density weight and volume. in all conditions lunches had to be 
consumed within 20 minutes.
all meals had been rated beforehand on palatability using visual analogue scales in an 
independent panel of 12 subjects. This panel, with comparable subject characteristics, 
was offered the meals in randomized order and independently of each other. The question 
was asked how palatable the consumption was experienced, after thoroughly experiencing 
its taste and structure. They rated palatability on a 100 mm visual analogue scale (Vas), 
anchored with not palatable at all and extremely palatable. No statistically significant 
differences between the solid meals (63±3 mm VAS), the liquefied soups (62±3 mm 
VAS) or the liquefied drinks (63± 3 mm VAS) appeared, nor between the palatability 
ratings of the solid protein meal (62±2 mm VAS), the liquefied protein meal (60±3 mm 
VAS), the solid carbohydrate meal (62±4 mm VAS), the liquefied carbohydrate meal 
(62±3 mm VAS), the solid fat meal (62±2 mm VAS) and the liquefied fat meal (61±3 mm 
VAS).  The palatability of the water also did not differ significantly between conditions. 

aPPETITE PROFILE
The appetite profile was assessed using scores on the factors desire to eat, hunger, 
fullness, satiety, thirst and desire to drink, using 100 mm visual analog scales (Vas). 
The scales were anchored with opposing extremes of feelings of desire to eat, hunger, 
fullness, satiety, thirst and desire to drink. however, subjects scored hunger the same 
as desire to eat, also for satiety the same score was given as for fullness and for desire 
to drink the same score was given as for thirst. Therefore, the appetite profile data are 
shown as the scores on desire to eat, fullness and thirst. subjects were instructed to 
make a single vertical mark at the appropriate point between the two anchors on each 
scale to indicate their subjective feelings. In the first study this was executed at 10 time-
points, namely twice at baseline with 15 min in between, and 8 after lunch, with 30 min 
in between. in the second study also one hundred mm Vas were used to assess the 
appetite profile at baseline, and before every blood sample (25). In this study VAS were 
completed at thirteen time points, namely at 10 min before the start of the lunch and at 20 
min, 30 min, 40 min, 50 min, 60 min, 70 min, 85 min, 100 min, 115 min, 130 min, 160 min, 
and 190 min after the start of the lunch. The Vas were completed before blood sampling 
in order to prevent mutual effects.
in addition, in study 1, 2 hrs after the start of the lunch, at 14:40 PM the question was 
asked whether the subjects would like to consume more of the same lunch. if the answer 
was yes, the next question was why they would like to consume more, with the choices: 
a) to alleviate hunger; b) to quench thirst; c) both a and b.
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BLOOD SaMPLInG 
in study 2, at the beginning of the test session, 40 min before the lunch was served (12 aM), 
a polytetrafluoroethylene catheter was placed in the antecubital vein for blood sampling. 
During each test day, a first blood sample was drawn 10 min before the start of the lunch 
and 12 blood samples were drawn after the start of the lunch for the measurement of 
plasma insulin, glucose and ghrelin concentrations. blood samples were collected in 
tubes containing edTa (bd vacutainer with edTa, 10 ml) to prevent clotting. blood 
plasma was obtained by centrifugation (4 °C, 3000 r.p.m., 20 min). all samples were 
frozen and stored at -80 °C until further analysis. Plasma glucose concentrations were 
analyzed enzymatically by using the hexokinase method (abx diagnostics, Montpellier, 
France); the coefficient of variation (CV) was 0,63 %. Plasma insulin concentrations were 
determined in our own laboratory from the plasma samples, by means of ria according 
to the manufacturer’s instructions (Human insulin-specific RIA kit, Millipore, Billerica, 
Massachusetts, usa); the CV was 3,68 %. Plasma concentrations of active ghrelin were 
measured in our own laboratory by means of radio immuno assay (ria) (human ghrelin 
(active)-specific RIA kit, Millipore, Billerica, Massachusetts, USA); the CV was 3,70 %. 
Plasma active ghrelin concentrations were measured in acidified plasma with 50 µl of 1 
N HCL and addition of 10 µl of phenylmethylsulfonyl fluoride per 1 ml of plasma. 

STaTISTICS
for both studies, areas under the curve (auC) were calculated using the trapezoidal 
method. Appetite profiles were calculated at baseline, at the final time-point, at the peak 
or nadir and of the auC. This was executed for all conditions of both studies and for the 
macronutrients taken together in study 2. Comparisons of the variables were made between 
the conditions for each of the appetite profile factors, using analysis of variance (ANOVA) 
repeated measures. 
in study 1 relevant post-hoc comparisons were made between the conditions using scheffe 
f with anoVa repeated measures, this to assess the effect of mode of consumption, 
structure and the effect of additional water to drink. from the answers on the questions, 
the percentage of subjects who wanted to consume more was calculated, as well as the 
percentage of subjects who wanted more to alleviate hunger, to quench thirst, or to suppress 
both. 
In study 2 differences in blood values and appetite profile over time and differences, between 
structures for all macronutrients together were determined using two-factorial anoVa 
repeated measures. differences between structures for each macronutrient separately were 
analyzed using anoVa repeated measures. for post-hoc tests scheffe f was applied.
data from both studies were analyzed using statView 5.0 (sas institute inc., Cary, nC, 
USA). All tests were two-sided and differences were considered significant at p<0.05. Values 
are expressed as mean± standard deviation (sd) or mean ± standard error of the mean 
(seM). 
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RESuLTS

STuDy 1
Measured times of consumption, used as a proxy for oral exposure times (mean ± seM) 
in study 1 were not significantly different; SEW: 18.0 ±0.7 min, LEW: 19.1±0.9 min, LDW: 
15±0.4 min, se: 19.1±0.8 min, Le: 18.3±0.8 min, Ld: 15.8±0.6 min. 
There were no differences between appetite ratings at baseline, but the final scores, 
peaks/nadirs and auC of the scores on desire to eat, fullness and thirst differed between 
conditions (Table 1). 
Post-hoc, all conditions were compared for each appetite-profile factor, with respect to 
final scores, peak/nadirs, and AUC. The relevant post-hoc comparisons and all p-values 
with respect to mode of consumption (eating or drinking; Ldw vs. Lew and Ld vs. 
LE), structure (solid/liquefied; SEW vs. LEW) and mode of consumption combined with 
structure (sew vs. Ldw) within offering the same amount of water and nutrients are 
given in the footnotes of table 1. 
furthermore, relevant post-hoc comparisons with respect to additional water to drink or 
not (sew vs. se, Lew vs. Le and Ldw vs. Ld), within the same mode of consumption, 
are given in the footnotes of table 1.
with respect to mode of consumption, surprisingly desire to eat appeared to increase 
in the drinking conditions (Ldw and Ld) compared to the eating conditions (Lew and 
Le) while fullness decreased likewise, but less strongly. for desire to eat as well as 
fullness, this was indicated by the nadir/peak, final scores and AUC. Thirst did not differ 
significantly between these conditions where the same amount of nutrients and water 
were offered in different modes of consumption.
Comparing effects of structure within the same mode of consumption, namely eating 
(sew vs. Lew), neither desire to eat nor fullness appeared to differ in any aspect 
between the solid food and liquefied soup. Thirst appeared to be decreased in the solid 
condition, with 750 ml water offered separately, when compared to the liquefied soup 
with 250 ml water offered separately, but only as indicated by nadir
Comparing effects of structure as well as mode of consumption (sew vs. Ldw), 
surprisingly desire to eat appeared to be increased and fullness appeared to be 
decreased in the liquefied drink condition compared to the solid condition, as indicated by 
final scores, peak/nadir and AUC. Thirst appeared to be decreased in the solid condition, 
with 750ml water to drink offered separately, compared to the liquefied drink condition 
with 250 ml water offered separately, but only as indicated by the nadir.
Comparing effects of additional water to drink (sew vs. se, Lew vs. Le and Ldw vs. 
Ld), neither desire to eat nor fullness was affected within the same mode of consumption 
and structure. With respect to thirst, a strong effect in all aspects (final score, AUC) 
appeared, i.e. thirst was less suppressed when no separate glass of water was offered 
with the solid meal, with the liquefied soup or with the liquefied drink.
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with respect to the question whether the subjects would like to consume more of the 
same lunch, asked two hours after the start of the lunch, 5 % of the subjects answered 
yes, after each of the four eating conditions. The reason given was to alleviate hunger. 
After drinking the liquefied drink in the conditions LDW and LD, 16 subjects, or 80 % 
answered yes. from these subjects, 6 subjects or 37 % wanted to consume more to 
quench their thirst and 10 subjects or 63 % wanted more to alleviate their hunger.  

STuDy 2
Measured times of consumption, used as a proxy for oral exposure times (mean ± seM) 
in study 2 were also not significantly different; SC: 19.0±0.9 min, SP: 19.2±0.4 min, SF: 
19.2±0.9 min, LC: 18.3±0.8 min, LP: 18.8±0.6 min, Lf: 18.3±1.2 min.
At first, study 2 was analyzed with taking all macronutrients together and comparing the 
liquefied soup condition with the solid condition. Results were comparable with study 1. 
There were no differences between appetite ratings at baseline (Table 2). in the solid 
compared to the liquefied condition the fullness ratings were significantly higher as 
indicated by the final values and the AUC (Table 2). Furthermore, in the solid condition 
compared to the liquefied condition the thirst ratings were significantly lower as indicated 
by the final and the AUC values (Table 2). 
There were no statistically significant condition x time interactions, nor differences 
in auC for any of the blood parameters when taking all macronutrients together and 
comparing the liquefied with the solid condition (Figure 2). Post-hoc, no differences 
were found at any of the time points (figure 2). when analyzing structure effects for 
each macronutrient separately no statistically significant condition x time interactions or 
differences in auC where found for any of the blood parameters.
Next, the appetite profile was compared for every macronutrient separately. For 
carbohydrate, in the liquefied compared to the solid condition no differences in desire 
to eat were found. furthermore the fullness ratings differed only with respect to the 
peak values (LC=84±15, sC=72±23 mmVas; p<0.05, f1,9=7.2). for protein, statistically 
significant condition x time interactions were found for desire to eat (p<0.05), with desire 
to eat being rated higher over 2 hours in the liquefied condition. Concerning fullness, 
in the liquefied compared to the solid condition fullness ratings were not significantly 
different with respect to AUC and final ratings, yet the fullness was rated significantly 
lower in the liquefied condition as indicated by the peak values (LP=57±27, SP=79±13 
mmVas; p<0.05, f1,8=7.1). For fat, in the liquefied compared to the solid condition no 
differences in desire to eat were found. furthermore the fullness ratings differed only 
with respect to the final values (LF=22±25, SF=32±22 mmVAS; p<0.01, F1,9=10.5). 
The effect of structure on thirst was similar in all macronutrients, thirst always being higher 
in the liquefied condition. For carbohydrate protein and fat in the liquefied compared to 
the solid condition the thirst ratings were significantly higher as indicated by significant 
condition x time effects (p<0.03). for carbohydrate and protein this was also indicated 
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by significantly higher AUC values (LC=5818±2604, SC=4306±2905 mmVAS.200min; 
p<0.05, f1,9=5.2 and LP=9069±3967, sP=7221±3024 mmVas.200min; p<0.05, f1,9=5.3). 
The same structure effect on the thirst ratings was also observed in the fat conditions, 
as indicated by the final values (LF=59±20, SF=43±22 mmVAS; p<0.05, F1,9=7.5). The 
auC values in the fat condition showed a similar trend (Lf=8879±3374, sf=6578±3818 
mmVAS.200min), but this was not statistically significant (p=0.07, F1,9=4.2).

SEW: Solid food to eat and 750 ml water to drink; LEW: Liquefied food mixed with 500 ml water to eat, and 250 
ml water to drink; LDW: Liquefied food mixed with 500 ml water to drink and 250 ml water to drink; SE: Solid 
food to eat; LE: Liquefied food mixed with 500 ml water to eat; LD: Liquefied food mixed with 500 ml water to 
drink. For each condition magnitudes of 100 mm VAS values at baseline, at the final time point, peak/nadir and 
auC (mmVas.240min) are given. data are mean±sd. n=20 subjects.

Comparisons between conditions for each appetite-profile factor:
- baseline: ns for all factors. 
- final scores: 1) desire to eat: p<0.0001, f5,95=32.5; 2) fullness: p<0.01, f5,95=3.9; 3) Thirst: p<0.0001, f5,95=97.4
- final vs. baseline: 1) desire to eat: p<0.0001, f5,95=25.9; 2) fullness: p<0.01, f5,95=2.8; 3)  Thirst: p<0.0001, f5,95=72.8
- Peak/nadir: 4) desire to eat: p<0.0001, f5,95=30.3; 5) fullness: p<0.01, f5,95=4.4; 6) Thirst: p<0.0001, f5,95=103.6
- auC: 8) desire to eat: p<0.0001, f5,95=29.4; 9) fullness: p<0.01, f5,95=4.1; 10) Thirst: p<0.0001, f5,95=87.1.

Condition sew Lew Ldw

desire to eat

baseline 64±2 64±1 64±2

final 64±3 64±2 68±21, a

Peak/nadir 28±1 27±2 38±14, e

auC 10228±431 9125±368 1198±5398, j

fullness
baseline 30±2 30±1 30±2

final 31±2 31±2 29±12, c

Peak/nadir 71±3 71±3 66±25, g

auC 4812±63 4812±63 4336±469, l

Thirst
baseline 76±2 75±2 76±1

final 76±2 77±2 76±1

Peak/nadir 42±2i 46±16 48±26

auC 10683±421 10789±422 10798±485

Table 1. Appetite profile: desire to eat, fullness and thirst of the conditions in study 1
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Post-hoc comparisons; scheffe f.:
· Mode of consumption: 
- final scores: desire to eat: a) Ldw vs. Lew:  f=6.8; 
b) Ld vs. Le: f=19.5; fullness: c) Ldw vs. Lew: f=2.8; 
d) Ld vs. Le: f=3.1; Thirst: ns.
- Peak/nadir: desire to eat: e) Ldw vs. Lew: f=6.4;  
f) Ld vs. Le: f=17.9; fullness: g) Ldw vs. Lew: f=2.7;  
h) Ld vs. Le: f=3.2; Thirst: ns. 
- auC: desire to eat: j) Ldw vs. Lew: f=6.9; k) Ld vs. 
Le: f=17.8; fullness: l) Ldw vs. Lew: f=2.9; m) Ld vs. 
Le: f=16.2; Thirst: ns. 
· Texture (Lew vs. sew): 
- desire to eat, fullness and Thirst: all ns; except: 
Peak/nadir: Thirst: i) f=3.4; 

· Mode of consumption and texture (Ldw vs. sew):
- final scores: desire to eat: a) f=5.5; fullness:  

c) f=2.6; Thirst: ns.
- Peak/nadir: desire to eat: e) f=5.2; fullness: g) f=2.4; 

Thirst: i) f=3.6.
- auC: desire to eat: j) f=6.4; fullness: l) f=2.8; Thirst: ns.
· effects of additional water to drink: 
- Comparisons: sew vs. se; Lew vs. Le; Ldw vs. 
Ld, for desire to eat; fullness: ns with respect to all 
aspects.
- for Thirst: final scores: n) sew vs. se: f=53.0;  
o) Lew vs. Le: f=18.0; p) Ldw vs. Ld: f=16.5; nadir: 
n) sew vs. se: f=49.7; o) Lew vs. Le: f=17.4; p) Ldw 
vs. Ld: f=16.8.

