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The epidemic of obesity gives rise to the design of foods for suppression of appetite. 
Adopting a multidisciplinary approach that combines principles from the sensory 
science of flavours and texture, gastrointestinal physiology and ingredient technology 
could bring engineering of such food products within reach. The ultimate aim is to 
develop good tasting food products that may induce an increased level of satiation, 
preventing consumers from overeating. 
This thesis focuses on the possibility of using sensory triggers, in particular aroma, for 
inducing or increasing satiation. The relative importance of different aroma concepts 
for satiation has been studied, using a novel approach of mass-spectrometry in 
combination with olfactometry. 

A GLOBAL NEED FOR SUSTAINED WEIGHT MANAGEMENT 

The prevalence of overweight and obesity, and associated co-morbidities, is increasing 
significantly. The World Health Organization (WHO) projects that worldwide by 2015, 
approximately 2.3 billion adults will be overweight and more than 700 million will be 
obese. The fundamental cause of obesity and overweight is an energy imbalance between 
energy consumed and energy expended. Global increase in overweight and obesity is 
attributable to a number of factors, including a global shift towards increased energy 
intake. In addition, there is a trend towards decreased physical activity associated with 
increasingly sedentary lifestyles (1). 
Advising individuals to choose healthier diets with less energy, and to increase their 
level of exercise, to prevent energy imbalance, has proven insufficient to deal with 
the epidemic of overweight. The human body exerts a strong defence against under-
nutrition and weight loss, but applies a much weaker resistance to overconsumption 
and weight gain. This means that weight gain by overconsumption may occur 
despite the best efforts to prevent it (2). Therefore, conventional weight management 
(dietary intervention, physical activity, behavioural therapy) often results in short-
term successes only; sustained weight maintenance is difficult to achieve (3). Hence, 
alternative weight reduction strategies are explored. 
Various weight management approaches can be adopted with different modes of action, 
from boosting diet-induced thermogenesis and fat oxidation (4), inhibiting protein 
breakdown (5), and blocking intestinal fat absorption (6), to regulating mood (linked to 
food consumption) (7), suppressing appetite and enhancing satiety (8). 

APPETITE CONTROL

The biological drive to eat can be linked with the satiating power or efficiency of food 
or food ingredients. Food brings about this effect by mediating certain processes that 
can be roughly classified as either sensory, cognitive, post-ingestive or post-absorptive. 
These processes activate physiological and biochemical mechanisms in the body. 
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Collectively these processes have been referred to as the satiety cascade, consisting 
of processes related to satiation (intra-meal satiety) and satiety (inter-meal satiety) (2, 

9). Food-related stimuli can affect all phases of the satiety cascade. In Figure 1.1 this 
‘satiety cascade’ is depicted along with the meal intake cycle. 

Satiation (intra-meal satiety) is associated with fullness and termination of food 
intake during meals. It develops during meal intake and ultimately brings the period of 
eating to an end. Satiation, therefore, reduces hunger and limits the amount of energy 
consumed during a meal (2, 10). Satiety (inter-meal satiety), on the other hand, occurs 
after meal termination. It is the state of satiety that delays the onset of the next meal 
and may reduce food consumption at the next eating occasion (2). Satiation and satiety 
are distinct but interrelated factors that influence both the type and amount of food 
consumed. 
Even before the food touches the mouth, physiological signals are generated by the 
sight and the smell of food. These events constitute the cephalic phase of appetite. 
Cephalic-phase responses are generated throughout the gastrointestinal tract and one 
of their prime functions is to prepare the body for effective food digestion. During and 
immediately after eating, signals from the oral cavity and gastrointestinal tract, which 
are processed towards the brain, exert major control over appetite. Flavour and mouth 
feel qualities of food give rise to hedonic responses via opioidergic and aminergic neural 
pathways (11-12). Food-induced gastrointestinal effects that decrease appetite include 
gastric distension, intestinal nutrient presence, hormone release and post-absorptive 
appearance of food metabolites in the circulation. These peripheral events lead to an 
activation of multiple pathways and networks within the central nervous system. 
Proteins, fats and carbohydrates generate different sets of physiological responses with 

Figure 1.1 Schematic overview of a food intake cycle and satiety cascade with related terminology 
(adapted from 2).
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different effects on the intensity and duration of satiety. Many studies have shown that 
proteins are the macronutrients that provide the most satiation per kilo joule (kJ), 
followed by carbohydrates and fats (13-16). Not only the macronutrient composition of 
food, but also the overall energy density and food texture influence meal size and post-
meal satiety (2). 
Currently marketed food products that are claimed to suppress appetite often 
contain active ingredients, such as the fat emulsion Olibra™ or the Korean pine nut 
oil PinnoThin™, which are aimed at later phases of the satiety cascade, e.g. the post-
ingestive and post-absorptive stage (8, 17). This thesis focuses on the possibility of using 
sensory triggers, particularly aroma, for inducing or increasing satiation. These sensory 
triggers take part in the early phases of the satiety cascade at the interface between 
satiation and satiety, and contribute to the process of meal termination.

UNDERSTANDING OF SENSORY SATIATION

Sensory modalities 

Human perception of food aroma and texture during consumption is a complex 
process, in which taste, mouth feel, vision, olfaction, the trigeminal system and even 
auditory signals contribute to the total appreciation of a food product (18-20). When food 
is eaten, it is subjected to changes in temperature, mechanical deformation and effects 
caused by saliva, such as dilution and enzymatic breakdown of certain food ingredients, 
such as starch (21). Non-volatile compounds that are responsible for the basic tastes 
diffuse into the saliva and subsequently reach the gustatory receptors. Furthermore, 
during oral processing and after swallowing, volatile aroma compounds are released 
from the food matrix and are able to flow to the olfactory epithelium (i.e. retro-nasal 
aroma release), where they interact with olfactory receptors. During food intake, the 
different senses interact in a non-linear way. Cross-modal phenomena, in which aroma 
influences the perception of the taste or texture (and vice versa) of a food product, have 
been described (20, 22-26). Aroma-taste interactions are most prominent for sweetness 
and congruent aromas like strawberry and include both synergistic and antagonistic 
effects (20). Additionally, perceived properties like thickness and creaminess may be 
enhanced by congruent aromas (25). Moreover, perceived aroma intensity is decreased 
with increasing firmness of the food that is consumed (20, 26). 
The orbitofrontal cortex in the human brain is an important site where representations 
of the various sensory properties of food converge. The orbitofrontal cortex is also the 
region where the short-term sensory-specific control of appetite and ingestion are 
regulated (27). Sensory effects, generated by the sensory properties of food, are probably 
among the most important factors leading to satiation and meal termination (28). 
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Relevance of sensory satiation

Sensory satiation refers to the decrease in pleasantness of a food after it is eaten compared 
with the decrease in pleasantness of foods that were tasted but not eaten to satiation. 
Sensory satiation already occurs within 2 minutes after the start of consumption, 
when there has been little opportunity for digestion and absorption (29). The duration of 
sensory satiation is unknown. A number of studies show that drops in liking persist for 
more than one hour after consumption (28). Factors that interrupt continued exposure, 
i.e. distractors introduced during a meal (e.g. watching TV, conversation with friends 
during dining) or variety in food and sensory properties, delay the development of 
sensory satiation (30-32). This implies that, when a food is eaten, introducing another 
food with different sensory properties slows the decline in desire to eat and increases 
the total amount of food consumed. Increasing the variety of sensorily distinct foods 
that are almost identical in composition can increase food and energy intake and alter 
energy balance in the short to medium term (33). 
Sensory satiation depends more on the sensory stimulation accompanying eating and 
less on absorptive events after consuming these foods (28-29, 34-36). However, sensory 
perception is able to influence physiological and metabolic mechanisms underlying 
appetite regulation. 
To a large extent, satiation and satiety are conditioned (learned) responses. Sensory 
signals are mostly unconsciously learned to be associated with the metabolic 
consequences of food products (e.g. 37). This phenomenon is called flavour-nutrient 
learning (cf. 37-39). The term ‘flavour’ refers to the combined perception of aroma, taste 
and mouth feel at the time of food consumption (40). Alterations in flavour preference, 
food intake and presumably satiation can occur following repeated exposure to flavour-
food combinations (37, 41). These effects can also be macronutrient-specific, e.g. protein-
specific hungers, provided that the previous meal was low in that macronutrient (e.g. 42). 
Alternatively, modified sham feeding (MSF) can provoke cephalic and metabolic 
responses due to sensory signals. MSF implies oral exposure to food that is chewed, but 
not eaten (43-44). Physiological responses observed during MSF are increased salivation 
and flow of digestive gastric and pancreatic juices, a rise in plasma ghrelin and insulin 
levels, and a decrease in blood glucose (45-46). Rather than enhancing satiation or 
satiety, cephalic responses appear to reflect and favour appetitive and consummatory 
behaviours; i.e. they prime the body for smooth ingestion (salivation) and effective 
breakdown of food (digestive juices) and safeguard against perturbations of homeostasis 
(by limiting post-prandial hyperglycaemia). However, oro-sensory exposure to lipids or 
glucose is also reported to stimulate the transfer of intestinally present triglycerides 
into the circulation (47-48). Both of these responses could potentially contribute to 
satiation. Moreover, Smeets et al. (49-51) showed that oral stimulation with fat, using a 
MSF technique, induces anticipatory responses to food that affects sensory satiation, 
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satiety, desire to eat, metabolites, and energy expenditure up to 1 hour after the sham 
fed meal. 

AROMA PERCEPTION 

Ortho- vs. retro-nasal olfaction 

Aroma stimuli can reach the olfactory epithelium through two pathways: via the nose, 
during sniffing (referred to as ortho-nasal olfaction), and via the mouth, during food 
consumption (referred to as retro-nasal olfaction) (Figure 1.2) (52).
Ortho-nasal olfaction processes stimuli from the external environment, which travel 
through the anterior nares towards the olfactory mucosa during sniffing. In contrast, 
during oral processing and after swallowing, volatile aroma molecules are released 
from the food matrix and they reach the nasal cavity through the pharynx, stimulating 
receptors in the olfactory cleft. This pathway for aroma perception is defined as retro-
nasal olfaction.

Figure 1.2 A magnetic resonance image (MRI) showing placement of the nasal cannulae at the external 

nares to achieve orthonasal delivery, and at the retro-pharynx, to achieve retro-nasal delivery. Dots 

and arrows depict the idealised distribution and flow direction of odourants delivered orthonasally 

(via the external nares) or retro-nasally (via the retro-pharynx) (Reprinted from 53, with permission from Elsevier). 

Differences in airflow patterns through the two pathways and aroma absorption across 
the mucosa may determine differences in ortho- and retro-nasal aroma perception (52, 54-

55). For example, differences in perceived aroma thresholds (56), cross-modal interactions 
of aroma and texture (20, 25) and neural aroma processing (53), are reported to account 
for perceptual differences in ortho- and retro-nasal olfaction. Ortho-nasal aroma 
thresholds are observed to be significantly lower than retro-nasal aroma thresholds. 
Correspondingly, the concentration of aroma reaching the olfactory cleft through the 
retro-nasal pathway is usually much higher than during ortho-nasal perception of 
aromas due to salivation, warming and mastication during food consumption (56). 
Aroma stimuli have also shown to increase the intensities of perceived thickness 
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and creaminess, but only when the (butter) aroma was presented retro-nasally (25). 
This enhancement is most pronounced when aroma presentation is coincided with 
swallowing, inducing retro-nasal aroma olfaction. 
Differences in texture can also lead to differences in perceived aroma intensity. 
Visschers et al. (20) show that the perceived intensity of aroma decreases with increasing 
firmness of the food that is consumed. The aroma and texture stimuli were presented 
separately, using an olfactometer. However, these cross-modal interactions did not 
depend on ortho- or retro-nasal aroma presentation and perception. In addition, the 
neural processing of aroma is influenced by the pathway for aroma perception. Small 
et al. (53) investigated response patterns to ortho- and retro-nasal olfaction at a central-
nervous level, by using functional magnetic resonance imaging (fMRI). They report that 
aroma perception is greater to a food aroma (chocolate) compared to a non-food aroma 
(lavender). Its processing may be related to differential reward circuits for food, but 
not non-food aromas (57). Ortho-nasal olfaction appears to correlate to the anticipatory 
phase in food reward, whereas retro-nasal olfaction is related to the consummatory 
phase, receipt of a reward. 

Engineering retro-nasal aroma perception 

The ability to administer aroma stimuli to subjects separately from other stimuli 
from the food matrix (associated with other ingredients, textures and tastes) 
enables investigation of the relative importance of aroma stimuli for perception. 
Both atmospheric pressure chemical ionization-mass spectrometry (APcI-MS) and 
olfactometry have proven to be of great importance in measuring as well as mimicking 
aroma release. The release of aromas during food consumption can be measured and 
adjusted, using APcI-MS technology (58-59). On the other hand, tailored olfactometer 
equipment, originally developed for medical purposes, is finding more and more 
applications in aroma research (20, 25, 60). Olfactometry can be applied to deliver specific, 
well-defined aroma profiles consisting of a single aroma component or a mixture of 
multiple aroma components. As described by Visschers et al. (20), delivering food-related 
aroma stimuli to subjects via an olfactometer involves fine-tuning of many parameters, 
such as the initial concentration of the aroma component(s) in a suitable solution, 
volatility and partitioning of the aroma component(s) from the solvent into the air flow, 
air dilution factor of the olfactometer, aroma pulse timing, and aroma pulse length. 
Delivery of aroma stimuli in a manner that reflects aroma release during food intake 
is complex. For retro-nasal aroma delivery, a tube of approximately 9 centimetres in 
length is cut from a sterile silicon suction catheter (52). The tube is placed inside the 
nose, such that the opening is in the epi-pharynx. For aroma stimulation the tube is 
connected to the outlet of the olfactometer. The olfactometer delivers aroma stimuli, 
which are embedded into a constant flow of odourless, humidified air of controlled 
temperature (total flow 8 L/min, 60% relative humidity, 40˚C). 
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It has been demonstrated that the aroma profile that is generated with the olfactometer 
closely resembles the concentration of volatiles in the oro-nasal cavity measured 
in individuals during ingestion of a specific food product (59, 61). The used approach 
is based on data from in vivo studies with real-time measurement of aroma release, 
using APcI-MS. This enables the design of complete aroma release profiles that mimic 
those obtained by in vivo measurement during food consumption (20) (Figure 1.3). The 
combination of mass-spectrometry and olfactometry provides a unique and novel 
approach to investigate the role of aroma for perception. 

Figure 1.3 Illustration of the used approach to deliver specific, well-defined aroma profiles that 

mimic those obtained during food consumption. The release of aromas during food consumption 

is measured, using APcI-MS technology (A). Using a computer-controlled stimulator based on air 

dilution olfactometry, complete aroma release profiles are designed that mimic those obtained by 

applying APcI-MS technology (B). Specific, well-defined aroma profiles are retro-nasally delivered to 

the subject, while combined with the taste and mouth feel sensation of the non-aromatised food 

product in the mouth (C).

AROMA AS CANDIDATE TRIGGER FOR SATIATION

During the consumption of a meal, aroma molecules reach the olfactory epithelium 
retro-nasally. Activation of brain areas by a retro-nasally sensed food odour is associated 
with the perception of food that is consumed and is hypothesised to contribute to 
satiation (53), i.e. sensory-related satiation. The extent of sensory stimulation may 
therefore be related to meal termination (29, 36). 
From previous work, it is known that the physical structure of a food that is consumed 
is important for the extent of retro-nasal aroma release during consumption (62-65). 
This is because the texture of the food has an influence on the breakdown and oral 
processing in the mouth. (Soft) solid foods like cheese have a more complex texture 
and therefore require more extensive chewing and swallowing, resulting in a relative 
long and high retro-nasal aroma release. On the other hand, consumption of liquid 
food results in a relatively short and more spiked, limited retro-nasal aroma release (59, 
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66). These differences may (partly) explain why people become more satiated by a (soft) 
solid food compared to a beverage (67-71). Additionally, subject differences in retro-nasal 
aroma stimulation are of importance for the extent of retro-nasal aroma release during 
consumption (72). These subject differences are factors that are likely not controlled by 
the individual, such as saliva production, nasal anatomy, and oral processing habits (72-76). 
Moreover, the aroma quality (e.g. ingredient-related aroma cues, complexity in aroma 
composition and congruency in aroma and texture) is a more food product related 
property with respect to the extent of retro-nasal aroma stimulation. Furthermore, 
bite size and duration of oral processing have been suggested to be of importance for 
the extent of retro-nasal aroma stimulation, from both the subject and food product 
point of view.

Figure 1.4 Schematic representation of features that are suggested to contribute to the extent of 

retro-nasal aroma stimulation and sensory satiation, from both the subject and food product point 

of view. 

Retro-nasal aroma stimulation is hypothesised to induce sensory satiation and thereby 
to provoke meal termination. Therefore, differences in the extent of retro-nasal aroma 
stimulation during consumption are thought to be responsible for subject or food 
product differences in sensory satiation and food intake. Figure 1.4 gives an overview 
of some of the features that are suggested to contribute to the extent of retro-nasal 
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aroma stimulation and subsequently sensory satiation, from both the subject and food 
product point of view. Tailoring these features may lead to a higher quality and/or 
quantity of retro-nasal aroma stimulation, which in turn may lead to enhanced feelings 
of satiation and ultimately contribute to a decrease in food intake. 

RATIONALE AND CONTENTS OF THIS THESIS

It is hypothesised that differences in the extent of retro-nasal aroma release during 
consumption may be one of the reasons that people vary in their satiation characteristics, 
due to differences in perceived intensity, duration or quality of retro-nasal aroma 
stimulation. Therefore, the effect of retro-nasal aroma release on satiation and food 
intake is studied, from both the subject and food product point of view (Figure 1.4). 
First, the question is addressed whether subjects can be segmented based on their 
extent of retro-nasal aroma release, using real-time APcI-MS, and whether this 
depends on the type of food product they consume. To this end, in vivo retro-nasal 
aroma release is assessed for food products, which varied in texture from (semi-)liquid 
to solid. Ultimately, the aim is to determine whether subject differences in the extent of 
retro-nasal aroma release are linked to subject differences in sensory satiation and food 
intake behaviour (Chapter 2). A higher extent of retro-nasal aroma release may result 
in more sensory stimulation, which in turn may lead to increased feelings of satiation 
and decreased food intake. Obviously, the level of sensory stimulation depends on 
the timed-release of the aromas and thereby differs for different food structures and 
compositions. After all, the physical structure of a food product that is consumed 
is important for the extent of retro-nasal aroma release during consumption. It is 
hypothesised that relative prolonged retro-nasal aroma release, as observed in solid 
foods, is an important factor in generating an enhanced level of satiation compared 
to the level resulting from consuming a (iso-energetic and iso-volumetric) beverage. 
Therefore, it is assessed whether a beverage becomes more satiating when the retro-
nasal aroma release profile coincides with the profile of a (soft) solid food (Chapter 3).
To a large extent, satiation and satiety are conditioned (learned) responses. Sensory 
signals are mostly unconsciously learned to be associated with the metabolic 
consequences of food products. It is investigated whether specific aroma stimuli, which 
subjects do not consciously recognise, are able to cue for satiation. It is hypothesised 
that ingredient-related aroma cues at sensory detection threshold may contribute 
to satiation, because of unconsciously learned responses, or due to unconsciously 
perceiving the aroma cues for the macronutrients (Chapter 4). Moreover, it is assessed 
whether a single exposure to an aroma, complex in composition, may contribute to 
satiation, because of increased sensory stimulation due to concurrent exposure to 
multiple aroma components cueing for similar sensory perception. Assuming that the 
total amount of exposure to a food’s sensory properties determines the total decline 
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in desire to eat, it is hypothesised that increased sensory stimulation from a more 
complex aroma further reduces the desire to eat and enhances satiation (Chapter 5). 
Comparably, increased sensory stimulation from a food product congruent in aroma 
and texture is expected to further reduce desire to eat, because of concurrent sensory 
exposure to multiple sensory modalities cueing for similar sensory perception (i.e. 
creaminess). Using a regimen of a fixed preload followed by an ad libitum meal of the 
creamy custard, the effects of four possible aroma combinations (either congruent or 
incongruent with creamy texture) on the amount of ad libitum food intake are tested 
in a two-by-two full-factorial design. It is hypothesised that satiation and food intake 
are affected by the level of congruency as well as by variation of successive exposure to 
aroma-texture combinations (Chapter 6). 
In addition to product and (uncontrolled) subject features, the effect of bite size and 
duration of oral processing on the extent of retro-nasal aroma release is investigated. 
It is hypothesised that consuming food, either in multiple small bite sizes or with a 
longer duration of oral processing may evoke substantial longer oral processing per 
gram consumed and an increase in transit time in the oral cavity. This is expected to 
result in a higher cumulative retro-nasal aroma stimulation, which in turn may lead to 
increased feelings of satiation and decreased food intake (Chapter 7). 
Chapter 8 discusses the implications of this research and provides suggestions for 
application in food product development. 
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ABSTRACT

It is hypothesised that differences in the extent of retro-nasal aroma release during 
consumption may be 1 of the reasons that people vary in their satiation characteristics. 
Using real-time atmospheric pressure chemical ionization-mass spectrometry (APcI-
MS), in vivo retro-nasal aroma release was determined for 30 subjects consuming 9 
different food products, varying in physical structure (i.e., (semi-)liquid and solid 
food products). Additionally, for a subset of the subjects ad libitum food intake was 
measured. Retro-nasal aroma release intensity and profile morphology appeared to 
be subject specific and relatively independent of the type of food product subjects 
consumed. A subject who was observed as having a relatively high retro-nasal aroma 
release intensity for a (semi-)liquid food product also appeared to have a relatively high 
retro-nasal aroma release intensity for a solid food product. However, for all subjects, 
there were absolute differences between food products in the extent of retro-nasal 
aroma release comparing (semi-)liquid and solid food products. This implies that the 
extent of retro-nasal aroma release is a valid physiological feature that characterises 
any individual. Interestingly, a negative trend was observed between extent of retro-
nasal aroma release and amount of ad libitum food intake (P = 0.07). This may have 
implications for the regulation of food intake.

Key words: APcI-MS; Flavour; Olfactometry; Oral processing; Retro-nasal aroma 
stimulation; Satiation
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INTRODUCTION

Aroma is an important property that contributes to sensory perception of a food 
product (1). It is likely that sensory effects, including aroma stimuli, contribute to a 
large extent to satiation, resulting in meal termination (2-3). During the consumption of 
a meal, aroma molecules reach the olfactory epithelium either orthonasally (perceived 
as originating from the external world) or retro-nasally (perceived as arising from the 
mouth) (4-5). The brain response, that is, neural brain activation, to a retro-nasally sensed 
food odour signals the perception of food and is suggested to be related to satiation 
(6). Retro-nasal aroma stimulation is mainly related to the event of swallowing, when 
a small volume of air is exhaled immediately after swallowing, the so-called ‘swallow 
breath’. It is assumed that this pulse should contain the major part of food volatiles that 
have been released from the food product prior to swallowing, and should therefore 
elicit a retro-nasal aroma pulse (7-8).
From previous work, it is known that the physical structure of a food that is consumed 
is important for the extent of retro-nasal aroma release during consumption (9-12). 
Additionally, subject differences are known to be important for the extent of retro-nasal 
aroma release. These subject differences are factors that are likely to be uncontrolled 
by a person, for example, saliva production, nasal anatomy, and oral processing habits 
(13-17). 
It is hypothesised that differences in the extent of retro-nasal aroma release during 
consumption may be 1 of the reasons that people vary in their satiation characteristics, 
due to differences in perceived intensity or duration of sensory stimulation. 
The aim of the present study was to investigate whether subjects can be segmented 
based on their extent of retro-nasal aroma release using real-time atmospheric 
pressure chemical ionization-mass spectrometry (APcI-MS) and whether this depends 
on the type of food product they consume. Ultimately, based on this segmentation, the 
aim was to determine whether subject differences in the extent of retro-nasal aroma 
release can be linked to subject differences in sensory satiation and perhaps food intake 
behaviour.

SUBJECTS AND METHODS

Subjects

Thirty healthy subjects (13 men and 17 women) aged 18–65 years living in Wageningen 
(The Netherlands) and surroundings were recruited from an existing database for 
consumer studies. Subjects did not have any previous experience with APcI-MS 
measurements. The subjects included normal-weight, overweight, and obese subjects, 
with a body mass index (BMI) varying between 18 and 32 kg m–2. BMI was calculated 
as body weight (kg) divided by height (m) squared. Body weight was measured without 
wearing shoes using a calibrated scale that was accurate to 0.1 kg (Inventum, Veenendaal, 
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The Netherlands). At the same time without wearing shoes, height was measured with 
a wall-mounted stadiometer (Microtoise mabo 4116, Brevete, France).
Subjects’ degrees of dietary restraint were determined using the Dutch translation 
of the 3-Factor Eating Questionnaire (TFEQ) (18). Based on the outcome of the TFEQ, 
these subjects showed no dietary restraint (i.e., scores ≤ 9), no disinhibition (i.e., 
emotional eating) (i.e., scores ≤ 8), and no physiological hunger (i.e., scores ≤ 8). Subject 
characteristics, including TFEQ scores, are summarised in Table 2.1. Subjects were fully 
informed about the course of the APcI-MS measurement. 

Table 2.1 Characteristics of the 30 subjects who participated in this study a

Women (n= 17 ) Men (n= 13)
Normal weight 

(n= 10)
Overweight 

(n= 7)
Normal weight 

(n= 7)
Overweight 

(n= 6)
Age (years) 43 ± 13 49 ± 14 31 ± 8 59 ± 12
BMI (kg m-2) 22 ± 3 28 ± 2 23 ± 2 27 ± 2
TFEQb

Factor 1 (cognitive restraint) 5 ± 2 7 ± 2 4 ± 3 6 ± 2
Factor 2 (disinhibition) 3 ± 1 3 ± 1 4 ± 1 3 ± 1
Factor 3 (hunger) 3 ± 2 4 ± 2 3 ± 2 2 ± 1

a  Mean ± SD. 
b TFEQ: Three-Factor Eating Questionnaire. The value of factors 1, 2 and 3 is in the range of 0 to 18; 0 

to 13, and 0 to 14, respectively. A higher value indicates more restraint, disinhibition or physiological 

hunger. All values are below medians that are usual.

Food products

Subjects consumed 9 different food products, varying in physical structure (i.e., liquid, 
semi-liquid, and solid food products). All food products were commercially available. 
In the category liquid food products, the subjects consumed a strawberry-flavoured 
dairy beverage (Fristi, RiedelDrinks, Friesland Foods, Meppel, The Netherlands). In 
the category semi-liquid food products, the subjects consumed banana-flavoured 
custard (private label Albert Heijn Zaandam, The Netherlands) and raspberry pudding 
(Mona, Campina, Woerden, The Netherlands). In the category solid food products, the 
subjects consumed cheese-flavoured crackers (TUC, LU, General Biscuits Nederland 
B.V., Danone, Breda, The Netherlands), milk, and dark (extra bitter) chocolate (private 
label Albert Heijn Zaandam, The Netherlands), young and aged (Gouda type) cheese 
(private label Albert Heijn Zaandam, The Netherlands), and winegums (candy) (Red 
Band, LEAF Holland B.V., Oosterhout, The Netherlands). 
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Measurement of the extent of retro-nasal aroma release with APcI-MS technology

To detect the aroma compounds with the highest response in retro-nasal aroma release, 
all food products were measured separately. Aroma compounds in the air released from 
the artificial mouth were monitored by on-line sampling by an Atmospheric Pressure 
Chemical Ionization Gas-Phase Analyzer attached to a VG Quattro II mass spectrometer 
(MS-Nose; Micromass UK Ltd., Manchester, United Kingdom) (19-23). Compounds 
were ionized by a 3.0 kV discharge (source and probe temperatures were 80˚C) and 
scanned for m/z 50–250. m/z values (i.e., the ion mass–charge ratio of a specific aroma 
component) with the highest response were selected (Table 2.2). In vivo retro-nasal 
aroma release was assessed in exhaled breath of the 30 subjects for 9 food products in 
triplicate in a fixed volume and size (i.e., mouthful consumption; Table 2.2). 