Condition se Le Ld

desire to eat

baseline 64±2 64±2 64±2

final 65±3 64±2 71±31, b

Peak/nadir 38±1 30±2 73±34, f

auC 10192±497 10126±458 11164±5828, k

fullness
baseline 30±1 30±1 30±1

final 30±2 30±1 29±12, d

Peak/nadir 70±3 70±3 62±35, h

auC 4872±64 4808±46 3872±369, m

Thirst
baseline 76±2 76±1 76±1

final 86±33, n 81±33, o 81±3 3, p

Peak/nadir 86±46, n 73±36, o 73±36, p

auC 12829±60310, n 15082±71910, o 15024±75110, p 

Table 1. Appetite profile: desire to eat, fullness and thirst of the conditions in study 1
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Condition solid Liquefied

desire to eat

baseline 59±17 62±20

final 59±22 67±24

Peak/nadir 14±16 18±17

auC 7759±3566 9079±4055

fullness
baseline 31±17 28±17

final 39±23 30±251

Peak/nadir 75±16 72±22

auC 10986±3653 9743±44372

Thirst
baseline 50±20 50±22

final 43±22 52±183

Peak/nadir 18±17 23±21

auC 6035±3405 7922±35804

The solid food was to eat and served with 750 ml water to drink and the liquefied food was blended with 500 ml 
water to eat, served with 250 ml water to drink. Per condition magnitudes of 100 mm VAS at baseline, at the final 
time point, peak/nadir and auC (mmVas.200min) values are given. data are mean±sd. n=10 subjects.
Comparisons between conditions for each appetite-profile factor:
- baseline: ns for all factors.  
- final scores: 1) fullness: p<0.05, f1,9=8.7; 3) Thirst: p<0.01, f1,9=9.2. 

- Peak/nadir: ns for all factors. 
- auC: 2) fullness: p<0.05, f1,9=5.4 4) Thirst: p<0.05, f1,9=8.8. 

Table 2. Appetite profile: desire to eat, fullness and thirst from all macronutrients together.

DISCuSSIOn 

The objective of this study was to asses how mode of consumption, structure and 
additional water to drink influences behavioral and physiological parameters of eating 
and drinking behavior. 
The effects found in the first study on desire to eat and fullness were caused by mode of 
consumption and not by structure. This is indicated by the fact that an effect of structure 
on desire to eat and fullness was only observed when also mode of consumption 
differed (sew vs. Ldw), but not when only structure differed (sew vs. Lew). This 
underscores that consuming a meal as a drink, although containing the same amount 
of calories is experienced differently from consuming a meal by eating with a fork or a 
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Figure 2. blood values of study 2 comparing structures for all macronutrients together.  on the 
left: mean (±seM) plasma glucose, insulin and ghrelin concentrations for the solid (—■—) and the 
liquefied (-○-) condition. on the right: mean areas under the curve for the blood values for the solid 
(■) and the liquefied (☐) condition.

spoon, independently of the structure. Previous studies support this finding by showing 
that beverages elicit weak compensatory dietary responses (8, 26, 27). secondary, 
oral exposure time could be of importance. Although not significant, the measured time 
of consumption, which was used as a proxy for oral exposure time, was lower in the 
drinking conditions. The role oral exposure time can play was shown by the studies of 
Zijlstra et al. (11, 28). They observed that liquid, semi-liquid and semi-solid products 
with similar palatability, macronutrient composition and energy density lead to significant 
higher intake of the liquid product (11). They suggest that this decreased satiation can 
be partially explained by the higher eating rate of liquids, which influences the transit 
time in the oral cavity (11). in a more recent study they found that greater oral sensory 
exposure by eating with small bite sizes and thus increasing oral processing time, 
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significantly decreases food intake (28), underscoring that longer oral exposure may 
lead to increased satiation. 
Concerning the findings on thirst a distinction has to be made between the total amount 
of water (sew, Lew and Ldw vs. se, Le and Ld) and the amount of water served 
separately with the meal or as water in the meal (sew vs. Lew and Ldw).
with regard to the total amount of water no differences in desire to eat or fullness were 
observed with any of the meals but thirst was always suppressed more when additional 
water to drink was provided. Therefore, this study shows that drinking additional water 
with a meal primarily quenches thirst and does not affect hunger. Previous studies 
nonetheless showed that water consumed with a meal reduces subjective ratings of 
hunger and increases ratings of satiety during a meal (29, 30). in the study by dellaValle 
et al. they found in forty-four women higher mean ratings of fullness after an ad libitum 
lunch if water (350ml) was served with the meal compared to without serving water (29). 
They found that after lunch mean ratings of fullness were higher for the water condition 
than for the no-beverage condition (29). The study by Lappalainen et al. showed in eight 
women that drinking two glasses of water with breakfast affects subjective feelings of 
hunger and satiety during the meal, but this effect was not maintained after the meal. 
These studies only found effects of drinking water on satiation but not on satiety, thereby 
confirming our results.
Taken together, the findings on thirst in relation to the total amount of water are 
straightforward; thirst relatively increased when no additional water was provided to 
drink. As to findings on thirst in relation to the amount of water served separately with 
the meal or as water in the meal, the results are less straightforward. The expectation 
would be that if the total amount of water is the same and especially when everything 
has to be drunk that thirst would be quenched the same or more. however, this is not 
the case; when everything has to be drunk, thirst is not significantly different compared 
to the condition where the mixed part has to be spooned (Ldw vs. Lew) and thirst is 
even higher compared to the condition were the solid food is served separately from 
the water (LDW vs. SEW). These results were only supported by significant differences 
in the nadir values but are confirmed in the second study by significant differences in 
AUC and final values. These results show that thirst is mainly quenched by water served 
separately with a meal and less by water in the meal. when thirst is not quenched by 
water in the meal this could be due to a different mouth feel, which leads to secondary 
thirst as described according to fitzsimons. 
Concerning the answers to the question if subjects wanted to consume more, the majority 
of subjects wanted to consume more of the same meal, when the meal had to be drunk 
and this to alleviate their hunger. This confirms studies that show that beverages elicit 
weak compensatory dietary responses (8, 26, 27). 
furthermore, the effects of conditions sew, Lew and Ldw on thirst and fullness show 
that the liquefied drink is not viewed as food, since it causes less fullness, but it is also 
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not viewed as a drink, since it quenches thirst less. Consequently, the motivation to 
consume more of a drink could be a mixture of hunger and thirst. The results indicate 
that distinctions between perception of hunger and thirst and eating and drinking indeed 
are blurred when modes of consumption do not correspond. 
we further investigated different structures of separate macronutrients within the same 
mode of consumption because it appears from literature that mainly mixed macronutrient 
meals have been tested in this respect (1). for single macronutrients an emphasize 
has been on carbohydrate (2, 14, 22) and only 1 study by Mattes et al. assessed 
effects of structure in single macronutrient meals for each macronutrient separately (6). 
furthermore, we were intrigued by the lack of differences in desire to eat and fullness 
between structures in the same mode of consumption (sew vs. Lew). although these 
results were in line with the results of Mattes et al. who also observed that soups led 
to reductions in hunger and increases in fullness that were comparable to solid foods. 
First of all, findings on thirst of the first study were confirmed in this second study: in the 
liquefied conditions, for all macronutrients together as well as for the macronutrients 
separately, thirst was higher when less additional water was offered to drink separately 
and more was in the food. 
In study 2 we additionally detected macronutrient specific structure effects within the 
same mode of consumption. in the carbohydrate and fat conditions hardly any structure 
effects were observed, while in the protein conditions the solid meal seemed to cause 
a higher satiation. we speculate that these results may show that the structure effect 
on appetite can be macronutrient specific, with possibly a larger effect of protein. This 
structure effect on appetite with high-protein meals was already previously shown (31). 
These results were however not supported by the blood parameters, which were not 
significantly different. Furthermore, these results differ slightly from those of Mattes 
et al. and haber et al. (2, 6). They both found that an apple soup was less satiating 
than apples and Mattes et al. did not find any differences in hunger or fullness ratings 
between a high-protein solid (chicken) and liquefied (chicken soup) meal or between a 
high fat solid (peanuts) and liquefied (peanut soup) meal (2, 6). Furthermore, Haber et al. 
detected differences in glucose but not in insulin concentrations (2). a limitation of both 
studies is that the effects of food properties on the regulation of appetite were assessed 
only by using subjective appetite profiles and not also by measuring subsequent food 
intake (32). However, this limitation was partly addressed in the first study by asking the 
question whether they wanted to eat more of the same meal. 
To conclude: mode of consumption plays an important role in alleviating hunger and 
thirst, since food consumption alleviates hunger mainly by eating while thirst is mainly 
quenched by drinking water separately. further consumption after drinking the meal was 
required by the majority of subjects, motivated by either hunger or thirst, showing that 
drinking a meal causes confusion that may imply a risk of over-consumption. Moreover, 
the structure effect on appetite could be macronutrient specific.
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aBSTRaCT

a previous study reported that a high carbohydrate meal, in contrast to a high protein/
fat meal, significantly increased cortisol concentrations in visceral obese subjects. The 
objective of this study was to identify effects of single macronutrients on plasma cortisol 
concentrations. Ten male subjects (age 27.3±7.4 y, bMi 22.1±1.7 kg/m2) were studied in a 
randomized cross-over design on four days around lunchtime after consuming breakfast 
matched for daily energy requirements (der 20 %). for lunch they consumed one liter of 
a shake (der 18 %) containing either fat, protein or carbohydrate, with a raspberry taste 
and similar hedonic value (59±2 mm on a 100mm Vas), using water as control. serum 
cortisol concentrations were measured before lunch and during three hours following 
lunch. baseline cortisol concentrations did not differ among treatments. The protein 
as well as the fat lunch caused a significant decrease in cortisol concentrations when 
compared to the carbohydrate lunch, and showed no difference from the control condition 
(p<0.05). The cortisol response in the protein condition (auC=37024±3518 nmol/L.min) 
and in the fat condition (AUC=35977±3562 nmol/L.min) were significantly smaller when 
compared with the cortisol response in the carbohydrate condition (auC=47310±3667 
nmol/L.min) (p<0.03), but did not differ from the control condition (auC=32784±1683 
nmol/L.min). The cortisol response in the carbohydrate condition was significantly higher 
when compared with the response in the control condition (p<0.004). we conclude that 
cortisol concentrations decreased after protein or fat intake, which was not different from 
control; this decrease was prevented by carbohydrate intake.
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effeCts of single maCRonutRients on CoRtisol

InTRODuCTIOn

obesity is a global epidemic that results from disturbance of the energy balance, i.e. energy 
intake exceeding energy expenditure (1, 2). The cause of obesity is diverse and complex 
and can be attributed to physiological, environmental, neuro-endocrine and genetic factors 
(1). evidence of the involvement of the neuro-endocrine system of the hypothalamus 
pituitary adrenal (hPa) axis in body-weight regulation is found in two extremes of plasma 
cortisol levels in humans; addison’s disease (hypocortisolism) that has been related to 
weight loss, and Cushing’s syndrome (hypercortisolism) that has been related to rapid 
weight gain (3, 4). The cascade of the hPa axis beholds that the hypothalamus produces 
corticotropin-releasing hormone (Crh), which subsequently stimulates the production 
of adrenocorticotropin (aTCh) from the anterior pituitary, which in turn will stimulate the 
synthesis and release of cortisol by the adrenal cortex (5). support for the involvement of 
the hPa axis in body-weight regulation is found in humans with visceral fat accumulation. 
Visceral fat accumulation in obese subjects is related to altered hPa axis functioning, such 
as decreased salivary and serum cortisol levels (6-8), increased urinary secretion of cortisol 
(9, 10), decreased cortisol variability (6, 11, 12) and enhanced cortisol awakening response 
(13). implications for behavior related to the involvement of the hPa axis functioning in body-
weight regulation are that the hPa axis is involved in the regulation of energy intake. Most 
of the data directly indicating a crucial role of the hPa axis in the regulation of food intake 
are derived from animal studies, showing that the anorectic effects of adrenalectomy can 
be reversed by corticosterone replacement (14, 15). human studies support the orexigenic 
effect of cortisol, as cortisol administration stimulates food intake (16). The orexigenic effect 
of cortisol may underlie the reported increase of energy intake after stress, as psychological 
stress seems to increase the intake frequency, increase the amount of food taken in (17-
19), and alter food preference towards intake of sweet and fat foods (20). Taken together, 
the hPa axis functioning plays an important role in the regulation of energy balance and 
body-weight; it is, however, not completely clear whether the hPa axis is causally or co-
incidentally related to the development of obesity. furthermore, in light of the connection 
between hPa axis functioning and body-weight regulation, there is a need for information 
related to the regulation of meal-induced cortisol secretion because of its possible clinical 
implications and potential as a clinical marker of health. descriptions of the macronutrient 
related, meal-induced cortisol secretion in the literature are limited. however, a study by 
Vicennati et al. already showed that a high carbohydrate meal, in contrast to a high protein/fat 
meal significantly increased cortisol levels in female visceral obese subjects (21). Moreover, 
Lacroix et al. showed that in rats a high protein diet reduced cortisol levels (22). To further 
elucidate the role of single macronutrients in meal-induced cortisol secretion, the objective of 
this study was to identify effects of protein and fat in comparison to carbohydrate on cortisol 
concentrations and find a macronutrient composition that may relatively decrease cortisol 
concentrations and in this way cause weight loss. 

EffECTs Of sINGLE mACRONUTRIENTs ON CORTIsOL
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METHODS anD PROCEDuRES

SuBJECTS
Twelve healthy, normal weight male subjects were recruited by advertisements in local 
newspapers and on notice boards at the university and hospital. only male subjects were 
recruited to avoid possible influences of the menstrual cycle on cortisol concentrations. 
subjects underwent initial screening, including measurement of body weight and height 
and completion of a questionnaire to assess their medical history. exclusion criteria were 
use of medication, heavy exercising, smoking, and allergy for any of the products used in 
the study. in total ten healthy male subjects (age 27±7 y (mean±sd, range 21-44 y)) with 
a bMi of 22.1±1.7 kg/m2 (mean±sd, range 20.1-24.6 kg/m2) participated. The Medical 
ethical Committee of the Maastricht university approved the study, and informed written 
consent was obtained from all subjects before the first test day. Subject characteristics 

are described in Table 1.

ExPERIMEnTaL DESIGn
The study was conducted following a randomized, crossover design. subjects reported 
to the laboratory on four occasions with at least one washout-day in between. every test 
day subjects consumed a prescribed breakfast at home and were given a shake as lunch 
in the laboratory. To measure cortisol concentrations an intravenous (iV) catheter was 
placed for blood sampling. Blood samples were taken five times during each session. A 
schematic overview of the study design is given in Table 2.

MEaLS
Breakfast 
before 9 aM subjects consumed a prescribed breakfast at home composed of a 
commercially available breakfast drink (‘Goedemorgen’, Campina). They were instructed 

Table 1. Mean (±sd) subject characteristics

subject characteristics

Male (n) 10

age (years) 27±7

height (cm) 179.0±7.0

weight (kg) 71.1±9.0

bMi (kg/m2) 22.1±1.7

waist circumference (cm) 76.9±5.3

hip circumference (cm) 87.1±4.1

waist-hip ratio 0.9±0.0
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to consume an amount, corresponding to 20 % of the estimated subjects’ daily energy 
requirement (der). der was calculated individually for each recruited subject by 
multiplying the calculated basal metabolic rate (bMr) by the appropriate physical activity 
factor (1.5-1.8), derived from the baecke screening questionnaire (23). bMr (kJ/day) 
was calculated according to the equation of harris-benedict (24).

Lunch
The lunch shake was different every test day and contained one single macronutrient 
namely, carbohydrate, protein, fat or the control condition water. subjects received 18 % 
of their der, which on average corresponded to 2306±77 kJ (mean±seM, range 1861-
2672 kJ)). The carbohydrate lunch was produced using fantomalt (nutricia advanced 
Medical nutrition), which contains dextrin and maltose; the protein lunch was produced 
using Protifar Plus (nutricia advanced Medical nutrition), which contains milk protein; 
and the fat lunch was produced using sunflower oil. Macronutrients were mixed with 
water to result in an energy density of 2 kJ per gram. for taste, a calorie-free raspberry 
taste (diaran, Céréal) was used. The control condition consisted of water. subjects were 
blinded for the condition and lunches were offered in a randomized order. Lunches were 
given at a fixed time and subjects had to consume the lunch within 10 minutes. Subjects 
were presented the drinks in a container closed with a lid and they were asked to carefully 
shake the drink each time before drinking, in this way the water and macronutrient were 
kept mixed. The macronutrient lunches were matched for flavor, which was confirmed by 
testing them in an independent panel of ten subjects. They assessed the hedonic value 
using visual analog scales (Vas). The triangle taste test was used for difference testing 
(25): each participant was presented with three shakes, two the same and one different 
in all possible combinations and asked to taste all three shakes and choose the one that 
was different from the other two. in total they received 12 presentations (two randomized 

Table 2. schematic overview of the study design

Time action

9.00 breakfast at home

11.45 Placing iV 

12.15 1st blood sample

12.20 start of the lunch

12.30 end of the lunch

13.00 2nd blood sample

13.30 3rd blood sample

14.00 4th blood sample

14.30 5th blood sample
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presentations of the six possible combinations). a correct response for 8 of 12 trials was 
significantly different from chance at the 5 % level. The panel was not able to distinguish 
the shakes (maximum number of correct answers was 3); they always mentioned the 
same raspberry taste. There were no differences between the hedonic value of the water 
(60±2 mm Vas), the carbohydrate shake (60±3 mm Vas), the fat shake (59±1 mm Vas) 
and the protein shake (58±2 mm Vas) (p=0.3). To detect possible trends for differences 
in pleasantness we also did a post-hoc test with bonferroni correction and for each 
comparison p>0.1.

CORTISOL
at the beginning of the test session an intravenous catheter was placed in the antecubital 
vein. a blood sample of 2 ml to obtain 1 ml of serum for cortisol measurement was drawn 
five times: one baseline sample 30 minutes after placing the IV (5 minutes before lunch), 
and four samples, every 30 minutes for two hours, following the end of the lunch. blood 
was transferred into a serum tube (bd Vacutainer with separation gel, 8.5 ml, franklin 
Lakes, nJ, usa). blood serum was obtained by centrifugation (4 °C, 3000 r.p.m. 10 min). 
all samples were frozen and stored at -80 °C until analysis. serum cortisol concentrations 
were determined by radio immuno assay (département des sciences functionnelles, 
b41-Physiologie de reproduction, Liège, belgium). Cortisol samples were taken around 
lunch to avoid the morning cortisol peak and to be able to detect smaller changes that 
can be caused by different macronutrients.

STaTISTICS
areas under the curve (auC) were calculated for all hormones measured using the 
trapezoidal method. data were analyzed using statView 5.0 (sas institute inc., Cary, 
NC, USA). All tests were two-sided and differences were considered significant at 
p<0.05. Cortisol concentration measurements and hedonic value were analyzed using 
factorial anoVa with or without repeated measures. Values are expressed as mean ± 
standard deviation (sd).

RESuLTS

no differences were observed between the cortisol concentrations at baseline. it could be 
that anxiety at the first session meant a greater stress response on that day, but analysis 
by day regardless of treatment revealed no differences in the cortisol response between 
test days (p>0.9). in response to the different lunches, cortisol concentrations changed 
in different ways. Comparing the four conditions over time, using anoVa repeated 
measures, we observed a significant condition x time effect (F[12,124]=2.0; p<0.05). Post-
hoc, the cortisol response in the protein condition (auC=37024±3518 nmol/L.min) and 
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in the fat condition (AUC=35977±3562 nmol/L.min) were significantly smaller when 
compared with the cortisol response in the carbohydrate condition (auC=47310±3667 
nmol/L.min) (p<0.05), but did not differ from the control condition (auC=32784±1683 
nmol/L.min) (Figure 1). The cortisol response in the carbohydrate condition was 
significantly higher when compared with the response in the control condition (p<0.01) 
(Figure 1).
Post-hoc comparisons revealed that the largest increase in cortisol occurred between 
0 and 30 minutes in the carbohydrate condition. after 30, 60 and 90 minutes, cortisol 
concentrations were significantly higher in the carbohydrate condition compared with 
the control condition (p<0.05). after 30 and 60 minutes, cortisol concentrations were 
significantly higher in the carbohydrate condition compared with the fat condition 
(p<0.05). At 60, 90 and 120 minutes, cortisol concentrations were significantly higher 
in the carbohydrate condition compared with the protein condition (p<0.05). after 120 
minutes, cortisol concentrations were significantly higher in the fat condition compared 
with the protein condition (p<0.05). Taken together, the protein as well as the fat condition 
showed no difference from the control condition, only carbohydrate caused an increase 
in cortisol concentration when compared to the control condition.

Figure 1. Cortisol concentrations from 15 min. before lunch until 120 min. after lunch and area under 

the curve for cortisol (mean±seM). a p<0.05 for differences between the control condition water and 

the carbohydrate condition. b p<0.05 for differences between the carbohydrate condition and the fat 

condition. c p<0.05 for differences between the carbohydrate condition and the protein condition. d 

p<0.05 for differences between the protein condition and the fat condition. * p<0.05 for overall group 

x time interaction.
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DISCuSSIOn

This study revealed that when using single macronutrients, carbohydrate intake prevents 
the cortisol decrease seen in the control condition of water intake, whereas this decrease 
was not affected by protein or fat intake. furthermore, protein and fat intake did not 
cause a statistically significant increase in cortisol concentrations when compared with 
water. A significant overall decrease in cortisol concentrations over time was seen. This 
suggests a normal decrease from the morning cortisol peak.
The results presented in this study are supported by previous studies; in a rat study it 
has been shown that a high protein diet reduces hPa axis activity, indicated by reduced 
cortisol concentrations (22) and in female visceral obese women it was shown that a 
high carbohydrate meal significantly increased HPA axis activity, as shown as increased 
cortisol concentrations (21). alternative views include the possibility that so-called 
“comfort foods” reduce the activity of the chronic-stress response, which has been seen 
in animal models (26). Most of the studies performed until now investigated the effect of 
mixed meals, long-term diets or the nasogastric administration of proteins on hPa axis 
activity by measuring cortisol concentrations (27-29). Moreover, these studies differ from 
our study e.g. because in some studies no control group was used. in a study by Markus 
et al. they used mixed meals and showed that in subjects with a high stress-proneness 
the cortisol level only increased after stress induction on a day with a carbohydrate 
poor and protein rich diet, while a carbohydrate rich and protein poor diet caused a 
decrease in cortisol level after stress induction (27). a study by stimson et al. revealed 
that a long-term low carbohydrate diet, but not a moderate carbohydrate diet, was able 
to alter cortisol metabolism in obese men, causing enhanced cortisol regeneration by 
11beta-hsd1 and reduced cortisol inactivation by a-ring reductases in the liver (28). 
furthermore, there is some evidence that cortisol secretion is stronger after intake of 
protein-rich meals than after intake of carbohydrate-rich meals (29-31). Gibson et al. 
and Slag et al. showed significant increases in salivary cortisol after a high-protein meal 
and benedict el al. found an increase in serum cortisol concentrations after nasogastric 
administration of casein (29-31). Taken together, the results of the studies performed 
until now are contradictory; one study indicates that hPa axis activity increases with 
a low carbohydrate diet (28), another study finds an increase in HPA axis activity in 
visceral obese women after a high carbohydrate meal, yet another indicates that hPa 
axis activity decreases after a carbohydrate rich and protein poor mixed meal (27) and 
others find that HPA axis activity increases after a protein-rich meal (30, 31), while a 
rat study shows that a high protein diet reduces cortisol concentrations (22). however, 
these results cannot be directly compared with our results because they used a different 
study population (rats or obese men or women) or they used mixed-meals, long-term 
diets or nasogastric administration of proteins.
To our knowledge this is the first study investigating the effect of single macronutrients 
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on hPa axis activity in humans. The hPa axis activity stimulating effect of carbohydrates 
found in this study could explain the vicious circle seen in obesity, in which stress is 
followed by eating comfort food, high in sugar, which again causes stress that further 
increases hPa axis activity and thus cortisol concentrations. a possible hypothesis for 
the prevention of a decrease hPa axis activity after the carbohydrate lunch is that the 
fast increase in glucose in the blood, following ingestion of carbohydrates, is perceived 
as not pleasant by the body. it has already been shown that glucose but not protein or fat 
amplifies the HPA axis activity to psychosocial stress (32). The prevention of decrease 
in hPa axis activity, which is seen in this study, may also inhibit insulin, which starts to 
increase within a few seconds after the increase in glucose (33). normally, insulin causes 
the cells to take up glucose from the blood. Yet in this case, the maintained cortisol levels 
diminish the action of insulin, and therefore blood glucose concentrations might decrease 
much slower than normal. another effect of the high glucose concentration in the blood 
is the increase in serotonin (34). serotonin contributes to pleasant feelings. however 
serotonin can also induce cortisol release by stimulating the serotonergic receptors 
in the hippocampus (35), leading to maintained cortisol levels and subsiding pleasant 
feelings. Taken together, people who eat carbohydrate-rich (comfort) food because they 
are stressed might feel better after the fast glucose peak because of the increase in 
serotonin, but due to maintaining relatively high hPa axis activity and thus cortisol levels 
the pleasant feelings will subside. Possibly, by eating more carbohydrate rich foods as 
a consequence, a vicious circle might occur. This circle has previously been described 
in emotional eaters (36).
it should be kept in mind that the meals used here were identical to each other in terms 
of hedonic value and removing carbohydrates from real-life nutrition may impact stress 
differently. furthermore, it could be that the gastric consequences of a high carbohydrate 
load leads to possible unpleasant effects. however, in this case none of the subjects 
reported any adverse effects of the shakes.
To conclude, cortisol concentrations decreased after protein or fat intake, which was not 
different from control; this decrease was prevented by carbohydrate intake.
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aBSTRaCT

stress and increased body weight may lead to decreased sensory or hedonic perception. 
rewarding value of food consists of liking and wanting; this study emphasizes 
characterization of orosensory perception and liking during stress. The effect of stress 
on orosensory attributes of food and liking was tested in overweight and normal weight 
participants. Thirty-nine participants (26f/13m, age 30±11 y), 24 normal weight (bMi 
22±2 kg/m2, waist/hip-ratio 0.78±0.02) and 15 visceral-overweight (bMi 29±2 kg/m2, 
waist/hip-ratio 0.87±0.02) tasted 67 food items randomly in a rest and stress condition, 
subsequently rating orosensory attributes (i.e. sweetness, bitterness, saltiness, sourness, 
umami, creaminess, crispiness) and liking using visual analog scales. stress was induced 
using an unsolvable math task in a noisy context. in overweight participants, orosensory 
perception was less pronounced, especially with respect to sweetness. Liking was 
related to orosensory perception, the relationships were the same in both conditions. 
Liking was scored lower by overweight vs. normal weight participants. stress vs. rest 
reduced orosensory perception in normal weight participants. stress vs. rest reduced 
liking equally for normal weight and overweight participants. in conclusion, our results 
show that orosensory perception and liking of food are reduced in overweight compared 
to normal weight participants; the latter is especially emphasized during stress. 
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InTRODuCTIOn

food intake is regulated homeostatically as well as non-homeostatically (1). stress-
induced eating beyond homeostatic needs may contribute to the development of obesity 
through a greater preference for foods high in sugar and fat (2). The effect of stress 
on food intake has been discussed controversially. increased food intake as well as 
decreased food intake has been reported depending on parameters such as dietary 
restraint, gender and body weight (3-6). however, chronic stress has been associated 
with greater weight gain among participants who are already overweight or obese (3, 
7, 8). Previous studies also show that obese individuals may consume more food in 
response to acute stress compared with lean individuals. Together this suggests that 
stress-induced eating may play a role in the development of obesity (2, 3, 9, 10). from 
animal studies we know that pleasurable behaviors such as palatable food intake 
contribute to stress reduction through the recruitment of brain reward pathways (11).
unraveling the involvement of food reward during stress may open an avenue to 
understanding the impact of food reward on eating behavior (1, 12-14).
according to the incentive salience concept by berridge et al. the rewarding value of food 
is divided into two components: ‘liking’ and ‘wanting’ (1, 14-18). Liking is the hedonic 
or affective process of palatability/pleasure/displeasure, often associated with the 
orosensory stimulation by food, and ‘wanting’ is the motivational incentive component 
consisting of the non-affective, purely motivational process of appetite or craving (1, 
14-18). wanting translates affect into the action of obtaining food (1, 14-18). ‘Liking’ and 
‘wanting’ often go hand in hand, yet it is important to differentiate between the influence of 
‘liking’ and ‘wanting’ on food intake (19). The literature concerning liking is contradictory. 
several studies reported that individuals rate liking at a constant level across several 
food items, irrespective of weight status or satiety state (13, 17, 20-22). other studies did 
find differences in liking ratings after a meal (15, 23). The current study focuses solely on 
the ‘liking’ component of food reward and the associated orosensory perception of food. 
Liking in this study is defined according to Berridge et al., as the pleasantness of taste of 
the food present in the mouth (16). 
bartoshuk et al. suggested that obese people live in different oro-hedonic and oro-sensory 
worlds compared to non-obese (24). furthermore, several studies compared sensory 
thresholds in lean and obese subjects (25, 26), finding differences after gastric bypass 
surgeries (25-27). not much is known about the relationship of stress and ‘liking’. Their 
is some evidence that sweetness, and sensory cues to high energy density, can mitigate 
effects of stress via the brain’s reward system (28). This suggests that orosensory attributes 
of liking may change during stress.
Taken together, the aim of the current study is to examine if stress affects orosensory 
perception and subsequently liking in both, normal weight and overweight subjects. 
Therefore, we firstly investigated how different orosensory attributes of food are rated 
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by overweight and normal weight subjects. furthermore, we characterized how these 
orosensory attributes of food are correlated with liking, in overweight compared to normal 
weight participants during rest or stress. Lastly, we assessed the effect of stress on 
orosensory perception and on liking in overweight vs. normal weight participants. 

METHODS anD PROCEDuRES

PaRTICIPanTS
The study was approved by the Medical ethical Committee of Maastricht university. 
forty-four participants were recruited by advertisements in local newspapers and on 
notice boards at Maastricht university and Maastricht university Medical Center. Potential 
participants underwent an initial screening including measurement of body weight and 
height and completion of a questionnaire related to medical history. exclusion criteria 
were vegetarianism, smoking, illnesses that require the use of regular medication, a 
history of eating disorders, weight change of more than 5 kg during the last 6 months, 
diabetes, an allergy for any of the products used in the study, and anything with a 
possible effect on taste and/or appetite (e.g. braces, smell disorders, etc.). only viscerally 
overweight participants, defined by a waist circumference of ≥80 cm in women and ≥90 
cm in men (29), were included, as chronic stress has been particularly associated with 
visceral fat accumulation and obesity (2, 30, 31). informed, written consent was obtained 
from all participants before the first test day. In total thirty nine healthy participants (26 

Table 1. participant characteristics (Mean±sd)

Participant characteristics normal weight overweight

Male (n) 7 6

female (n) 17 9

age (years) 27.0±9.0* 35.7±12.7

height (cm) 171.5±9.8 173.3±7.8

weight (kg) 65.5±8.4* 87.3±9.4

bMi (kg/m2) 22.2±1.9* 29.0±2.0

waist circumference (cm) 74.4±6.9* 94.5±8.3

hip circumference (cm) 94.7±7.3* 108.8±6.0

waist-hip ratio 0.79±0.08* 0.87±0.09

TfeQ-score: f1 5.3±2.2 5.0±1.4

TfeQ-score: f2 4.1±2.4 4.5±0.7

TfeQ-score: f3 4.8±3.4 5.0±1.4

* Significantly different between normal weight and overweight (p<0.02). TFEQ: Three Factor Eating 
questionnaire (dutch translation); f1: factor 1, restraint; f2: factor 2, disinhibition; f3: factor 3, hunger 
motivation.
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females, 13 males, age 30±11 y (mean±sd, range 17-54 y)) were included in the study: 
twenty-four normal weight (nw) participants with a bMi of 22±2 kg/m2 (mean±sd, range 
20-25 kg/m2) and fifteen viscerally overweight (VO) participants with a BMI of 29±2 kg/
m2 (mean±sd, range 26-34 kg/m2). Participants were unrestrained eaters according to 
a validated dutch translation of the Three factor eating Questionnaire (32, 33). subject 
characteristics are described in Table 1.