Table 2.2 Food products consumed in a fixed volume and size with their m/z-value with the highest 

response in APcI-MS measurement

Product Category
Serving per 

measurement
Volume / size 

per serving
Ion mass 

(m/z value)
Young Gouda type cheese Solid 1 piece 2x1x1 cm; 8 g 73 & 89
Aged Gouda type cheese Solid 1 piece 2x1x1 cm; 8 g 73 & 89

Cheese-flavoured cracker Solid 1 piece
two halves 

piled up; 4.5 g
73 & 87

Milk chocolate Solid 1 piece 6.5 g 87
Dark chocolate Solid 1 piece 6.5 g 87
Strawberry-flavoured 
dairy beverage

Liquid 1 sip 17 mL 117 & 131

Banana-flavoured custard Semi-liquid 1 spoon 20 g 131 & 145
Raspberry pudding Semi-liquid 1 spoon 20 g 71 & 131
Winegum candy Solid 1 piece 5 g 83 & 117

Subjects breathed in and out through the nose. One nostril was placed over a small 
disposable plastic tube, allowing them to breathe, drink, and eat normally. Aroma 
compounds in the air released from the breath of subjects were monitored by online 
sampling part of the exhaled air directly into the APcI-MS via the tube. The air was 
sampled (75 mL/min) through a capillary tube (0.53 mm internal diameter, heated 
to 100˚C). The compounds were monitored in selected ion mode (0.08 s dwell on each 
ion), in 2 independent sets. The cone voltage used was 20 V.
Subjects were free to use their own natural eating habits during the experiments 
(without any chewing protocol). Between food products, the mouth was rinsed with 
water. Blank experiments were recorded before the consumption of food products with 
water following the same protocol. 
Acetone, present in human breath, was measured at m/z 59 (19 V) as an indicator for 
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the breathing pattern (24). The area of the resulting breath peaks in the aroma signal 
was taken as a measure of in vivo retro-nasal aroma release. Different parameters could 
be extracted from each individual retro-nasal aroma release curve, characterising the 
extent of retro-nasal aroma release, that is, T–1/2, Tmax, T1/2, Imax, and Area Under Curve 
(AUC) (Figure 2.1). Because we were interested in comparative retro-nasal aroma release 
between subjects, expression of the extent of retro-nasal aroma release in arbitrary 
units (AU) was sufficient to analyze differences (21). 

Figure 2.1 Schematic representation of a retro-nasal aroma release curve and its characteristic 

parameters (Imax: maximum intensity [AU], Tmax: time at which maximal intensity occurs [min], AUC: 

total area under the curve [AU], T-1/2: time at which half of the maximal intensity occurs, before 

reaching maximum intensity [min], T1/2: time at which half of the maximal intensity occurs, after 

reaching maximum intensity [min]).

Measurement of ad libitum food intake

In a subsequent study for a subset of 15 subjects (8 men and 7 women; aged 20–30 
years; BMI 20–30 kg m–2), the effect of retro-nasal aroma release intensity on food 
intake was investigated using a similar approach as described in Ruijschop et al. (3). 
The aim was to investigate if people became more or less satiated if they were more 
or less aroma stimulated than normal. For the 15 subjects their natural retro-nasal 
aroma release for the given food product had already been assessed using APcI-MS 
technology. Subsequently, in a double-blind placebo-controlled randomised crossover 
full factorial design, each subject was, on separate days, administered his or her own 
natural aroma release profile, a 4 times higher concentrated, and a 4 times lower 
concentrated aroma release profile using a computer-controlled stimulator based on air 
dilution olfactometry (OM4, Burghart, Wedel, Germany). The profiles were produced 
with generic cheese aroma (Givaudan, Naarden, The Netherlands) and administered 
in a retro-nasal fashion (i.e., approximately 9 cm in length of a silicon tube (suction 
catheter CH 10, D-Care B.V., Houten, The Netherlands) was placed into the subjects’ 
lower meatus of the right nasal cavity) while the subjects consumed a cold, fusilli 
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tricolore pasta (AH private label Albert Heijn Zaandam, The Netherlands), which was 
boiled in salty water (100 g pasta boiled in 10 g salt per liter water). After retro-nasal 
aroma stimulation ad libitum food intake of young-matured Gouda type cheese (AH 
private label Albert Heijn Zaandam) was measured. The total amount of young matured 
cheese consumed per subject during his or her 3 test days was calculated, and this 
amount served as measure for ad libitum young-matured cheese intake.

Data analysis

To assess the extent of retro-nasal aroma release, different food products (n = 9) were 
evaluated in triplicate, that is, on 3 test occasions (n = 3), by all subjects (n = 30) in a 
crossover design. 

Descriptive (qualitative) data analysis 

The triplicate measurements of the characteristic retro-nasal aroma release parameters 
(Tmax, Imax, and AUC) for each subject per food product were averaged. This was allowed, 
because test occasion did not explain a significant part of the variance regarding 
differences in the extent of retro-nasal aroma release. The mean values of the 
characteristic parameters of the retro-nasal aroma release curve were standardised for 
each individual food product, by division of the average value by the standard error. 
This type of standardisation was necessary because all food products had a different 
magnitude of the characteristic retro-nasal aroma release parameters. The set of data 
obtained was evaluated by regular statistical means, such as descriptive statistics. 
In addition, food products and subjects were grouped together in a regular Principal 
Component Analysis (PCA) projection. Furthermore, Hierarchical Cluster Analysis 
was applied using Ward’s method with the calculation of Euclidean distances among 
morphology (Imax and Tmax) and intensity (Imax and AUC) of the retro-nasal aroma release 
curve. 

Analytical (quantitative) data analysis 

Because all food products had a different magnitude of the characteristic retro-nasal 
aroma release parameters, and it was noticed that the data set was not normally 
distributed, nonparametric statistical testing was applied to the raw data for the mean 
value of the triplicate measurements for each subject per food product. To this end, 
the Spearman rank correlation coefficient was calculated for Tmax, Imax, and AUC across 
subjects to assess whether subjects could be characterised with respect to their extent 
of retro-nasal aroma release irrespective of the type of food product consumed. 
After ranking the mean value of the triplicate measurements across subjects for each 
food product for both Imax and AUC, the sum of both ranks across subjects for each food 
product was obtained. When adding the sum of both ranks across subjects for each 
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food product, a final rank for Imax and AUC combined was calculated with respect to 
retro-nasal aroma release intensity across subjects for all food products. In summary: 
Final rank = ∑ [(∑ (rank Imax and rank AUC)across subjects for each food product) across subjects for 
each food product].
For the morphology of the retro-nasal aroma release profile, the sum of ranks for Imax 
and Tmax across subjects for each food product and subsequently all food products (final 
rank) was calculated similarly.
Additionally, the extent of the ranked retro-nasal aroma release was linked to subject 
characteristics, like age and BMI, and food intake behaviour.
Statistical analysis was performed with Statistica (1999, StatSoft Inc., Tulsa, OK, 
United States). P values < 0.05 were considered as being statistically significant.

RESULTS

Validity of response of selected m/z signal

Selected aroma compounds detected in the range of m/z 20–250 (Table 2.2), that is, 
aroma compounds with the highest response showed comparable retro-nasal aroma 
release profiles for a specific food product. For example, the standardised retro-nasal 
aroma release parameters (Tmax, Imax, and AUC) for m/z 131 and m/z 145 for banana-
flavoured custard appeared to be highly correlated (R2 = 0.8; P < 0.001, R2 = 0.9; P < 
0.001, R2 = 0.9; P < 0.001, for Tmax, Imax, and AUC, respectively). Other food products 
showed comparable results. Therefore, the same retro-nasal aroma release profile 
was measured, irrespective of the m/z value taken (data not shown). Hence, it was 
appropriate to select m/z values with the highest response for a specific food product 
for the in vivo retro-nasal aroma release measurements. 

Within-subject reproducibility in the extent of retro-nasal aroma release 

Irrespective of the time of measurement, for a specific food product, test occasion 
did not explain part of the variance regarding differences in the extent of retro-nasal 
aroma release. The serving number did not affect the magnitude of the characteristic 
retro-nasal aroma release parameters during consumption of, for example, a spoon of 
banana-flavoured custard or a piece of aged cheese (respectively, for banana-flavoured 
custard Friedman analysis of variance (ANOVA): P = 0.99 for Tmax, P = 0.98 for Imax, P = 
0.88 for AUC and for aged cheese Friedman ANOVA: P = 0.39 for Tmax, P = 0.90 for Imax, 
P = 0.65 for AUC). In summary, the extent of retro-nasal aroma release that was evoked 
in subjects during consumption of a specific food product appeared to be reproducible 
with respect to retro-nasal aroma release intensity and profile morphology. 

Subject differences affecting the extent of retro-nasal aroma release

Subjects differed in the extent of retro-nasal aroma release regarding intensity (Imax 

Proefschrift.indb   30 26-5-2009   1:19:24



Retro-nasal aroma release     

31

and AUC) and morphology (Imax and Tmax) of the retro-nasal aroma release profile. As 
illustrated by Figure 2.2 different types of retro-nasal aroma release patterns were 
identified. Representatives of 2 groups are shown: a group of subjects with a maximum 
retro-nasal aroma release after swallowing, that is, retro-nasal aroma release likely 
through the swallow breath (7-8) (Figure 2.2 A), and a group of subjects with an earlier 
maximum retro-nasal aroma release immediately after starting chewing, that is, retro-
nasal aroma release likely through the velopharyngeal portal, because the velum is 
intermittently open during oral processing (14) (Figure 2.2 B1). In addition, within 1 
group of subjects with the same retro-nasal aroma release pattern large differences 
were observed in retro-nasal aroma release intensity among subjects (Figure 2.2 B2). 
The extent of retro-nasal aroma release that was evoked in subjects during consumption 
of a specific food product appeared to be reproducible with respect to retro-nasal aroma 
release intensity and profile morphology (Friedman ANOVA: P > 0.05). 

Figure 2.2 Illustration of the two different groups regarding the morphology and intensity of the 

retro-nasal aroma release profile. Examples given for aged cheese. (1, 2, and 3 stand for the triplicate 

measurements). Start and end of a single retro-nasal aroma release curve are depicted with arrows. 

For each retro-nasal aroma release curve the characteristic retro-nasal aroma release parameters 

(Tmax, T+1/2, Imax and AUC) can be extracted, similarly as represented in Figure 2.1.

To investigate whether subjects could be grouped based on their retro-nasal aroma 
release profiles, subjects were segmented based on the extent of their retro-nasal aroma 
release intensity (Imax and AUC) (‘‘high vs. low–medium releasers’’) and the morphology 
of their retro-nasal aroma release curve (Imax and Tmax) (‘‘early vs. late releasers’’) after 
consumption of solid and (semi-)liquid food products, respectively. 
With respect to the extent of retro-nasal aroma release intensity, a number of subjects 
showed relatively low-to-medium retro-nasal aroma release intensities, whereas 
other subjects displayed relatively high retro-nasal aroma release intensities after 
consumption of solid and (semi-)liquid food products. As well as the intensity of their 
retro-nasal aroma release, subjects could also be segmented on the morphology of their 
retro-nasal aroma release curve. However, segmentation was only possible using the 
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APcI-MS data obtained after consumption of solid food products. This was an expected 
result, because the morphology of these curves contained more information than the 
data obtained after consumption of a (semi-)liquid food product. (Semi-)liquid food 
products have a relatively short transit time in the oral cavity, and therefore, hardly any 
oral processing is needed to swallow them. Consumption of (semi-)liquid food products 
thus resulted in relatively short and spiked retro-nasal aroma release patterns, which 
were difficult to segment based on morphology of the retro-nasal aroma release curve. 
With respect to solid food products, a number of subjects showed a relatively early start 
of retro-nasal aroma release, that is, maximal intensity (Imax) occurred relatively fast. 
Conversely, other subjects showed a relatively late start of retro-nasal aroma release. 
Physiological differences in timing and performance of mastication and swallowing are 
attributed to be responsible for these differences (14).

Product differences affecting the extent of retro-nasal aroma release

Apart from subject differences in the extent of retro-nasal aroma release, product 
differences were also factors important for the extent of retro-nasal aroma release. 
Figure 2.3 illustrates the differences in the extent of retro-nasal aroma release during 
consumption of a solid (i.e., aged cheese) compared with a liquid (i.e., strawberry-
flavoured dairy beverage) food product. 

Figure 2.3 Example of 1 subject illustrating the differences in the extent of retro-nasal aroma 

stimulation between the consumption of 3 times 1 mouthful (on average 8 g per mouthful) of aged 

cheese (solid food product; left) and 3 times 1 sip (on average 17 mL per sip) of strawberry-flavoured 

dairy beverage (liquid food product; right), measured by in vivo APcI-MS. For each retro-nasal aroma 

release curve the characteristic retro-nasal aroma release parameters (Tmax, T+1/2, Imax and AUC) can be 

extracted, similarly as represented in Figure 2.1.

Solid food products required considerable chewing and swallowing, due to their 
firmer texture. Consequently, most subjects had an immediate and prolonged retro-
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nasal aroma release. In contrast to consumption of solid food products, during the 
consumption of (semi-)liquid food products, most subjects had a short and spiked 
retro-nasal aroma release pattern. Intensity levels differed between the subjects. PCA 
projection supported these observations (data not shown). 

Characterisation of subjects and food products based on the extent of retro-nasal aroma 
release 

Spearman rank correlation coefficient showed that for the 9 food products, evaluated 
on 3 test occasions by all subjects, Imax and AUC were significantly correlated (data not 
shown). Therefore, it was justified to calculate a combined rank as the sum of both 
parameters. 
After ranking the mean value of the triplicate measurements across subjects for each 
food product for both Imax and AUC, the sum of both ranks across subjects for each food 
product was obtained. The sum of the combined rank Imax and AUC across subjects for 
each food product led to a final rank for Imax and AUC combined across subjects for all 
food products. 
Spearman rank correlation coefficient across subjects showed that all food products 
were correlated (i.e., final rank), although solid and (semi-)liquid food products 
were strongly correlated among each other with respect to retro-nasal aroma release 
intensity (e.g., a correlation between cheese-flavoured cracker and milk chocolate and a 
correlation between banana-flavoured custard and raspberry pudding) (Table 2.3). The 
only exception was young cheese, which as a solid food product was only correlated to a 
minority of solid food products, namely, aged cheese and winegum candy. 
The morphology of the retro-nasal aroma release profile (in particular explained by 
Tmax, i.e., time at which Imax occurred) was quite different between (semi-)liquid and 
solid food products (Table 2.4). Solid food products required a longer duration of oral 
processing compared with (semi-)liquid food products before swallowing. Spearman 
rank correlation coefficients for combined rank Imax and Tmax across subjects for each 
food product, and all food products (final rank) were less consistent in characterising 
subjects based on the profile morphology of their retro-nasal aroma release (Table 
2.3). All food products were correlated among each other (i.e., final rank), albeit fewer 
correlations were observed between profile morphology within the group of solid food 
products (e.g., a correlation between aged cheese and winegum candy), because of 
different oral processing. 

Effects of the extent of retro-nasal aroma release on food intake behaviour

Additionally, for half of the subjects, showing no dietary restraint (Table 2.1), ad libitum 
food intake data of young matured cheese were available. 
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Table 2.4 Morphology (mean values) of retro-nasal aroma release profiles for the 30 subjects 

consuming 9 different food products in triplicate

Food product
Mean Tmax 

a 

(min)
Minimum 
Tmax

 a (min)
Maximum 
Tmax

 a (min)
Standard 

error (min)
Food 

matrix
Strawberry-flavoured 
dairy beverage

0.083711 0.002000 0.381000 0.064102
(Semi-) 
liquid

Banana-flavoured 
custard

0.134111 0.010000 0.353000 0.081199

Raspberry pudding 0.191045 0.001000 0.547000 0.113245
Cheese-flavoured 
cracker 

0.405844 0.008000 1.213998 0.194112

Solid
Milk chocolate 0.620766 0.076000 1.652000 0.321189
Dark chocolate 0.672543 0.238998 1.720001 0.321654
Young cheese 0.705489 0.021000 2.457000 0.493131
Aged cheese 0.762844 0.043000 1.989000 0.381746
Winegum candy 0.853833 0.259998 4.243999 0.437076

There is a distinct difference in (semi-)liquid and solid food products for Tmax (i.e. time at which 

maximal intensity occurs [minutes]).
a  T max: time at which maximal intensity occurs (minutes).

When the total amount of cheese consumed ad libitum during the three test sessions 
in the satiation experiment was compared with the extent of the ranked retro-nasal 
aroma release for these subjects (Table 2.3), a trend was observed that subjects who 
had a higher extent of retro-nasal aroma release tended to consume less (Spearman 
rank correlation coefficient = –0.5; P = 0.07) (Figure 2.4). 

Figure 2.4 The total amount of young-matured cheese consumed ad libitum by 15 subjects after 

aroma stimulation using olfactometry in relation to their extent of ranked retro-nasal aroma release 

(i.e. final rank = ∑ [(∑ (rank Imax and rank AUC)across subjects for each food product) across subjects for each food 

product]). 
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This result was even significant for the test session in the satiation experiment in 
which subjects were delivered a 4 times lower concentrated retro-nasal aroma release 
profile compared with their own natural retro-nasal aroma release profile (Spearman 
rank correlation coefficient = –0.6; P = 0.03). 
This may have implications for the regulation of food intake. However, BMI was not 
directly correlated to the extent of the ranked retro-nasal aroma release (Spearman 
rank correlation coefficient = 0.1; P >> 0.05). Notably, it appeared that age was 
positively correlated to Tmax (time at which Imax occurred). Particularly, for solid food 
products like dark chocolate and winegum candy, Tmax was later when subjects were 
older (Spearman rank correlation coefficient = 0.4; P < 0.05 for both dark chocolate and 
winegum candy).

DISCUSSION

In vivo retro-nasal aroma release was assessed for 30 subjects consuming 9 different food 
products that varied in texture from (semi-)liquid to solid using APcI-MS technology.
Selection of specific m/z signals (thus a specific aroma compound) (Table 2.2) did not 
cause any response bias regarding the obtained retro-nasal aroma release profiles. This 
implies that aroma release data obtained for a single aroma compound (1 specific m/z 
value) are a good predictor for the relative release of other aroma compounds (other m/z 
values) in order to characterise subjects. Furthermore, the extent of retro-nasal aroma 
release that was evoked in subjects during consumption of each of the 9 individual 
food products appeared to be reproducible with respect to retro-nasal aroma release 
intensity and profile morphology (Figures 2.2 and 2.3). 
In the present study, the extent of retro-nasal aroma release depended on both subject 
and product differences. Therefore, it can be concluded that a subject who was observed 
as having a relatively high retro-nasal aroma intensity for a (semi-)liquid food product 
(e.g., strawberry-flavoured dairy beverage), also appeared to have a relatively high 
intensity for a solid food product (e.g., dark chocolate) (Table 2.3). Subjects can thus 
be characterised based on their extent of retro-nasal aroma release, independent of 
the type of food product they consumed. However, there were absolute differences 
between food products in the extent of retro-nasal aroma release comparing (semi-)
liquid and solid food products (Figure 2.3). Differences in structure and composition 
of the food product and the oral processing it evoked are thought to be responsible 
for these differences (9-12). Among (semi-)liquid food products (strawberry-flavoured 
dairy beverage, banana-flavoured custard, and raspberry pudding), in vivo retro-nasal 
aroma release profiles were comparable and correlated. These types of food matrices 
apparently did not evoke significant differences in oral processing and subsequently 
in retro-nasal aroma release. The observed similarity in retro-nasal aroma release 
profiles for the selection of (semi-)liquid food products enables future measurements 
to characterise a person’s extent of retro-nasal aroma release based on 1 (semi-)liquid 
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food product. With respect to solid food products, this was more complicated. Among 
solid food products, there are larger differences in matrix structures compared with 
(semi-)liquid food products, evoking significant differences in oral processing and 
subsequently in retro-nasal aroma release. 
The demonstrated subject and product differences with respect to the extent of 
retro-nasal aroma release may be 1 of the reasons that people vary in their satiation 
characteristics and may have implications for the regulation of food intake. It is known 
that the extent of sensory stimulation may be related to meal termination (25-26). Liquid 
foods appear to be less satiating than (soft) solid foods (27-30). Differences in the extent 
of retro-nasal aroma release due to differences in structure and composition and the 
oral processing it evokes may be responsible for this effect (9-12). Additionally, subject 
differences in oral processing parameters, like salivary flow rate, nasal anatomy, bite 
size, and eating speed may have an effect on the extent of retro-nasal aroma release (13-

17). The development of mathematical models for aroma release during consumption of 
liquid, semi-liquid, and solid food products is ongoing, including both physico-chemical 
and physiological parameters (e.g., 31-32). 
In the present study, a negative trend was observed between the extent of retro-nasal 
aroma release and total amount of ad libitum food intake. The brain response, that is, 
neural brain activation, to a food odour sensed retro-nasally signals the perception of 
food, which is hypothesised to be related to satiation (6). Limited extent of retro-nasal 
aroma release may result in less sensory stimulation, which in turn may lead to decreased 
feelings of satiation and increased food intake. The current findings tend to support the 
hypothesis that subject differences in the extent of retro-nasal aroma release are linked 
to subject differences in sensory satiation and food intake behaviour. This assumption 
is even strengthened by the result of the session in the satiation experiment, in which 
subjects were aroma stimulated with a 4 times lower concentrated retro-nasal aroma 
release profile. Here, a subject’s original extent of in vivo retro-nasal aroma release, while 
eating normally, was negatively related to the amount of ad libitum food consumed in 
the aroma-stimulated satiation experiment. Due to the preload ad libitum setting of the 
satiation experiment (3), it was expected that the aroma stimulation (preload) would 
affect the amount of ad libitum food intake, as a result of the development of sensory 
satiation. This may act upon a possible relationship between a subject’s extent of in vivo 
retro-nasal aroma release and amount of ad libitum food intake. From the 3 different 
aroma intensities, the least concentrated aroma stimulation was envisaged to hardly 
affect ad libitum young-matured cheese consumption in terms of sensory satiation. 
Indeed, we found that under this condition, a significant negative correlation appeared 
between a subject’s original extent of in vivo retro-nasal aroma release and amount of 
ad libitum food intake. However, a follow-up study with a larger subject population 
is needed to ultimately demonstrate an immediate, significant effect of the extent of 
retro-nasal aroma release on food intake behaviour. 
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The results of the present study are promising and will serve as input for upcoming 
studies that investigate the role of retro-nasal aroma release in satiation, both from 
food products and subject point of view. Ultimately, the aim is to develop food products 
containing triggers that are able to regulate food intake behaviour. Examples of 
applications could be the development of food products with an increase of aftertaste, 
an increase or lingering of aroma release via flavour delivery systems or encapsulation 
technology, or the development of long chewable food structures in beverages that 
evoke substantial oral processing and an increase in transit time in the oral cavity. 
These applications may lead to a more efficient retro-nasal aroma release and sensory 
stimulation, which in turn may affect satiation and food intake behaviour.
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ABSTRACT

It is suggested that the brain response of a food odour sensed retro-nasally is related 
to satiation. The extent of retro-nasal aroma release during consumption depends on 
the physical structure of a food, i.e. solid foods generate a longer, more pronounced 
retro-nasal aroma release than liquid foods. The aim of this study was to investigate if a 
beverage becomes more satiating when the retro-nasal aroma release profile coincides 
with the profile of a (soft) solid food. In a double-blind placebo-controlled randomised 
cross-over full factorial design, twenty-seven healthy subjects (four teen males and 
thirteen females; aged 16–65 years; BMI 19–37 kg m–2) were administered aroma 
profiles by a computer-controlled stimulator based on air dilution olfactometry. Profile 
A consisted of a profile that is obtained during consumption of normal beverages. 
Profile B is normally observed during consumption of (soft) solids. The two profiles 
were produced with strawberry aroma and administered in a retro-nasal fashion, while 
the subjects consumed a sweetened milk drink. Before, during and after the sensory 
stimulation, appetite profile measurements were per formed. Subjects felt significantly 
more satiated if they were aroma stimulated with profile B (P = 0.04). After stimulation 
with sweet strawberry aroma, there was a significant decrease in desire to eat sweet 
products (P = 0.0001). In conclusion, perceived satiation was increased by altering the 
extent of retro-nasal aroma release. 

Key words: Satiation; Retro-nasal aroma stimulation; Flavour; Olfactometry
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INTRODUCTION

In man, satiation is to a large extent obtained by sensory effects, generated through 
the smell, taste, colour, temperature and texture of food. It is likely that these factors 
contribute to the inhibition of eating while finishing a course or a meal (1). There are 
quantitative reports that not all food types result in the same intensity or duration 
of sensory stimulation (2, 3). The extent of sensory stimulation may be related to meal 
termination. Liquid foods appear to be less satiating than (soft) solid foods (4–7). 
Differences in structure and composition of the food may be (partly) responsible for 
this effect.
In view of the obesity problem one of the targets is to develop foods that combine 
liking with limited food intake, by enhancing satiation signals. In this respect, the role 
of aroma as a sensory trigger in satiety mechanisms is of interest (8-9).
During the consumption of a meal, aroma molecules either reach the olfactory 
epithelium orthonasally (perceived as originating from the external world) or retro-
nasally (perceived as arising from the mouth) (10-11). The brain response, i.e. neural brain 
activation to a retro-nasally sensed food odour is signalling the perception of food (12). 
The latter is hypothesised to be related to satiation. From previous work, it is known that 
the physical structure of a food that is consumed is important for the extent of retro-
nasal aroma release during consumption (13–16). Additionally, interpersonal differences 
are important for retro-nasal aroma release efficiency. These are factors that are likely 

Figure 3.1 Example of one subject, taken from Ruijschop et al.
(22)

, illustrating the differences in the 

extent of retro-nasal aroma stimulation between (a) the consump tion of three times one mouthful 

(on average 8 g per mouthful) of cheese ((soft) solid food) and (b) three times one sip (on average 17 

mL per sip) of beverage (liquid food), measured by in vivo atmospheric pressure chemical ionisation–

MS technology 
(23, 24)

. Since this illustration is comparison-wise, expression of the flavour intensity in 

arbitrary units (A.U.) is sufficient to analyse differences 
(25)

. As appears from the triplicate measurement, 

people are reproducible in the morphology and intensity of their aroma release profile. 

(a) (b)
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Figure 3.2 Schematic representation of the approach used in the present study. Using a computer-

controlled stimulator based on air dilution olfactometry, aroma stimuli can be administered in 

a retro-nasal fashion separately from other stimuli, such as taste and mouthfeel. An MRI image 

showing placement of the nasal cannulae at the external nares to achieve orthonasal delivery, and at 

the retro-pharynx, to achieve retro-nasal delivery. Dots and arrows depict the idealised distri bution 

and flow direction of odourants delivered orthonasally (via the external nares) or retro-nasally (via 

the retropharynx). Reprinted from Small et al. 
(12)

, with permission from Elsevier. All aroma release 

profiles which were retro-nasally delivered in the nose were combined with the taste and mouthfeel 

sensation of a sweetened milk drink in the mouth. A.U., arbitrary units. 

In order to study this hypothesis, the effect of the extent of retro-nasal aroma stimulation 
on food intake and satiation was investigated. Using a computer-controlled stimulator 
based on air dilution olfactometry, aroma stimuli can be administered separately from 

uncontrolled by a person, e.g. saliva production, nasal anatomy and oral processing 
habits (17–21). The present study focuses on differences in food characteristics related to 
the extent of retro-nasal aroma release that they evoke. It appeared that there was a 
relatively much longer retro-nasal aroma release profile when consuming cheese instead 
of a beverage (Figure 3.1). (Soft) solid foods like cheese have a more complex texture 
and therefore require more extensive chewing and swallowing, resulting in a relative 
long and high retro-nasal aroma release profile. On the other hand, consumption of 
liquid food results in a relatively short and more spiked, limited retro-nasal aroma 
release pattern (22–24). These differences may be one of the reasons why people become 
more satiated by a (soft) solid food compared to a beverage (4–7).
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other stimuli, such as different ingredients, textures and tastes (Figure 3.2). Hence, 
the relative importance of aroma stimuli apart from other stimuli on the short-term 
appetite profile and subsequent energy intake in normal-weight and overweight men 
and women was investigated. The aim of the present study was to determine whether a 
beverage becomes more satiating when the retro-nasal aroma release profile coincides 
with the profile of a (soft) solid food.