ExPERIMEnTaL DESIGn
The study consisted of a randomized crossover design. all participants came to the 
university for a total of six times between 12:00 and 13:00 PM. They were allowed to 
eat their own breakfast around 9 aM, after which they were instructed not to eat or drink 
anything for three hours and until the beginning of the test. To avoid possible satiation 
effects, which can influence liking or orosensory perception, the total of 67 food items 
were divided into 22 or 23 items per session, over three test days, and repeated for the 
rest and stress conditions. The order of the test days and conditions were randomized 
in a counter-balanced way across individuals from both test groups (normal weight and 
viscerally overweight) to account for order effects. however, the presentation order of 
the food samples on each test day was fixed.  

PiLOt fOr the estaBLishment Of OrOsensOry attriButes
Previously, during a preliminary test in a rest condition, an independent panel of 20 
subjects (bMi:24.0±3.4 kg/m2, age: 30.3±10.0 y), judged a randomized presentation of 
pictures of the same food items on expected liking. Thereafter, they judged perceived 
liking of these food items using the same method as in the main experiment. furthermore, 
this panel chose the orosensory attributes that they thought contributed most to the liking 
of the food items. These orosensory attributes were used in the main study. 

screening visit
during this screening visit, participants familiarized themselves with the task and with 
the definition of the orosensory attributes (crispiness, creaminess, umami, sweetness, 
bitterness, saltiness, and sourness), using verbal examples, as described in Table 
2. Participants were also familiarized with the computerized Vas and were given a 
description of ‘liking’ according to berridge (14, 16, 18) in layman’s terms (Table 2).
Before inclusion, participants had to confirm their familiarity with all food items using a 
questionnaire on familiarity with pictures of the food items.

test visit 
Sessions started by filling out computerized 100mm Visual Analog Scales (VAS) for 
appetite. subsequently, liking and the intensity of the orosensory properties of the food 
items were measured using computerized 100mm Vas. The total of 67 food items 
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were chosen from typical dutch lunch items and included a wide range of intensity 
regarding the orosensory attributes. all food items are commercially available and can 
be divided into six categories: bread, filling, drinks, desserts, sweets and extra food 
items (Supplemental Table a1). no novel food items were included. everything was 
prepared freshly and according to protocol in the research kitchen in bite-size, but still 
recognizable, portions of 10 grams. all solid food items were presented on a plate with a 
fork, the semi-liquid and liquid food items were presented in a cup with a spoon. all food 
items were served at room temperature, except for the chicken soup, which was served 

Table 2. definitions and verbal examples used for familiarization with liking and the orosensory attributes

attribute Definition Verbal examples

Liking The pleasantness of taste of the food in 

your mouth

how much do you like 

the food in your mouth, 

not how much do you 

want to eat it

sweetness The amount of sweet taste detected from 

the food in your mouth

sugar

bitterness The amount of bitter taste detected from 

the food in your mouth

Caffeine, grapefruit

saltiness The amount of salty taste detected from the 

food in your mouth

salt

sourness The amount of sour taste detected from the 

food in your mouth

Citric acid 

umami The amount of umami taste detected from 

the food in your mouth

flavour enhancers, 

monosodium glutamate

Creaminess The degree to which the sample feels 

creamy on any mouth surface 

whipped cream

Crispiness The force and noise with which a product 

breaks or fractures  (rather than deforms) 

when chewed with the molar teeth

fresh crackers, fresh 

bread crust 
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at 60 ºC. if re-testing was necessary for the orosensory judgment, a second portion was 
provided to the participant. after each item, participants were instructed to rinse their 
mouth with water, to avoid cross tasting. 

MEaSuREMEnTS
anthrOPOmetry
body weight was measured on a medical scale (sauter d7470; ebingen, Germany), 
after voiding of the bladder when fasted and rounded to the nearest 0.01 kg; height 
was measured to the nearest 0.1 cm (stadio meter, model 220; seca, hamburg, 
Germany). bMi was calculated as body weight (kg) divided by the squared height (m). 
waist circumference was measured to the nearest 0.1 cm at the site of the smallest 
circumference between the rib cage and the iliac crest, whereas the hip circumference 
was measured to the nearest 0.1 cm at the level of maximum extension of the buttocks. 
The waist and hip circumference measurements were obtained with participants in 
standing position using a tape measure (34).

visuaL anaLOg scaLes
reproducibility, power and validity of visual analogue scales in the assessment of appetite 
sensations were previously assessed and found to be reliable for appetite research (35). 
Computerized Vas software was developed by J.M. born (36). The Vas scales were adjusted 
to be hundred mm long on screen and apple Macbook and Macintosh Powerbook computers 
were used for all Vas measurements. subjects were required to complete all Vas questions 
on each screen, before they were allowed to proceed in the test. The test included questions 
for appetite profile, for liking and for all orosensory attributes. Overall, the questions were 
anchored at the far left with “not at all” and at the far right with “extremely”. in addition, if a 
subject thought a specific orosensory attribute was not applicable to a specific food item, they 
were instructed to rate it as being zero. 
VAS were used to assess appetite profile before each test session. The scales were anchored 
with opposing extremes of feelings of hunger, satiety, thirst, and desire to eat. Participants were 
trained to click on the appropriate point on each Vas to indicate how they felt at that moment.
Liking was characterized using Vas with opposing extremes of liking. Participants were asked 
to rate liking by answering the following question: “how pleasant is the taste of the food now 
in your mouth?”, while having a mouthful. The 100 mm Vas was anchored with on the far left 
“not pleasant at all” and on the far right “extremely pleasant”. 
The intensity of the orosensory properties of the food items was characterized using Vas with 
opposing extremes of seven orosensory attributes: sweetness, bitterness, saltiness, sourness, 
umami, creaminess, and crispiness. using sweetness as an example, the questions asked 
and the anchors of the 100 mm VAS were as follows: “How sweet do you find the food now in 
your mouth?” with the anchor on the far left “not sweet at all” and on the far right “extremely 
sweet”. 
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in the preliminary test with the independent panel, expected liking was judged using Vas 
while viewing a randomized presentation of pictures of the same food items. 

stress task
To induce stress and rest conditions a mathematical task was used (6, 20). This 
mathematical task was a modified and improved version of the computer program 
previously described and validated by Peters et al. (37) and further validated by Lemmens 
et al. (38) who confirmed the stress condition by the finding of an increased heart rate, 
and an increase in anxiety and hostility (p≤0.03) using Profile Of Mood State (POMS) 
(39) and state Trait anxiety inventory (sTai) (40) questionnaires. in accordance with 
the earlier protocols, two versions of the math test were used: an unsolvable stress 
version combined with irritating music and background noises and a solvable control, 
rest, version without music and background noises. either test lasted no longer than 
20 minutes. Participants were given the math test after assessing appetite profile and 
before judging the food items. The order of rest and stress conditions was randomized. 

STaTISTICS
data were analyzed using statView 5.0 (sas institute inc., Cary, nC, usa). differences 
in appetite profile were analyzed using analysis of variance (ANOVA) repeated 
measures with the six test days being six different measures. Post hoc power analysis 
using G-Power 3 (heinrich heine university, duesseldorf) for a 2 by 2 repeated 
measurement design revealed with n=39 and α=0.05 a power (1-β error probability) of 
0.86. To check for order effects the order x liking interaction and the order x orosensory 
attribute interaction for each orosensory attribute was determined using factorial anoVa 
repeated measures. To check for an interaction between liking and orosensory attributes 
across the 67 food items factorial anoVa was used with the orosensory attributes as 
covariates. Group x condition interactions were determined using two-factor anoVa 
with repeated measures. differences in the characterization of liking and orosensory 
perception between stress and rest within each group of participants were analyzed 
using anoVa. due to unequal cell size, statistics were repeated using non-parametric 
Kolmogorov smirnov testing. differences in the characterization of liking and orosensory 
perception between normal weight and overweight within each separate condition were 
analyzed using anoVa and non-parametric Kolmogorov smirnov testing. To determine 
which of the selected orosensory attributes (i.e. sweetness, bitterness, saltiness, 
sourness, umami, creaminess, crispiness) predicted liking, a multiple linear regression 
model was used.  simple regression was used to determine if there was a correlation 
between expected liking and perceived liking. all tests were two-sided and differences 
were considered significant at p <0.05. Values are expressed as mean ± standard 
deviation (sd), unless stated otherwise and the adjusted r2

 value was used.
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RESuLTS

Appetite profiles did not differ between visits. Measurements of appetite profiles were 
not significantly different between subject groups (i.e. normal weight and overweight or 
men and women) and were therefore taken together in all further analyses. There were 
no significant differences in hunger, fullness, satiety, desire to eat and thirst between 
the six visits (Table 3). orosensory attributes and liking were recorded in detail (Table 
4). The order x liking interaction and the order x orosensory attribute interaction were 
not statistical significant, which means that order of presentation did not significantly 
influence liking or any of the orosensory information collected. There was no statistically 
significant interaction between liking and the orosensory attributes across the 67 food 
items, implying that there were no halo effects between the liking measurements and the 
measurements of orosensory attributes. There were no significant differences between 
males and females in both liking or in orosensory attributes.

OROSEnSORy PERCEPTIOn
The results of orosensory perception are summarized in table 4. Group x condition 
interactions were significant for crispiness (F(1,2078)=5.7, p<0.05), creaminess (f(1,2078)=9.8, 
p<0.01), umami (f(1,2076)=25.4, p<0.0001), sourness (f(1,2078)=19.6, p <0.0001) and 
saltiness (f(1,2078)=17.0, p<0.0001), implying that the difference between rest and stress 
was significantly different between overweight and normal weight participants. The 
rated perceptual intensity of the orosensory attributes was different between overweight 
and normal weight participants, it was rated as higher in perceived intensity in normal 
weight compared to overweight participants: normal weight participants rated sweetness 
significantly higher in both the rest (F(1,2329)=10.9, p<0.001) and the stress condition 

Table 3. Appetite profile over the six visits of all subjects (Mean±SD)

hunger fullness satiety desire to eat Thirst

Visit 1 62.8±20.0 25.4±20.8 26.0±19.6 62.8±18.5 63.7±17.3

Visit 2 54.3±19.0 31.1±18.7 33.1±21.9 54.3±19.9 57.0±27.8

Visit 3 59.8±18.4 25.3±15.7 27.7±18.7 62.4±18.4
56.4±19.6

Visit 4 57.7±26.6 32.1±26.0 34.3±26.6 55.9±27.2 53.6±26.0

Visit 5 52.2±24.7 33.9±22.7 32.0±22.0
52.8±25.2 49.3±24.9

Visit 6 62.0±21.8 22.7±14.4 26.2±16.7 65.5±16.7 59.7±19.7

P-value 0.3 0.2 0.4 0.1 0.2
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(f(1,2051)=5.6, p<0.05). additionally, the normal weight group exhibited lower orosensory 
perception in the stress compared with the rest condition, for creaminess (f(1,2556)=12.6, 
p<0.001), umami (f(1,2556)=22.4, p <0.0001), sweetness (f(1,2556)=8.6, p<0.01), sourness 
(f(1,2556)=3.9, p<0.05) and saltiness (f(1,2556)=8.4, p<0.01). in overweight participants, no 
significant differences were found for the orosensory perception of food in the stress 
condition when compared with the rest condition.

MuLTIPLE REGRESSIOn anaLySIS
in a multiple regression analysis liking was tested as a function of seven orosensory 
attributes: sweetness, bitterness, saltiness, sourness, umami, creaminess, crispiness. 
in normal weight participants, liking was positively related with creaminess, umami, 
sweetness and saltiness, and negatively with bitterness. The same relationships were 
found in stress as well as in rest (Table 5, p<0.0001, respectively r2=0.14 and r2=0.12). 

Table 4. average visual analogue scale ratings (mm Vas) of the 67 food items for liking, crispi-
ness, creaminess, umami, sweetness, sourness, bitterness and saltiness, judged by normal 
weight and overweight in rest and stress. data is represented as Mean±sd.

normal weight  overweight

food 
characteristics

rest stress pa rest stress pa pd group* 
condition

Liking 63.2±25.0b 59.9±24.1c <.01 57.2±27.7b 54.8±27.8c <.05 n.s.

Crispiness 24.8±34.2 23.0±32.8c n.s. 26.1±32.9 26.6±33.3c n.s. <.05

Creaminess 31.5±34.3 26.8±33.3 <.001 29.5±33.6 28.5±34.1 n.s. <.01

umami 60.2±27.2b 54.4±27.5c <.0001 56.9±27.0b 57.4±27.0c n.s. <.0001

sweetness 45.3±35.0b 41.3±35.0c <.01 40.3±33.9b 37.9±34.9c n.s. n.s.

sourness 13.6±22.7 11.3±21.0 <.05 11.7±21.8 13.6±23.7 n.s. <.0001

bitterness 7.3±15.7 6.4±15.4c n.s. 8.6±19.2 8.6±18.2c n.s. n.s.

saltiness 18.5±27.5 15.1±26.0c <.01 18.3±26.7 18.4±26.9c n.s. <.0001

ap-value: differences between rest and stress within subject group (factorial anoVa)
bdifferences between normal weight and overweight in rest (factorial ANOVA). Significant at p<0.005,
cdifferences between normal weight and overweight in stress (factorial ANOVA). Significant at p<0.05
dp-value: group x condition interaction between overweight and normal weight between conditions (two-factor 
anoVa with repeated measures)
n.s.=non-significant
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Table 5. Multiple regression model for normal weight subjects with liking as the dependent 
variable and crispiness, creaminess, umami, sweetness, sourness, saltiness and bitterness as 
independent variables

Partial β std. error p-value

normal weight rest (n=20)
r2=0.12, p<0.0001, intercept=50.0±1.8

crispiness -0.003 0.02 0.87

creaminess 0.07 0.02 0.001

umami 0.09 0.03 0.002

sweetness 0.15 0.02 <0.0001

sourness -0.06 0.03 0.05

bitterness -0.27 0.04 <0.0001

saltiness 0.09 0.03 0.002

normal weight rest (n=19)
r2=0.14, p<0.0001, intercept=46.0±1.6

crispiness 0.01 0.02 0.71

creaminess 0.12 0.02 <0.0001

umami 0.08 0.03 0.01

sweetness 0.16 0.02 <0.0001

sourness -0.04 0.03 0.22

bitterness -0.17 0.04 <0.0001

saltiness 0.09 0.03 0.002

in overweight participants liking was positively related with umami and negatively with 
bitterness and sourness. The same relationships were found in stress as well as in rest 
(Table 6, p<0.0001, respectively r2=0.07 and r2 =0.08).

LIkInG
The difference in liking between groups was unaffected by stress, shown by the absence 
of significant group x condition interactions for liking (Figure 1). Liking was significantly 
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different between overweight and normal weight participants, always being rated higher 
by normal weight participants (f(1,2078)=32.3, p<0.0001), in the stress (f(1,2051)=21.2, 
p<0.0001) as well as in the rest condition (f(1,2329)=25.9, p<0.0001). furthermore, liking 
was significantly lower in the stress condition when compared with the rest condition, in 
overweight (f(1,1859)=4.8, p<0.05) as well as in normal weight participants (f(1,2558)=9.9, 
p<0.01). using non-parametric testing the difference in liking between the rest and the 
stress condition was no longer significant in the overweight subjects (p=0.07, χ2=6.54).

Table 6. Multiple regression model for overweight subjects with liking as the dependent variable 
and crispiness, creaminess, umami, sweetness, sourness, saltiness and bitterness as  
independent variables

Partial β std. error p-value

Overweight rest (n=15)
r2=0.08, p<0.0001, intercept=49.5±2.2

crispiness 0.02 0.03 0.56

creaminess -0.004 0.03 0.88

umami 0.20 0.04 <0.0001

sweetness 0.01 0.03 0.78

sourness -0.14 0.04 0.0005

bitterness -0.19 0.05 <0.0001

saltiness -0.01 0.03 0.70

Overweight stress (n=13)
r2=0.07, p<0.0001, intercept=48.1±2.4

crispiness -0.003 0.03 0.92

creaminess 0.02 0.03 0.48

umami 0.18 0.04 <0.0001

sweetness -0.03 0.03 0.35

sourness -0.21 0.04 <0.0001

bitterness -0.13 0.05 0.02

saltiness  0.04  0.04  0.26
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Figure 1.  Liking as a function of rest versus stress conditions. error bars represent seM. nwr: 

normal weight participants in rest; nws: normal weight participants in stress; Vor: visceral 

overweight participants in rest; Vos: visceral overweight participants in stress. a significant 

difference between rest and stress within subject group (factorial anoVa); b significant difference 

between normal weight and overweight in rest (factorial anoVa); c significant difference between 

normal weight and overweight in stress (factorial anoVa).

Figure 2. scatter plot of the mean visual analogue scale (Vas) scores (mm) for perceived liking of 

the food items during tasting as a function of the expected liking while viewing pictures of the same 

food items. 
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CORRELaTIOn BETwEEn PERCEIvED anD ExPECTED LIkInG
a high correlation was observed between expected liking rated by using pictures, and 
perceived liking, which was rated during tasting (r2=0.5, p<0.0001; Figure 2). This high 
correlation gives further evidence that there were no order or carry-over effects in this trial.

DISCuSSIOn

we investigated the effect of stress on liking comparing viscerally overweight participants 
and normal weight participants. in comparison with the rest condition, stress reduced liking 
in both groups, independently of visceral adiposity. There are few previous reports on liking 
in relation to stress. born et al. have shown that stress can decrease food reward signaling 
in the brain (20). however, their average predetermined relative liking scores, obtained by 
using forced choice method, did not differ between the stress and the rest condition (20). 
however, the use of a forced choice method may have masked slight differences between 
the stress and the rest condition (20). support for differences in liking during stress is found 
in a study of epstein’s group, using 16 restrained and 16 non-restrained women. between a 
total of eight taste trials, they performed a variation of the stroop stressor. results showed 
that restrained participants increased their liking ratings over taste trials whereas ratings 
for non-restrained participants first increased and then decreased to baseline levels by the 
last trial (41). our results show a decreased liking in the stress condition when compared 
with the rest condition in overweight participants as well as in normal weight participants. 
Therefore, stress seems to influence liking in-dependent of body weight. 
another result of the current study showed that liking appeared to be related to the selected 
orosensory attributes of food, irrespective of bodyweight or stress. however, the variances 
explained in the multivariate models were low, suggesting that liking of food is influenced by 
how the different orosensory attributes of food were perceived. even though our analyses 
excluded interactions between attributes from the overall equation, we cannot completely 
rule out interaction. There may also be other orosensory attributes playing a role, such as 
taste threshold sensitivity. although not measured during this trial, other work shows no 
strong contribution of taste threshold sensitivity to liking or preference (42). for example, 
6-n-propylthiouracil (ProP) sensitive individuals maintain preference for bitter products, 
while there taste threshold for bitter is differed compared to non-ProP sensitive individuals 
(43). 
we also investigated the effect of stress on orosensory attributes (sweetness, bitterness, 
saltiness, sourness, umami, creaminess, crispiness) in overweight and normal weight 
participants. in comparison to the rest condition, stress caused a decrease in the rated 
intensity of several orosensory attributes among normal weight subjects, which was not 
found in the overweight participants. Previous studies comparing orosensory attributes in 
normal weight and obese subjects did not take the factor stress into account. however, 
some studies have shown that sweetness, and sensory cues to high energy density, can 
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mitigate effects of stress via the brain’s reward system (28). for example, in animals and 
human infants, the ingestion of sweet and fatty foods, including milk, alleviates crying and 
other behavioral signs of distress (44, 45). This effect depends on sweet taste rather than 
calories, as non-nutritive sweeteners reduced crying too (46).
in the rest condition, overweight participants showed generally lower liking ratings compared 
to normal-weight participants. These findings suggest that the general liking of foods is 
related to body weight. Our findings are in contrast with the studies that show no differences 
in liking in relationship to weight status (22), but support quite a few studies that show 
differences in liking for certain food items in obese compared normal weight participants 
(47-51). however, liking is only one component of food choice and intake behavior and that 
differences in liking do not completely explain differences in food choice, intake and weight 
status.
in addition to liking, overweight participants also rated perceived intensity lower compared 
to normal weight participants for several orosensory attributes; with significant between 
groups differences for the orosensory attributes crispiness, umami, sweetness, bitterness 
and saltiness. in order to further analyze these observed difference in orosensory perception, 
we compared studies on taste thresholds. Earlier studies did not find differences in tasting 
threshold for various tastes comparing overweight and normal weight participants (25, 26). 
Most studies in which such differences were found included participants after gastric bypass 
surgeries (25-27). Taken together, it seems less likely that taste threshold differences have 
caused the differences in orosensory perception in our test. however, to explain differences 
between normal weight and overweight consumers in terms of their taste sensitivity alone 
is not appropriate given the complexity of food choice and eating behavior and caution is 
necessary in drawing conclusions. 
a possible explanation for the differences in orosensory perception may be the age 
difference between our groups. booth et al. reported that the just noticeable difference in 
orosensory perception increases with old age, yet liking remained the same (42). however, 
our subjects were not in the age range where we consider this to play a significant role. 
regarding the liking measurements, it is important to highlight that liking measures should 
not be taken as absolute values and are affected by a wide range of factors. some articles 
have shown that liking measures are highly variable and show poor reproducibility across 
sessions if rather new food products are tested or if satiety for specific nutrients occurs 
(52-54). furthermore, no post-hoc measures were taken into account to explain individual 
differences in Vas usage. however, no outliers in the liking or orosensory ratings were 
detected. Moreover, the actual differences observed in liking and orosensory perception 
were small, and although they were statistically significant, the question remains what the 
actual effects on eating behavior and weight status could be. 
To conclude, our results show that orosensory perception and liking of food are reduced 
in overweight compared to normal weight participants; the latter is especially emphasized 
during stress. 
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aPPEnDIx

Supplemental Table 1. description of the 67 food items divided in six categories. 

bread filling drinks dessert sweets extra

baguette 

(white)

apricot jam apple juice apple doritos 

(nacho 

cheese)

Chicken 

soup (60ºC)

brown bread brie cheese buttermilk apricot 

cottage 

cheese

Lay’s natural 

chips

iceberg 

salad

brown hard 

roll

Chocolate 

paste

Carbonated 

water

banana Lay’s paprika 

chips

Cracottes 

toast

brown soft 

bread

Chocolate 

sprinkles

Chocolate 

milk (full fat)

butter cookie Liquorish 

(sweet)

Cooking 

cream

Cracker 

(natural)

egg salad Coca cola Vanilla cake Milk 

chocolate

Cheese 

cookies

Croissant forest fruit 

jam

fanta Chocolate 

custard

napoleon 

sour bon 

bons

Crunch 

muesli apple

Currant 

bread

fruit 

sprinkles

fristi Chocolate 

mousse

Peanuts 

(salted)

Kinder 

bueno 

cookie

Pumper-

nickel

Gouda 

cheese

Milk 

(skimmed)

forest fruit 

yoghurt

TuC 

(original) 

biscuits

dark grape 

juice

white bread ham orange juice Liege waffle Twix 

white hard 

roll

Peanut 

butter

Plain water Marzipan 

cake

white 

chocolate

white soft 

roll

salami 

(plain)

schweppes orange 

(peeled)

wine gums

whole wheat 

roll

sandwich 

spread

white wine 

(alcohol free)

Vanilla 

custard
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aBSTRaCT 

Background: flexibility of food-reward related brain signaling (FRS) between food and 
non-food-stimuli may differ between overweight and normal weight subjects and depend 
on a fasted or satiated state. 
Objective: assessing this flexibility in response to visual food vs. non-food cues. Design: 
20 normal weight (age=22.4±0.4 y, body Mass index (bMi) =22.7±0.2 kg/m2) and 20 
overweight participants (age=24.0±0.7 y, bMi=28.1±0.3 kg/m2) completed 2 functional 
magnetic resonance imaging scans. subjects arrived fasted and consumed breakfast 
comprising 20 % of subject-specific energy requirements between two successive 
scans. a block paradigm and a food>non-food contrast was used to determine frs. 
results: an overall stimulus x condition x subject group effect was observed in 
the anterior cingulate cortex (aCC) (p<0.006, f(1,38)=9.12) and right putamen 
(p<0.006,f(1,38)=9.27). in all participants, frs decreased from fasted to satiated state in 
the cingulate (p<0.005,t(39)=3.15) and right prefrontal cortex (PfC) (p<0.006,t(39)=3.00). in 
fasted state they showed frs in the PfC (p<0.004,t(39)=3.17), left (p<0.009,t(39)=2.95), 
right insula (p<0.005,t(39)=3.12), cingulate cortex (p<0.004,t(39)=3.21) and thalamus 
(p<0.006,t(39)=2.96). in satiated state, frs was limited to the left (p<0.005,t(39)=3.21), 
right insula (p<0.006,t(39)=3.04) and cingulate cortex (p<0.005,t(39)=3.15). regarding 
subject group, in the fasted state frs in the aaC was more pronounced in overweight 
vs. normal weight subjects (p<0.005,f(1,38)=9.71), while in satiated state, frs was less 
pronounced in overweight vs. normal weight subjects in the aCC (p<0.006, f(1,38)=9.18) 
and PfC (p<0.006, f(1,38)=8.86), suggesting lower inhibitory control in the overweight.
Conclusion: FRS was higher in the overweight in the satiated state, yet when sufficiently 
satiated they show decreased inhibitory control, facilitating overeating.
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InTRODuCTIOn

understanding the integrative role of the central nervous system in energy and reward 
homeostasis has become increasingly important as the prevalence of obesity and obesity-
related diseases is rising worldwide (1, 2).  Previous observations suggest an overlap 
between the neurocircuitries regulating reward perception and energy homeostasis (3, 
4) with homeostatic and reward circuitries acting in concert to regulate eating behavior. 
disruption of the interaction between these circuitries might promote overeating and 
contribute to obesity (3). 
Previous functional magnetic resonance imaging (fMri) studies show that food cues 
(images, smells and tastes) activate brain regions involved in the processing of reward 
and control (5-7), including i.e. the nucleus accumbens, the striatum, the ventral 
tegmental area as well as the anterior cingulate, and prefrontal cortices (5-7).  in line 
with the proposition that obesity is associated with a disruption of the reward circuitry 
in response to food, previous fMri studies suggest that overweight/ obese participants 
show greater brain signaling in response to food cues and anticipated reward compared 
to normal weight participants (8-12), pre- as well as post-prandially (8, 10, 11, 13, 14). 
even after diet-induced weight loss, formerly obese humans still exhibit an increased 
responsiveness to food-cues in reward related brain regions (15-18).
in general, the response to food stimuli was found to be decreased post- versus pre-
prandially (3, 19). however, only a few studies investigating food-reward related brain 
signaling investigated both, a pre- and post-prandial state (1, 19-21). The majority of 
studies has been conducted in the fasted state because of the higher motivation to eat 
and increased incentive salience of food (10-12, 22-25). however, in the fasted state 
the processes involved in food reward are intertwined with the homeostatic regulation 
of food intake and thus difficult to decipher (26). Imaging studies conducted in the 
post-prandial state argue that the excess energy intake in obesity is at least partly due 
to eating in the absence of hunger (non-homeostatic eating) (13, 27). Therefore, we 
assessed differences between overweight and normal weight subjects regarding their 
food-reward related brain signaling in response to food and non-food-stimuli in a fasted 
as well as a satiated state. The design furthermore controlled for subject specific energy 
requirement and visual complexity. A similar subject specific design was previously used 
in a positron emission tomography study by Tataranni et al. (28).
we hypothesized that overweight will show a higher food-reward related brain signaling 
in the fasted state compared to normal weight subjects. This difference was hypothesized 
to remain, despite a decrease in salience from the fasted to the satiated condition.
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METHODS anD PROCEDuRES

The study was approved and registered under MeC09-3-085 by the Medical ethical 
Committee of Maastricht university, Maastricht, netherlands, and at the Central 
Committee on research involving human subjects, The hague, netherlands, under 
nL30898.068.09. The study was registered in the dutch clinical trial register under 
number nTr2174.
 

SuBJECTS
in total, 45 subjects were screened. informed, written consent was obtained from all 
subjects. inclusion criteria were healthy male and female subjects, body mass index 
(bMi) between 20 and 35 kg/m2, and right-handedness. exclusion criteria were recent 
dieting, smoking, a personal or familial history of psychiatric disorder, having metallic 
fragments in the body, or use of intrauterine contraceptives. due to the inclusion criteria, 
forty subjects were included; subject characteristics are summarized in Table 1. The 
research procedures were in accordance with the helsinki declaration. all subjects were 
informed on the purpose, procedures and potential risks of the study prior to signing the 
informed consent. 

Table 1. Mean (±seM) subject characteristics

subject characteristics normal weight overweight

Male (n) 10 10

female (n) 10 10

age (years) 22.4±0.5 23.7±1.0

bMi (kg/m2) 22.7±0.3a 28.1±0.5

waist-hip ratio 0.76±0.02 0.79±0.01

TfeQ f1 4.7±0.7 6.5±0.6

TfeQ f2 4.2±0.4 4.8±0.5

TfeQ f3 5.1±0.6 4.7±0.8

der (MJ) 12.2±0.3 13.0±0.5

a Significantly different between normal weight and overweight (p<0.0001). TFEQ F1-3: Three-factor eating 
questionnaire factor 1 till 3; der: daily energy requirement calculated according to the equations of harris and 
benedict and adjusted for the appropriate physical activity level assed by the baecke questionnaire, expressed 
in Mega Joules (MJ).
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ExPERIMEnTaL SET-uP
To create a fasted and a satiated condition, subjects came to the university after an 
overnight fast of 10 h. subjects were instructed not to drink any alcoholic beverages the 
day before the test and not to eat or drink anything, except for water, after 10 PM the 
evening before testing. Subjects verbally confirmed their adherence to these instructions. 
The test day included 4 visual analog scale (Vas) questionnaires for assessing appetite 
profile and 2 fMRI scans, after which tastiness of the food and non-food pictures were 
assessed using Vas questionnaires (Figure 1a). breakfast, which was given between 
the first and second fMRI scan, created the subsequent satiated condition. Breakfast 
consisted of typical dutch breakfast items, comprising a typical healthy breakfast with 
18 % protein, 47 % carbohydrate and 35 % fat. The breakfast provided 20 % of subject-
specific calculated daily energy requirements (DER). DER was calculated individually 
for each of the subjects by multiplying basal metabolic rate (bMr) by the appropriate 
physical activity factor derived from the baecke screening questionnaire (mean±seM for 
all subjects: 1.7±0.01) (29). The bMr was calculated according to the equation of harris-
benedict (mean±seM for all subjects: 7.4±0.16 MJ/day) (30). breakfast was offered 
immediately after the first scan and had to be consumed in full within 20 minutes, before 
the second scan. 

vISuaL anaLOG SCaLE quESTIOnnaIRES
To determine the effect of the breakfast on the appetite profile, VAS for the factors, 
hunger, fullness, satiety, desire to eat and thirst were used. Vas were administered 
four times, before the first scan and immediately after the first scan before breakfast, 
20 minutes after the start of breakfast and immediately after the second scan (Figure 
1a). The mean of the first two questionnaires was used as ‘fasted’ measurement and 
the mean of the last two questionnaires was used as the ‘satiated’ measurement. To 
determine whether subjects were able to discriminate between the food and non-food 
pictures, Vas assessing tastiness were used. These Vas were administered after the 
completion of both fMri scans. food and non-food pictures were shown in a randomized 
order with the Vas questionnaires beneath each picture. The Vas questionnaires 
consisted of 100mm 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 large is your desire to eat?” “how thirsty are you?” and “how 
tasty do you find the picture shown above?”. Subjects were instructed to make a single 
vertical mark at the appropriate point between the two anchors on each scale to indicate 
their subjective feelings. 

FMRI SETTInGS anD PaRaDIGM
subjects were scanned in a siemens Magnetom allegra magnetic resonance imaging 
(Mri) system (3 Tesla, siemens aG, erlangen, Germany), with the standard one-
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Figure 1. experimental design: The paradigm consisted of 2 sequential cycles of 6 blocks, 3 different blocks 
of each stimulus type, each containing 8 pictures, shown for 2 seconds. blocks were represented in a random 
order and pictures within the blocks were represented in a permutated order. different paradigms were used in 
the fasted and satiated state of which the order was counterbalanced between the subjects. fMri: functional 
magnetic resonance imaging, VAS 1: visual analog scales assessing appetite profile, VAS 2: visual analog scales 
assessing tastiness.