SUBJECTS AND METHODS

Subjects

Twenty-seven healthy subjects (fourteen men and thirteen women) aged 18–65 years 
living in Ede and surroundings were recruited through the local newspapers. The 
subjects included normal-weight, overweight and obese subjects, with a BMI of 19–37 
kg m–2. BMI was calculated as body weight (kg) divided by height (m) squared. Body 
weight was measured without wearing shoes using a calibrated scale which was accurate 
to 0.1 kg (Inventum, Veenendaal, The Netherlands). At the same time without wearing 
shoes, height was measured with a wall-mounted stadiometer (Microtoise mabo 4116, 
Brevete, France).

Table 3.1 Characteristics of the 27 subjects who participated in this study a

Normal-weight 
(n= 19)

Overweight 
(n=8)

Mean SD Mean SD
Age (years) 44 15 44 8
BMI (kg m–2) 22 3 29 3
TFEQb

Factor 1 (cognitive restraint) 5 2 5 3
Factor 2 (disinhibition) 4 2 5 2
Factor 3 (hunger) 3 2 4 3

a  Mean ± SD. 
b TFEQ: Three-Factor Eating Questionnaire. The values of factors 1, 2 and 3 are in the range of 0 

to 18; 0 to 13, and 0 to 14, respectively. A higher value indicates more restraint, disinhibition or 

physiological hunger. All values are below medians that are usual.

Subjects’ degrees of dietary restraint were determined using the Dutch translation of 
the Three-Factor Eating Questionnaire (26). Based on the outcome of the Three-Factor 
Eating Questionnaire subjects were selected with low scores on dietary restraint (i.e. 
scores ≤ 9), disinhibition (i.e. emotional eating) (i.e. scores ≤ 8) and physiological 
hunger (i.e. scores ≤ 8). In addition, based on self-report, subjects were not allergic 
to, nor did they have an aversion to, any of the food ingredients used in the present 
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study. Subject characteristics, including Three-Factor Eating Questionnaire scores, are 
summarised in Table 3.1. Subjects were fully informed about the course of the test day 
and gave their written, informed consent. To prevent response-bias the participants 
were given no information about the hypothesis and nature of the predictions of 
the experiment. They were only aware of the fact that the study was about sensory 
stimulation and satiety. The study was approved by the Medical Ethical Committee of 
Wageningen University.

Preparation of products 

Sweetened milk drink

For the preparation of the sweetened milk drink, 10% sucrose (Suiker Unie, Oud 
Gastel, The Netherlands) and six droplets (i.e. 0.36 mL in total) of pink food colour 
(Städter GmbH, Grünberg, Germany) were added to 1 litre of semi-skimmed (1.5% 
fat) pasteurized milk (private label, Albert Heijn Zaandam, The Netherlands). The 
metabolisable energy of 1 litre of sweetened milk drink was 3.7 MJ; 15.4% of energy as 
fat, 68.6% as carbohydrate and 15.4% as protein.

Sweetened strawberry-flavoured milk drink

In order to prepare the sweetened strawberry-flavoured milk drink, 10% sucrose 
(Suiker Unie), 60 mg strawberry aroma (27) and six droplets (i.e. 0.36 mL in total) of 
pink food colour (Städter GmbH) were added to 1 litre of semi-skimmed (1.5% fat) 
pasteurized milk (private label, Albert Heijn Zaandam). The metabolisable energy and 
macronutrient composition of the sweetened strawberry-flavoured milk drink were 
similar to the sweetened milk drink (1 litre, 3.7 MJ; 15.4% of energy as fat, 68.6% as 
carbohydrate and 15.4% as protein).

Strawberry aroma 

The strawberry aroma used was the standard flavour of the COST 921 action (27), designed 
and supplied by Givaudan (Geneva, Switzerland), which contains fifteen components 
including ethyl butyrate (90 mg/g), methyl dihydrojasmonate (5 mg/g), methyl 
cinnamate (24 mg/g), vanillin (5 mg/g), ethyl hexanoate (50 mg/g), benzyl acetate (2 
mg/g), g-decalactone (20 mg/g), hexanal (1 mg/g), cis-3-hexenol (15 mg/g), b-ionone 
(1 mg/g), ethyl iso-pentanoate (10 mg/g), methyl anthranilate (1 mg/g), furaneol (5 
mg/g), styrallyl acetate (1 mg/g), cis-3-hexenyl acetate (5 mg/g), and triacetin (795 
mg/g) as a solvent. Prior to use in the olfactometer, the strawberry flavour was diluted 
1000-fold in propylene glycol (Sigma-Aldrich Chemie GmbH, Germany).

Chocolate milk drink

Commercially available semi-skimmed (1.5% fat) UHT chocolate milk drink was used 
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(Bonomel, Albert Heijn Zaandam, The Netherlands). The metabolisable energy of 1 
litre of chocolate milk drink was 3.0 MJ; 17.7% of energy as fat, 63.7% as carbohydrate 
and 18.6% as protein.

Aroma stimulation

The strawberry aroma was administered by means of a tailored computer-controlled 
four-channel olfactometer based on air-dilution olfactometry (OM4; Burghart, Wedel, 
Germany). As already described by Visschers et al. (28), delivering food-related aroma 
stimuli via an olfactometer to subjects involves a variety of parameters and matching 
the aroma stimuli to such a level that can be genuinely related to food is a complex 
process. The approach that was used is based on the knowledge of measuring aroma 
release in vivo in real time using atmospheric pressure chemical ionization–MS (APcI-
MS) (24, 29–31). In practice, the Teflon tubing outlet of the olfactometer is directly attached 
to the APcI-MS inlet capillary. In this way, the timing and intensity of the aroma pulses 
generated by the olfactometer are matched with in vivo flavour release profiles of food 
products that initially were measured with the APcI-MS sampling the nose of a human 
subject. It was demonstrated that indeed the aroma profile that was generated with 
the olfactometer closely resembles the concentration of volatiles in the nose space 
measured for an individual subject eating or drinking a specific product. This enables 
the design of complete aroma release profiles that mimic those obtained by in vivo 
experiments during the consumption of foods (28).
In the current set-up, the air flow out of the olfactometer was kept constant at 8 
litres/min so as to be as close as possible to natural aroma release conditions during 
consumption. A complete aroma time-intensity release profile was administered by 
the olfactometer consisting of multiple aroma pulses. The aroma release curve that 
resembles the consumption of a liquid food (i.e. aroma profile A – Figure 3.3) was 
delivered as a profile of three consecutive pulses, each lasting 3 s, with interpulse 
intervals of 1 s. The odourised-dilution air flow ratios, i.e. the amount of odour-enriched 
air v. the amount of odourless air for the three pulses within the profile were 4:4, 2:6, 
1:7, with a total odour + dilution air flow of 8 litres/min. The aroma concentration in 
the delivered air corresponds linearly to the fraction of the total flow for flow rates 
up to 4 litres/min in each aroma vessel. The second aroma profile (i.e. aroma profile 
B – Figure 3.3), mimicking the consumption of a (soft) solid food like Dutch Gouda 
cheese, varied only in the number of delivered consecutive pulses. In this profile ten 
pulses were delivered. The two aroma profiles thus primarily differed in length of the 
aroma release curve and not in concentration (height). Both profiles were designed in 
such a way that the envelope of the aroma pulses mimics the reflux of air that occurs 
during and after swallowing. Each subject received both aroma profiles with the same 
concentration of the strawberry aroma in a fully randomised order. For retro-nasal 
odour delivery, approximately 9 cm in length of a silicon tube (suction catheter CH 
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10; D-Care B.V., Houten, The Netherlands) was placed into the lower meatus of the 
right nasal cavity. Anterior rhinoscopy was performed to exclude major pathology. 
Introduction of the tubing to the nose was tolerated well by all subjects without causing 
congestion, epistaxis or mucus discharge. Subjects waited for 15 min, in which they 
could relax and familiarise with the tubing. To what extent a subject felt comfortable 
was also recorded. The silicon tube was connected to the olfactometer while the subject 
was sitting straight up in a chair, enabling concurrent consumption of a beverage.

Figure 3.3 Aroma release profiles delivered by olfactometer in the reference (i.e. liquid, profile 

A,—) and manipulated (i.e. (soft) solid, profile B,– –) aroma stimulation. Since the present study is 

comparison-wise, expression of the flavour intensity in arbitrary units (A.U.) is sufficient to analyse 

differences (25). The smoothed lines indicate the perceived aroma intensity, which is a continuous 

envelope.

Subjects were connected to the olfactometer for 10 min. The duration of aroma 
stimulation depended on the type of aroma stimulation they received. Both aroma 
stimulations consisted of ten aroma release profiles, starting every minute. All ten 
aroma release profiles which were retro-nasally delivered in the nose were combined 
with the taste and mouthfeel sensation of a sweetened milk drink (10 mL) in the 
mouth. During one complete aroma stimulation experiment, every subject received 
ten such milk samples (100 mL in total), which were served at 7 ± 1˚C.
A specific protocol was established for the timing of aroma delivery. As 10 mL is a 
normal quantity to be consumed in one sip, subjects were instructed to consume the 
entire sweetened milk sample in one sip using a straw. The aroma was delivered 3 s 
after the instruction to consume the sweetened milk sample. No specific instruction 
with regard to breathing was given. With the exception of strong breath intake through 
the nose, the total air flow of 8 litres/min from the olfactometer ensures delivery of the 
aroma to the olfactory epithelium. During the experiments, the subjects were closely 
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observed in order to verify compliance with the protocol. 
To prevent adaptation to the delivered aroma, the delay between the measurements 
amounted to a minimum of 17 s (i.e. the time interval between two successive aroma 
release profiles). Within this time interval, a continuous constant flow of clean air was 
maintained. After aroma stimulation, the silicon tube was removed and subjects went 
to another room for the remaining part of the experiment. 

Experimental design

Separately, in order to prevent response-bias, additional sensory data were obtained to 
investigate whether the difference in the two aroma release profiles was large enough 
to be perceived as being different. Therefore, after the satiation experiments, a triangle 
test was performed with the subjects who participated in the study. Based on these 
results, it could be checked whether the intervention was successful. 
For the satiation experiments, each subject visited the test location twice in the morning. 
Between each visit there was a time interval of 1 week. Before starting the experiment, 
daily dietary energy requirements were calculated individually by multiplying the 
BMR by an activity index of 1.75. The BMR was calculated according to the equation 
of Harris and Benedict (32). Subjects were asked to consume 10% of the daily dietary 
energy requirements for breakfast at home, which varied per person from 836.8 to 
1464.4 kJ (from 200 to 350 kcal). In addition, the subjects were requested to consume 
the same type and amount of breakfast when visiting the laboratory the second time. 
Based on this individually standardised breakfast, subjects visited the laboratory every 
time with comparable feelings of hunger and satiety. This was confirmed by a baseline 
measurement before the start of the aroma stimulation. 
In a double-blind placebo-controlled randomised crossover full factorial design 
subjects were administered two different aroma profiles using an olfactometer set-up 
as described earlier. Before, during and after the sensory stimulation, appetite profile 
measurements were performed. After sensory stimulation actual beverage intake of 
the sweetened strawberry-flavoured milk drink was measured. In addition, liking of the 
sweetened strawberry-flavoured milk drink v. the chocolate milk drink was measured. 
The design of a test day is represented schematically in Figure 3.4.

Sensory evaluation of the aroma profiles

A triangle test was performed in order to investigate whether the difference in the 
two aroma profiles was large enough to be perceived as being different. Using the 
olfactometer (OM4; Burghart), twenty-five subjects received four triangles each in a 
retro-nasal fashion. These triangles consisted of three stimuli, i.e. either two liquid 
(profile A) and one (soft) solid (profile B) aroma release profile or two (soft) solid 
(profile B) and one liquid (profile A) aroma release profile in a fully randomised order. 
Subjects were asked to pick out the odd stimulus.

Proefschrift.indb   49 26-5-2009   1:19:42



 Chapter 3

50

Figure 3.4 Overview of the test day protocol. Subjects came twice to the laboratory, a week apart, 

and received either the reference (i.e. liquid) aroma stimulation-A or the manipulated (i.e. (soft) solid) 

aroma stimulation-B in a fully randomised order. Appetite profiles were recorded on a 100-mm visual 

analogue scale (VAS) at regular time-points (VASAP-ref to VASAP-7). To determine possible sensory-

specific satiety effects, hedonic ratings were recorded for the sweetened strawberry-flavoured milk 

drink and the chocolate milk drink on a 100 mm VAS (VASliking-ref and VASliking-1). In addition, 5 min 

after the subjects had been aroma stimulated, the amount of sweetened strawberry-flavoured milk 

consumed ad libitum was measured.

Data analysis of triangle test

The number of correct responses (i.e. correctly identified odd stimuli) and total 
responses of the triangle test were counted. Data were treated as though there were 
100 individual judges, instead of four replicates from twenty-five judges. To check 
if this was statistically valid, the possibility of non-independent judgements among 
replications was tested. The proportions of correct decisions between the replicates were 
not significantly different. Therefore, the data could be combined and the combined 
data may be analysed without reference to the individual replications (33).
It was determined if the number correct for the number tested (i.e. 100) was equal to 
or larger than the number indicated in the suitable statistical table (i.e. forty-two), 
i.e. the minimum number of correct responses required for significant difference at a 
significance level of α = 0.05 (34).

Measurements

Short-term appetite profile

The appetite profile, i.e. ratings of hunger, fullness, satiety, desire to eat, and thirst 
were recorded on a 100-mm visual analogue scale (VAS) (anchored for each with “not 
at all” and “very much”) at regular time-points before, during and after both the aroma 
stimulation and the ad libitum beverage intake (see VASAP – Figure 3.4). In addition, at 
the same time-points desire to eat sweet products and desire to eat savoury products 
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were recorded on 100-mm VAS anchored with “not at all” and “very much”. In Dutch 
language the exact wording for recording of the appetite profile ratings was: “Hoeveel 
honger heeft u?; Hoe vol voelt u zich?; Hoe verzadigd voelt u zich?; Hoe groot is uw 
wens om te eten?; Hoeveel dorst heeft u?; Hoeveel trek heeft u in iets zoets?; Hoeveel 
trek heeft u in iets hartigs?”(26). 
All rating scales were provided on separate sheets that were collected after each 
rating. 

Actual beverage intake

To measure the effect of the type of aroma stimulation on actual food consumption, 5 
min after the subjects had been aroma stimulated, they were offered 1 litre of sweetened 
strawberry-flavoured milk drink, served with a straw in a jar covered with aluminium 
foil at 7 ± 1˚C, from which they could drink ad libitum. The amount offered was such 
that there were always leftovers. After consumption the amount of beverage consumed 
was measured for each subject (Mettler-Toledo balance; Greifensee, Switzerland). 

Pleasantness of flavour rating 

To determine possible sensory-specific satiety effects, defined as the decrease in 
pleasantness of a food after it is eaten compared with the decrease in pleasantness 
of foods that were tasted but not eaten to satiation (35), two different kinds of dairy 
products were used: a sweetened strawberry-flavoured milk drink and chocolate milk 
drink. The sweetened strawberry-flavoured milk drink was the same drink as used for 
the actual beverage intake measurements. Before and after the aroma stimulation, 
subjects received 10 mL of both sweetened strawberry-flavoured milk drink and 
chocolate milk drink. Samples were served at 7 ± 1˚C. After drinking the sweetened 
strawberry flavoured milk drink sample, subjects were asked to scale their hedonic 
rating (100-mm VAS anchored with “not pleasant at all” and “very pleasant”) and their 
desire to drink this sweetened strawberry-flavoured milk drink (100-mm VAS anchored 
with “not at all” and “very much”) (see VASliking – Figure 3.4). Subsequently, the same 
measures for the chocolate milk drink were recorded.

Data analysis of short-term appetite profile, actual beverage intake and pleasantness 
of flavour

VAS ratings were measured in millimetres from the left (“not at all”) end of the scale. 
Since there were no significant differences in VAS rating at baseline measurement, delta 
VAS ratings, i.e. changes in VAS ratings, were calculated by subtracting the ratings at the 
time-point before aroma stimulation took place (VASAP-ref for appetite profile ratings and 
VASliking-ref for hedonic ratings) from the ratings at the different time-points after aroma 
stimulation (VASAP-1 to VASAP-7 for appetite profile ratings and VASliking-1 for hedonic 
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ratings). All data are presented as means with their standard errors of the mean. Actual 
beverage intake and the different VAS ratings were compared between the two aroma 
stimulations by using paired t-tests and also ANOVA with repeated measures. Post hoc, 
for each comparison separately, ANOVA with repeated measures was also used. For all 
data analyses the statistical packages SAS, release 9.1 (SAS Institute Inc., Cary, NC, 
USA) were used. P < 0.05 was considered statistically significant.

RESULTS

Sensory evaluation of the aroma profiles

From the 100 triangles that were carried out in the triangle test, seventy-three correct 
responses were counted. This implies that subjects were able to evaluate the two aroma 
release profiles as significantly different (P < 0.001); thus most of them were able to 
discriminate between the liquid (profile A) and (soft) solid (profile B) aroma release 
profile. Among the responses, it was not possible to identify sensitive and insensitive 
subjects. In the satiation experiments, the timing for each sip of sweetened milk drink 
while an aroma profile was delivered did not vary between the two aroma profiles A and 
B. The only difference in sensory experience that was perceived by the subjects was a 
lingering of aroma (i.e. aftertaste) after swallowing the sweetened milk sample when 
aroma profile B was administered. By interviewing subjects afterwards, it appeared 
that they were completely unaware that the strawberry-flavoured sweetened milk 
drink consisted of separately delivered aroma and taste/mouth feel stimuli. 

Short-term appetite profile

Before, during and after the sensory stimulation, appetite profile measurements were 
performed. Figures 3.5 and 3.6 show, respectively, the results of the different types of 
aroma stimulation on the change in VAS ratings of satiation and the effect of aroma 
stimulation in general on the change in desire to eat sweet and savoury products 
VAS rating. A significant difference was demonstrated in perceived satiation between 
an olfactometer delivery of a classical beverage aroma profile (profile A; delta mean 
response at VAS2 3.0 (SEM 5.3) mm) compared to an olfactometer delivery of a (soft) 
solid aroma profile (profile B; delta mean response at VAS2 14.5 (SEM 5.3) mm). From 
Figure 3.5 it can be concluded that during aroma stimulation (VAS2) subjects felt 
more satiated if they were aroma stimulated with profile B (F(1, 390) 4.24; P = 0.04). In 
addition, with regard to desire to eat sweet and savoury products ratings, there was a 
decrease in desire to eat sweet products after stimulation with the sweet strawberry 
aroma, irrespective of the type of aroma stimulation (delta mean -14.6 (SEM 4.4) mm). 
Overall, after stimulation with the strawberry aroma, the desire to eat sweet products 
decreased significantly (F(1, 390) 8.17; P = 0.0001). As expected, no significant change 
in desire to eat savoury products after aroma stimulation with the sweet strawberry 
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Figure 3.6 Change (Δ) in desire to eat sweet (●) or savoury (x) products visual analogue scale (VAS) 

rating after stimulation with sweet strawberry aroma. Since there were no significant differences in 

VAS ratings after stimulation with aroma profile A v. aroma profile B, data from aroma profile A and B 

were averaged. Values are means with their standard errors depicted by vertical bars. * Effect of aroma 

stimulation on Δ desire to eat sweet products VAS rating (P < 0.05). 

aroma was observed (delta mean 0.7 (SEM 4.9) mm; F(1, 390) 0.54; P = 0·80; Figure 3.6). 

Figure 3.5 Change (Δ) in satiation visual analogue scale (VAS) rating after stimulation with aroma 

profile A (♦) v. aroma profile B (■). Values are means with their standard errors depicted by vertical 

bars. * Effect of type of aroma stimulation (profile A or B) on Δ satiation VAS rating (P < 0.05). 

Post hoc, after aroma stimulation a significant age effect was observed; i.e. older people 
(age ≥ 45 years) felt on average less satiated (peak values for delta satiation VAS rating 
= 3 and 13 mm for older and younger people, respectively) and had less decrease in 
desire to eat sweet products (delta desire to eat sweet products VAS rating = -8 and -18 
mm for older and younger people, respectively; P < 0.05; data not shown).
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Actual beverage intake

After sensory stimulation actual beverage intake of sweetened strawberry-flavoured 
milk drink was measured. The amount of sweetened strawberry-flavoured milk drink 
consumed ad libitum did not differ significantly between the two aroma stimulations 
(respectively, 187 (SEM 16) mL (range 3.7–526.2 mL) after aroma stimulation with 
profile A and 185 (SEM 16) mL (range 10.8–600.8 mL) after aroma stimulation with 
profile B) (F(1, 25) 0.01; P = 0·94; Figure 3.7). Since there was no gender effect in the actual 
beverage intake data (F(1, 25) 0.18, P = 0.68), males and females were analysed together. 
After calculating to what extent energy consumed ad libitum contributed to the daily 
dietary energy requirements, it appeared that overweight subjects (BMI > 25 kg m–2) 
consumed more compared to the normal-weight subjects (BMI ≤ 25 kg m–2). Actual 
beverage intake, expressed as a percentage of the daily dietary energy requirements, 
was positively related to BMI after aroma stimulation with both profile A and profile B 
(for aroma stimulation with profile A: R2 0.17; P = 0.03; and for aroma stimulation with 
profile B: R2 0.34; P = 0.001, respectively).

Figure 3.7 The amount of sweetened strawberry-flavoured milk drink consumed ad libitum after the 

two aroma stimulations by the twenty-seven subjects. There was no significant difference in actual 

beverage consumption between the two aroma stimulations (F(1, 25) 0.01; P = 0.94). 

Pleasantness of flavour rating

Even though after aroma stimulation the pleasantness of flavour decreased for both 
the sweetened strawberry-flavoured milk (delta mean -1.4 (SEM 2.2) mm) and the 
chocolate milk drink (delta mean -3.4 (SEM 1.7) mm), no significant effect upon 
the pleasantness of flavour was observed (F(1, 25) < 1.59; P >.0.21). Subjects perceived 
no decrease in pleasantness of flavour or desire to drink the sweetened strawberry-
flavoured milk drink compared to the chocolate milk drink. 

DISCUSSION

Using a triangle test, differences with respect to duration of the olfactory stimulation 
were determined using the (untrained) consumer subjects. Subjects were able to 
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distinguish the two different aroma profiles as significantly different when they were 
delivered to them in a consecutive order. However, it has to be noted that during the 
satiation measurements, which were 1 week apart, the subjects were not consciously 
aware of the differences in delivered aroma release profiles A and B. By interviewing 
subjects afterwards, it appeared that subjects may be aware to some extent of the delivery 
of aroma, but they did not perceive any difference in the type of aroma stimulation they 
received when visiting the laboratory the second time 1 week later compared to the 
first time. This indicates that there was no response bias. In conclusion, a significant 
difference demonstrated in perceived satiation between olfactometer delivery A and B 
can be perceived, but during the satiation experiments, subjects were not consciously 
aware of the differences. 
The demonstrated difference in perceived satiation between an olfactometer delivery 
of a classical beverage aroma profile A compared to an olfactometer delivery of a (soft) 
solid aroma profile B is a meaningful result. To our knowledge, this is the first time 
that such a result has been observed. A beverage with an aroma release profile similar 
to a (soft) solid food (profile B) is able to increase the subject’s feeling of satiation 
significantly (Figure 3.5). Since the transit time in the oral cavity is relatively short 
with consumption of beverages, consumption of beverages usually results in relatively 
short and spiked aroma release patterns (22, 24). This limited retro-nasal aroma release 
efficiency may result in less sensory stimulation. The difference in the extent of retro-
nasal aroma release between (soft) solid and liquid foods is most likely one of the 
reasons why people perceive to be more satiated by a (soft) solid food compared to a 
beverage.
It appeared that after stimulation with the strawberry aroma a significant decrease in 
desire to eat sweet products is observed, irrespective of the type of aroma stimulation 
(Figure 3.6). This is due to sensory-related satiation. Apparently, the difference in 
aroma profiles A and B did not result in a difference in decrease in desire to eat sweet 
products. This may be due to a difference too small between both aroma profiles. Based 
on the results regarding desire to eat sweet products, it is in line with expectations that 
no significant change in desire to eat savoury products after aroma stimulation with 
the sweet strawberry aroma was observed (Figure 3.6). 
The fact that no significant difference was observed in actual beverage intake after 
an olfactometer delivery of a classical beverage aroma profile (A) compared to an 
olfactometer delivery of a (soft) solid aroma profile (B) was not unexpected. Energy 
intake during a meal was not related to pre-prandial satiety, similar to previous 
observations (7, 36–38). In fact, energy intake during a meal is related to the various 
parameters after the meal, i.e. postprandial satiety and intermeal interval (39). 
Furthermore, no significant difference in pleasantness of flavour rating of a sweetened 
strawberry-flavoured milk drink v. a chocolate milk drink after olfactometer delivery A or 
B appeared. A possible explanation could be that aroma was not the only determinative 
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factor responsible for the outcome of the pleasantness of flavour ratings. It might be 
that congruency between sweet taste and aroma perception for both the strawberry 
and the chocolate drink plays a role (40). Since the chocolate milk drink had a sweet taste 
too, this may be the sensory driver for pleasantness of flavour ratings and therefore 
there is limited difference between chocolate and strawberry-flavoured milk. This 
would indicate a generalization over sweet products, thus a larger band-width, after 
aroma stimulation with sweet foods in general. 
In addition, the higher satiation response after the (soft) solid aroma profile (profile 
B) compared to the liquid aroma profile (profile A) might be contributing to a learned 
response (i.e. conditioned satiation, cf. Booth et al. (41) and Gibson and Brunstrom (42)). 
In real life people may gradually learn that (soft) solid foods have a higher satiating 
capacity/energy content than liquid foods. The higher satiating effect of the (soft) solid 
aroma profile may be explained in terms of a longer nasal monitoring of odour release 
which is usually associated with a higher subsequent ingestion of energy. 
An alternative explanation for the observed difference in appetite rating is a higher 
sensory-specific satiety effect of the (soft) solid aroma profile compared to the liquid 
aroma profile. The lack of significant differences in the pleasantness of the exposed 
relative to the unexposed flavour and in ad libitum intake makes this explanation 
less probable. However, it may be difficult to distinguish between a sensory-related 
satiation effect and sensory-specific satiety. 
To summarise, by using this novel approach, i.e. delivering aroma stimuli separately 
from taste and mouthfeel, the relative importance of aroma stimuli on the short-term 
appetite profile and subsequent energy intake can indeed be determined. The present 
study demonstrates that a beverage is perceived as more satiating than the original 
beverage when the retro-nasal aroma release profile during consumption coincides 
with the profile of a (soft) solid food. Perceived satiation can thus be increased by 
altering the extent of aroma release. Despite changes in subjective experience, there is 
no impact on ad libitum amount consumed. This dissociation is a common observation 
in the field and similar to previous studies (7, 36–38). However, in a follow-up study it 
would be a great challenge to obtain also a significant effect on actual food intake. The 
results of the present study are interesting for the development of foods that contain 
triggers that are able to induce or increase the feeling of satiation, for instance foods 
with an increase of aftertaste by lingering aroma, or long chewable food structures that 
evoke lots of oral processing and an increase in transit time in the oral cavity, resulting 
in a higher retro-nasal aroma release efficiency. These applications may lead to a higher 
quality or quantity of sensory stimulation, which in turn may lead to enhanced feelings 
of satiation. For example, people who are participating in a weight loss programme 
may benefit with these foods.
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ABSTRACT

In a within-subject repeated-measures design the effect of ingredient-related aroma 
cues at sensory detection threshold on short-term appetite profile and energy intake 
was investigated in 45 young, healthy, and normal-weight men. The men consumed 
ad libitum four custard products. To each product a different cueing aroma stimulus 
was added (i.e. lactones, maltol, ‘animalic’, and water (placebo)). These stimuli were 
expected to cue unconsciously for the energy content of fat, carbohydrate, and protein, 
respectively, while water served as placebo. The relatively high and corresponding 
palatability of all the custard products demonstrated that the subjects were unable to 
consciously recognise the ingredient-related aroma cues. Before, during, and after the 
ad libitum consumption, appetite profile measurements were performed. Compared to 
placebo, subjects felt significantly fuller during consumption of the custard product 
with addition of maltol aroma and after consumption of the custard product with 
addition of ‘animalic’ aroma. However, there was no effect on actual custard product 
consumption. 
In conclusion, addition of specific cueing aroma stimuli to custard at sensory detection 
threshold led to increased perceived fullness, yet did not affect energy intake.