Figure 2. Appetite profile assessed using visual analogue scales (mean±SEM). n per group = 20. VAS 
questionnaires data were analyzed using two-factor analysis of variance including bonferroni corrections. 
Vas questionnaires for appetite were analyzed for the difference pre to post meal, taking baseline-scores as a 
covariant into account. Tests were two-sided and differences were considered significant at p<0.05. The change 
in VAS scores from the fasted to the satiated state was not significantly different between the subject groups for 
any of the appetite factors. a difference between fasted and satiated state, p<0.0001; b difference between nw 
and ow, p<0.05. n per group = 20. “nw”: normal weight subjects, “ow”: overweight subjects.

ChapteR 7

CHAPTER 7



111

111

inCReased sensitivity and deCReased inhibitoRy ContRol 

channel head coil. The subject position was confirmed with T1-weighted scout images. 
during the functional run, subjects were presented with blocks of food and non-food 
pictures. both food and non-food pictures blocks were comprised of both natural and 
artificial objects (Figure 1C). food and non-food stimuli where previously validated (31); 
nonfood stimuli were carefully matched with the food stimuli (31). The photograph of 
each object was presented on a grey background and the non-food items were matched 
for color, luminance and visual complexity with the food items (31). all pictures were 
designed and photographed at the university of Kuopio (31). The paradigm consisted 
of two sequential cycles of six blocks, three blocks of each stimulus type (food and the 
non-food items), each block containing eight different pictures (Figure 1B). The stimuli 
were presented in a counter-balanced manner. The inter-stimulus interval (isi) was 16 

Figure 3. Differences in specific food-reward related brain signaling between NW and OW in the fasted and 
satiated state (mean±seM). a Significant difference between OW and NW, p<0.006. n per group = 20. NW: normal 
weight subjects, ow: overweight subjects
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seconds. To minimize activation related to eye movements during the isi, the subjects 
were instructed to visually fixate a central cross on the screen. Each image was shown 
for two seconds. The computer that controlled the stimulus display was triggered by the 
scanning sequence. Paradigms composed of different pictures were used in the fasted 
and satiated state; the order of these different paradigms was counterbalanced between 
the subjects. 
fMRI images were acquired throughout the session by using a T2*-weighted protocol to 
obtain a blood oxygen level dependent T2* signal (TR=2 s, TE=26 ms, flip angle=90˚, 
matrix=96 x 96, field of view=269, voxel size 3 x 3 x 2.9 mm, and gap=0.1 mm).

FMRI DaTa PREPROCESSInG
all fMri data were analysed with brainVoyager Qx version 2.3 software (brain innovation 
BV, Maastricht, Netherlands). The first two volumes of each run were discarded for analysis 
because of T1 saturation effects. Preprocess of the functional data included a slice scan 
time correction with cubic spline interpolation, three-dimensional motion correction with 
trilinear interpolated motion estimation (for alignment) and subsequent windowed sinc 
interpolation (for final re-sampeling), and temporal high-pass filtering for removal of low-
frequency noise with a window of 4 cycles. in the data analysis following preprocessing, 
the motion correction parameters were included as confound predictors in the general 
linear model (GLM) using the brainvoyager analysis-Predictor tool (bVa-Predictor Tool, 
J.M. born, Maastricht (21)). functional data were aligned to each subject’s own 1-mm 
isovoxel high-resolution T1-weighted anatomical scan, and per run a coregistered volume-
time-course was created. The auto alignment was performed by using a 6-parameter 
affine alignment and was corrected manually under visual inspection, if necessary. Finally, 
all images were transformed into the Talairach coordinate system (32) by using the 
standard procedure in the brainVoyager Qx version 2.3 software (brain innovation bV) 
that resulted in a resolution of 3 x 3 x 3-mm voxels, which resulted in functional voxels of 
27 mm3. finally, in order to increase the signal-to-noise ratio, the volume-time-courses 
were spatially smoothed with a 4 mm full-width-at-half-maximum isotropic Gaussian 
kernel. for the creation of the GLM and for running the cluster-level threshold estimator 
tool, as discussed below, a mask was created. The 1-mm isovoxel high-resolution T1-
weighted anatomical scan of each subject was used to segregate brain from head tissue 
(grey and white matter) in an automated way, followed by transformation into the Talairach 
coordinate system. The ventricles were removed from the resulting anatomical scans and 
the group-average was used to create a mask file. 
all statistical analyses were superimposed on a group-average anatomical brain image.

DaTa anaLySES
data were analyzed using brainVoyager Qx version 2.3, Microsoft excel and statview 
version 5.0. 
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Vas questionnaires data were analyzed using two-factor analysis of variance (anoVa) 
including bonferroni corrections. Vas questionnaires for appetite were analyzed for the 
difference between pre- and post-meal, taking baseline-scores as a covariant into account. 
Tests were two-sided and differences were considered significant at p<0.05.
To analyze the brain activation, separate predictors for food and non-food were created 
to be applied in GLM analyses and to be used in the first-level analyses and subsequent 
second-level analyses. The onset and duration of each trial were defined as the onset and 
duration of the image presentation (16 s), and the trials were convolved with the standard 
canonical two-gamma hemodynamic-response function. additionally, motion correction 
parameters were added as confound predictors. based on this modeling approach, the 
baseline estimation rests on remaining fixation times during each ISI. To investigate the 
conditions separately and to perform group contrasts of comparisons of fasted and satiated 
conditions, dummy coding was applied with the bVa-Predictor Tool software. an overall 
analysis of variances for the factor sex was performed, no effect of sex was observed in 
any reward related brain area. 
regarding analyses for the complete subject group, whole brain responses were analyzed 
in a 2 (stimulus: food, non-food) x 2 (condition: fasted, satiated) x 2 (group: normal weight, 
overweight) random-effects analysis of variance. furthermore, interaction group contrasts 
were used to compare differences in activations from the fasted to the satiated condition 
for the complete subject group in whole brain images.
To compare the subject groups, analyses of variances were conducted for the fasted and 
the satiated condition in whole brain images using the separate beta-maps for each subject 
of the relevant contrasts and adding the bMi-category as the between subject factor. 
Correlation analyses were conducted in the fasted and the satiated state by testing for a 
correlation between the relevant contrasts and the covariate bMi.
The resulting whole-brain statistical f, t and r maps were used to identify the resulting 
significant brain activation at a voxel threshold of p=0.01. Thresholded maps were then 
submitted to a whole-brain correction criterion based on the estimate of the map’s spatial 
smoothness and on an iterative procedure (Monte Carlo simulation) for estimating cluster-
level false-positive rates. after 1,000 iterations, the minimum cluster size threshold that 
yielded a cluster-level false-positive rate (alpha) of 5 % was applied to the each separate 
statistical maps (33, 34). The Talairach Client (http://www.talairach.org) was consulted 
to obtain an anatomical label of each single voxel of each significant cluster (35). Excel 
was used to make an inventory on the quantity of each anatomical label of all the voxels 
within a cluster, in order to make a correct judgment on the anatomical localization of each 
significant cluster. 
when testing our hypotheses we focused on brain areas involved in the processing of 
reward and control, introduced in the introduction (i.e.: the nucleus accumbens, the striatum, 
the ventral tegmental area as well as the anterior cingulate, and prefrontal cortices).
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The Talairach Client (http://www.talairach.org) was consulted to obtain an anatomical label of each single voxel 
of each significant cluster (35). Excel was used to make an inventory on the quantity of each anatomical label 
of all the voxels within a cluster, in order to make a correct judgment on the anatomical localization of each 
significant cluster, here the peak voxel coordinates are given as a reference. Cluster threshold was based on the 

Table 2. summary of the fMri analysis and results

statistical test
Cluster 
threshold

anatomical label resulting clusters estimated ba

stimuli x condition x 

subject group

10 anterior cingulate (bilateral) 24, 25, 32

Putamen r

stimuli x condition 18 Cingulate gyrus (bilateral) 32

Middle frontal gyrus (PfC) r 8

fasted: f>nf 31 superior/middle/medial frontal gyrus  

(PfC) (bilateral)

8, 9,  

10, 46
insula L 13

insula r 13

Cingulate gyrus (bilateral) 31

Thalamus (bilateral)

fasted: stimuli x 
subject group

10 anterior cingulate (aaC) L 32

fasted: correlation 
f>nf with bMi

8 anterior cingulated (aaC) L 32

satiated: f>nf 17 insula L 13

insula r 13

anterior cingulate (aaC) (bilateral) 24, 31

satiated: stimuli x 

subject group

11 anterior cingulated (aaC) (bilateral) 32

superior frontal gyrus (PfC) (bilateral) 8, 9

satiated: correlation 

f>nf with bMi

8 superior frontal gyrus (PfC) (bilateral) 6, 9
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estimate of the map’s spatial smoothness and on an iterative procedure (Monte Carlo simulation) for estimating 
cluster-level false-positive rates. after 1,000 iterations, the minimum cluster size threshold that yielded a cluster-
level false-positive rate (alpha) of 5% was applied to the each separate statistical maps (33, 34). n per group = 
20. abbreviations: aaC, anterior cingulate cortex; ba, brodmann area; f>nf, food – non-food contrast; L, left 
hemisphere; PfC, prefrontal cortex; r, right hemisphere.

number of 
voxels

statistical value P-value
Peak voxel coordinates in 
Talaraich space

x y z

748 f(1,38)=9.12 0.0054 2 10 -9

422 f(1,38)=9.27 0.0052 29 -8 9

673 t(39)=3.15 0.0043 -1 13 42

584 t(39)=3.00 0.0054 29 43 45

29069 t(39)=3.17 0.0043 2 13 45

1086 t(39)=2.95 0.0059 -13 7 -9

1558 t(39)=3.12 0.0044 35 7 -6

11371 t(39)=3.21 0.0041 -1 -44 33

940 t(39)=2.96 0.0058 2 -17 6

1291 f(1,38)=9.71 0.0047 -13 19 -12

457 r(38)=0.47 0.0038 -13 16 -12

1032 t(39)=3.21 0.0040 41 7 -6

795 t(39)=3.04 0.0051 -40 4 -6

t(39)=3.15 0.0042 -1 31 21

420 f(1,38)=9.18 0.0053 -7 37 -9

1146 f(1,38)=8.86 0.0058 -16 52 33

958 r(38)=-0.45 0.0042 -13 25 57

INCREAsED sENsITIvITy AND DECREAsED INHIbITORy CONTROL 



116

116

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 (Figure 2). eating the subject-
specific breakfast lead to significantly decreased hunger, thirst and desire to eat, and to 
increased satiety and fullness for the remainder of the session (Figure 2, p<0.0001). The 
change in VAS scores from the fasted to the satiated state was not significantly different 
between the subject groups for any of the appetite factors.
subjects were able to discriminate between food and non-food pictures as they judged 
the food pictures to be significantly tastier compared to the non-food pictures (p<0.0001).
fMri results are summarized in Table 2. Significant differences in activated areas 
indicate a consistently higher activation in response to food compared to non-food cues; 
activation in response to non-food cues was never higher compared to food cues. an 
overall stimuli (food, non-food) x condition (fasted, satiated) x subject group (normal 
weight, overweight) effect was observed in the anterior cingulate cortex (aaC) (p<0.006, 
f(1,38)=9.12) and the right putamen (p<0.006, f(1,38)=9.27), implying a larger change in 
specific food-reward related brain signaling from the fasted to the satiated condition in the 
overweight compared to  the normal weight, as will be further detailed below. Comparing 
the fasted with the satiated state, participants showed a decrease in food-reward related 
brain signaling from the fasted to the satiated state in the cingulate (p<0.005, t(39)=3.15) 
and the right prefrontal cortex (PfC) (p<0.006, t(39)=3.00). 
In the fasted state the whole group of participants showed a specific food-reward 
related brain signaling in response to the food>non-food contrast in the PfC (p<0.004, 
t(39)=3.17), left (p<0.009, t(39)=2.95) and right insula (p<0.005, t(39)=3.12), cingulate cortex 
(p<0.004, t(39)=3.21) and thalamus (p<0.006, t(39)=2.96). only in the aCC this signaling 
was more pronounced in the overweight vs. the normal weight subjects (p<0.005, 
f(1,38)=9.71) (Figure 3a). furthermore, the food>non-food contrast activation in the aCC 
was positively associated with bMi (p<0.004, r(38)=0.47±0.002).
In the satiated state the complete subject group’s specific food-reward related brain 
signaling in reaction to the food>non-food contrast was limited to the left (p<0.005, 
t(39)=3.21) and right insula (p<0.006, t(39)=3.04) and aCC (p<0.005, t(39)=3.15). when 
satiated, signaling in the aCC was less pronounced in the overweight vs. the normal 
weight subjects (p<0.006, f(1,38)=9.18) (Figure 3a). at the same time, in the satiated 
state a less pronounced food-reward related brain signaling in the overweight vs. normal 
weight subjects was observed in the PfC (p<0.006, f(1,38)=8.86) (Figure 3B), suggesting 
a lower inhibitory control. in the satiated condition, the food>non-food contrast was 
negatively associated with bMi in the left PfC (p<0.005, r(38)=-0.45±0.002).
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DISCuSSIOn 

The current study assessed differences between overweight and normal weight subjects 
in food-reward related brain signaling between food and non-food-stimuli comparing a 
fasted and a satiated state, while controlling for subject specific energy requirement. 
we hypothesized that overweight vs. normal weight subjects show a more pronounced 
food-reward related brain signaling in the fasted state, which may remain elevated 
compared to the normal weight, despite a decreased salience from the fasted to the 
satiated condition. 
our results show that overweight vs. normal weight subjects showed more pronounced 
food-reward anticipating related brain signaling in the fasted state in the aCC. This is 
in line with previous research (1, 36, 37). Führer et al. previously observed a significant 
interaction in activation pattern between the states of hunger and satiety and stimulation 
with food and non-food images in the left aCC, the superior occipital sulcus and in the 
vicinity of the right amygdala (1).
The second part of our hypothesis, comparing the fasted and the satiated state, was 
only partly confirmed; we observed a decrease in food-reward related brain signaling 
from the fasted to the satiated state in the cingulate and the right PfC, which was also 
observed in previous research (3). However, the results did not confirm our hypothesis 
regarding the difference between normal weight and overweight subjects in the satiated 
state. In fact, the exact opposite was found: when sufficiently satiated, food-reward 
related brain signaling was less pronounced in the overweight compared to the normal 
weight subjects in the aCC and the PfC. This suggests that the higher focus on food 
in the overweight, which has been reported in the literature (3, 11, 23), may fade in a 
sufficiently satiated state achieved by providing a meal according to subject-specific 
energy requirements. Born et al. previously identified the cingulated cortex as a brain 
area specific for ‘wanting’ signaling (19). We observed that a post-prandial decreased 
food-reward related signaling in the cingulate cortex in the overweight vs. normal weight 
can be attributed to the provision of a meal meeting subject-specific energy requirements. 
in addition to “wanting”, the incentive salience concept by berridge et al. introduces the 
component of “liking” (25, 38-41). We did not find any differences between normal weight 
and overweight subjects in brain signaling in the insula, the area associated with ‘liking’ 
(19). we can thus speculate that liking for food does not change between a fasted and 
satiated state comparing overweight and weight subjects. This is in line with several 
studies reporting that individuals rate liking at a constant level across several food items, 
irrespective of weight status or satiety state (20, 42-46).
however, our results show that post-prandial brain signaling in the PfC was lower in the 
overweight compared to the normal weight, which we speculate may imply less inhibitory 
control in the overweight when satiated. The prefrontal cortex forms an important part of 
the circuitry in which associations between visual cues and the actions or choices they 