Key words: Satiation; Aroma cue; Sensory detection threshold; Appetite profile; Energy 
intake; Palatability; Macronutrients; Conditioned satiation 
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INTRODUCTION

Sensory signals that are not perceived consciously, like quickly flashing single words in 
advertisements on a television screen or quiet background music in a shop or restaurant, 
may affect a human’s emotional state and/or behaviour. Unconscious processes are 
important for decision making processes (1-5). For example, in relation to unconscious 
odour cues, Holland et al. (3) revealed that the mere exposure to the scent of all-purpose 
cleaner caused subjects to keep their direct environment more clean during an eating 
task. Awareness checks showed that subjects were unaware of this influence.
To a large extent, satiation and satiety are conditioned (learned) responses. Sensory 
signals are mostly unconsciously learned to be associated with the metabolic 
consequences of food products (e.g. 6). These associations develop during lifetime by 
repeated exposure to food. With high energy dense foods sensory cues are suggested 
to anticipate the energy or macronutrient content (cf. 6-8). In a recent study we were able 
to show that a retro-nasally delivered aroma stimulus (strawberry) was capable of 
inducing perceived satiation (9).
The present study investigates whether specific aroma stimuli, which subjects do not 
consciously recognise, are able to cue for satiation. We hypothesised that the addition 
of specific cueing aroma stimuli at sensory detection threshold might unconsciously 
trigger a person to stop eating. We tested three sensory cueing stimuli, which were 
conceived to be related to fat content (i.e. lactones), carbohydrate content (i.e. maltol), 
and to the breakdown of protein content (a non-food odour, i.e. ‘animalic’). 
In order to study these hypotheses, in a double-blind, placebo-controlled, randomised 
cross-over study the effect of ingredient-related aroma cues at sensory detection 
threshold on short-term appetite profile and energy intake was investigated in normal-
weight men through an ad libitum eating experiment. The aim of this study was to 
determine whether ingredient-related aroma cues at sensory detection threshold 
may contribute to satiation, because of unconsciously perceiving different levels 
of congruency in sensory perception, or due to unconsciously perceiving the aroma 
stimuli cueing for the energy content of specific macronutrients. 

SUBJECTS AND METHODS

The effect of ingredient-related aroma cues at sensory detection threshold on satiation 
and food intake was investigated in men, every time testing a different custard product 
(i.e. with addition of lactones, with addition of maltol, with addition of ‘animalic’, and 
without addition of cueing aroma stimuli (i.e. placebo product)).

Subjects

Forty-five healthy male subjects aged 20-40 years living in Ede, The Netherlands, and 
surroundings were recruited through the local newspapers. The subjects included 
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normal-weight subjects, with a body mass index (BMI) of 20 to 25 kg m–2. 
Subjects’ degrees of dietary restraint were determined using the Dutch translation of 
the Three-Factor Eating Questionnaire (TFEQ) (10). Based on the outcome of the TFEQ 
subjects were selected with low scores on dietary restraint (i.e. scores ≤ 9). In addition, 
based on self-report, subjects were not allergic to, nor did they have an aversion to, 
any of the food ingredients used in the present study. Subject characteristics, including 
TFEQ, scores are summarised in Table 4.1. Subjects were fully informed about the 
course of the test day and gave their written, informed consent. To prevent response-
bias the participants were given no information about the hypotheses and nature of 
the predictions of the experiment. They were only aware of the original nature of the 
study, i.e. the contribution of aroma to satiety. The study was approved by the Medical 
Ethical Committee (MEC) of Wageningen University.

Table 4.1 Characteristics of the 45 male subjects who participated in this study a

Mean SD
Age (years) 28 6
BMI (kg m–2) 23 2
TFEQ b

     Factor 1 (cognitive restraint) 4 2
     Factor 2 (disinhibition) 3 1
     Factor 3 (hunger) 3 2

a Mean values and standard deviations; 
b TFEQ: Three-Factor Eating Questionnaire. The value of factors 1, 2 and 3 is in the range of 0 to 18; 0 

to 13, and 0 to 14, respectively. A higher value indicates more restraint, disinhibition or physiological 

hunger. All values are below medians that are usual.

Origin and sensory qualitative description of cueing aroma stimuli

Lactones, maltol, and ‘animalic’, which were the cueing aroma stimuli that were used 
in the present study, find their origin in specific macronutrients through Maillard and 
enzymatic reactions (11). Lactones are breakdown products from the macronutrient 
fat due to auto-oxidation (12). Important lactones are gamma-decalactone, delta-
decalactone, and gamma-dodecalactone. Cis- 4-heptenal is an important aldehyde 
formed in fat oxidation. The sensory quality of lactones can be described as varying 
from sweet, fruity (peach like) to coconut. The flavour thresholds of lactones in 
water differ from 88 to 1000 µg/kg (13-14). Maltol was used as a cueing aroma stimulus 
originating from carbohydrates and is effective in the Maillard reaction (i.e. non-
enzymatic browning) (15). Maltol has a warm, sweet, fruity aroma, and in solution it 
has a jam-like aroma. This component is also reported to have a characteristic caramel-
butterscotch aroma and suggestive of fruity-strawberry aroma in dilute solution. The 
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flavour threshold of maltol in water varies from 7.1 to 13 mg/kg (13-14). ‘Animalic’ was 
applied as cueing aroma stimulus relating to a non-food aroma. Perceiving ‘animalic’, 
although unconsciously, is in a dairy matrix rather unnatural. Therefore, ‘animalic’ was 
suggested as positive control in the development of satiation, because of incongruency 
in sensory perception. Dimethyldisulfide, benzaldehyde, 2,5-dimethylpyrazine, 
and 3-methylbutanal are important components in ‘animalic’, which are breakdown 
products from protein as a result of the Maillard reaction (15). ‘Animalic’, a named 
sensory attribute, is associated with living animal including its hair, nauseating, and 
cattle barn (16). The flavour thresholds of the different components in ‘animalic’ in water 
vary from 0.03 to 1500 µg/kg (13-14).
All the aroma components used occur naturally in food and were added in low 
dosages (200-7500 µg/kg, depending on the type of component), avoiding any safety 
concerns.   

Assessment of ingredient-related associations for aroma stimuli 

We hypothesised that lactones were related to fat content, maltol to carbohydrate 
content and ‘animalic’ to the breakdown of protein content. To check for these 
ingredient-related associations, a 4-Alternative Forced Choice (4-AFC) test was 
performed in-house, with 48 employees not involved in flavour research. Besides 
the cueing aroma stimuli, lavender was included as additional aroma to reduce the 
probability of chance. Subjects evaluated aqueous solutions of lactones (500 µg/kg), 
maltol (750 mg/kg), ‘animalic’ (200 µg/kg) and lavender (2,6-dimethyl-2-heptanol 
(Sigma-Aldrich Chemie GmbH, Germany); 20 mg/kg) for their level of congruency with 
ingredient-related pictures representing butter (cueing for fat content), cotton candy 
(cueing for carbohydrate content), egg white (cueing for breakdown of protein content) 
and lavender (non-food), respectively. Aroma stimuli were presented orthonasally to 
the subjects in a randomised order. Subjects had to assign an ingredient-related picture 
to each of the four different aroma stimuli (“which picture belongs to this smell?”) after 
smelling each aroma stimulus separately. It was not allowed to choose an ingredient-
related picture twice. 

Data analysis of 4-AFC test 

The number of correct responses (i.e. a correctly identified association between an 
aroma stimulus and its ingredient-related picture) was counted per aroma stimulus. 
Applying a binomial distribution, it was calculated whether the result of the 4-AFC 
test for each aroma stimulus was due to chance alone (i.e. null hypothesis (H0) = 0.25) 
or whether the subjects actually perceived an association between the aroma stimulus 
and the corresponding ingredient-related picture (alternative hypothesis (H1) > 
0.25) at a significance level of α = 0.05. To this end, z-scores were calculated for each 
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aroma stimulus according to z = (k – ½ - n∙π) / √ (n∙π (1- π)), i.e. k = number of correct 
responses, ½ = continuity correction, n = number of subjects (48), π = chance level 
(¼).  H0 was rejected when the one-tailed table value for the calculated z-score did not 
exceed α = 5% (17-18).

Determination of sensory detection thresholds for cueing aroma stimuli

Initially, an in-house trained sensory panel was used to assess the detection threshold 
for the three cueing aroma stimuli in custard. Panellists did not have any previous 
experience with the cueing aroma stimuli in custard. The panel consisted of 12 subjects 
(11 women and 1 man) varying in age between 32 and 53 years. The panel was originally 
selected based on the Dutch odour identification test (GITU = Geur Identificatie Test 
Utrecht) and basic taste test; a texture, ranking, and triangle test; and a personal 
interview (17, 19-20). 
Individual Best Estimate Thresholds (BET) were determined for each trained subject 
for each cueing aroma stimulus. The BET for each subject is the geometric mean of 
the highest concentration missed and the next higher concentration. In addition, the 
group BET, i.e. the geometric mean of the individual BETs, was determined for the 
panel for each cueing aroma stimulus (19).

Table 4.2 Concentration ranges, and group BETs c for cueing aroma stimuli in custard in favour of the 

assessment of sensory detection thresholds applied in satiation experiments

Level of cueing aroma addition
Lactones 
(µg/kg)

Maltol 
(µg/kg)

‘Animalic’ 
(µg/kg)

1 (i.e. low) 100 100 25
2 200 500 50
3 300 1000 100
4 400 5000 150
5 (i.e. high) 500 7500 200

Group BET c 300 4500 150
Concentration used in satiation experiments 500 7500 200

c Best Estimate Threshold. 

The test was performed by presenting the panel with a single presentation of a range of 
cueing aroma stimuli concentrations from high to low dilution order. The initial aroma 
concentrations chosen were estimated based on data available in literature, i.e. always 
in other food matrices than custard (13-14), and in-house testing by flavour experts. In 
comparison with the reference sample, i.e. custard with addition of water instead of 
aroma, the panellists individually determined for each sample the taste quality and 
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subsequently the taste intensity on a scale from 0 to 5 (i.e. 0: no taste difference; ?: taste 
difference present, but not recognisable; 1: very weak recognisable taste difference; 2: 
weak recognisable taste difference; 3: distinct recognisable taste difference; 4: strong 
recognisable taste difference; 5: very strong recognisable taste difference). Table 4.2 
summarises the concentration ranges that were evaluated for each stimulus. Panellists 
were offered 10 mL of sample in plastic cups. In between the samples they were 
instructed to rinse their mouths with tap water. 
The group BET obtained for the sensory panel for each cueing aroma stimulus represented 
the aroma concentration between the detection threshold (i.e. the level of a stimulus 
at which the specific stimulus can be detected by 50% of the subjects in a population) 
and recognition threshold (i.e. the level of a stimulus at which the specific stimulus 
can be recognised and identified) (19) (see marked box Figure 4.1). Since the sensory 
panel was very experienced in performing this type of sensory testing, the assumption 
was made that the expert’s recognition threshold was approximately comparable to the 
average consumer’s detection threshold. Subsequently, to ascertain that the majority 
of the subjects that participated in the satiation experiments would be able to detect 
the cueing aroma stimuli, slightly higher concentrations were tested in-house, with 
employees not involved in flavour research, both on the ability to discriminate and to 
evaluate the pleasantness of taste of the test products (i.e. custard with addition of 
cueing aroma stimuli) vs. the placebo product (i.e. custard with addition of water). 

Figure 4.1 Schematic representation of the Stevens Power Law (adapted from 19). The aim was to add cueing 

aroma stimuli at the concentration level between detection and recognition (marked box). 

Preparation of products for satiation experiments

Custard with addition of lactones 

The aqueous lactone solution used was designed in-house, and contained four 
components: gamma-decalactone (64 mg/kg), delta-decalactone (313 mg/kg), gamma-
dodecalactone (128 mg/kg), cis-4-heptenal (0.25 mg/kg), and food-grade propylene 
glycol (49.4 mg/g) (private label from a local pharmacy in Ede, The Netherlands) 
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as solvent. The ratio of lactones and cis- 4-heptenal applied was derived from the 
occurrence of the lactones in butter. All aroma components were supplied by Sigma-
Aldrich Chemie GmbH, Germany. 
In order to prepare the custard with addition of lactones, 1.0 mL of lactone solution with 
a concentration of 500 mg/kg was added to 1 L  pasteurized custard (3.0% fat) (private 
label Albert Heijn Zaandam, The Netherlands) following a standardised procedure of 
continuous stirring. The lactone concentration in the custard was 500 µg/kg, including 
gamma-decalactone (64 µg/kg), delta-decalactone (313 µg/kg), gamma-dodecalactone 
(128 µg/kg), and cis-4-heptenal (0.25 µg/kg). The custard test products were left 1.5 
days at 4°C to allow a good equilibration of the aroma in the product. The metabolisable 
energy of 1 L of the resulting custard test product was 4.1 MJ (27.1% of energy as fat, 
62.2% as carbohydrate, and 10.4% as protein). 

Custard with addition of maltol

For the preparation of the custard with addition of maltol, 1.0 mL of aqueous maltol 
solution with a concentration of 7.5 g/kg was added to 1 L pasteurized custard (3.0% 
fat) (private label Albert Heijn Zaandam, The Netherlands) following a standardised 
procedure of continuous stirring. The maltol concentration in the custard was 7.5 mg/
kg. Maltol was supplied by Sigma-Aldrich Chemie GmbH, Germany. The custard test 
products were left 1.5 days at 4°C to allow a good equilibration of the aroma in the 
product. The metabolisable energy of 1 L of the resulting custard test product was 4.1 
MJ (27.1% of energy as fat, 62.2% as carbohydrate, and 10.4% as protein). 

Custard with addition of ‘animalic’

The aqueous ‘animalic’ solution used was designed in-house (16), and contained 
four components: dimethyldisulfide (57 mg/kg), benzaldehyde (29 mg/kg), 
2,5-dimethylpyrazine (60 mg/kg), 3-methylbutanal  (56 mg/kg), and food-grade 
propylene glycol (33.3 mg/g) (private label from a local pharmacy in Ede, The 
Netherlands) as solvent. All aroma components were supplied by Sigma-Aldrich Chemie 
GmbH, Germany. 
In order to prepare the custard with addition of ‘animalic’, 1.0 mL of ‘animalic’ solution 
with a concentration of 200 mg/kg was added to 1 L pasteurized custard (3.0% fat) 
(private label Albert Heijn Zaandam, The Netherlands) following a standardised 
procedure of continuous stirring. The ‘animalic’ concentration in the custard was 
200 µg/kg, including dimethyldisulfide (57 µg/kg), benzaldehyde (29 µg/kg), 
2,5-dimethylpyrazine (60 µg/kg), and 3-methylbutanal  (56 µg/kg). The custard test 
products were left 1.5 days at 4°C to allow a good equilibration of the aroma in the 
product. The metabolisable energy of 1 L of the resulting custard test product was 4.1 
MJ (27.1% of energy as fat, 62.2% as carbohydrate, and 10.4% as protein). 
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Custard without addition of cueing aroma stimuli

To check for differences in viscosity, 1.0 mL of tap water was added to 1 L pasteurized 
custard (3.0% fat) (private label Albert Heijn Zaandam, The Netherlands) following a 
standardised procedure of continuous stirring. Ensuing from the preparation of the 
custard test products, the custard placebo products were also left 1.5 days at 4°C. The 
metabolisable energy of 1 L of the resulting custard test product was 4.1 MJ (27.1% of 
energy as fat, 62.2% as carbohydrate, and 10.4% as protein). 

Experimental design

Sensory data were obtained to assess whether subjects actually perceived an association 
between the cueing aroma stimuli and specific macronutrients. Therefore, a 4-AFC test 
was performed in-house with employees not involved in flavour research. Based on 
these results, it could be checked whether the suggested ingredient-related associations 
for lactones, maltol and ‘animalic’, i.e. fat content, carbohydrate content and the 
breakdown of protein content, respectively were valid. 
Sensory detection thresholds were assessed separately for the cueing aroma stimuli in 
custard using an in-house trained sensory panel at first. This part of the experimental 
design was determinative for a successful intervention. It had to be ascertained that 
the majority of the subjects that would participate in the satiation experiments would 
be able to detect the cueing aroma stimuli, however, not to recognise them. If this 
would be the case, it would not have been possible to test the rationale behind the 
present study, i.e. unconscious perception of specific aroma stimuli are able to cue for 
satiation. 
For the satiation experiments, each subject visited the test location four times in the 
morning, every time testing a different custard product (i.e. with addition of lactones, 
with addition of maltol, with addition of ‘animalic’, and without addition of cueing 
aroma stimuli (i.e. placebo product)). Treatment order was counterbalanced across 
both test days and subjects. Between each visit there was a time-interval of 1 week. 
Before starting the experiment, daily dietary energy requirements were calculated 
individually by multiplying the basal metabolic rate (BMR) by an activity index of 
1.60. The BMR was calculated according to the equation of Harris and Benedict (21). 
Subjects were asked to consume 10% of the daily dietary energy requirements for 
breakfast at home, which varied per person from 1045 to 1463 kJ (from 250 to 350 
kcal). In addition, the subjects were requested to consume the same type and amount 
of breakfast when visiting the laboratory the next times. Based on this individually 
standardised breakfast, subjects visited the laboratory every time with comparable 
feelings of hunger and satiety. This was confirmed by a baseline measurement before 
the start of the ad libitum consumption of the custard products. 
In a double-blind placebo-controlled randomised cross-over full-factorial design 
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subjects were served four different custard products from which they could eat 
ad libitum. Before, during and after the ad libitum consumption of custard product, 
appetite profile measurements were performed. The design of a test day is represented 
schematically in Figure 4.2.

Figure 4.2 Overview of the test day protocol. Subjects came four times to the laboratory, a week 

apart, and received either the custard placebo product (without addition of cueing aroma stimuli) 

or the custard test products (with addition of lactones; with addition of maltol; and with addition of 

‘animalic’) in a fully randomised order. Appetite profiles were recorded on a 100-mm visual analogue 

scale (VAS) at regular time-points (VASAP-ref to VASAP-8). Hedonic ratings were recorded for the ad 

libitum consumed custard product on a 100-mm VAS (VASliking). In addition, the amount of custard 

product consumed ad libitum was measured. 

Measurements

Short-term appetite profile

The appetite profile, i.e. ratings of hunger, fullness, satiation, desire to eat, and thirst 
were recorded on a 100-mm visual analogue scale (VAS) (anchored for each with “not 
at all” and “very much”) at regular time-points before, during, and after the ad libitum 
consumption of the custard products (see VASAP Figure 4.2). In addition, at the same 
time-points desire to eat sweet products and desire to eat savoury products were 
recorded on 100-mm VAS anchored with “not at all” and “very much”. All rating scales 
were provided on separate sheets that were collected after each rating.

Actual custard product consumption

To measure the effect of the type of cueing aroma stimulus on actual custard product 
consumption, subjects were offered 2 L of custard product, served in an opaque bowl 
with a tablespoon at 7 ± 1˚C, from which they could eat ad libitum. The amount offered 
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was such that there were always leftovers. After consumption the amount of custard 
product consumed was measured for each subject (Mettler-Toledo balance, Greifensee, 
Switzerland).

Pleasantness of flavour rating

Immediately after the start of the ad libitum custard product consumption, pleasantness 
of taste of the ad libitum consumed custard product was measured. Subjects were asked 
to scale their hedonic rating (100-mm VAS anchored with “not pleasant at all” and 
“very pleasant”) (see VASliking Figure 4.2). 

Data analysis of short-term appetite profile, actual custard product consumption, and 
pleasantness of flavour

VAS ratings were measured in millimeters from the left (“not at all”) end of the scale. 
Since there were no significant differences in VAS rating at baseline measurement, delta 
VAS ratings, i.e. changes in VAS ratings, were calculated by subtracting the ratings at 
the time-point before ad libitum consumption (VASAP-ref for appetite profile ratings) 
from the ratings at the different time-points during and after ad libitum consumption 
(VASAP-1 to VASAP-8 for appetite profile ratings). Area under the curve (AUC) delta VAS 
ratings were determined using the trapezoidal method. As a composite measure for the 
appetite profile, desire to eat and fullness scores were used, while hunger and satiation 
were scored similarly. All data are presented as means with their standard errors of 
the mean (SEM). Actual custard product consumption and the different AUC delta 
VAS ratings were compared between the four different custard products by using the 
General Linear Model (GLM) procedure for repeated measures, with participant and 
type of custard product as independent variables. Least Squares Means were used for 
post-hoc comparisons. With the use of a mixed-model analysis of variance (ANOVA) for 
repeated measures, differences in delta VAS appetite profile ratings were investigated 
per time-point. Least Squares Means were used for post-hoc comparisons.
Simple regression analyses (f(x)) were performed for actual custard product consumption 
and short-term appetite profile (y) and palatability of the custard products (x). 
Additionally, to investigate whether there were differences in simple regression analysis 
between the specific cueing aroma stimuli, ratings for placebo were subtracted from the 
ratings for the different cueing aroma stimuli for actual custard product consumption 
and short-term appetite profile (y) and palatability of the custard products (x). For all 
data analyses the statistical packages SAS (release 9.1, SAS Institute Inc., Cary, NC, 
USA) were used. P-values < 0.05 were considered statistically significant.
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RESULTS

Ingredient-related associations for aroma stimuli 

From the 48 4-AFC tests that were carries out, 30 correct responses were counted for 
lactones (P (z ≥ 5.83) << 0.13% (i.e. z-score = 3.0), 43 correct responses were counted 
for maltol (P (z ≥ 10.17) << 0.13%), 32 correct responses were counted for ‘animalic’ 
(P (z ≥ 6.5) << 0.13%) and 42 correct responses were counted for lavender (P (z ≥ 
9.83) << 0.13%). For each of the four different aroma stimuli the one-tailed table 
value for the calculated z-score did not exceed α = 5%. This provided enough evidence 
to reject the null hypothesis for each of the four different aroma stimuli. The 4-AFC 
tests demonstrated that subjects actually perceived an association between the aroma 
stimuli and the corresponding ingredient-related pictures.

Concentrations of cueing aroma stimuli used in satiation experiments

From the 12 individual Best Estimate Thresholds (BET) for each cueing aroma stimulus 
in custard, the sensory panel group BET was determined. Table 4.2 shows these 
threshold values. All values are in the µg/kg range. Slightly higher concentrations of 
the cueing aroma stimuli in custard (see Table 4.2: concentration used in satiation 
experiments), tested in-house, were perceived as slightly different compared to the 
custard without addition of cueing aroma stimuli. However, employees were not able 
to describe the difference they perceived; neither did they observe any difference in 
palatability of the custard products.   

Figure 4.3 The amount of custard product consumed ad libitum for the four custard products (placebo 

and custard test products with addition of cueing aroma stimuli; i.e. lactones, maltol, and ‘animalic’) 

by the 45 subjects. Values are means with their standard errors depicted by vertical bars. There was 

no significant difference in actual custard product consumption between the four custard products 

(F(3, 4 4) = 0.37; P = 0.77). 
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Actual custard product consumption

The amount of custard product consumed ad libitum did not differ significantly between 
the four custard products (respectively, 504 ± 22 mL (range 31.0 – 1425.0 mL) for 
custard placebo product;  479 ± 22 mL (range 36.2 – 1585.0 mL) for custard product 
with addition of lactones; 481 ± 22 mL (range 0.9 – 1809.1 mL) for custard product 
with addition of maltol; and 474 ± 22 mL (range 1.4 – 1879.0 mL) for custard product 
with addition of ‘animalic’ (F(3, 44) = 0.37; P = 0.77) (Figure 4.3). 

Short-term appetite profile

Before, during, and after the ad libitum custard product consumption, appetite profile 
measurements were performed. At baseline hunger, fullness, satiation, desire to eat, 
and thirst VAS ratings (VASref) were 58.0 ± 3.2 mm, 35.6 ± 3.5 mm, 33.2 ± 3.5 mm, 
59.4 ± 3.4 mm, and 44.4 ± 4.1 mm for  custard placebo product; 58.7 ± 3.2 mm, 35.8 
± 3.5 mm, 35.4 ± 3.5 mm, 58.5 ± 3.4 mm, and 48.0 ± 4.1 mm for custard product with 
addition of lactones; 53.3 ± 3.2 mm, 29.3 ± 3.5 mm, 34.6 ± 3.5 mm, 56.9 ± 3.4 mm, 
and 51.2 ± 4.1 mm for custard product with addition of maltol; and 56.8 ± 3.2 mm, 
30.9 ± 3.5 mm, 33.3 ± 3.5 mm, 62.9 ± 3.4 mm, and 45.2 ± 4.1 mm for custard product 
with addition of ‘animalic’, respectively. Since there was no significant difference in 
the amount of custard product consumed ad libitum, no additional adjustments were 
made for the effect of amount consumed on recorded appetite profile ratings. Figures 
4.4 and 4.5 show the results of the different types of cueing aroma stimuli on the (AUC) 
change in VAS ratings of fullness, and desire to eat, respectively. Compared to placebo, 
a significant difference was demonstrated in perceived fullness during consumption of 
the custard product with addition of maltol (Figure 4.4; AUC delta fullness VAS rating 
during consumption = 86.4 ± 7.7 mm (F(3, 179 ) = 2.25; P = 0.02) and after consumption 
of the custard product with addition of ‘animalic’ (Figure 4.4; AUC delta fullness 
VAS rating after consumption = 171.7 ± 13.9 mm (F(3, 179 ) = 3.16; P = 0.05). During 
consumption of the custard product with addition of maltol and after consumption 
of the custard product with addition of ‘animalic’, subjects felt fuller than during or 
after consumption of the custard placebo product, respectively (Figure 4.4; AUC delta 
fullness VAS rating during consumption = 60.1 ± 7.7 mm and AUC delta fullness VAS 
rating after consumption = 132.3 ± 13.9 mm, respectively). In addition, compared 
to the custard product with addition of lactones (Figure 4.4; AUC delta fullness VAS 
rating after consumption = 132.3 ± 13.9 mm), subjects felt significantly fuller after 
consumption of the custard product with addition of ‘animalic’ (Figure 4.4; AUC delta 
fullness VAS rating after consumption = 171.7 ± 13.9 mm (F(3, 179 ) = 3.16; P = 0.01) as 
well as after consumption of the custard product with addition of maltol (Figure 4.4; 
AUC delta fullness VAS rating after consumption  = 162.8 ± 13.9 mm (F(3, 179 ) = 2.25; P 
= 0.03). 
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Furthermore, a significant difference in perceived desire to eat was shown after 
consumption of the custard product with addition of ‘animalic’ (Figure 4.5; AUC delta 
desire to eat VAS rating after consumption = -159.8 ± 11.0 mm) compared to the custard 
product with addition of lactones (Figure 4.5; AUC delta desire to eat VAS rating after 
consumption = -114.2 ± 11.0 mm) as well as the custard product with addition of maltol 
(Figure 4.5; AUC delta desire to eat VAS rating after consumption = -116.0 ± 11.0 mm). 
After consumption of the custard product with addition of ‘animalic’, subjects had less 
desire to eat than after consumption of the custard placebo product with addition of 
lactones (F(3, 179 ) = 3.67; P = 0.01) or the custard product with addition of maltol (F(3, 179) 

= 3.67; P = 0.01). 
In addition, ad libitum consumption affected desire to eat sweet and savoury products 
ratings. There was a decrease in desire to eat sweet products during the ad libitum 
consumption of the (sweet) custard products, irrespective of the type of custard 
product consumed ad libitum (Figure 4.6; AUC delta desire to eat sweet products VAS 
rating during consumption = -34.9 ± 6.1 mm and AUC delta desire to eat sweet products 
VAS rating after consumption = -95.4 ± 12.4 mm). Overall, during and after ad libitum 
consumption of the (sweet) custard products, the desire to eat sweet products decreased 
significantly (F(3, 660 ) = 3.95; P = 0.0083 and F(3, 836 ) = 4.13; P = 0.0064, respectively). As 
expected, no significant change in desire to eat savoury products during and after the 
ad libitum consumption of the (sweet) custard products was observed (Figure 4.6; AUC 
delta desire to eat savoury products VAS rating during consumption = -18.6 ± 6.5 mm 
and AUC delta desire to eat savoury products VAS rating after consumption = -43.7 ± 
12.6 mm) (F(3, 660 ) = 1.94; P = 0.12 and F(3, 836 ) = 1.62; P = 0.18, respectively).
Furthermore, it was shown that appetite-regulating effects were involved in both intra- 
and inter-meal satiety (Figures 4.4 – 4.6). For example, perceived fullness was elevated 
during ad libitum consumption up to 20 minutes after ad libitum consumption. 