INCREAsED sENsITIvITy AND DECREAsED INHIbITORy CONTROL 



118

118

specify are formed and it plays a central role in the inhibition of inappropriate behaviors 
(47-49). a previous PeT study by Tataranni et al. in lean subjects, which used a subject 
specific design similar to ours, already showed that satiation was associated with an 
increased activity in the PfC (28). other PeT studies in lean and obese subjects further 
indicated that the PfC may play an important role in the central regulation of eating 
behavior by sending inhibitory inputs (28, 36, 47-52). These studies showed that satiation 
was associated with an increased activity in the PfC. however, when comparing obese 
with lean people studies show conflicting results (28, 48-51). Gautier et al. reported 
a larger increase in PfC activity from the fasted to the satiated state in the obese vs. 
lean men and women (50, 51), while Le et al. showed the exact opposite (49). The 
most recent study in line with our results shows an association between obesity and a 
satiation-related reduction in PfC activity (53). in an earlier study, Le et al. reported the 
same increase in PfC activity caused by satiety in post-obese women compared to lean 
women. In obese women this increase was significantly lower compared to both lean 
and post-obese women (48). The lack of differences in PfC signaling between lean and 
post-obese research participants may be due to functional differences in the PfC as a 
consequence of obesity and are reversible, thus flexible. Since research showed that the 
decreased inhibitory control, observed as a decreased PfC signaling in the obese, could 
be reversible, neurofeedback methodology to increase activity in the prefrontal cortex 
may be a target for prevention in the future. among the studies using fMri, the group 
of stice et al. among others showed that in a hungry state bMi is negatively associated 
with activation in the PfC when subjects are required to inhibit responses to appetizing 
foods (13, 23). a similar inverse relationship between bMi and PfC activation was found 
in the current study in the satiated state.
we did not observe an effect of sex in any of the reward related brain areas, although 
previous neuroimaging studies have reported significant gender differences in brain 
activation during the physiological conditions of hunger and satiety in response to flavor 
(54, 55), food pictures (37, 56) and in response to pure tastes (57). strong points of our 
study are the simultaneous investigation of obese and lean participants in a fasted and 
satiated state. Moreover, the use of well matched food and non-food cues and providing 
meals meeting identical subject-specific energy requirements. Limitations of the present 
study are that subjects did not perform a task during scanning. Therefore, we are not 
absolutely sure that attention to the stimuli was paid throughout the entire experiment. 
furthermore, the repetition of the measurement on the same day is a limitation. in 
future studies, adding a task during the inter-stimulus interval and counterbalancing the 
conditions on different test days would eliminate these limitations. 
in conclusion, food reward related signaling was higher in the overweight in the satiated 
state. When sufficiently satiated, food reward related signaling is lower in the overweight 
compared to the normal-weight, but inhibitory control is decreased, facilitating overeating, 
which may result in eating in the absence of hunger. 
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The research presented in this thesis focused on the identification of risks for dysregulated 
appetite. Texture, mode of consumption, stress, food reward and decreased inhibition 
were related to differences in appetite profile, physiological parameters, liking and 
orosensory perception of food and weight-status. a selection of risks for dysregulated 
appetite was made; other risks such as sleep deprivation, distraction during the meal, 
unbalanced macronutrient-intakes etc. are beyond the scope of this thesis. The identified 
risks for dysregulated appetite may influence meal termination, leading to overeating and 
eating in the absence of hunger, thereby increasing the risk for overweight and obesity. 
Potential mechanisms by which each of these risks can influence meal termination and 
lead to overeating are discussed below. From risk identification, possible strategies to 
avoid overeating and eating in the absence of hunger are derived. finally, the overall 
conclusions and recommendations for future research are provided.

TExTuRE anD MODE OF COnSuMPTIOn

Previous literature delivers inconclusive results regarding the effect of texture on satiation and 
satiety. Most studies, excluding those investigating soup, show that energy-yielding liquids 
elicit less satiation and cause less satiety compared to their solid counterparts (1-8). Thus, 
the lower satiating value of energy containing liquids may cause overeating through a delayed 
meal termination as well as a weaker compensatory dietary response throughout the day. 
However, our research showed that this effect of texture on appetite profile appears to be 
macronutrient specific, with a larger effect of protein. Solid protein caused more satiation 
and more satiety compared to liquefied protein, indicating that liquefied protein could cause 
a delayed meal termination. This observation is supported by previous studies that show a 
higher postprandial hunger and desire to eat and a weaker compensatory dietary response 
after a liquid high-protein meal compared to a more viscous or solid high-protein meal (9-11). 
some of these studies substantiated this observation by lower plasma total ghrelin, glucose 
and insulin concentrations, but not by differences in leptin, CCK or GLP-1 concentration (9, 11). 
regarding the hormonal responses, haber et al. found similar increases in plasma-glucose 
and insulin concentrations, independent of the liquid or solid state, for high-carbohydrate meals 
that were comparable to those served in our study (4). In addition, we showed a significant 
relationship between desire to eat and ghrelin concentrations and between fullness and insulin 
concentrations (≈35 %) in our carbohydrate conditions. Also, previous studies indicate a role of 
these peptides in the effect of food texture on appetite profile (4, 9, 11). 
Taken together, the risk for dysregulated appetite by the consumption of energy containing 
liquids has been identified and substantiated for protein. Although desire to eat and ghrelin 
concentrations changed synchronously with fullness and insulin ratings in the carbohydrate 
condition, the effects for dysregulated appetite by the consumption of liquid carbohydrate and 
fat remain to be investigated.
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In addition to the effect of texture on appetite profiles, the difference in mode of 
consumption appears to play a role. The notion that eating a liquid meal, or liquefied 
in texture can have a relatively high satiating value was already underlined by studies 
showing that soups have a higher satiety value than beverages; despite their fluid form 
(1, 12-16). in our study, an effect of texture on desire to eat and fullness was observed 
only when mode of consumption differed, but not when only the texture was different. 
furthermore, the majority of the subjects wanted to consume more of the same meal 
when the liquefied meal was drunk from a glass, in order to alleviate hunger. Fullness 
was rated lowest and thirst and desire to eat were rated highest when the complete meal 
had to be drunk. The lower fullness indicates that drinking a meal could cause a delayed 
meal termination. drinking a liquid meal was not perceived as thirst quenching and thirst 
was quenched most by water served separately with the meal. we concluded that food 
consumption alleviates hunger mainly through eating while thirst is mainly quenched 
by drinking water separately from the meal. drinking a meal is a risk for dysregulated 
appetite because the lower fullness implicates a delayed meal termination. These results 
indicate that the distinctions between perception of hunger and thirst and eating and 
drinking are blurred when modes of consumption do not correspond. Therefore, the 
highest risk for dysregulated appetite appears to lie in drinking a high-calorie liquid meal. 

The above-described risks for dysregulated appetite may be applied usefully as follows.
for the application of protein-diets for body-weight management, eating a solid protein 
appears to be more satiating than drinking a liquid protein. however, given the well-
known compliance issues regarding high protein-diets, drinking liquid proteins may still 
prove useful.
Similarly, the lower satiating value of drinking a meal could be used profitably in illnesses 
such as cancer cachexia and anorexia nervosa or for sport drinks, where primarily 
energy is required without any added satiating value. in the case of anorexia nervosa 
evidence supporting this view is found in studies showing a more successful weight gain 
and decreased risk to develop a phobia of gaining weight in patients treated with a liquid 
formula diet compared to those treated with regular meals, positive reinforcement or 
activity restriction (17, 18).

STRESS

stress has been shown to be a risk factor for dysregulated appetite, since it is associated 
with eating in the absence of hunger (19, 20) through effects on the reward system and 
the hPa axis. 
assessing the role of body weight and stress on liking and orosensory perception of food 
showed that both were reduced in overweight people and that liking is reduced during 
stress. Previously, we showed that decreased activation in brain areas associated with 
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food reward during stress was associated with increased energy intake in the absence 
of hunger (21). furthermore, higher wanting for snacks in the absence of hunger during 
stress results in higher energy intake in viscerally overweight subjects (22). decreased 
liking combined with a decreased reward signaling in the brain (21) and an increased 
wanting in the absence of hunger (22) places overweight subjects in an especially 
vulnerable position for a delayed meal termination and eating in the absence of hunger 
during stress. Those results emphasize the role of stress as a risk factor for dysregulated 
appetite. 

it remains to be shown whether it is possible to discontinue the vicious cycle of stress 
leading to increased hPa-axis functioning and eating comfort foods, which in turn leads 
to further increases in hPa-output and in emotional stress due to increased weight 
status. To shed light on this question, we wanted to further elucidate the effect of single 
macronutrients on meal-induced cortisol secretion. we observed that particularly the 
consumption of carbohydrates prohibited a decrease in cortisol concentrations after the 
normally observed morning peak. Protein as well as fat caused a significant decrease 
in cortisol concentrations when compared to carbohydrate, but showed no difference 
from the control condition of water. Previous research was unsuccessful in finding a 
macronutrient composition that is able to positively affect the cortisol response (23). 
based on our results we therefore conclude that carbohydrate intake should be avoided 
during stress. However, practically this seems like a difficult task since research shows 
an increased consumption of carbohydrate-rich so-called “comfort foods”, particularly 
high in sugar, but also fat during stress (20, 24-30). one possible solution to avoid eating 
in the absence of hunger during stress could be eating what you like during a meal while 
being hungry, despite an overall decreased liking of food items during stress (31).

FOOD REwaRD anD InHIBITIOn

it has been shown that the experience of food-reward is different for overweight individuals 
compared to normal-weight individuals. while everybody anticipates a certain degree of 
food-reward before the meal, this appears to be significantly stronger in the overweight, 
as indicated by the following observations.
overweight humans display a hyper-responsivity of brain areas involved in reward 
related signaling in response to food cues (sight, smell and taste) as well as in response 
to the anticipated receipt of palatable foods (32-37). when food is actually consumed, 
overweight humans appear to show reduced reward circuitry activation, i.e. in the dorsal 
striatum (34, 36, 38). These findings were underlined by the finding of reduced D2 
receptor availability in overweight individuals vs. healthy controls (32, 34, 36, 39-41). 
furthermore, differences in brain signaling related to meal termination were shown. for 
deciding to terminate a meal, inhibitory control signaling in the brain is necessary. it has 
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been observed that obese individuals show altered activation in brain areas involved in 
this inhibitory control (42-46). obese individuals were shown to have lower regional brain 
volumes of white and gray matter in these brain areas implicated in inhibitory control, 
such as the prefrontal cortex (PfC) (47, 48). furthermore, these lower regional brain 
volumes appeared to be related to future weight gain (47, 48). 
The functional magnetic resonance imaging (fMri) study presented in this thesis added 
further insights to these observations by assessing differences between overweight 
and normal weight subjects in food-reward related brain signaling comparing a fasted 
and a satiated state in response to visual food and non-food cues. first, we observed 
stronger brain signaling before the meal, related to anticipated food-reward. This was 
more pronounced in overweight compared to lean participants. furthermore, our study 
showed that the hyper-responsivity of reward-related brain areas in response to food 
cues faded away in overweight subjects when they were sufficiently satiated. The latter 
was reached by controlling for subject specific energy requirements, in other words, by 
providing them with individually sufficient food to feel satiated. 
with respect to meal termination, we observed less post-prandial brain signaling in the 
PfC in the overweight compared to the normal weight subjects as well as an inverse 
relationship between PfC signaling and bMi in the satiated state. These results imply 
less inhibitory control in the overweight when satiated. This could easily lead to a delayed 
decision to terminate the meal and thus eating in the absence of hunger. stice et al., 
also found a negative correlation between PfC activation and bMi when subjects were 
required to actively inhibit responses to appetizing foods (42), concluding that obese 
or overweight individuals show less inhibitory control related to food reward. in our 
study, we emphasize that this decreased inhibitory control is especially relevant in the 
satiated state. Altered PFC signaling in obesity is also confirmed by positron emission 
tomography studies. despite contradicting results, these studies generally conclude that 
satiation elicits different PfC responses in obese and lean individuals leading to less 
inhibitory control. Gautier et al. find a higher increase in regional cerebral blood flow 
in the PfC from the fasted to the satiated state in obese compared to lean individuals, 
while Le DS et al. find a higher decrease in response to a fixed meal as well as a 
meal controlled for subject specific energy requirement (43-46, 49). However, two more 
recent studies are in line with our results showing an association between obesity and a 
satiation-related reduction in PfC activity (45, 49). Those studies use a more stringent 
and robust multiple-level, random-effects statistical approach or a hypothesis-driven 
region-of-interest-based approach in stead of a fixed-effect analysis (45, 49).
Taken together, regarding dysregulated appetite, overweight humans appear particularly 
vulnerable to overeating due to increased sensitivity to food cues in a hungry state, and 
because of decreased inhibitory control in a satiated state. 
dietary restraint may affect this kind of dysregulated appetite. in a previous study a 
relation between dietary restraint and reward signaling in the nucleus accumbens 
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was shown (50). born et al. found that dietary restrained subjects may emphasize the 
anticipated rewarding value of food before the meal in a hungry state, while they show 
decreased reward-related signaling in the satiated state, supporting termination of the 
meal (50). This mirrors the observation in our study that reward sensitivity disappears 
when fully satiated. Learned anticipated food-reward and disappearance of food-
reward when satiated may be anchored in the reward-related brain signaling areas. 
Restrained eating has been defined according to the three factor eating questionnaire 
(TfeQ), consisting of cognitive dietary restraint, disinhibition and feelings of hunger (51-
53). when subjects act strongly in a cognitive dietary restrained way, this needs to be 
supported by a low risk for disinhibition, and for hunger. when disinhibition overrules 
cognitive restraint, this causes overeating or eating in the absence of hunger (54-57). 
Therefore, a high behavioral disinhibition may relate to low brain signaling for inhibitory 
control, as observed in the PfC in our study. a previous study by Le et al. indicates 
that the lower inhibitory control signaling observed in obesity could be reversible (46). 
They showed that post-obese women had the same increase in PfC activity caused 
by satiety as do lean women, while in obese women this increase was confirmed to 
be significantly lower compared to both lean and post-obese women (46). Therefore, 
cognitive training, perhaps via a neurofeedback methodology, may be a way to decrease 
behavioral disinhibition or increase inhibitory control signaling in the PfC, which may 
reduce overeating and thereby could introduce a new weight loss strategy. 

COnCLuSIOnS

The research described in this thesis identified texture, mode of consumption, stress 
and high sensitivity to food reward when hungry, as well as low inhibitory control when 
satiated as risk factors for dysregulated appetite. 
regarding the texture effect on appetite, our research shows that this effect is 
specifically related to protein, with solid protein causing more satiation and leading to 
more satiety compared to liquefied protein. This indicates that liquefied protein could 
cause a delayed meal termination. with regard to mode of consumption, we conclude 
that food consumption alleviates hunger mainly by eating while thirst is mainly quenched 
by drinking water separately from the meal. The lower fullness indicates that drinking a 
meal could cause a delayed meal termination.
furthermore, we showed that stress causes a decreased orosensory perception and a 
decreased liking of food; also liking of food is influenced by weight status. Therefore, 
the decreased liking during stress is especially emphasized in overweight subjects. 
Moreover, our research showed that particularly carbohydrate may affect hPa activity 
under conditions of stress. Previous research implies that overweight subjects are 
especially vulnerable for a delayed meal termination and eating in the absence of hunger 
during stress.
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The fMri research presented in this thesis shows that overweight humans are 
particularly vulnerable to overeating because of an increased sensitivity to food cues in 
a hungry state and a decreased inhibitory control in a satiated stated, which delays meal 
termination. The decreased inhibitory control in the satiated state is observed as a lower 
signaling in the PfC, which can be interpreted as a neurofunctional correlate of poor 
inhibitory control, a trait that is associated with overeating and weight gain. we speculate 
that the reversibility of this altered signaling in the PfC cortex observed in obesity could 
in the future be used in the treatment of obesity through cognitive training combined with 
a neurofeedback methodology.
Taken together, texture, mode of consumption and stress are risk factors of dysregulated 
appetite by causing a delayed meal termination. The decreased inhibitory control 
signaling in the satiated state in the overweight supports a delayed meal termination.
These conclusions show peripheral as well as central risks of dysregulated appetite. 
behavioral and physiological factors may affect both; the homeostatic or non-homeostatic 
(reward-related) brain mechanisms via the gut-brain axis. a change in gut peptides may 
change the anticipated food-reward signaling or possibly the inhibitory control signaling 
in the brain. Therefore, the gut-brain axis is an important target for future research.