Palatability of the custard products 

Subjects evaluated the pleasantness of taste for all four custard products, measured 
at the start of ad libitum consumption, on average 61.9 ± 1.7 mm (Figure 4.7). No 
significant differences in palatability were observed between the custard products 
(F(3,43 ) = 0.55; P = 0.65). In general, it appeared that the amount eaten was a function 
of palatability of taste of the custard products (y=7.5x+20.4; R2 = 0.14; P < 0.001, in 
which y and x denote amount of custard product consumed ad libitum and pleasantness 
of taste of the custard products, respectively). After subtracting the ratings for placebo 
from the ratings for the different cueing aroma stimuli, simple regression analysis 
showed no effect of palatability of the different custard test products (x), measured 
immediately after the start of actual consumption, on the amount consumed ad libitum 
(y) or on the appetite profile ratings (y). This result was equal for all cueing aroma 
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stimuli. Compared to placebo, palatability of the cueing aroma stimuli did not affect 
the amount consumed ad libitum or the appetite profile ratings. 

Figure 4.4 Upper graph: Change (Δ) in fullness VAS rating during and after consumption of the four 

custard products (placebo; with addition of lactones; with addition of maltol; and with addition of 

‘animalic’). Lower graphs: Area under curve (AUC) Δ fullness VAS rating during (left) and after (right) 

consumption of the four custard products. Values are means with their standard errors depicted by 

vertical bars. * denotes effect of type of custard product on (AUC) change in fullness VAS rating at the 

designated time point with p ≤ 0.05. 

DISCUSSION

No significant difference was observed in the actual custard product consumption, 
despite addition of cueing aroma stimuli (Figure 4.3). The absence of significant 
differences in the amount of custard product consumed ad libitum could not be explained 
by the palatability of the custard products, since subjects evaluated the taste of the 
custard products as acceptable pleasant and not different from the placebo (Figure 4.7). 
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Figure 4.5 Upper graph: Change (Δ) in desire to eat VAS rating during and after consumption of the 

four custard products (placebo; with addition of lactones; with addition of maltol; and with addition 

of ‘animalic’). Lower graphs: Area under curve (AUC) Δ desire to eat VAS rating during (left) and 

after (right) consumption of the four custard products. Values are means with their standard errors 

depicted by vertical bars. * denotes effect of type of custard product on (AUC) change in desire to eat 

VAS rating at the designated time point with p ≤ 0.05. 

Generally, amount eaten was a function of palatability of taste of the custard products. 
Amount eaten being positively related to palatability has been shown in various studies 
(22). The question remains whether this is caused by unpalatability related to a small 
amount of intake or high palatability related to a larger intake. However compared 
to placebo, no differences were observed in palatability between the cueing aroma 
stimuli (lactones, maltol, and ‘animalic’) that might have affected the amount eaten. 
The higher the pleasantness of taste a subject scored, the higher ad libitum intake was 
of this subject, irrespective of the type of cueing aroma stimulus.
Apparently, the concentrations used for the cueing aroma stimuli (i.e. sensory detection 
thresholds) in custard may not be intense enough to create a significant difference 
in actual custard consumption. Nevertheless, it was the intention of the experiment 
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Figure 4.6 Upper graph: Change (Δ) in desire to eat sweet or savoury VAS rating during and after 

consumption of the four custard products (placebo; with addition of lactones; with addition of 

maltol; and with addition of ‘animalic’). Lower graphs: Area under curve (AUC) Δ desire to eat sweet 

or savoury VAS rating during (left) and after (right) consumption of the four custard products. Values 

are means with their standard errors depicted by vertical bars. * denotes effect of type of custard 

product on (AUC) change in desire to eat sweet or savoury VAS rating at the designated time point 

with p ≤ 0.05. 

to have sensory detection threshold intensities; thus increasing the intensity of the 
cueing aroma stimuli used would affect palatability, consequently leading to subjects 
who might stop eating due to aversion instead of satiation. Alternatively, the cueing 
aroma stimuli used, may not be effective in decreasing actual food consumption, 
implying that the hypothesis that the applied ingredient-related aroma cues may affect 
food intake, is not valid. 
It was demonstrated that compared to placebo and custard product with addition of 
lactones, custard products with addition of maltol or ‘animalic’ at sensory detection 
threshold were able to increase subjects’ feeling of fullness significantly (Figure 4.4). 
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Figure 4.7 Pleasantness of taste VAS rating for the four custard products (placebo and custard test 

products with addition of cueing aroma stimuli; i.e. lactones, maltol, and ‘animalic’). Values are means 

with their standard errors depicted by vertical bars. There was no significant difference in type of 

custard product on pleasantness of taste VAS rating (F(3, 43) = 0.55; P = 0.65). 

Besides increasing perceived fullness, custard products with addition of ‘animalic’ 
were also able to decrease the subjects’ desire to eat significantly compared to the 
custard product with addition of maltol or lactones (Figure 4.5). Taking into account 
the effect of amount consumed ad libitum on appetite profile ratings, similar trends 
were observed. The lack of significance in appetite profile ratings per liter consumed 
ad libitum may be explained by effects in either the numerator or the denominator, 
i.e. related to a rapid translation to fullness (low fraction) or a small amount of intake 
(high fraction), respectively. 
The results obtained regarding the short-term appetite profile were expected, since 
it was hypothesised that ‘animalic’, used as aroma stimulus relating to a non-food 
aroma, would be cueing for incongruence between the actual flavour and the flavour 
expectation attributable to the consumed food product, consequently unconsciously 
triggering satiation (i.e. perceived fullness). Besides possible incongruence in flavour 
perception, alternatively, the response to the cueing aroma stimuli may be a learned 
response, i.e. conditioned satiation (i.e. perceived fullness) possibly due to flavour-
nutrient learning (FNL; cf. 6-8). According to our hypothesis, subjects may associate 
the aroma stimuli ‘animalic’ and maltol cueing for the energy content (i.e. post-
ingestive consequences) of protein and carbohydrate, respectively. This assumption 
was confirmed by the results of the 4-AFC tests. Subjects were able to associate the 
cueing aroma stimuli with the corresponding ingredient-related pictures, representing 
specific macronutrients. The present result regarding the short-term appetite profile is 
in line with observations that macronutrients have different satiating efficiencies, in 
which protein is more satiating, followed by carbohydrate, and fat as least satiating (23-

26). Nevertheless, ‘animalic’ is a proposed example of a possible aroma stimulus cueing 
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for the energy content of protein. It is doubtful whether this aroma stimulus is the 
ultimate aroma stimulus cueing for protein. It is possible that other aroma stimuli 
(relating to food instead of non-food) cueing for the energy content of protein would 
provide even more powerful results. 
Moreover, during the ad libitum consumption of the custard products a significant 
decrease in desire to eat sweet products was observed, irrespective of the type of custard 
(Figure 4.6). This is due to sensory-related satiation (27). Our subjects were sensorily 
satiated with respect to the sweet taste of foods in general after consumption of all 
(sweet) custard products. In line with expectations, no significant change in desire to 
eat savoury products during the ad libitum consumption of the (sweet) custard products 
was observed (Figure 4.7).  
To summarise, the present study demonstrates that ingredient-related aroma cues 
at sensory detection threshold are able to contribute to perceived fullness. From this 
study, it can, however, not be concluded whether this is due to incongruence between 
the actual flavour and the flavour expectation attributable to the consumed food 
product or to perceiving the aroma stimuli cueing for the energy content of specific 
macronutrients. 
The concept that exposure to specific cueing aroma stimuli at sensory detection 
threshold is able to affect perceived fullness may be valuable for the development of 
foods that contain triggers that are able to induce or increase the feeling of fullness. 
While active ingredients may induce satiety at later stages in the food intake cycle, 
sensory triggers operating at early stages have a consumer benefit that is immediately 
noticeable, thus leading more quickly to an increased feeling of fullness. Although 
there was no effect on actual food consumption, increased feelings of fullness may 
still be useful to affect consumer’s motivational state. When a product is perceived 
as inducing a feeling of fullness, the consumer feels good just by consumption of the 
product. Specific food product application might even strengthen the impact of the 
concept by researching other aroma cues or different products (e.g. savoury (soup) vs. 
creamy, sweet (custard) food matrices). 
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ABSTRACT

In a within-subject repeated-measures design, the acute effect of complexity in aroma 
composition on satiation and food intake was investigated in 41 young, healthy, and 
normal-weight subjects. Subjects consumed two different strawberry-aromatised 
sweetened yoghurt products (i.e. test and placebo product) in either an olfactometer-
aided or an ad libitum eating experimental design. The test product was aromatised 
with a multi-component strawberry aroma, while the placebo product was aromatised 
with a single-component strawberry aroma. Before, during and after the olfactometer-
aided sensory stimulation and ad libitum consumption, appetite profile measurements 
were performed. 
Compared to placebo, perceived satiation was significantly increased during aroma 
stimulation with the multi-component strawberry aroma in the olfactometer-aided 
setting. Additionally, perceived satiation was significantly increased 10-15 minutes 
after consumption of the multi-component strawberry-aromatised sweetened yoghurt 
product in the ad libitum eating setting. There was no effect on actual strawberry-
aromatised sweetened yoghurt product consumption. Apart from the differences in 
timing of the appetite-regulating effects, both experimental settings demonstrated 
that the multi-component strawberry aroma, which was perceived as being more 
complex, yet of similar aroma quality, intensity and pleasantness compared to the 
single-component strawberry aroma, was able to enhance perceived satiation. The 
methodology of the olfactometer-aided aroma stimulation proved to be representative 
of a real-life setting with regard to aroma exposure and satiation.
Food products, which are perceived as being more complex, have been suggested 
to delay the development of sensory satiation as a result of implicitly cueing for 
variation. The present results may be explained by increased sensory stimulation, due 
to concurrent exposure to multiple aroma components cueing for sensorily similar 
strawberry perception. 

Key words: Arousal potential level; Satiation; Appetite profile; Energy intake; Flavour; 
Olfactometer
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INTRODUCTION

Sensory perception during food consumption is a complex process, in which olfaction, 
taste, mouth feel, vision, the trigeminal system and auditory signals contribute to the 
total appreciation of a food product (1-3). Repeated consumption across time may affect 
appreciation, in either a positive or negative direction, depending on the so-called 
arousal level of a sensory stimulus (4-9). The arousal level of a sensory stimulus, which is 
a combination of intensity, complexity and novelty, is an intrinsic factor of a sensory 
stimulus, which is subject-specific and reduced by learning and experience. A single-
peaked inverted U-shape relationship exists between the preference and perceived 
arousal level of a sensory stimulus (4-6), which notably includes perceived complexity 
(6). For each subject there is an optimal arousal potential level below and above which 
sensory stimuli are less preferred (4-7). Mere exposure to food products, which are initially 
perceived on the right side of the optimum arousal potential level (i.e. perceived as 
being slightly more complex, and consequently less preferred than the optimum), is 
able to shift perception towards the optimum upon learning and experience (longer-
term food appreciation). In contrast, repeated exposure to food products that are 
initially perceived at the optimum, or on the left side of the optimum arousal potential 
level, will only lead to diminished interest or even to boredom (4-9). 
A number of studies have revealed that repeated consumption of food products, which 
were perceived as being more complex, delayed the development of sensory satiation 
(7, 9-10). A possible explanation may be that perceived complexity implicitly cued for 
variation in sensory properties. Increasing the variation of sensorily distinct foods 
slows the decline in desire to eat the food and increases meal size (11-13). 
In the present study, the focus was on aroma. Recently, we were able to show that a 
retro-nasally delivered aroma (strawberry) was capable of inducing satiation (14). The 
current study investigates whether two different strawberry aroma compositions, 
which are expected to vary only in the perceived level of complexity, are able to show 
a difference in resulting satiation. Assuming that the total amount of exposure to a 
food’s sensory properties determines the total decline in desire to eat, we hypothesised 
that an enhancement of sensory properties by increased sensory stimulation from a 
more complex aroma would further reduce the desire to eat and enhance satiation. This 
is suggested to be due to concurrent exposure to multiple sensory attributes cueing for 
similar sensory perception. 
In order to study this hypothesis, a single-blind, placebo-controlled, randomised cross-
over design was performed, to investigate the acute effect of complexity in aroma 
composition on satiation and food intake in human subjects. Two different strawberry-
aromatised sweetened yoghurt products (i.e. aromatised with a multi-component (test 
product, hypothesised to be perceived as being more complex) or single-component 
(placebo product, hypothesised to be perceived as less complex) strawberry aroma) 
were tested in both an olfactometer-aided and an ad libitum eating experimental 
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design. The aim of this study was to determine whether effects of a single exposure to a 
multi-component strawberry aroma may contribute to satiation, because of increased 
sensory stimulation, due to concurrent exposure to multiple aroma components cueing 
for strawberry perception. In addition, the results served to validate the methodology 
of olfactometer-aided aroma stimulation as representative of a real-life setting. 

SUBJECTS AND METHODS

Subjects

Forty-one healthy subjects (twenty-one women and twenty men) aged 20-40 years living 
in Ede, The Netherlands, and surroundings were recruited through advertisements in 
the local newspapers. The subjects included normal-weight subjects, with a body mass 
index (BMI) of 20 to 25 kg m–2. Subjects’ mean age (± standard deviation) was 29 ± 7 
years and mean BMI (± standard deviation) was 23 ± 3 kg m–2. 
Subjects’ degrees of dietary restraint were determined using the Dutch translation of 
the Three-Factor Eating Questionnaire (TFEQ) (15). Based on the outcome of the TFEQ 
subjects were selected with low scores (≤ 9) on dietary restraint. In addition, based on 
self-report, subjects were not allergic to, nor did they have an aversion to, any of the 
food ingredients used in the present study. Subjects also reported a normal sense of 
smell. 
Subjects were fully informed about the course of the test day and gave their written, 
informed consent. To prevent response-bias, the participants were given no information 
about the hypotheses and nature of the predictions of the experiment. They were only 
aware of the original nature of the study, i.e. the contribution of aroma to satiety. 
The study was approved by the Medical Ethical Committee (MEC) of Wageningen 
University.

Preparation of products 

Sweetened yoghurt products 

Batches of non-aromatised skimmed (0.5% fat) pasteurized yoghurt were produced 
in NIZO food research’s food-grade pilot plant (The Netherlands) and contained 90% 
milk (Friesland Foods, The Netherlands), 1.0% starch (Roquette, France), and 8.4% 
sugar (CSM, The Netherlands). Microbiological safety was checked for each yoghurt 
production. The viscosity of the produced yoghurt products was 61 ± 14 s, as measured 
with a Posthumus funnel and the pH was 4.03 ± 0.1. 

Strawberry-aromatised sweetened yoghurt products 

In order to prepare the strawberry-aromatised sweetened yoghurt products, 1.0 mL 
strawberry solution with a concentration of 100 g/kg, i.e. diluted 10 fold in propylene 
glycol (private label from a local pharmacy in Ede, The Netherlands), was added to 
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1 L sweetened yoghurt product (NIZO food research, The Netherlands) following a 
standardised procedure of continuous stirring. The strawberry concentration in the 
sweetened yoghurt product was 100 mg/kg. The strawberry-aromatised sweetened 
yoghurt products were left 1.5 days at 4°C to allow a good equilibration of the aroma 
in the product. No colour was added to the strawberry-aromatised sweetened yoghurt 
products to prevent any unwanted cross-modal effect from a pink- or red-coloured 
yoghurt product with respect to the two different strawberry aroma compositions. 

Strawberry aroma 

Ethyl butyrate (Sigma-Aldrich Chemie GmbH, Germany) was used as single-component 
strawberry aroma. Ethyl butyrate is one of the key components of a generic strawberry 
aroma quality. The sensory quality of ethyl butyrate can be described as ethereal, 
fruity, ripe fruit notes (16). The multi-component strawberry aroma used was the 
standard aroma of the COST 921 action, designed and supplied by Givaudan (Geneva, 
Switzerland), which contains 15 components, including ethyl butyrate (17). 
Prior to use in the olfactometer, the strawberry aroma was diluted 10000 fold in 
propylene glycol (private label from a local pharmacy in Ede, The Netherlands).

Validation of aroma stimulation via olfactometer as representative of a real-life setting

Olfactometer-aided aroma stimulation 

On the one hand, the contribution of strawberry aroma was investigated apart from 
other stimuli from the yoghurt matrix (associated with other ingredients, textures 
and tastes). For this, the strawberry aroma was decoupled from the taste and mouth 
feel of the sweetened yoghurt product and delivered separately to the subjects by 
means of a tailored computer-controlled four-channel olfactometer based on air-
dilution olfactometry (OM4, Burghart, Germany). Using atmospheric pressure 
chemical ionization-mass spectrometry (APcI-MS) in combination with olfactometer 
methodology complete strawberry aroma release profiles were designed that mimic 
those obtained in vivo during the consumption of strawberry-aromatised sweetened 
yoghurt product (cf. 3, 14, 18). 
In the current set-up, the air flow out of the olfactometer was kept constant at 8 L/min 
so as to be as close as possible to natural aroma release conditions during consumption. 
A complete aroma time-intensity release profile was administered by the olfactometer, 
consisting of multiple aroma pulses. The aroma release curve, resembling the 
consumption of the strawberry-aromatised sweetened yoghurt product, was delivered 
as a profile of ten consecutive pulses, each lasting 3 s, with inter-pulse intervals of 1 s 
(Figure 5.1). 
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Figure 5.1 Aroma release profile delivered by olfactometer in both the single-component and multi-

component strawberry aroma stimulation. Since this study is comparison-wise, expression of the 

flavour intensity in arbitrary units (A.U.) is sufficient to analyse differences (19). The smoothed line 

indicates the perceived aroma intensity, which is a continuous envelope. Due to the length of the 

aroma profile, the start of the aroma delivery was 3 s before the instruction to consume the sweetened 

yoghurt sample. 

The odourized-dilution air flow ratios, i.e. the amount of odour-enriched air vs. the 
amount of odourless air for the ten pulses within the profile, were 1:7, 2:6, 4:4, 4:4, 
4:4, 4:4, 4:4, 4:4, 2:6, 1:7, with a total odour + dilution air flow of 8 L/min. The aroma 
concentration in the delivered air corresponds linearly to the fraction of the total flow 
for flow rates up to 4 L/min in each aroma vessel. The aroma profile was designed in 
such a way that the envelope of the aroma pulses mimicked the reflux of air that occurs 
during and after swallowing. Each subject received both aroma compositions via the 
same aroma profile with the same concentration of the strawberry aroma in a fully 
randomised order. For retro-nasal aroma delivery, approximately 9 cm in length of a 
silicon tube (suction catheter CH 10, D-Care B.V., The Netherlands) was placed into the 
lower meatus of the right nasal cavity. Anterior rhinoscopy was performed to exclude 
major pathology. Introduction of the tubing to the nose was tolerated well by all 
subjects without causing congestion, epistaxis or mucus discharge. Subjects waited for 
15 minutes, in which they could relax and become familiar with the tubing. The extent 
to which a subject felt comfortable was recorded. The silicon tube was connected to the 
olfactometer while the subject was sitting straight up in a chair, enabling concurrent 
consumption of sweetened yoghurt product. 
Subjects were connected to the olfactometer for 15 minutes. The aroma stimulation 
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consisted of 15 aroma release profiles, starting every minute. All 15 aroma release 
profiles, which were retro-nasally delivered in the nose, were combined with the taste 
and mouth feel sensation of the sweetened yoghurt product (15 g) in the mouth. 
During one complete aroma stimulation experiment, every subject received 15 such 
sweetened yoghurt samples (225 g in total), which were served at 7 ± 1˚C. A specific 
protocol was established for the timing of aroma delivery. As 15 g is a normal quantity 
to be consumed in one mouthful, subjects were instructed to consume the entire 
sweetened yoghurt sample in one mouthful using a spoon. Due to the length of the 
aroma profile, the start of the aroma delivery was 3 s before the instruction to consume 
the sweetened yoghurt sample, while the subjects were putting the spoon with the 
mouthful of sweetened yoghurt sample into their mouth. No specific instruction with 
regard to breathing was given. With the exception of strong breath intake through the 
nose, the total air flow of 8 L/min from the olfactometer ensures delivery of the aroma 
to the olfactory epithelium. During the experiments, the subjects were closely observed 
in order to verify compliance with the protocol.
To prevent adaptation to the delivered aroma, the delay between the measurements 
amounted to a minimum of 17 s (i.e. the time interval between two successive aroma 
release profiles). Within this time interval, a continuous constant flow of clean air was 
maintained. After aroma stimulation, the silicon tube was removed and subjects went 
to another room for the remaining part of the experiment.

Ad libitum consumption

Alternatively, in the more real-life setting, the contribution of strawberry aroma to 
satiation and food intake was investigated in an ad libitum eating experimental design. 
For this, the strawberry aroma was coupled to the taste and mouth feel of the sweetened 
yoghurt product. Subjects were simultaneously exposed to the strawberry aroma, taste 
and mouth feel of the yoghurt product. Prior to consumption, the strawberry aroma 
was added to the sweetened yoghurt product in a concentration comparable to the 
olfactometer-aided aroma stimulation, as measured in vivo using APcI-MS. 

Experimental design

Separately, in order to prevent response-bias, sensory data were obtained to investigate 
whether the difference in the two strawberry aroma compositions was large enough 
to be perceived as being different with respect to the level of complexity. Therefore, 
after the satiation experiments, a sensory evaluation was performed with the subjects 
who participated in this study. Based on these results, it could be checked whether the 
intervention was successful. 
For the satiation experiments, each subject visited the test location four times in the 
morning, testing the two strawberry-aromatised sweetened yoghurt products (i.e. 
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aromatised with a multi-component (test product) or single-component (placebo 
product) strawberry aroma) in either an olfactometer-aided or an ad libitum eating 
setting. Treatment order was counterbalanced across both test days and subjects. 
Between each visit there was a time-interval of 1 week. Based on the results of the 
different technological approaches it could be checked whether the olfactometer-aided 
aroma stimulation is representative of a real-life setting with regard to aroma exposure 
and satiation. Therefore, timings of the two experimental designs were kept the same 
as much as possible. However, due to practical feasibility, both experimental settings 
could not start at the same time of the morning. The olfactometer-aided setting only 
allowed one subject at the time. 
Before starting the experiment, daily dietary energy requirements were calculated 
individually by multiplying the basal metabolic rate (BMR) by an activity index of 
1.60. The BMR was calculated according to the equation of Harris and Benedict (20). 
Subjects were asked to consume 10% of the daily dietary energy requirements for 
breakfast at home, which varied per person from 836 to 1463 kJ (from 200 to 350 
kcal). In addition, the subjects were requested to consume the same type and amount 
of breakfast when visiting the laboratory the next times. Based on this individually 
standardised breakfast, subjects visited the laboratory every time with comparable 
feelings of hunger and satiety. This was confirmed by a baseline measurement before 
the start of the olfactometer-aided aroma stimulation or ad libitum consumption of the 
strawberry-aromatised sweetened yoghurt products. 
In a single-blind, placebo-controlled, randomised cross-over design, subjects were either 
administered two different strawberry aroma compositions using an olfactometer-aided 
setting as described above, or served two different strawberry-aromatised sweetened 
yoghurt products, from which they could eat ad libitum. Before, during and after the 
olfactometer-aided sensory stimulation and ad libitum consumption, appetite profile 
measurements were performed. The design of a test day is represented schematically in 
Figure 5.2 A (olfactometer-aided setting) and Figure 5.2 B (ad libitum eating setting).

Measurements

Sensory evaluation of the strawberry-aromatised sweetened yoghurt products 

Sensory attribute evaluation for the appearance, smell, taste, mouth feel and aftertaste 
of the different strawberry-aromatised sweetened yoghurt products was performed by 
the subjects on a 100-mm visual analogue scale (VAS) (anchored for each with “not at 
all attractive” and “very much attractive”) (21). Intensities of smell, taste and aftertaste 
were recorded on a 100-mm just-about-right scale (JAR) (anchored for each with “much 
too weak” and “much too strong”) (e.g. 22).
Perceived levels of complexity, familiarity/novelty and boredom were assessed for 
the different strawberry-aromatised sweetened yoghurt products by questionnaire(cf. 
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Figure 5.2 Overview of the test day protocol. Subjects came four times to the laboratory, a week 

apart, and received either the single- or multi-component strawberry olfactometer-aided aroma 

stimulation (A) or the single- or multi-component strawberry-aromatised sweetened yoghurt product 

(B) in a fully randomised order. Appetite profiles were recorded on a 100-mm visual analogue scale 

(VAS) repeatedly (A and B: VASAP-ref to VASAP-8). Hedonic ratings were recorded for the strawberry-

aromatised sweetened yoghurt product on a 100-mm VAS (A and B: VASliking). In addition, the amount 

of strawberry-aromatised sweetened yoghurt product consumed ad libitum was measured (B). 

9). Subjects recorded ratings for the items “difficulty to describe the taste”, “perceived 
number of ingredients” and “perceived level of complexity” (i.e. the dimension 
complexity); “familiarity”; “perceived boredom”, “desire to eat”, “appropriateness to eat 
every day” and “probability of personal choice” (i.e. the dimension boredom) (100-mm 
VAS anchored for each with “not at all” and “very much”).
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Short-term appetite profile

The appetite profile, i.e. ratings of hunger, fullness, satiation, desire to eat and thirst 
were recorded on a 100-mm VAS (anchored for each with “not at all” and “very much”) 
repeatedly before, during, and after the olfactometer-aided sensory stimulation and ad 
libitum consumption of the strawberry-aromatised sweetened yoghurt products (see 
VASAP Figure 5.2). In addition, at the same time-points desire to eat sweet products and 
desire to eat savory products were recorded on 100-mm VAS anchored with “not at all” 
and “very much”. All rating scales were provided on separate sheets that were collected 
after each rating.

Actual strawberry-aromatised sweetened yoghurt product consumption

To measure the effect of the two different strawberry aroma compositions on actual 
yoghurt product consumption, subjects were offered 2 L of strawberry-aromatised 
sweetened yoghurt product, served in an opaque bowl with a tablespoon at 7 ± 1˚C, 
from which they could eat ad libitum. The amount offered was such that there were 
always leftovers. After consumption the amount of strawberry-aromatised sweetened 
yoghurt product consumed was measured for each subject (Mettler-Toledo balance, 
Switzerland).

Pleasantness of flavour rating

Immediately after the start of the olfactometer-aided aroma stimulation or ad libitum 
strawberry-aromatised sweetened yoghurt product consumption, pleasantness of taste 
of the consumed yoghurt product was measured. Subjects were asked to scale their 
hedonic rating (100-mm VAS anchored with “not pleasant at all” and “very pleasant”) 
(see VASliking Figure 5.2). 

Data analysis 

VAS and JAR ratings were measured in millimeters from the left (respectively, “not 
at all” and “much too weak”) end of the scale. The set of sensory data obtained was 
evaluated by regular statistical means (e.g. descriptive statistics), regular Principal 
Components Analysis (PCA) (FIZZ Calculations, release 2.30c, Biosystemes, France), 
and a General Linear Model (GLM) procedure for repeated measures with participant 
and type of strawberry aroma as independent variables (SAS, release 9.1, SAS Institute 
Inc., USA). 
Since there were no significant differences in VAS rating for the appetite profile at 
baseline measurement, delta VAS ratings, i.e. changes in VAS ratings, were calculated by 
subtracting the ratings at the time-point before olfactometer-aided aroma stimulation 
or ad libitum consumption (VASAP-ref for appetite profile ratings) from the ratings at 
the different time-points during and after olfactometer-aided aroma stimulation or ad 
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libitum consumption (VASAP-1 to VASAP-8 for appetite profile ratings). Area under the 
curve (AUC) delta VAS ratings were determined using the trapezoidal method. As a 
composite measure for the appetite profile, hunger and satiation scores were used, 
while desire to eat and fullness were scored similarly. All data are presented as means 
with their standard errors of the mean (SEM). Actual strawberry-aromatised sweetened 
yoghurt product consumption and the different AUC delta VAS ratings were compared 
between the two different strawberry aroma compositions, in either the olfactometer-
aided or ad libitum eating setting, by using the GLM procedure for repeated measures, 
with participant and type of strawberry aroma as independent variables. Least Squares 
Means were used for post-hoc comparisons. With the use of a mixed-model analysis 
of variance (ANOVA) for repeated measures, differences in delta VAS appetite profile 
ratings were investigated per time-point. Least Squares Means were used for post-hoc 
comparisons.
Simple regression analyses (f(x)) were performed for actual strawberry-aromatised 
sweetened yoghurt product consumption and short-term appetite profile (y), and 
pleasantness of taste and perceived levels of the dimensions complexity, familiarity 
and boredom for the strawberry-aromatised sweetened yoghurt products (x). For all 
data analyses the statistical packages SAS (release 9.1, SAS Institute Inc., USA) were 
used. P-values < 0.05 were considered statistically significant.

RESULTS

Sensory evaluation of the strawberry-aromatised sweetened yoghurt products 

Subjects evaluated the appearance, (intensity of) smell, (intensity of) taste, mouth 
feel and (intensity of) after taste of both strawberry-aromatised sweetened yoghurt 
products as acceptable attractive and just about right (Table 5.1). However, subjects 
rated the mouth feel of the single-component strawberry-aromatised sweetened 
yoghurt as more attractive compared to the multi-component strawberry-aromatised 
sweetened yoghurt (F(1, 41) = 7.71; P = 0.01). Apart from mouth feel, sensory attribute 
evaluation did not differ significantly between the single- and multi-component 
strawberry-aromatised sweetened yoghurt products. 
The multi-component strawberry-aromatised sweetened yoghurt product yielded 
significantly higher scores compared to the single-component strawberry-aromatised 
sweetened yoghurt product on the dimension complexity for the items difficulty 
to describe the taste (49.8 ± 3.3 mm and 62.9 ± 3.3 mm for the single- and multi-
component strawberry-aromatised sweetened yoghurt product, respectively; F(1, 41) = 
7.53; P = 0.01) and perceived level of complexity (38.8 ± 2.6 mm and 47.3 ± 2.6 mm for 
the single- and multi-component strawberry-aromatised sweetened yoghurt product, 
respectively; F(1, 41) = 5.23; P = 0.03) (Figure 5.3). Subjects evaluated the dimensions 
familiarity and boredom for both strawberry-aromatised sweetened yoghurt products 
not significantly different. 
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Table 5.1 Sensory attribute evaluation of the different strawberry-aromatised sweetened yoghurt 

products, as performed after the satiation experiments by the 41 subjects a

Single-component 
strawberry aroma

Multi-component 
strawberry aroma

Mean SEM Mean SEM
Appearance (mm) b 60.4 1.6 61.9 1.6
Smell (mm) b 52.8 2.6 51.1 2.5
Intensity of smell (mm) c 48.4 2.5 49.1 2.5
Taste (mm) b 55.3 2.5 54.1 2.5
Intensity of taste (mm) c 56.5 1.4 55.2 1.4
Mouth feel (mm) b* 69.9 1.6 63.5 1.6
After taste (mm) b 45.6 3.4 48.8 3.4
Intensity of after taste (mm) c 60.6 2.5 59.1 2.5

a Mean values and standard errors;
b 100-mm VAS scale;
c 100-mm JAR scale;

* Significantly different between the two yoghurt products.

Pleasantness of taste of the strawberry-aromatised sweetened yoghurt product 

Subjects evaluated the pleasantness of taste for the single- and multi-component 
strawberry-aromatised sweetened yoghurt product, as on average 59.4 ± 1.8 mm and 
58.6 ± 1.9 mm, respectively. No significant differences in pleasantness of taste were 
observed between the strawberry-aromatised sweetened yoghurt products in either 
the olfactometer-aided or the ad libitum eating setting (F(1, 38) = 1.02; P = 0.32; and F(1,40) 
= 3.12; P = 0.09, respectively). 
In general, it appeared that the amount of strawberry-aromatised sweetened yoghurt 
product consumed ad libitum (y) was a function of personal pleasantness of taste of the 
strawberry-aromatised sweetened yoghurt products (x) (y= 3.1x + 175.8; R2 = 0.07; P 
= 0.02). Correspondingly, personal pleasantness of taste of the strawberry-aromatised 
sweetened yoghurt products (x) was related to the appetite profile ratings (y); either 
positively for perceived satiation and perceived fullness, or negatively for perceived 
hunger and desire to eat. 
In addition, pleasantness of taste and perceived level of complexity for the two 
different strawberry-aromatised sweetened yoghurt products were not linearly related, 
but could be related to the theoretical inverted U-shape between pleasantness of taste 
and perceived level of complexity (Figure 5.4). The pleasantness of taste, as measured 
during ad libitum consumption was equal for both strawberry-aromatised sweetened 
yoghurt products. However, subjects perceived a significantly higher level of complexity 
for the multi-component strawberry aromatised sweetened yoghurt product compared 
to the single-component strawberry aromatised sweetened yoghurt product. Current 
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Figure 5.3 Star (spider) graph (100-mm scale) representing the ratings for the dimensions perceived 

complexity (i.e. the items “difficulty to describe the taste (difficulty desc)”, “perceived number of 

ingredients (no ingredients)” and “perceived level of complexity (complexity)”), “familiarity” and 

boredom (items “perceived boredom (boredom rate)”, “desire to eat (desire eat)”, “appropriateness 

to eat every day (approp eat)” and “probability of personal choice (prob prs choice)”) for the single-

component (dot line) and multi-component (solid line) strawberry-aromatised sweetened yoghurt 

product. Parameters with a * denote that subjects evaluated the dimension complexity significantly 

higher for the multi-component strawberry-aromatised sweetened yoghurt product with respect to 

the items difficulty to describe the taste and perceived level of complexity.

strawberry-aromatised sweetened yoghurt products are likely positioned either on the 
left side of the optimum arousal potential level (Figure 5.4 A) or on both the left and 
right side of the optimum arousal potential level (Figure 5.4 B) for the single- (placebo 
product) and multi-component (test product) strawberry-aromatised sweetened 
yoghurt product, respectively.

Actual strawberry-aromatised sweetened yoghurt product consumption

The amount of strawberry-aromatised sweetened yoghurt product consumed ad 
libitum did not differ significantly between the two strawberry aroma compositions 
(respectively, 347 ± 19 mL (range 51.4 – 1101.3 mL) for the single-component 
strawberry-aromatised sweetened yoghurt product (placebo product) and 360 ± 19 mL 
(range 58.5 – 945.2 mL) for the multi-component strawberry-aromatised sweetened 
yoghurt product (test product) (F(1, 40) = 0.24; P = 0.63) (data not shown). 
In general, it appeared that the amount of strawberry-aromatised sweetened yoghurt 
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product consumed ad libitum (y) was a function of the perceived level of complexity for 
the strawberry-aromatised sweetened yoghurt product (x) (y= - 4.1x + 528.1; R2 = 0.10; 
P = 0.004). 

Figure 5.4 Illustration of the theoretical likely left side (A) or both left and right side (B) of the inverted 

U-shape relationship between pleasantness of taste and the arousal potential for the single- (placebo 

product) and multi-component (test product) strawberry-aromatised sweetened yoghurt product. 

The pleasantness of taste, as measured during ad libitum consumption, was equal for both strawberry-

aromatised sweetened yoghurt products; however, subjects significantly perceived a higher level of 

complexity for the multi-component strawberry aromatised sweetened yoghurt product. 

Short-term appetite profile

Since the amount of sweetened-yoghurt product consumed during olfactometer-aided 
sensory stimulation was fixed, no additional adjustments were made for the effect of 
amount consumed on recorded appetite profile ratings in the olfactometer-aided setting. 
Although the amount of strawberry-aromatised sweetened yoghurt product consumed 
ad libitum was not equal for the two strawberry-aromatised sweetened yoghurt products 
in the ad libitum eating setting, this difference was not significant between the two 
different strawberry aroma compositions. Also no additional adjustments were made 

A

B
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for the effect of amount consumed on recorded appetite profile ratings in the ad libitum 
eating setting. 
Figures 5.5 and 5.6 show the results of the two different strawberry-aromatised 
sweetened yoghurt products, in either an olfactometer-aided or an ad libitum eating 
setting, on the change in VAS ratings of hunger, and satiation, respectively. Compared 
to placebo, a significant difference was demonstrated in perceived hunger during 
olfactometer-aided sensory stimulation with the multi-component strawberry aroma 
(F(1, 342) = 5.31; P = 0.02). Subjects felt less hungry during olfactometer-aided sensory 
stimulation with the multi-component strawberry aroma (Figure 5.5; delta mean 
response at VASAP-3 ± SEM: -11.1 ± 2.6 mm) than during olfactometer-aided sensory 
stimulation with the single-component strawberry aroma (Figure 5.5; delta mean 
response at VASAP-3 ± SEM: -4.4 ± 2.6 mm). 

Figure 5.5 Change (Δ) in hunger VAS rating during and after the olfactometer-aided sensory 

stimulation (upper two data series; single- and multi-component olfactometer-aided) and ad libitum 

consumption of the strawberry-aromatised sweetened yoghurt products (lower two data series; 

single- and multi-component ad libitum), respectively. Values are means with their standard errors 

depicted by vertical bars. * denotes significant effect of type of strawberry aroma on change in hunger 

VAS rating at the designated time point with P < 0.05. 

In addition, subjects felt more satiated if they were aroma stimulated with the multi-
component strawberry aroma (Figure 5.6; delta mean response at VASAP-3 ± SEM: 12.8 ± 
2.5 mm) compared to the single-component strawberry aroma (Figure 5.6; delta mean 
response at VASAP-3 ± SEM: 7.4 ± 2.5 mm) (F(1, 342) = 4.07; P = 0.05). Furthermore, a 
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significant difference in perceived fullness was found during olfactometer-aided aroma 
stimulation with the multi-component strawberry aroma (delta mean response at 
VASAP-3 ± SEM: 15.6 ± 2.7 mm) compared to the single-component strawberry aroma 
(delta mean response at VASAP-3 ± SEM: 8.4 ± 2.7 mm) (F(1, 342) = 5.78; P = 0.02) (data not 
shown, but similar to Figure 5.6).

In the ad libitum eating setting, a significant difference in perceived satiation was 
observed after consumption of the multi-component strawberry-aromatised sweetened 
yoghurt product (Figure 5.6; delta mean response at VASAP-4-6 ± SEM: 35.2 ± 4.0 mm) 
compared to the single-component strawberry-aromatised sweetened yoghurt product 
(Figure 5.6; delta mean response at VASAP-4-6 ± SEM: 29.1 ± 4.0 mm). After consumption 
of the multi-component strawberry-aromatised sweetened yoghurt product, subjects 
felt more satiated than after consumption of the single-component strawberry-
aromatised sweetened yoghurt product ( 5.03 ≥ F(1, 359) > 3.90; 0.03 ≤ P < 0.05). In 
contrast, a decrease in perceived hunger was not observed after ad libitum consumption 
of the multi-component strawberry-aromatised sweetened yoghurt product. 

Figure 5.6 Change (Δ) in satiation VAS rating during and after the olfactometer-aided sensory 

stimulation (lower two data series; single- and multi-component olfactometer-aided) and ad libitum 

consumption of the strawberry-aromatised sweetened yoghurt products (upper two data series; 

single- and multi-component ad libitum), respectively. Values are means with their standard errors 

depicted by vertical bars. * denotes significant effect of type of strawberry aroma on change in 

satiation VAS rating at the designated time point with P < 0.05. 

DISCUSSION

The present study demonstrates that a multi-component strawberry aroma, which was 
perceived as being more complex, yet of similar aroma quality, intensity and pleasantness 
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compared to a single-component strawberry aroma, is able to enhance satiation. 
Satiation-enhancing effects may be explained by increased sensory stimulation. This is 
suggested to be due to concurrent exposure to multiple aroma components cueing for 
sensorily similar strawberry perception.
The subjects in the current study perceived no differences in appearance, (intensity of) 
smell, (intensity of) taste and (intensity of) after taste between the single- and multi-
component strawberry-aromatised sweetened yoghurt products, apart from mouth feel. 
There are no indications that the perceived difference in mouth feel affected the present 
results. This unexpected distinction could not be related to batch differences in yoghurt 
production or cross-modal sensory effects, such as differences in the perceived level of 
complexity. Based on the smell and taste ratings, it can be concluded that subjects were 
not consciously aware of the difference in strawberry aroma composition between the 
two different strawberry-aromatised sweetened yoghurt products. However, subjects 
did perceive the multi-component strawberry-aromatised sweetened yoghurt product 
as being more complex and more difficult to describe the taste compared to the single-
component strawberry-aromatised sweetened yoghurt product (Figure 5.3). Hence, 
the positioning of the single- and multi-component strawberry-aromatised sweetened 
yoghurt product as placebo product and test product, respectively, turned out to be 
valid. This was the most unforeseeable part of the experimental design, since it was 
not possible to define a priori the subjects’ perceived level of complexity for the two 
different strawberry-aromatised sweetened yoghurt products (cf. 9). 
Although differences in the perceived level of complexity between the two strawberry-
aromatised sweetened yoghurt products could be engineered, the average pleasantness 
of taste was equal for both yoghurt products (Figure 5.4). The theoretical inverted 
U-shape relationship between pleasantness of taste and the arousal potential for the 
single- (placebo product) and multi-component (test product) strawberry-aromatised 
sweetened yoghurt product is a result of a trade-off between the engineering of a 
maximum perceived level of complexity and preservation of a maximum pleasantness 
of taste. If strawberry-aromatised sweetened yoghurt products, which would have been 
perceived as being more complex, had been used, pleasantness of taste might have 
been negatively affected, consequently leading to subjects who might stop eating, due 
to aversion instead of satiation. The positioning of the current strawberry-aromatised 
sweetened yoghurt products on the theoretical inverted U-curve was successful for the 
present intervention with a single exposure (Figure 5.4). Thus, probably both yoghurt 
products were perceived as a single ‘body / gestalt’ without cueing for variation. 
The result that the multi-component strawberry aroma, which only varied in perceived 
level of complexity was able to enhance satiation was in line with our expectations 
(Figure 5.6). We hypothesised that the multi-component strawberry aroma would 
lead to increased sensory stimulation, due to concurrent exposure to multiple aroma 
components cueing for strawberry perception. To our knowledge, this result has not 
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been shown before in the literature. Food products, which are perceived as being more 
complex, are usually reported to delay the development of sensory satiation (7, 9-10). 
However, in those observations perceived complexity might implicitly cue for variation, 
leading to increased meal size (11-13), while in the present study perceived complexity 
did not result in consciously perceived sensory differences between the two different 
strawberry-aromatised sweetened yoghurt products. The absence of a significant effect 
on hunger ratings after ad libitum consumption of the multi-component strawberry-
aromatised sweetened yoghurt product was not expected. Subjects likely interpreted 
hunger differently than the opposite of satiation. 
In addition, the results served to validate the methodology of the olfactometer-
aided aroma stimulation as representative of a real-life setting with regard to aroma 
exposure and satiation. Although timings of the two experimental designs were 
kept the same as much as possible, differences in timing of the appetite-regulating 
effects were nevertheless observed between the olfactometer-aided and ad libitum 
eating setting. However, both experimental settings demonstrated that the multi-
component strawberry aroma was able to enhance perceived satiation. Compared to 
the olfactometer-aided setting, appetite-regulating effects were observed later in the 
ad libitum eating setting. For example, compared to placebo, perceived satiation was 
significantly increased during aroma stimulation with the multi-component strawberry 
aroma in the olfactometer-aided setting, while perceived satiation was significantly 
increased 10-15 minutes after consumption of the multi-component strawberry-
aromatised sweetened yoghurt product in the ad libitum eating setting (Figure 5.6). 
These timing differences are likely to be ascribed to a controlled vs. uncontrolled way of 
yoghurt product consumption in the olfactometer-aided vs. ad libitum eating setting, 
respectively. For example, eating rate and bite size are hypothesised to be different 
in the two experimental settings. In addition, the satiating power of food per kJ 
consumed is known to decrease slowly during the day (23). By starting the ad libitum 
eating experiment in the beginning of the morning, satiating effects of the multi-
component strawberry-aromatised sweetened yoghurt product even could have been 
observed during ad libitum consumption.
Although significant changes in appetite profile ratings were demonstrated between 
the two different strawberry aroma compositions, no significant difference between 
ad libitum consumption of the two different strawberry-aromatised sweetened 
yoghurt products was observed. As discussed by Veldhorst et al. (24), it is likely that the 
magnitude of the effect in perceived satiation was too small to have an effect on the 
amount consumed ad libitum. Veldhorst et al. (24) showed that differences in appetite 
ratings in a preload-ad libitum meal design need to be at least larger than 15 mm VAS in 
order to have a significant effect on subsequent energy intake. Although in the present 
study no preload-ad libitum meal design was applied, differences in VAS between the 
two different strawberry aroma compositions in both the olfactometer-aided and 
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ad libitum eating setting were rather small. The change in perceived satiation during 
olfactometer-aided aroma stimulation and after consumption of the yoghurt products 
in the ad libitum eating setting was on average 73 %, corresponding to 5.4 mm VAS 
and 22 %, corresponding to 6.4 mm VAS, respectively. Alternatively, the magnitude 
of the appetite-regulating effect might have been bigger if the yoghurt products had 
been pink coloured. Although subjects were not told that they were going to consume 
a strawberry-aromatised yoghurt product, addition of pink colour to the yoghurt 
products would likely have been better to meet consumers’ expectations towards the 
consumption of the strawberry-aromatised yoghurt products. 
The present study tested the acute effects on satiation and food intake of a single 
exposure to two different strawberry aroma compositions, which only varied in the 
perceived level of complexity. Since subjects were not able to make a distinction between 
the two strawberry aroma compositions based on sensory attribute evaluation, it would 
be interesting to investigate whether the present appetite-regulating effects are also 
observed after repeated exposure. 
The concept that exposure to a more complex aroma stimulus is able to affect satiation 
may be valuable for the development of foods containing triggers that are able to 
induce or increase the feeling of satiation. A possible food application could be for 
instance, the engineering of multi-component aroma compositions, which provide 
more ‘body / gestalt’ to food products. Other specific food product applications might 
even strengthen the impact of the concept by the inclusion of other sensory attributes, 
such as texture complexity (e.g. cross-modal complexity interactions between aroma 
(perceived as complex in aroma composition) and texture (perceived as complex in 
aroma release profile, due to longer oral processing as a result of texture), as long as 
all those sensory attributes (e.g. texture maybe also colour, taste) together add only to 
the complexity of a single ‘body / gestalt’ of the food product and do not implicitly cue 
for variation. 
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ABSTRACT

This study investigated if congruency in different aroma-texture combinations within 
a dairy product influences satiation and food consumption in humans. Among seven 
different aromas, vanilla was rated as congruent and lemon as incongruent aroma 
in the context of creamy texture, while both aromas were highly liked and familiar. 
Creamy custard, either vanilla- or lemon-aromatised, was given to 32 subjects in a 
preload-ad libitum regimen. Satiation was measured on visual analogue scales. Finally, 
the amount of ad libitum intake was determined. No effects of congruency were found 
on ad libitum consumption and perceived satiation. Subjects felt significantly more 
satiated when preload and ad libitum intakes shared the identical aroma compared to 
varied aromas. In conclusion, there was no relation between congruency in aroma and 
texture in dairy custard and food intake, but aroma perception possibly modulates 
perceived satiation. 

Keywords: Appetite; Aroma; Congruency; Custard; Energy intake; Texture
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INTRODUCTION 

As food is eaten, continued exposure to its appearance, taste, mouth feel and smell, may 
result in reduced pleasantness and desire to eat that specific food. This phenomenon 
is called “sensory-specific satiety” because it occurs in the relatively short-term before 
a meal is digested and absorbed (1-3). Taste-, aroma-, texture- and appearance-specific 
satieties have been identified (e.g. 1, 4-10). Factors that interrupt continued exposure, i.e. 
distractors introduced during a meal or variety in food and sensory properties, delay the 
expected decrease in appetite (11-12). This implies that, when a food is eaten, introducing 
another food with different sensory properties slows the decline in desire to eat the 
food and increases meal size.
Previous studies have shown that aromas may enhance perceived taste intensity (13-

14), and even perceived properties like thickness and creaminess (15), provided that the 
aroma matches the sensory property that is enhanced. The perceptual match between 
aroma on the one hand and taste and texture on the other hand is referred to as aroma-
taste and aroma-texture congruency. Aroma-taste and aroma-texture congruency 
may be exploited to influence the perceived taste- and texture properties of a food 
without changing its macronutrient composition. Assuming that the total amount of 
exposure to a food’s sensory properties defines the total decline in desire to eat, it is 
expected that an enhancement of sensory properties by a congruent aroma will further 
reduce desire to eat. Hence, two determinants of meal size may be distinguished, 
i.e. congruency of taste, mouth feel and aroma within one stimulus and variation in 
successive exposure to taste, mouth feel or aroma. Meal sizes may then be reduced by 
increasing the congruency of combinations of aroma, texture and taste or by reducing 
the sensory variation in successively presented foods.
The present study was designed to determine if the level of congruency and temporal 
variation in sensory input of aroma-texture combinations influence satiation and 
subsequent food intake. It was hypothesised that satiation and food intake are affected 
by the level of congruency as well as by variation of successive exposure to aroma-
texture combinations. Using a regimen of a fixed preload followed by an ad libitum 
meal of the creamy custard, the effects of four possible aroma combinations (either 
congruent or incongruent with creamy texture) on the amount of ad libitum food intake 
were tested in a two-by-two full-factorial design.

SUBJECTS AND METHODS

Subjects

Thirty-two healthy women, aged between 20 and 40 years, participated in this study. 
They were recruited and screened for dietary restraint, eating disinhibition and hunger 
using a validated Dutch translation of the three-factor eating questionnaire (16-17). 
Smokers and subjects with prescribed medication, except for contraceptives, were 
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excluded from participating in the study. Subjects were paid for their involvement, 
and gave informed consent. Testing took place at NIZO Food Research (Ede, The 
Netherlands) in a laboratory setting by trained staff on four consecutive morning 
sessions of 1½ h each, from 8:15 a.m. to 9:45 a.m., with a minimum interval of 1 week 
between each session. All subjects arrived in a fasting state. Individual weight and 
height were measured while subjects wore indoor clothing and no shoes. The subjects 
were normal-weight subjects with a body mass index (BMI) varying between 20 and 25 
kg m–2, calculated as weight (kg) divided by height (m) squared. 

Figure 6.1 Ratings of congruency to creamy texture, liking and familiarity of seven different aromas 

measured during intake of non-aromatised creamy custard. Values are means with their standard 

errors depicted by vertical bars.

Aromas

Five food-related aromas, i.e. vanilla (vanillin; 5 g/L), lemon (citral; 2.5 mL/L), 
strawberry (European COST 921 action; 2.5 mL/L), chocolate (3-methylbutanal; 2.5 
mL/L) and buttery (2,3-butanedione; 2.5 mL/L), and two non-food related aromas, i.e. 
rubbery (benzothiazol; 2.5 mL/L) and lavender (2,6-dimethyl-2-heptanol; 12.5 mL/L), 
were evaluated for their level of congruency with creamy texture as well as for liking and 
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familiarity. Hereto, fifty-one panellists took a spoon full of the non-aromatised creamy 
custard while smelling the seven different aromas separately using dedicated flavour 
test strips (Aldrich, Zwijndrecht, The Netherlands). Subjects rated the congruency 
(“how well does this aroma fit with the custard?”) of each aroma with the creamy texture 
of the custard and aroma-liking (“how much do you like this aroma?”) and familiarity 
(“how familiar are you with this aroma?”) using a 100-mm visual analogue scales (VAS) 
labelled with “not at all” and “very much” at their ends. To control for possible effects 
of familiarity or liking of the used aromas with intake measures, aromas were used that 
had received different congruency ratings with respect to the product in which they 
were used, but similar liking and familiarity ratings. Of the aromas associated with 
foods, vanilla aroma was perceived as most congruent with respect to a creamy texture 
(Figure 6.1) (2A02405, 2000 ppm) and lemon aroma was perceived as incongruent with 
respect to creamy texture (Figure 6.1) (DU64668, 1000 ppm). Aroma concentrations 
were matched with regard to their subjective intensities in the custard.

Product preparation

Batches of non-aromatised creamy custard of 566 kJ/100g were produced by Friesland 
Foods (Deventer, The Netherlands) and contained 90% milk, 3.1% starch, and 6.5% 
sugar, which corresponds to 7.6 (w/w)% fat, 14.1 (w/w)% carbohydrates, and 3.2 
(w/w)% protein. Each batch was surveyed for microbiological safety and approved if 
appropriate according to the guidelines of the Dutch Food and Drug Act (VWS/VWA) 
and the European Directive 2073/2005. The two aromas were added to the creamy 
custard following a standard procedure of continuous stirring. Then the custards were 
left at 5°C for at least 36 h before testing by the panellists, to allow a good equilibration 
of the aroma within the product. 

Design and procedure

The subjects firstly consumed the fixed preload consisting of a 150 g portion (850 kJ) 
of either the vanilla- or the lemon-aromatised custard within 5 min, as illustrated in 
Figure 6.2. The amount of preload was fixed and not individually standardised, since 
we had to ascertain that all subjects had a similar sensory exposure to the preload. 
Possible effects on satiation and food intake were thought to be sensory-related. Then, 
15 min after finishing the preload intake, subjects were offered an ad libitum meal of 
900 g of either the vanilla- or the lemon-aromatised custard, and were asked to eat of 
this portion as much as they would like until they felt pleasantly full. Congruency (high 
vs. low) and sensory variety in time of aroma-texture combinations were manipulated 
in a two-by-two full factorial design. After ad libitum consumption, the left-over of 
the custards were weighed, and the amount of custard eaten was calculated. At eight 
specific time points during the test session, subjects were asked to rate their perceived 
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satiation (“how satiated are you?”) on 100-mm VAS, anchored at their ends by the 
descriptors “not at all” and “very much” (Figure 6.2), as previously described (18). In 
addition, after preload and after ad libitum consumption, subjects rated their liking for 
the product consumed (“how much do you like the product?”) using 100-mm VAS with 
the descriptors “not at all” and “very much” at their ends (Figure 6.2).

Figure 6.2 Experimental setup with a preload-ad libitum regimen of four possible aroma (V=vanilla, 

L=lemon) combinations.

Data analysis

Data are expressed as mean ± SEM, unless otherwise specified. VAS ratings on 
congruency, liking, familiarity, and satiation were measured in mm from the “not at 
all” end. Changes (delta) in satiation ratings were calculated by subtracting the rating 
at the time point before preload consumption from the ratings at the different time 
points after preload and ad libitum intake. Effects of aroma-texture congruency and 
variation of successive exposure of aroma-texture combinations were tested on the 
amount of different aromatised custards consumed ad libitum and delta satiation 
rating. Liking ratings were compared between the two aromatised custards at the two 
time points, i.e. after preload and ad libitum intake. Effect of time was tested for delta 
satiation ratings. Also the effect of aroma type of the ad libitum meal was tested for the 
amount of ad libitum intake and for delta satiation ratings after the ad libitum intake. All 
effects were tested by repeated measures analysis of variance (ANOVA) by either using 
the GLM procedure (i.e. excluding an effect of time) and a mixed-model ANOVA (i.e. 
including an effect of time) for repeated measures, with participant and type of aroma 
(or aroma combination) as independent variables. For example, the effect of type of 
aroma combination on ad libitum intake was tested by the GLM procedure, while the 
effect of type of aroma combination on differences in delta satiation ratings per time-
point was analysed by using a mixed-model ANOVA. Least Squares Means were used 
for post-hoc comparisons. Differences with P-values of 0.05 or less were considered to 
be statistically significant. All data were analysed by using the statistical packages SAS 
(version 9.1; SAS Institute, Cary, NC, USA). 
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RESULTS

For all 32 subjects mean age (± SD) was 29.3 ± 6.2 years and mean BMI (± SD) was 23.4 
± 1.9 kg m–2. 