FuTuRE PERSPECTIvES

unraveling the pathways that contribute to individual differences in risks of dysregulated 
appetite and subsequent weight gain is warranted for the successful treatment and 
prevention of obesity. as summarized in this thesis, fMri studies are delivering insights 
into weight-status related difference in food-reward signaling and inhibitory control 
signaling in the brain, which may contribute to individual differences in eating behavior. 
however, food intake is not only determined by the brain, but also by peripheral factors 
such as the gut-peptides. The interaction between peripheral hormones and neural 
circuits is referred to as the gut-brain axis. future research into the interaction of gut 
and brain in the regulation of food intake is necessary. Combining our fMri set-up with 
a stepwise design of different surgical as well as behavioral weight loss strategies may 
contribute to finding the optimal balance between gut and brain activity for weight loss 
and weight maintenance. Dieting has been proven very difficult to adhere to because 
energy restriction–induced biological adaptations evoke strong feelings of hunger and 
craving for food (58, 59). surgical interventions have proven more successful regarding 
long-term weight loss and metabolic improvements. Post surgical benefits include 
changes in gastrointestinal hormone release and changes in brain activity, however the 
interactions between both remain unclear. 
an interesting addition to the current research could be the role of endocannabinoids in 
palatable food intake. increased endocanabinoid levels together with increased ghrelin 
levels are implicated in non-homeostatic eating and could therefore form a connection 
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between the gut and the brain that is especially active during eating in the absence of 
hunger (60).
On a technical level, these fMRI studies would benefit from novel high field fMRI with 
field strengths of 7 Tesla and above. These will offer the opportunity to study networks 
involved in homeostatic and non-homeostatic appetite regulation with a higher resolution 
and therefore in much more detail (61). The higher detail will enable us to study sub-
regions of for example the nucleus accumbens or the hypothalamus, which for certain 
small regions is not possible with 3 Tesla systems. 
future research using other Mri techniques and methods of analyses, such as 
diffusion tensor imaging (dTi) will reveal more details about the connectivity and the 
communication between different brain areas. 
Combining previous research on inhibitory control signaling with new techniques and 
a higher field strength could enable us to use the reversibility of altered PFC signaling 
observed in obesity for the treatment of obesity through cognitive training. There 
is already growing evidence for neurofeedback as a valuable treatment module in 
neuropsychiatric disorders such as attention-deficit hyperactivity disorder, epilepsy, 
autism and anxiety, although results are often preliminary (62). More research is needed 
before neurofeedback methodology may be used as a treatment of obesity, as it is 
shown that behavioral disinhibition is easier learned than inhibition (63). 
overall, identifying altered activity in the gut-brain axis after obesity treatment surgery, 
together with cognitive neurofeedback training may be a promising strategy for obesity 
treatment and needs to be further explored. This strategy would not only address weight 
loss as a target, but also hedonic satisfaction, leading to a higher efficiency and efficacy 
in the treatment of obesity. 
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The etiology of obesity or overweight can be assigned to a disturbance in energy 
balance. The cause of this disturbance is diverse and complex and has been attributed to 
numerous factors, including physiological, environmental, behavioral, neuro-endocrine 
and genetic factors. This thesis deals with the role of risks of dysregulated appetite in 
the current obesity and overweight epidemic, especially focusing on the role of texture, 
stress, food reward and inhibition in meal termination.
regarding texture, previous literature is inconclusive with regard to the satiating value 
of solid and liquid meals. with regard to this texture effect, the research in this thesis 
focused on single macronutrient meals (Chapter 2 and 3). results indicate that the 
effect of texture on appetite profile is macronutrient specific, with solid protein causing 
more satiation and leading to more satiety compared to liquefied protein. With regard 
to carbohydrate, results show that liquefied and solid carbohydrate meals do not 
differ in satiating capacity. A significant relationship between desire to eat and ghrelin 
concentrations and between fullness and insulin concentrations was shown in the 
carbohydrate conditions.
in addition, difference in mode of consumption appears to play a role in the effect of 
texture on appetite. The same texture can be delivered to the oral cavity by drinking 
or eating, depending on the delivery by a particular utensil. in previous studies, it is 
impossible to disentangle the effects of food texture and those of mode of consumption 
of foods on differences in satiating value between liquids and solids. Thus, the studies 
in this thesis assessed the effects of structure, mode of consumption of food, and 
additional drinking of water on fullness and thirst (Chapter 4). results show that mode 
of consumption plays a role in alleviating hunger and thirst. hunger was best relieved 
by consuming calories through eating and not through drinking, while thirst was best 
quenched by drinking water separate from the meal.
Previous literature indicates a vicious cycle in which stress leads to eating in the absence 
of hunger, with a preference for foods high in fat and sugar, which in turn increases hPa-
axis activity. in this context, the research described in this thesis investigated the effects 
of single macronutrients on plasma cortisol concentrations and the effect of stress on 
liking and on the orosensory perception of food (Chapter 5 and 6). results show that 
protein as well as fat caused a significant decrease in cortisol concentrations when 
compared to carbohydrate, but showed no difference from the control condition of water, 
while the consumption of carbohydrates prohibited a decrease in cortisol concentrations 
after the normally observed morning peak. furthermore, stress causes a decreased 
orosensory perception and a decreased liking of food; also liking of food is influenced by 
weight status. Therefore, the decreased liking during stress is especially emphasized in 
overweight subjects. 
disruption of the interaction between energy and reward regulation might promote 
overeating and contribute to obesity. Previous studies indicate a disruption of this 
interaction in overweight or obese individuals. overweight humans display a hyper-
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responsivity of brain areas involved in reward related signaling in response to food 
cues and to the anticipated receipt of palatable foods. overweight humans appear to 
show reduced reward circuitry activation when food is actually consumed. furthermore, 
obese individuals show altered activation in brain areas involved in inhibitory control. 
The flexibility of food-reward related brain signaling was investigated in normal weight 
and overweight subjects, using functional magnetic resonance imaging (fMri) (Chapter 
7). results show a stronger brain signaling before the meal, which is more pronounced 
in overweight compared to lean participants. This hyper-responsivity of reward-related 
brain areas in response to food cues is related to not reaching energy balance; 
overweight subjects no longer display hyper-responsivity when sufficiently satiated 
or simply by having been given enough to eat, regarding their energy-balance level. 
Sufficient satiation is achieved by controlling for subject specific energy requirements. 
furthermore, results show less post-prandial brain signaling in the prefrontal cortex 
(PfC) in the overweight compared to the normal weight subjects as well as an inverse 
relationship between PfC signaling and bMi in the satiated state, implying less inhibitory 
control in the overweight when satiated. 

in conclusion, from studies described in this thesis it appears that the texture effect on 
appetite is specifically related to protein, with solid protein causing more satiation and 
leading to more satiety compared to liquefied protein. Moreover, mode of consumption 
plays a role in alleviating hunger and thirst. food consumption alleviates hunger mainly 
by eating while thirst is mainly quenched by drinking water separately from the meal.
stress causes a decreased liking of food, which is especially emphasized in overweight 
subjects. No single macronutrient was found to favorably influence the cortisol response. 
however, particularly carbohydrate may affect hPa activity unfavorably, by relatively 
increasing it under conditions of stress. 
The fMri research presented in this thesis shows that overweight humans are particularly 
vulnerable to overeating because of an increased sensitivity to food cues in a hungry 
state and a decreased inhibitory control, in a satiated stated. 
Taken together, texture, mode of consumption and stress are risk factors of dysregulated 
appetite by causing a delayed meal termination. The decreased inhibitory control 
signaling in the satiated state in the overweight supports a delayed meal termination.
In the future, the flexibility of altered PFC signaling observed in obesity could be used 
for the treatment of obesity through cognitive training combined with a neurofeedback 
methodology. furthermore, future research into the interaction of gut and brain in the 
regulation of food intake is necessary.
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het ontstaan van overgewicht en zwaarlijvigheid is te wijten aan een verstoring 
van de energiebalans. de oorzaak van een verstoorde energiebalans is divers en 
complex en wordt toegeschreven aan verschillende factoren; fysiologische factoren, 
omgevingsfactoren, neuro-endocriene factoren, genetische aanleg en gedrag. dit 
proefschrift behandelt de rol van risico’s op ontregelde eetlust in de huidige epidemie 
van overgewicht en zwaarlijvigheid, met een specifieke focus op de rol van textuur,  
stress, belonende waarde van voeding en inhibitie bij maaltijd beëindiging. 
Tot nu toe gepubliceerde literatuur met betrekking tot textuur is verdeeld over de 
verzadigende waarde van vaste en vloeibare maaltijden. het onderzoek in dit proefschrift 
betreffende dit textuur effect legt zich hoofdzakelijk toe op maaltijden bestaande uit één 
macronutriënt (Hoofdstukken 2 en 3). de resultaten van dit onderzoek tonen aan dat het 
effect van textuur op eetlust macronutriënt specifiek is; een vaste eiwitmaaltijd zorgt voor 
meer verzadiging dan een vergelijkbare vloeibare eiwitmaaltijd. de koolhydraatmaaltijden 
vertoonden geen verschil in verzadigende waarde maar gaven een significante relatie te 
zien tussen de wens om te eten en ghreline concentraties en tussen een vol gevoel en 
insuline concentratie na de maaltijd.
bovendien speelt de manier van consumptie een rol in het effect van textuur op eetlust. 
eenzelfde textuur kan naar de mondholte gebracht worden door deze te drinken of te 
eten, afhankelijk van gebruik van een glas of bestek. in vorige studies die verschillen 
in de verzadigende waarde van vaste en vloeibare structuren onderzochten is het 
onmogelijk om de effecten van textuur en van de manier van consumptie van elkaar te 
onderscheiden. daarom richt het onderzoek in dit proefschrift zich op de effecten van 
structuur, manier van consumptie en op het aanvullend drinken van water op een vol 
gevoel en op dorst (Hoofdstuk 4). de huidige resultaten laten zien dat de manier van 
consumeren een rol speelt in het verminderen van honger en dorst. honger werd meer 
gestild wanneer het voedsel werd geconsumeerd door het te eten en minder door het 
te drinken, terwijl dorst meer werd gelest door water apart bij de maaltijd te drinken, dan 
door water in het voedsel te verwerken. 
Voorafgaand onderzoek wijst op een vicieuze cirkel waarbij stress leidt tot eten zonder 
dat iemand honger heeft, met een verhoogde voorkeur voor vet en suiker, die opnieuw 
zorgt voor een verhoogde activiteit van de hypothalamus-hypofyse-bijnier-as (hPa-as). 
Met deze vicieuze cirkel als achtergrond, werden de effecten van elk macronutriënt 
apart op de concentratie van cortisol in het plasma onderzocht; bovendien werd het 
effect van stress op de waardering voor voedsel en op de oro-sensorische waarneming 
ervan onderzocht (Hoofdstukken 5 en 6). dit onderzoek toont aan dat, in vergelijking 
tot koolhydraat, proteïne en vet zorgden voor een significante daling van de cortisol 
concentraties. deze daling was niet verschillend van de daling die werd waargenomen 
in de controle conditie water. Koolhydraat verhinderde de daling van de cortisol 
concentraties die normaal waargenomen wordt na de piek in de ochtend. Voorts werd 
geconstateerd dat stress zorgt voor een verminderde waardering voor voedsel en een 
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verminderde oro-sensorische waarneming ervan. de waardering voor het voedsel werd 
ook beïnvloed door de gewichtsstatus; hierdoor wordt de geringere waardering tijdens 
stressvolle omstandigheden vooral geaccentueerd bij overgewichtige proefpersonen.
de verstoring van het samenspel tussen de regulatie van energie-inname en van de 
belonende waarde van voedsel kan ertoe leiden dat mensen teveel gaan eten, hetgeen 
bijdraagt aan de ontwikkeling van obesitas. Mensen met overgewicht vertonen een 
overgevoeligheid van de gebieden in de hersenen die betrokken zijn bij het signaleren 
van de belonende waarde van voeding. dit gebeurt zowel bij blootstelling aan prikkels 
gerelateerd aan voedsel als bij de anticipatie van het ontvangen van smakelijk  voedsel. 
aan de andere kant lijken deze mensen juist een  verminderde activiteit te vertonen 
in deze beloninggerelateerde hersengebieden, wanneer ze het voedsel werkelijk 
consumeren. daarenboven laten mensen met obesitas een gewijzigde activiteit in de 
hersengebieden die betrokken zijn bij de controle over inhibitie van voedselinname 
zien. het onderzoek beschreven in dit proefschrift maakte gebruik van functionele 
magnetische resonantie beeldvorming (fMRI) om de flexibiliteit in de hersensignalering 
van de belonende waarde van voeding in kaart te brengen bij normaal- en overgewichtige 
proefpersonen (Hoofdstuk 7). de resultaten geven een hogere hersensignalering voor 
de maaltijd in hersengebieden gerelateerd aan de belonende waarde van voeding te 
zien; deze was meer uitgesproken bij  overgewichtige proefpersonen in vergelijking tot 
normaalgewichtige proefpersonen. de overgewichtige proefpersonen verloren deze 
overgevoeligheid voor prikkels gerelateerd aan voeding wanneer ze voldoende te eten 
kregen, gebaseerd op persoonsspecifieke energiebehoeftes. Dit wijst erop dat de, in 
andere studies waargenomen overgevoeligheid van de hersengebieden betrokken 
bij de signalering van de belonende waarde van voeding bij overgewichtige mensen 
gerelateerd is aan het niveau van de energie balans. Met andere woorden, men moet 
wel genoeg te eten krijgen om ook de bijbehorende belonende waarde te ervaren. na 
de maaltijd, wanneer de overgewichtige proefpersonen in energiebalans waren gevoed, 
vertonen ze echter een verminderde hersensignalering in de prefrontale cortex (PfC), 
zodanig dat hoe sterker het overgewicht, hoe zwakker deze hersensignalering. deze 
resultaten wijzen op een verminderde controle over de inhibitie van voedselinname bij 
de overgewichtigen wanneer ze verzadigd zijn.

uit de resultaten van de studies beschreven in dit proefschrift wordt geconcludeerd dat 
het effect van textuur op eetlust vooral van toepassing is bij maaltijden hoog in proteïnen; 
vaste proteïne maaltijden zorgen voor een hogere verzadiging dan proteïne maaltijden 
in vloeibare toestand. Verder blijkt de manier van consumptie een rol te spelen bij het 
verminderen van honger en dorst. honger wordt vooral gestild door het eten van voedsel, 
terwijl dorst vooral gelest wordt door water apart bij de maaltijd te drinken. 
de daling die stress veroorzaakt in de waardering voor voedsel komt vooral naar voren 
bij overgewichtige proefpersonen. Geen enkel macronutriënt is op zichzelf in staat om 
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de cortisol reactie gunstig te beïnvloeden, maar vooral koolhydraat kan de activiteit van 
de hPa-as ongunstig beïnvloeden tijdens stressvolle omstandigheden. 
de fMri studie in dit proefschrift toont aan dat vooral overgewichtige mensen teveel 
kunnen gaan eten door een grotere gevoeligheid voor prikkels gerelateerd aan voedsel 
in een gevaste toestand, terwijl het risico op overeten in een gevoede toestand vooral 
gezocht moet worden in een verminderde controle over de inhibitie van voedselinname. 
alles overziend, zijn textuur, manier van consumeren en stress risico factoren voor 
ontregelde eetlust door het veroorzaken van een vertraagde beëindiging van de maaltijd. 
de verminderde signalering in de PfC wanneer er voldoende gegeten is, is gerelateerd 
aan verminderde controle over beëindiging van voedselinname, wat de bevindingen van 
vertraagde beëindiging van de maaltijd ondersteund. 
Mogelijk kan de flexibiliteit van de veranderde signalering in de PFC die waargenomen 
wordt bij obesitas in de toekomst gebruikt worden als een doelwit voor de behandeling 
van obesitas door middel van het gebruik van cognitieve training in combinatie met 
een neuronale terugkoppelingsmethode. daarenboven is toekomstig onderzoek naar 
de rol van de interactie tussen het brein en het maagdarmstelsel in de regulatie van 
voedselinname noodzakelijk. 
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