Congruency, liking and familiarity ratings

Congruency scores of aromas with respect to the creamy custard were highest for 
vanilla (67 ± 3 mm), followed by buttery (57 ± 3 mm) and strawberry (40 ± 3 mm) 
aroma (Figure 6.1). Figure 6.1 further shows that lemon (31 ± 3 mm) and chocolate 
(22 ± 3 mm) scored considerably less on congruency, whereas rubbery (13 ± 3 mm) 
and lavender (11 ± 3 mm) were very incongruent aromas with respect to the creamy 
custard (F(6, 50) = 47.69; P < 0.01). Liking scores for vanilla (65 ± 3 mm), buttery (59 ± 3 
mm) and lemon (56 ± 3 mm) aromas were highest, whereas liking scores for strawberry 
(48 ± 3 mm) and lavender (48 ± 3 mm) aroma were lower, and chocolate (32 ± 3 mm) 
and rubbery (21 ± 3 mm) were lowest (F(6, 50) = 22.12; P < 0.01). Furthermore, aromas 
of lemon (73 ± 3 mm), vanilla (72 ± 3 mm), buttery (69 ± 3 mm) and strawberry (67 
± 3 mm) were rated as highly familiar, while aromas of lavender (57 ± 3 mm), rubbery 
(45 ± 3 mm) and chocolate (44 ± 3 mm) were rated lower for familiarity (F(6, 50) = 14.30; 
P < 0.01).

Figure 6.3 Intake of the different aromatised creamy custards after preload consumption. Values are 

means with their standard errors depicted by vertical bars.

Ad libitum intake

After vanilla-aromatised preload intake, the amount of vanilla- and lemon-aromatised 
custard consumed ad libitum was 228 ± 31 g and 220 ± 33 g, respectively, while after 
lemon-aromatised preload intake, the amount of lemon- and vanilla-aromatised 
custard eaten ad libitum was 250 ± 35 g and 237 ± 33 g, respectively (Figure 6.3). These 
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amounts did not differ significantly between the two preload conditions, so no effect of 
congruency was found with respect to the food intake amount (F(1, 31) = 0.85; P = 0.36). 
Also, no effects were found for variety of aroma combinations (F(1, 31) = 0.26; P = 0.61) 
and aroma type of the ad libitum meal (F(1, 31) = 0.01; P = 0.93) on the ad libitum amount 
eaten. The averaged amount of custard consumed ad libitum was 241 ± 16 g (1365 ± 92 
kJ), irrespectively of preload. 

Satiation ratings

Immediately after preload consumption and 5 and 10 min after preload intake, delta 
satiation VAS ratings was 21 ± 3 mm for vanilla-aromatised custard and 21 ± 3 mm 
for lemon-aromatised custard. No effect of aroma-texture congruency was found on 
delta perceived satiation for the two differently aromatised intakes as measured at 5 
min after preload intake (F(1, 977) = 0.17; P = 0.69). After ad libitum consumption, the 
averaged delta satiation VAS rating was 39 ± 3 mm as compared to before preload 
intake. An effect of variety in aroma-texture combinations on successive intakes was 
demonstrated for the delta satiation VAS ratings measured at 5 min after the ad libitum 
meal (F(1, 31) = 5.30; P = 0.03) (Figure 6.4), whereas no effect of last aroma type was 
found (F(1, 31) = 0.46; P = 0.50). Thus, consumption of identically aromatised preload 
and ad libitum meals resulted in higher delta satiation ratings than varied aromatised 
successive meals.

Figure 6.4 Change (delta) in satiation VAS ratings after ad libitum consumption as compared to before 

ad libitum intake for the different aroma combinations. Values are means with their standard errors 

depicted by vertical bars. * denotes effect of variety in aroma-texture combinations on successive 

intakes on change in satiation VAS rating with P < 0.05. 

Liking ratings

With respect to liking of the vanilla- and lemon-aromatised custards rated after 
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consumption of preload and ad libitum meal, subjects evaluated these two aromatised 
custards significantly different (Figure 6.5), which is in line with the previous results 
on liking (Figure 6.1). After preload intake, in one occasion, lemon-aromatised was 
less liked than vanilla-aromatised custard (F(3, 31) = 4.97; P = 0.047). After ad libitum 
consumption, also in one occasion, the liking of lemon-aromatised custard was lower 
than the vanilla-aromatised custard (F(3, 31) = 4.51; P = 0.049). Adjusting the statistical 
analysis for the difference in liking between the lemon- and vanilla-aromatised custards, 
aforementioned results regarding ad libitum intake and delta satiation VAS ratings were 
not significantly affected. 

Figure 6.5 Liking VAS ratings for the two aromatised custards measured after preload and ad libitum 

intake at all four combinations were slightly different. Values are means with their standard errors 

depicted by vertical bars. * denotes effect of type of aromatised custards on liking VAS rating with P 

< 0.05. 

DISCUSSION

In the present study, effects of congruency level of aroma-texture combinations within 
dairy custard and the effects of successive aroma variation of dairy custards were 
evaluated on satiation and the amount of food intake in humans. A preload-ad libitum 
intake regimen of creamy custards, aromatised with either a vanilla or a lemon aroma, 
congruent or incongruent to creamy texture, respectively, resulted in four possible 
combinations of aromatised custard consumption. In spite of the different congruency 
scores of these two aromas with respect to the custard, their liking and familiarity are 
more or less the same indicating that both aromas are well-recognised and congruency 
scores do not depend on familiarity scores. This gave the opportunity to study not only 
the amount of ad libitum intake possibly influenced by aroma-texture congruency and 
different successive aroma-texture combinations, but also to follow satiation patterns, 
that possibly influence the amount of a subsequent ad libitum meal in a fixed time 
period. 
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The presence of different aromas within custards did not influence the amounts of ad 
libitum intake, which shows that there was no effect of aroma-texture congruency of 
dairy custard on ad libitum food consumption. While the amount eaten ad libitum is a 
direct inverse measure for satiation for the custard, this finding is further substantiated 
by unchanged satiation during the different intakes. However, it is questionable 
whether the applied experimental setup of a preload-ad libitum intake regimen was 
appropriate to demonstrate an effect of aroma-texture congruency on satiation and 
food intake (i.e. meal termination). A follow-up study with ad libitum intake only, i.e. 
not preceded by a preload, is hypothesised to be more appropriate to determine the 
effect of aroma-texture congruency on meal termination. 
With regard to variation in successive exposure to aroma-texture combinations 
within dairy custard, subjects did not differ in their amount of ad libitum consumed 
custard between similarly-aromatised custards in succession and varied-aromatised 
custard combinations. However, the increase in perceived satiation VAS ratings was 
significantly less after consuming custards accompanied by different aromas in varied 
compared to identical combinations. As discussed by Veldhorst et al. (19), it is likely that 
the magnitude of the effect in perceived satiation was too small to have an effect on the 
amount consumed ad libitum. Veldhorst et al. (19) showed that differences in appetite 
ratings in a preload-ad libitum meal design need to be at least larger than 15 mm VAS 
in order to have a significant effect on subsequent energy intake. In the present study, 
the difference in satiation VAS ratings between similar- and varied-aromatised custards 
combinations in succession was on average 7.5 mm VAS (Figure 6.4). Although the 
vanilla-and lemon-aromatised custards were expected to contrast considerably, it may 
be that the difference between both custards still remained within the band-width 
of sensory-specific satiety. Comparably, Rolls et al. (20) could neither demonstrate an 
enhancement of food intake when a variety of yoghurt was offered which differed only 
in taste (i.e. strawberry, raspberry and cherry). Albeit possible effects on satiation 
and food intake were thought to be sensory-specific, the fixed preload provided a 
considerable amount of energy that might have also affected metabolic satiety. Since the 
amount of preload was fixed and not individually standardised, the amount consumed 
in proportion to a subject‘s daily dietary energy requirement was different among the 
subjects. Therefore, different starting-point in the subjects’ relative energy intake after 
preload consumption might also have affected the amount consumed ad libitum. 
Although, not attributed to differences in the ad libitum food consumption, the 
lower increase in perceived satiation VAS ratings after consuming varied-aromatised 
custard combinations might point to a ‘seeking for variety’ principle in ad libitum 
meal situations, which has been reported previously on subjects eating sandwiches or 
yoghurts distinctive in taste, texture, and appearance (20). Interestingly, in the present 
study feelings of variety-seeking were induced by merely changing the aroma type of the 
product, while other food characteristics like appearance and ingredient composition, 
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which largely determines texture, remained the same. 
In this study subjects evaluated liking of the vanilla- and lemon-aromatised custards 
differently. First, liking of vanilla-aromatised custard was slightly higher compared 
to lemon-aromatised custard after preload intake. Second, after vanilla-aromatised 
preload consumption subjects liked the lemon-aromatised custard in the ad libitum 
meal less than the vanilla-aromatised one. Whether this is due to a difference in 
liking only or also to changes in perceived satiation is unclear. Liking assessments are 
complex, since different psychological or functional components of pleasure of eating 
can be distinguished as separate neural substrates mostly driven without conscious 
awareness (21).
To summarise, the present study demonstrates that feelings of variety-seeking were 
induced by merely changing the aroma type of dairy custard in successive exposure 
to aroma-texture combinations, while aroma-texture congruency within dairy custard 
did not affect satiation and food intake. 
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ABSTRACT

The brain response to a retro-nasally sensed food odour signals the perception of food 
and is suggested to be related to satiation. It is hypothesised that consuming food 
either in multiple small bite sizes or with a longer duration of oral processing may 
evoke substantial oral processing per gram consumed and an increase in transit time 
in the oral cavity. This is expected to result in a higher cumulative retro-nasal aroma 
stimulation, which in turn may lead to increased feelings of satiation and decreased 
food intake. 
Using real-time atmospheric pressure chemical ionization-mass spectrometry (APcI-
MS), in vivo retro-nasal aroma release was assessed for 21 young, healthy, and normal- 
weight subjects consuming dark chocolate-flavoured custard. Subjects were exposed 
to both free or fixed bite size (5 g and 15 g) and duration of oral processing before 
swallowing (3 s and 9 s) in a cross-over design. For a fixed amount of dark chocolate-
flavoured custard, consumption in multiple small bite sizes resulted in a significantly 
higher cumulative extent of retro-nasal aroma release per gram consumed compared 
to a smaller amount of large bite sizes. In addition, a longer duration of oral processing 
tended to result in a higher cumulative extent of retro-nasal aroma release per gram 
consumed compared to a short duration of oral processing. An interaction effect of bite 
size and duration of oral processing was not observed. 
In conclusion, decreasing bite size or increasing duration of oral processing led to a 
higher cumulative retro-nasal aroma stimulation per gram consumed. Hence, adapting 
bite size or duration of oral processing indicates that meal termination can be accelerated 
by increasing the extent of retro-nasal aroma release and subsequently, satiation.

Key words: APcI-MS; MS-Nose; Retro-nasal aroma stimulation; Flavour; Satiation; 
Energy intake 
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INTRODUCTION

During the consumption of a meal, aroma molecules reach the olfactory epithelium 
retro-nasally (perceived as arising from the mouth) (1, 2). The brain response, i.e. neural 
brain activation, to a retro-nasally sensed food odour signals the perception of food 
and is suggested to be related to satiation (3). The extent of retro-nasal aroma release 
during consumption depends on both product (i.e. the physical structure of a food, 
which has an influence on the breakdown and oral processing in the mouth (4 -7)) and 
interpersonal differences (8). Interpersonal differences are factors that are likely to be 
uncontrolled by a person, e.g. saliva production, nasal anatomy, and oral processing 
habits (9-13). In addition to product and (uncontrolled) interpersonal features, bite size 
and duration of oral processing may also be of importance for the extent of retro-nasal 
aroma release.
Recently, Zijlstra et al. (14-15) investigated the effect of bite size (i.e. either free or fixed 
(5 g and 15 g)) and duration of oral processing (i.e. either free or fixed (3 s and 9 s)) 
for a semi-liquid food product (i.e. dark chocolate-flavoured custard) on satiation / ad 
libitum food intake. In the fixed eating conditions, subjects consumed significantly less 
when bite sizes were small (5 g for both short and longer duration of oral processing) 
compared to large (15 g for both short and longer duration of oral processing (bite size 
effect P < 0.05) and when duration of oral processing was 9 s compared to 3 s (oral 
processing time effect P < 0.05). Ad libitum consumption in the free eating condition 
(without any chewing protocol) was comparable to the ad libitum consumption with 
large bite sizes. According to Zijlstra et al. (15), the lower ad libitum food intake when 
consuming the custard in small bite sizes or with a longer duration of oral processing 
was likely explained by a longer oro-sensory exposure from the dark chocolate-flavoured 
custard to the sensory tactile and taste receptors in the oral cavity (16). Longer oro-
sensory exposure may accelerate sensory satiation, which in turn may lead to earlier 
meal termination (17-18).
In this context, differences in the extent of retro-nasal aroma release may also be 
(partly) responsible for this effect, stimulating olfactory receptors. We hypothesise 
that differences in the extent of retro-nasal aroma release during consumption may be 
one of the reasons that people vary in their satiation characteristics, due to differences 
in perceived intensity, duration or quality of retro-nasal aroma stimulation. In a recent 
study we were able to show that a retro-nasally delivered aroma stimulus was capable 
of inducing satiation (19). Therefore, the aim of this study was to provide an additional, 
possibly complementary, explanation for the ad libitum intake results obtained by 
Zijlstra et al. (15) from a retro-nasal aroma release perspective. In addition, the results 
from the free eating condition served to determine whether interpersonal differences 
in the extent of retro-nasal aroma release can be linked to interpersonal differences in 
ad libitum food intake, as previously reported (8). 
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SUBJECTS AND METHODS

Subjects

Twenty-one healthy subjects (nine men and twelve women) aged 27 ± 9 years (mean ± 
standard deviation) living in Ede, The Netherlands, and surroundings participated in this 
study. Initially, subjects were recruited from the subject population that participated in 
the study of Zijlstra et al.(14-15). To prevent a lack of statistical power nine subjects were 
recruited in-house. Subjects did not have any previous experience with atmospheric 
pressure chemical ionization-mass spectrometry (APcI-MS) measurements. The 
subjects were of normal-weight, with a body mass index (BMI) varying between 19 
and 25 kg m–2. BMI was calculated as body weight (kg) divided by height (m) squared. 
Subjects were fully informed about the course of the APcI-MS measurement and gave 
their written, informed consent. To prevent response-bias the participants were given 
no information about the hypothesis and nature of the predictions of the experiment. 
They were only aware of the fact that the study was about in vivo retro-nasal aroma 
release assessment. 

Food product 

Subjects consumed dark chocolate-flavoured custard (Royal FrieslandCampina, The 
Netherlands). The physical structure of the custard can be characterised as semi-liquid 
with a viscosity of 43 ± 11 s, as measured with a Posthumus funnel. 
To check for a clear aroma signal in the APcI-MS measurement, the dark chocolate-
flavoured custard was spiked with methyl acetate. Methyl acetate (Sigma-Aldrich 
Chemie GmbH, Germany) was applied as a volatile marker aroma molecule, which 
was rapidly and easily released from the food product matrix during consumption. 
The sensory quality of methyl acetate can be described as fruity and sweet. In finished 
consumer products methyl acetate concentrations vary from 0.1 to 30 mg/kg (20). 0.1 
mL methyl acetate solution with a concentration of 100 g/kg, i.e. diluted 10 fold in 
propylene glycol (private label from a local pharmacy in Ede, The Netherlands), was 
added to 1 L dark chocolate-flavoured custard following a standardised procedure of 10 
times gently stirring. The methyl acetate concentration in the dark chocolate-flavoured 
custard was 10 mg/kg. The dark chocolate-flavoured custard product was left overnight 
at 4°C to allow a good equilibration of the aroma in the product.
The viscosity of the dark chocolate-flavoured custard product was not affected by the 
addition of methyl acetate. Nor were sensory differences perceived between the dark 
chocolate-flavoured custards with or without addition of methyl acetate (P = 0.12). This 
was evaluated by an in-house trained sensory panel (11 panelists), which performed a 
triangle test. 
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Measurement of the extent of retro-nasal aroma release with APcI-MS technology

To detect the aroma compounds with the highest response in retro-nasal aroma release, 
the dynamic headspace of the dark chocolate-flavoured custard product was measured. 
Aroma compounds in the air released from the artificial mouth (21) were monitored by 
on-line sampling by an atmospheric pressure chemical ionization gas-phase analyzer 
(APcI-GPA) attached to a VG Quattro II mass spectrometer (MS-Nose; Micromass UK 
Ltd., Manchester, UK) (22-25). 

Figure 7.1 Schematic representation of a retro-nasal aroma release curve and its characteristic 

parameters (I max: maximum intensity [A.U.], T max: time at which maximal intensity occurs [min], AUC: 

total area under the curve [A.U.], T -1/2: time at which half of the maximal intensity occurs, before reaching 

maximum intensity [min], T +1/2: time at which half of the maximal intensity occurs, after reaching maximum 

intensity [min]).

Compounds were ionized by a 3.0 kV discharge (source and probe temperature were 
80°C) and scanned for m/z 50-250. m/z values with the highest response were selected, 
i.e. m/z 69, m/z 75 and m/z 87. Both m/z 69 and m/z 87 were originally present in the 
dark chocolate-flavoured custard, while m/z 75 represented the marker aroma molecule 
methyl acetate. In vivo retro-nasal aroma release was assessed in exhaled breath of the 
subjects. Subjects breathed in and out through the nose. One nostril was placed over 
a small disposable plastic tube, allowing them to breathe and eat normally. Aroma 
compounds in the air released from the breath of subjects were monitored by on-line 
sampling of part of the exhaled air directly into the APcI-MS. The air was sampled (75 
mL/min) through a capillary tube (0.53 mm internal diameter, heated to 100°C). The 
compounds were monitored in selected ion mode (0.08 s dwell on each ion). The cone 
voltage used was 20 V. 
Acetone, present in human breath, was measured at m/z 59 (19 V) as an indicator of 
the breathing pattern (26). The area of the resulting breath peaks in the aroma signal 
was taken as a measure of in vivo retro-nasal aroma release. Different parameters could 
be extracted from each individual retro-nasal aroma release curve, characterising the 
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extent of retro-nasal aroma release, i.e. T-1/2, Tmax, T+1/2, Imax and area under curve (AUC) 
(Figure 7.1). Since we were interested in comparative retro-nasal aroma release between 
subjects, expression of the extent of retro-nasal aroma release in arbitrary units (A.U.) 
was sufficient to analyze differences (22).

Experimental design 

In vivo retro-nasal aroma release was assessed in exhaled breath of the 21 subjects for 
the dark chocolate-flavoured custard product in quintuplicate according to a specific 
protocol established to determine the effect of bite size and oral processing time before 
swallowing on the extent of retro-nasal aroma release (14-15). To this end, subjects were 
exposed to 5 different eating conditions in a cross-over design, in which bite size was 
either small (5 g) or large (15 g) and oral processing time before swallowing was either 
short (3 s) or long (9 s), or subjects were free to use their own natural eating habits, 
including free bite size and free oral processing time before swallowing. Treatment 
order for the fixed eating conditions was counterbalanced across both test days and 
subjects. In the free eating condition subjects consumed five times one mouthful of dark 
chocolate-flavoured custard product by means of a soup spoon without any chewing 
protocol. It has to be noticed that the size of the soup spoon may have affected the bite 
size in the free eating condition. In the fixed eating conditions subjects were instructed 
to put the dark chocolate-flavoured custard product (either 5 or 15 g, presented in a 
syringe) in the mouth, to close the mouth, and to actively move the custard product 
in the mouth with the tongue for either 3 or 9 s, thereby simulating oral processing in 
the mouth, and then to swallow the entire bolus. After consumption the syringe was 
weighed to determine the precise bite size of custard product per serving (Mettler-
Toledo balance, Switzerland). 
Between the different eating conditions the mouth was rinsed with water. Blank 
experiments with water were recorded before consuming the dark chocolate-flavoured 
custard product in the different eating conditions, following the same protocol as for 
the first fixed eating condition. These experiments served as a baseline measurement. 
The protocol for either the free or fixed eating conditions is represented schematically 
in Figure 7.2. During the measurements, the subjects were closely observed in order to 
verify compliance with the protocol.

Measurement of ad libitum food intake

For a subset of 12 subjects (5 men and 7 women; aged 21 ± 3 years (mean ± standard 
deviation); BMI 22 ± 1 kg m–2 (mean ± standard deviation)), showing no dietary 
restraint (i.e. men: score ≤ 2.89, women: score ≤ 3.40 on Dutch Eating Behaviour 
Questionnaire), ad libitum food intake data of dark chocolate-flavoured custard product 
was available from a study of Zijlstra et al. (14-15). In this study the effect of bite size and 
oral processing time for dark chocolate-flavoured custard on satiation / ad libitum food 
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intake was determined. To assess whether interpersonal differences in the extent of 
retro-nasal aroma release can be linked to interpersonal differences in ad libitum food 
intake, the amount of dark chocolate-flavoured custard consumed ad libitum in the free 
eating condition in the satiation experiment performed by Zijlstra et al. (15) was related 
to the extent of retro-nasal aroma release per gram consumed for these subjects in the 
free eating condition.

Data analysis

The quintuplicate measurements of the characteristic retro-nasal aroma release 
parameters (Tmax, Imax and AUC) for each subject per eating condition were averaged. 
This is allowed, since subjects are reproducible in their extent of retro-nasal aroma 
release during consumption of a specific food product (8, 10). Due to the lower signal-
to-noise ratio for the custard-specific m/z values 69 and 87 compared to the marker 
aroma molecule with m/z value 75, the background noise, as measured with the blank 
experiments, was subtracted from the measurements with the dark chocolate-flavoured 
custard product in the different eating conditions per subject for all m/z values. 
All data are presented as means with their standard errors of the mean (SEM). The 
different characteristic retro-nasal aroma release parameters were compared between 
the five different eating conditions per bite size or per gram consumed by using the 
GLM procedure for repeated measures, with participant and type of eating condition 
as independent variables. Least squares means were used for post-hoc comparisons. 
Multiple regression analysis (f(x)) was performed for the characteristic retro-nasal 
aroma release parameters (y), and bite size (x) and oral processing time before 

Figure 7.2 Overview of the protocol for in vivo retro-nasal aroma release assessment in either the 

free or different fixed eating conditions for the dark chocolate-flavoured custard product. 
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swallowing (x).
Additionally, the extent of retro-nasal aroma release (y) was linked to subject 
characteristics, such as age (x) and BMI (x), and ad libitum food intake (x), applying 
simple regression analysis (f(x)). For all data analyses the statistical packages SAS 
(release 9.1, SAS Institute Inc., USA) were used. P-values < 0.05 were considered 
statistically significant.

RESULTS

Bite size differences affecting the extent of retro-nasal aroma release 

Bite size was 13.6 ± 0.4 g per mouthful (range 6.7 - 18.2 g) in the free eating 
condition. 

Consumption of a small vs. large bite size

In the fixed eating conditions subjects consumed 5.7 ± 0.4 g and 15.7 ± 0.4 g for the 
small and large bite size, respectively. Subjects differed in the extent of retro-nasal 
aroma release regarding intensity (Imax) and AUC of the retro-nasal aroma release profile 
during the consumption of either small or large bite sizes of dark chocolate-flavoured 
custard product in the fixed eating conditions (F(1, 41) = 16.88; P < 0.01 and F(1, 41) = 
27.50; P < 0.01 for Imax and AUC, respectively). As illustrated by Figure 7.3 small bite 
sizes resulted in a significantly less intense retro-nasal aroma release characteristic for 
dark chocolate-flavoured custard product (Figure 7.3 A; mean Imax ± SEM: 3.62E+05 
± 2.77E+04 A.U., and Figure 7.3 B; mean AUC ± SEM: 2.51E+06 ± 1.73E+05 A.U.) 
compared to large bite sizes (Figure 7.3 A; mean Imax ± SEM: 5.23E+05 ± 2.77E+04 A.U., 
and Figure 7.3 B; mean AUC ± SEM: 3.79E+06 ± 1.73E+05 A.U.). Bite size in the free 
eating condition showed comparable retro-nasal aroma release characteristics to small 
bite sizes for AUC and to large bite sizes for Imax in the fixed eating conditions (Figure 
7.3 A; mean Imax ± SEM: 4.82E+05 ± 3.54E+04 A.U., and Figure 7.3 B; mean AUC ± SEM: 
2.75E+06 ± 2.07E+05 A.U.).

Consumption of a fixed amount in a small or large bite size

By expressing the effect of bite size on the extent of retro-nasal aroma release per gram 
consumed, a different view of the results was obtained. As shown in Figure 7.4 small bite 
sizes resulted in a significantly more intense retro-nasal aroma release characteristic 
for dark chocolate-flavoured custard product per gram consumed (Figure 7.4 A; mean 
Imax ± SEM: 6.34E+04 ± 3.10E+03 A.U. per gram consumed, and Figure 7.4 B; mean AUC 

± SEM: 4.38E+05 ± 1.77E+04 A.U. per gram consumed) compared to large bite sizes 
(Figure 7.4 A; mean Imax ± SEM: 3.33E+04 ± 3.10E+03 A.U. per gram consumed, and 
Figure 7.4 B; mean AUC ± SEM: 2.40E+05 ± 1.77E+04 A.U. per gram consumed) (F(1, 

41) = 47.33; P < 0.01 and F(1, 41) = 62.01; P < 0.01 for Imax and AUC, respectively). There 
is almost a factor 2 of difference in retro-nasal aroma release Imax and AUC per gram 
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Figure 7.3 Illustration of the differences in retro-nasal aroma release intensity (Imax-Figure 7.3 A and 

AUC-Figure 7.3 B) between the consumption of dark chocolate-flavoured custard product in either 

the free (free bite size and free oral processing time before swallowing (free, free)) or different fixed 

(small bite size and short oral processing time (small, short); small bite size and long oral processing 

time (small, long); large bite size and short oral processing time (large, short); and large bite size and 

long oral processing time (large, long)) eating conditions. Values are means with their standard errors 

depicted by vertical bars. * denotes effect of bite size on retro-nasal aroma release intensity with P < 

0.05. 

consumed between the small and large bite sizes. Bite size in the free eating condition 
showed comparable retro-nasal aroma release characteristics per gram consumed to the 
large bite sizes in the fixed eating conditions (Figure 7.4 A; mean Imax ± SEM: 4.12E+04 

A

B
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Figure 7.4 Illustration of the differences in retro-nasal aroma release intensity (Imax-Figure 7.4 A and 

AUC-Figure 7.4 B) between the consumption of dark chocolate-flavoured custard product per gram 

consumed in either the free (free bite size and free oral processing time before swallowing (free, free)) 

or different fixed (small bite size and short oral processing time (small, short); small bite size and long 

oral processing time (small, long); large bite size and short oral processing time (large, short); and large 

bite size and long oral processing time (large, long)) eating conditions. Values are means with their 

standard errors depicted by vertical bars. * denotes effect of bite size on retro-nasal aroma release 

intensity with P < 0.05. 

A

B
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± 4.56E+03 A.U. per gram consumed, and Figure 7.4 B; mean AUC ± SEM: 2.42E+05 ± 
2.58E+04 A.U. per gram consumed). When subjects were free to use their own natural 
eating habits, they consumed large bite sizes according to their extent of retro-nasal 
aroma release per gram consumed.  

Oral processing time differences affecting the extent of retro-nasal aroma release 

The morphology of the retro-nasal aroma release profile (in particular explained by 
Tmax, i.e. time at which Imax occurred) was different between the short (3 s) and longer (9 
s) duration of oral processing for a fixed bite size in the different fixed eating conditions 
(Figure 7.5; mean Tmax ± SEM for the small bite size: 0.16 ± 0.01 min and 0.24 ± 0.01 
min for the short and longer duration of oral processing, respectively; and mean Tmax 
± SEM for the large bite size: 0.16 ± 0.01 min and 0.27 ± 0.01 min for the short and 
longer duration of oral processing, respectively). 
In compliance with the protocol, subjects swallowed later when they were exposed to 
the fixed eating condition of a given bite size and a longer duration of oral processing. 
Hence, a significant delay in Tmax was observed compared to the short duration of oral 
processing (P < 0.01). In the free eating condition Tmax was 0.11 ± 0.01 min (range 
0.05 – 0.24 min). Although significantly different from the fixed eating conditions 
(P < 0.01), Tmax in the free eating condition approximated the short duration of oral 
processing more than the longer duration of oral processing. 

Figure 7.5 Morphology of the retro-nasal aroma release profile for the dark chocolate-flavoured 

custard product in the different eating conditions. There is a distinct difference in duration of oral 

processing for a fixed bite size in the different fixed eating conditions for Tmax (i.e. time at which 

maximal intensity occurs (minutes)). Values are means with their standard errors depicted by vertical 

bars. * denotes effect of duration of oral processing on Tmax with P < 0.05. 
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Short vs. long duration of oral processing during consumption of different bite sizes

Apart from differences in bite size affecting the extent of retro-nasal aroma release, 
differences in duration of oral processing time were also thought to be important for 
the extent of retro-nasal aroma release. A longer duration of oral processing resulted 
in a significantly higher extent of retro-nasal aroma release (AUC) for dark chocolate-
flavoured custard product in the fixed eating conditions (Figure 7.3 B; 2.98E+06 ± 
1.13E+05 A.U. and 3.31E+06 ± 1.13E+05 A.U. for the short and longer duration of oral 
processing, respectively) (F(1, 41) = 4.40; P = 0.04). The duration of oral processing in the 
free eating condition showed comparable retro-nasal aroma release characteristics to 
small bite sizes with both short and longer duration of oral processing for AUC and to 
large bite sizes with both short and longer duration of oral processing for Imax in the 
fixed eating conditions.

Short vs. long duration of oral processing during consumption of a fixed amount

During the consumption of a fixed amount of dark chocolate-flavoured custard product, 
a longer duration of oral processing tended to result in a higher cumulative extent of 
retro-nasal aroma release (AUC) for dark chocolate-flavoured custard product per gram 
consumed in the fixed eating conditions (Figure 7.4 B; 3.22E+05 ± 1.40E+04 A.U. per 
gram consumed and 3.57E+05 ± 1.40E+04 A.U. per gram consumed for the short and 
longer duration of oral processing, respectively) (F(1, 41) = 3.16; P = 0.08). The duration 
of oral processing in the free eating condition showed comparable retro-nasal aroma 
release characteristics (AUC and Imax) per gram consumed to both short and longer 
duration of oral processing of large bite sizes. The differences in bite size affected the 
extent of retro-nasal aroma release per gram consumed significantly compared to the 
difference in duration of oral processing in the fixed eating conditions (y = - 1.92E+04x 
+ 5.44E+05; R2 = 0.19; P < 0.01 and y = 5.85E+03x + 3.04E+05; R2 = 0.01; P = 0.47 for 
the effect of bite size (x) and duration of oral processing (x) on the extent of retro-nasal 
aroma release per gram consumed (AUC; y), respectively). This indicates that the bite 
size effect presumably overwhelmed the effect of duration of oral processing. Therefore, 
it is likely that in the free eating condition bite size accounted for the present result 
rather than the duration of oral processing.

DISCUSSION

Using APcI-MS technology, in vivo retro-nasal aroma release was assessed for 21 subjects 
consuming dark chocolate-flavoured custard in either a free or fixed eating condition. 
Selected aroma compounds detected in the range of m/z 20-250, i.e. aroma compounds 
with the highest response, showed comparable retro-nasal aroma release profiles for 
the dark chocolate-flavoured custard product. From previous work, it is known that 
aroma release data obtained for a single aroma compound (one specific m/z value) 
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are a good predictor for the relative release of other aroma compounds (other m/z 
values) (8). Therefore, the same relative retro-nasal aroma release profile was measured, 
irrespective of the m/z value taken. However, it appeared that the signal-to-noise ratio 
for the custard-specific m/z values of 69 and 87 was lower compared to the marker 
aroma molecule with m/z 75. The custard-specific m/z values provided a less clear aroma 
signal in the APcI-MS measurements compared to the marker m/z value. Although the 
sensory detection thresholds of both custard-specific aroma molecules were likely low 
enough to be detected by a human nose via the retro-nasal route, the ‘MS Nose’ might 
be less sensitive in detecting the custard-specific aroma molecules in a concentration as 
applied in dark chocolate-flavoured custard. After baseline correction, m/z 75 had the 
highest response for the dark chocolate-flavoured custard product and was selected for 
the in vivo retro-nasal aroma release measurements.
The extent of retro-nasal aroma release from small bite sizes of dark chocolate-flavoured 
custard product was significantly lower compared to large bite sizes (Figure 7.3). 
However, for a fixed amount of dark chocolate-flavoured custard product, consumption 
in numerous small bite sizes resulted in a significantly higher cumulative extent of 
retro-nasal aroma release per gram consumed compared to a smaller number of, but 
larger, bite sizes (Figure 7.4). These bite size effects were in line with our expectations. 
When subjects consumed large bite sizes, they were likely exposed to higher quantities 
of aroma molecules since in absolute value a larger bite size contains more aroma 
molecules than a smaller bite size. However, it should be mentioned that from the 
total amount of aroma molecules present in food, only a small fraction of the aroma 
is released into the nasal cavity during oral processing and swallowing. The majority 
of aroma molecules is swallowed together with the food matrix into the stomach and 
is no longer available for retro-nasal aroma perception (27). Besides, large bite sizes 
presumably led to more frequent swallowing. Retro-nasal aroma stimulation is mainly 
related to the event of swallowing, when a small volume of air is exhaled immediately 
after swallowing, the so-called “swallow-breath”. It is assumed that this pulse should 
contain the major part of food volatiles that have been released from the food product 
prior to swallowing, and should therefore elicit a retro-nasal aroma pulse (27-28). Large 
bite sizes thus yielded a higher extent of retro-nasal aroma release, but per bite also a 
higher food intake compared to small bite sizes. 
Alternatively, for the same amount of food intake, subjects had a higher cumulative 
extent of retro-nasal aroma release per gram if they consumed the custard in a multiple 
of small bite sizes compared to a smaller number of large bite sizes (Figure 7.4). For 
example, when subjects consumed a fixed amount of 15 g of dark chocolate-flavoured 
custard product in either one large or three small bite sizes, the multiple small bite 
sizes were hypothesised to evoke substantial oral processing per gram consumed and 
an increase in transit time in the oral cavity (8). Accordingly, the three multiple small 
bite sizes of 5 g of dark chocolate-flavoured custard product were expected to lead to a 
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higher cumulative retro-nasal aroma stimulation compared to the single large bite size 
of 15 g. 
In addition to the bite size effect, a longer duration of oral processing before swallowing 
tended to result in a higher cumulative extent of retro-nasal aroma release per gram 
consumed compared to a short duration of oral processing before swallowing (Figure 
7.4). A longer duration of oral processing was thought to evoke an increase in transit 
time in the oral cavity and thereby result in a higher extent of retro-nasal aroma 
release. Besides, during a longer duration of oral processing the temperature of the 
dark chocolate-flavoured custard product in the mouth may further increase towards 
body temperature and likely more surface of the custard product is exposed to air, both 
resulting in a higher quantitative release of aroma molecules from the custard matrix. 
The effect of oral processing time was less strong than the effect of the bite size. With 
dark chocolate-flavoured custard as experimental food product, this result was not 
unexpected. The morphology of the retro-nasal aroma release curve for a custard 
product can be described as a relatively short and spiked retro-nasal aroma release 
pattern (8, 24).The more liquid food products have a relatively short transit time in the 
oral cavity and therefore hardly any oral processing is needed to swallow them. In 
the present study subjects actively moved the custard product in the mouth with the 
tongue for either 3 or 9 s, thereby simulating oral processing in the mouth. However, 
the event of swallowing was probably not affected by varying the duration of oral 
processing. Therefore, the difference in duration of oral processing may not evoke a 
significant difference in retro-nasal aroma stimulation. The observed differences in 
the extent of retro-nasal aroma release between the short and longer duration of oral 
processing are likely to be due to intermittent opening of the connection of the oral 
cavity to the naso- and dorsal oropharynx. During the simulation of oral processing 
in the mouth, the velum was assumed to be open, which enabled air to proceed into 
the nasal cavity via the retro-nasal route through the velopharyngeal portal (10). To 
strengthen this physiological effect, increasing the difference in duration between 
the short and longer duration of oral processing may enlarge the amount of air which 
reaches the nasal cavity via the retro-nasal route during an increased longer duration 
of oral processing. Alternatively, exposing subjects to a fixed protocol for swallowing, 
meaning that they have to swallow more frequently during the longer duration of oral 
processing compared to the short duration of oral processing, may increase the effect 
of oral processing time. It may even be more efficient than a longer duration of oral 
processing with respect to the extent of retro-nasal aroma release. Moreover, the choice 
of a more solid food product as experimental food product may strengthen the impact 
of a longer duration of oral processing on the extent of retro-nasal aroma release. Solid 
food products require considerable oral processing and swallowing, due to their firmer 
texture (8, 10). Since aroma pulses are generated along with each swallow-breath, solid 
food products generate a longer, more pronounced retro-nasal aroma release than 
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liquid food products (19).
In the present study an interaction effect of bite size and duration of oral processing 
was not observed.
To summarise, small bite sizes contributed significantly to a higher cumulative extent 
of retro-nasal aroma release per gram, while a longer duration of oral processing tended 
to result in a higher extent of retro-nasal aroma release during consumption of a fixed 
amount. However, the effect of oral processing time may be significant with a more 
solid food product.
As reported by Zijlstra et al. (14-15) consumption in small bite sizes or with a longer 
duration of oral processing resulted in a lower ad libitum food intake. The results of 
the present study provided an additional, possibly complementary, explanation for the 
ad libitum intake results obtained by Zijlstra et al. (15) from a retro-nasal aroma release 
perspective, stimulating olfactory receptors. Differences in the extent of retro-nasal 
aroma release may thus be (partly) responsible for the decrease in food intake in certain 
eating conditions. 
When subjects were free to use their own natural eating habits, including free bite 
size and free oral processing time before swallowing, the extent of retro-nasal aroma 
release per gram consumed reflected the extent of retro-nasal aroma release per gram 
consumed from large bite sizes, while duration of oral processing was more difficult 
to estimate. Tmax in the free eating condition approximated the short duration of oral 
processing more than the longer duration of oral processing (Figure 7.5). The physical 
structure of the custard product was likely responsible for this result. Generally, hardly 
any oral processing is needed under natural eating conditions to swallow (semi-)liquid 
food products. 
In the present study for the subset of 12 subjects no significant relation was observed 
between the extent of retro-nasal aroma release per gram consumed in the free eating 
condition and the amount of dark chocolate-flavoured custard consumed ad libitum in 
the free eating condition in the satiation experiment done by Zijlstra et al. (15). Nor were 
subject characteristics, such as gender, age and BMI, correlated with the extent of retro-
nasal aroma release per gram consumed. This result was not unexpected, due to a lack 
of statistical power. The interpersonal differences in the extent of retro-nasal aroma 
release per gram consumed, which were hypothesised to be linked to the interpersonal 
differences in ad libitum food intake, were likely to be too small within the subset of 12 
subjects. Subjects included were rather homogeneous, i.e. normal-weight and of similar 
age. A follow-up study with a larger subject population, which is more segmented with 
respect to age and BMI, is needed to demonstrate a significant effect of the extent of 
retro-nasal aroma release on ad libitum food intake (8).
The concept that small bite sizes or a longer duration of oral processing may lead to a 
higher cumulative retro-nasal aroma stimulation indicates that meal termination can 
be accelerated by increasing the extent of retro-nasal aroma release and subsequently, 
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satiation. Bite size and duration of oral processing are features which may be subjected 
to behavioural changes as a result of for instance mindful eating (29). In this context, 
one of the advices from dieticians when participating in a weight loss program is to 
consume small bite sizes and to chew properly (e.g. 10 times) on each bite before 
swallowing. The development of long chewable food structures that evoke substantial 
oral processing and an increase in transit time in the oral cavity or a reduction in bite 
size by tailored packaging may be product development suggestions that support the 
‘right’ oral processing behaviour. These applications may lead to a higher extent of 
retro-nasal aroma release and sensory stimulation, which in turn may affect satiation 
and food intake behaviour.
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In view of the epidemic of obesity, one of the aims is to develop good tasting food 
products that may induce an increased level of satiation, preventing consumers from 
overeating. This thesis focuses on the possibility of using aroma as trigger for inducing 
or increasing satiation. Retro-nasal aroma stimulation is hypothesised to induce sensory 
satiation and thereby provoke meal termination. Therefore, differences in the extent of 
retro-nasal aroma stimulation during consumption are hypothesised to be responsible 
for subject or food product differences in sensory satiation and food intake. This can 
be due to differences in perceived intensity, duration or quality of retro-nasal aroma 
stimulation. Using a novel approach of atmospheric pressure chemical ionization-mass 
spectrometry (APcI-MS) in combination with olfactometry, the relative importance of 
different aroma concepts for satiation was studied, from both the subject and food 
product point of view. This chapter discusses implications of this research and provides 
suggestions for further research.

AROMA AS TRIGGER FOR SATIATION

The subject’s extent of in vivo retro-nasal aroma release is an uncontrolled characteristic 
that is suggested to vary across individuals. It was investigated whether subjects can 
be segmented based on their extent of retro-nasal aroma release using real-time APcI-
MS, and whether this depends on the type of food product they consume (Chapter 
2). Retro-nasal aroma release intensity and profile morphology appear to be subject 
specific, and relatively independent of the type of food product that subjects consumed. 
For instance, a subject who has a relatively high retro-nasal aroma release intensity for 
a (semi-)liquid food product, also appears to have a relatively high retro-nasal aroma 
release intensity for a solid food product. This implies that the extent of retro-nasal 
aroma release is a physiological feature that characterises any individual. Subject 
differences in oral processing parameters, such as salivary flow rate, nasal anatomy, 
bite size and eating speed may be (partly) responsible for this finding (1-5).
Additionally, for all subjects it is noticed that there are absolute differences between 
food products in the duration of retro-nasal aroma release comparing (semi-)liquid 
and solid food products, because of differences in oral processing. Solid food products 
require considerable chewing and swallowing, due to their firmer texture. Consequently, 
most subjects have an immediate and prolonged retro-nasal aroma release. In contrast 
to the consumption of solid food products, most subjects have a short and spiked retro-
nasal aroma release pattern during the consumption of (semi-)liquid food products 
(6-7). Accordingly, food product differences in the extent of retro-nasal aroma release 
are explained by differences in food structure and composition and the oral processing 
that is evoked (8-11). 
The demonstrated subject and product differences with respect to the extent of retro-
nasal aroma release may be one of the reasons that people vary in their satiation 
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characteristics and may have implications for the regulation of food intake. A higher 
extent of retro-nasal aroma release may therefore result in more sensory stimulation, 
which in turn may contribute to increased feelings of satiation and decreased food 
intake (12-14). This may be one of the explanations why (soft) solid foods appear to be 
more satiating than liquid foods (15-19). 
Moreover, for a subset of the subjects ad libitum food intake was measured. Interestingly, 
a negative trend is observed between the extent of retro-nasal aroma release and the 
amount of ad libitum food intake. Subjects who have a higher extent of retro-nasal aroma 
release tend to consume less. This finding may support the hypothesis that subject 
differences in the extent of retro-nasal aroma release are linked to subject differences 
in sensory satiation and food intake behaviour. To our knowledge, this observation has 
not been reported before. A follow-up study with a larger subject population, which is 
more segmented with respect to BMI, is needed to ultimately quantify an immediate, 
significant effect of a contribution of the extent of retro-nasal aroma release to food 
intake behaviour. 
Obviously, the level of aroma stimulation depends on the duration of release of the 
aromas and thereby differs for different food structures and compositions. In an 
olfactometer-aided experimental design in order to deliver aroma stimuli separately 
from taste and mouth feel, it was studied whether a beverage becomes more satiating 
when the retro-nasal aroma release profile coincides with the profile of a (soft) solid 
food (Chapter 3). Results show that a beverage with an aroma release profile similar 
to a (soft) solid food is able to increase the subject’s feeling of satiation significantly. 
To our knowledge, this is the first time that such a result has been observed. Altering 
the duration of retro-nasal aroma release appears to have the potential to increase 
perceived satiation.
Apart from the physical structure of a food product and the extent of retro-nasal aroma 
release that is evoked, aroma quality is a product property that may affect retro-nasal 
aroma stimulation. This in turn may contribute to enhanced feelings of satiation and 
a decrease in food intake. To this end, the effect of ingredient-related aroma cues, 
complexity in aroma composition and congruency in aroma and texture on satiation 
and food intake was investigated. 
For ingredient-related aroma cues, it was studied whether specific aroma stimuli, which 
subjects do not consciously recognise, are able to cue for satiation (Chapter 4). Three 
sensory cueing stimuli were tested, which are conceived to be related to fat content (i.e. 
lactones), carbohydrate content (i.e. maltol), and to the breakdown of protein content 
(i.e. ‘animalic’). Custard products with addition of maltol or ‘animalic’ at sensory 
detection threshold were able to increase subjects’ feeling of fullness significantly. This 
result is in line with our expectations, since it is hypothesised that ‘animalic’ cues for 
incongruence between the actual flavour and the flavour expectation attributable to the 
consumed food product, consequently unconsciously triggering satiation (i.e. perceived 

Proefschrift.indb   137 26-5-2009   1:20:53



 Chapter 8

138

fullness). Alternatively, the response to the cueing aroma stimuli might be a learned 
response, i.e. conditioned satiation, possibly due to flavour-nutrient learning (cf. 20-22). 
Subjects may associate the aroma stimuli ‘animalic’ and maltol as cueing for the energy 
content (i.e. post-ingestive consequences) of protein and carbohydrate, respectively. 
Moreover, our results are in line with observations that macronutrients have different 
satiating efficiencies, in which protein is more satiating, followed by carbohydrate 
and fat as least satiating (23-26). Accordingly, specific cueing aroma stimuli at sensory 
detection threshold are able to contribute to perceived fullness. From this study, it 
can, however, not be concluded whether this is due to incongruence between the actual 
flavour and the flavour expectation attributable to the consumed food product or to 
perceiving the aroma stimuli cueing for the energy content of specific macronutrients.
In addition, the acute effect of complexity in aroma composition on satiation and 
food intake was investigated in either an olfactometer-aided or an ad libitum eating 
experimental design (Chapter 5). Apart from the differences in timing of the appetite-
regulating effects, both experimental settings demonstrate that a multi-component 
strawberry aroma, which is perceived as being more complex, yet of similar aroma 
quality, intensity and pleasantness compared to a single-component strawberry 
aroma, is able to enhance satiation. This observation is in line with our expectations. 
Assuming that the total amount of exposure to a food’s sensory properties determines 
the total decline in desire to eat, it is hypothesised that increased sensory stimulation 
from a more complex aroma further reduces the desire to eat and enhance satiation. 
This is probably caused by concurrent exposure to multiple aroma components cueing 
for sensorily similar strawberry perception. To our knowledge, this result has not 
been described before. Food products which are perceived as being more complex are 
usually reported to delay the development of sensory satiation (27-29). However, in those 
observations perceived complexity may implicitly cue for variation, leading to increased 
meal size (30-31). In the present study, perceived complexity did not result in consciously 
perceived sensory differences between the two different strawberry-aromatised 
yoghurt products. In addition, the results of this study show that the methodology 
of the olfactometer-aided aroma stimulation proves to be representative of a real-life 
setting with regard to aroma exposure and satiation.
Comparable to the hypothesis for the concept about aroma complexity, increased sensory 
stimulation from a food product congruent in aroma and texture is expected to further 
reduce desire to eat. Also here, this is probably caused by concurrent sensory exposure 
to multiple sensory modalities cueing for similar sensory perception (i.e. creaminess) 
(Chapter 6). Satiation-enhancing effects regarding aroma-texture congruency were 
tested with creamy custard, either vanilla- (i.e. congruent with creamy texture) or 
lemon- (i.e. incongruent with creamy texture) aromatised, served in a preload-ad libitum 
experimental setting. It is hypothesised that satiation and food intake are affected by 
the level of congruency as well as by variation of successive exposure to aroma-texture 

Proefschrift.indb   138 26-5-2009   1:20:53



General Discussion     

139

combinations. The results show that subjects feel significantly more satiated when 
preload and ad libitum intakes share the identical aroma compared to varied aromas. 
This may point to a “seeking for variety” principle (32). No satiation-enhancing effects of 
congruency were observed. However, a follow-up study with ad libitum intake only, i.e. 
not preceded by a preload, could be more appropriate to determine the effect of aroma-
texture congruency on meal termination. 
In addition to (uncontrolled) subject and product features, the effect of bite size and 
duration of oral processing on the extent of retro-nasal aroma release was investigated 
(Chapter 7). Subjects consumed dark chocolate-flavoured custard, while they were 
exposed to both free or fixed bite size (5 g and 15 g) and duration of oral processing 
before swallowing (3 s and 9 s) in a cross-over design. It is hypothesised that consuming 
food either in multiple small bite sizes or with a longer duration of oral processing 
evokes more oral processing per gram consumed and increases transit time in the oral 
cavity. As expected, small bite sizes contribute significantly to a higher cumulative 
extent of retro-nasal aroma release per gram, while a longer duration of oral processing 
tends to result in more retro-nasal aroma release during consumption of a fixed 
amount of dark chocolate-flavoured custard. However, the effect of oral processing 
time may be significant with a more solid food product. As reported by Zijlstra et al. (33-

34), consumption in small bite sizes or with a longer duration of oral processing results 
in a lower ad libitum food intake. The results of the present study provide an additional, 
possibly complementary, explanation for the ad libitum intake results obtained by 
Zijlstra et al. (33-34) from a retro-nasal aroma release perspective, stimulating olfactory 
receptors. Differences in the extent of retro-nasal aroma release may thus contribute 
to the decrease in food intake in certain eating conditions. 

Efficacy of the different aroma concepts 

The aforementioned studies support the observation that retro-nasal aroma release is 
able to induce satiation. Although the extent of retro-nasal aroma release appears to 
be subject specific, food product properties can be tailored in such a way that these can 
lead to a higher quality and/or quantity of retro-nasal aroma stimulation, which in turn 
provokes enhanced feelings of satiation and ultimately may contribute to a decrease in 
food intake (Figure 8.1). 
Among the proof-of-principle studies that were performed, the prolongation of the 
duration of retro-nasal aroma release, the addition of specific ingredient-related aroma 
cues, the engineering of more complex aroma compositions and the adaptation of bite 
size or duration of oral processing prove to be valuable aroma concepts for inducing 
satiation. The change in perceived satiation between the test product and placebo 
product varied for the different aroma concepts between 6 mm and 12 mm, on a 100 mm 
visual analogue scale (VAS). This corresponds to an increase in perceived satiation of, 
respectively, 384% during stimulation with a prolonged retro-nasal aroma release, 38% 
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Figure 8.1 Schematic overview of the positioning of retro-nasal aroma release in a food intake cycle 

and satiety cascade with related terminology (adapted from 35).

during consumption of custard with addition of maltol, 42% during stimulation with 
a more complex aroma, 41% after consumption of custard with addition of ‘animalic’, 
and 22% after consumption of yoghurt with a more complex aroma. Apart from aroma-
texture congruency, all aroma concepts reveal efficacy with regard to perception.
Despite significant changes in subjective experience, no impact on ad libitum amount 
consumed is observed for the different aroma concepts. This dissociation is a common 
observation in the field and similar to previous studies (18, 36-38). As discussed by Veldhorst 
et al. (39), it is likely that the magnitude of the present effect in perceived satiation is 
too small to have an effect on the amount consumed ad libitum. Veldhorst et al. (39) 
showed that differences in appetite ratings in a preload-ad libitum meal design need 
to be at least larger than 35-40 % in order to have a significant effect of 17-20 % on 
subsequent energy intake. In a follow-up study, it would be a great challenge to obtain 
also a significant effect on actual food intake. An experimental design aiming at ad 
libitum consumption only is probably the most appropriate design to demonstrate 
aroma-induced satiation and, ultimately, accelerated meal termination (40). 

Engineering food products that lead to increased retro-nasal aroma stimulation

The combination of mass-spectrometry and olfactometry provides a unique and novel 
approach to investigate the role of aroma for satiation. APcI-MS technology proves 
again to be an appropriate tool to measure the effects of oral processing on retro-
nasal aroma release during food consumption. In future measurements, APcI-MS 
technology may be applied as non-invasive biomarker to measure food oral processing 
efficiency from a retro-nasal aroma release perspective. Additionally, the use of tailored 
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olfactometer equipment has been shown to be of great importance in mimicking 
aroma release during food consumption. Explicitly, in the study on aroma complexity, 
the results of this study validate the methodology of the olfactometer-aided aroma 
stimulation as representative of a real-life setting with regard to aroma exposure and 
satiation. The olfactometer-aided approach proves to be an appropriate tool for “fast 
prototyping”, meaning that it is not necessary to manufacture a complete food product 
with inclusion of a specific aroma concept before the relative importance of that aroma 
concept can be investigated in vivo.

Examples of food technology applications

For prolongation of the duration of retro-nasal aroma release during food consumption, 
examples of applications could be the development of food products with an increase 
of aftertaste, an increase or lingering of aroma release via flavour delivery systems 
or encapsulation technology, or the development of long-chewable food structures 
in beverages that evoke substantially more oral processing and an increase in transit 
time in the oral cavity. Furthermore, a reduction in bite size by tailored packaging may 
support the ‘right’ oral processing behaviour to food products.
Other applications could be the addition of specific ingredient-related aromas at 
sensory detection threshold to food products, i.e. aromas cueing for the energy content 
of protein, or the engineering of multi-component aroma compositions, which provide 
more ‘body/gestalt’ to food products.

ROLE OF AROMA IN THE ORIGIN OF OBESITY 

The human body exerts a strong defence against under-nutrition and weight loss, but 
applies a much weaker resistance to overconsumption and weight gain. This means that 
weight gain by overconsumption may occur despite efforts to prevent it (35). Overeating 
is an important aspect in the complex and multifaceted origin of obesity (41). Originally, 
overeating served to anticipate food insecurity. A number of ethnicities still possess this 
survival mechanism. In this context, for example, the off-reserve aboriginal population 
is reported to have a high prevalence of overweight and obesity (42-44). Subjects may 
differ in their ability to apply or reduce the capacity to overeat. The extent of retro-
nasal aroma release is suggested to play a regulating role herein. 
The present studies demonstrate that retro-nasal aroma release is able to contribute 
to satiation induction, and possibly to meal termination. This finding supports the 
hypothesis that efficient retro-nasal aroma release, which is a subject specific feature, 
is able to reduce the capacity to overeat by triggering satiation. 
In previous studies, in which for example, the effect of a specific food ingredient on 
satiety was investigated (45-46), retro-nasal aroma release concurrently contributed to 
satiation. Because retro-nasal aroma stimulation was not the primary focus in these 
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studies, aroma-induced satiation has not been described before. However, in principle, 
this effect should always be taken into account during food consumption, irrespective 
of the type of food product consumed. 
Differences in the extent of retro-nasal aroma release during consumption may be one 
of the reasons that people vary in their satiation characteristics, which may prevent 
them from overeating or not. Possibly, normal-weight and obese subjects differ in 
the regulation of this food intake mechanism. In contrast to normal-weight subjects, 
obese subjects could evoke limited extent of retro-nasal aroma release during food 
consumption. This may result in less sensory stimulation, which in turn may lead to 
decreased feelings of satiation and increased food intake. To test this assumption, it 
is desired to design a study, in which normal-weight subjects and overweight/obese 
subjects are exposed to an “all you can eat” buffet. It is hypothesised that overweight/
obese subjects are capable of overeating. In a follow-up study, physiological differences 
during food consumption may be observed between normal-weight and obese subjects, 
for example, differences in oral processing or retro-nasal aroma delivery to the olfactory 
epithelium. The rewarding function of food for obese subjects may be limited compared 
to normal-weight subjects (cf. 47). It would be interesting to determine whether the in vivo 
retro-nasal aroma release, by using APcI-MS technology matches the subjective aroma 
perception by performing time-intensity measurements during food consumption.
Interestingly, in the present study (Chapter 2), a negative trend is observed between 
the extent of retro-nasal aroma release and the amount of ad libitum food intake. 
However, a relationship between the extent of retro-nasal aroma release and BMI is 
not shown. A larger follow-up study with a group of normal-weight subjects vs. a group 
of overweight/obese subjects is needed to confirm a possible effect of the extent of 
retro-nasal aroma release on food intake, energy intake and BMI. 

KEY CONCLUSIONS

The extent of retro-nasal aroma release appears to be a physiological feature that 
characterises any individual. Although the extent of retro-nasal aroma release appears 
to be subject specific, food product properties can be tailored in such a way that these 
can lead to a higher quality and/or quantity of retro-nasal aroma stimulation. This 
in turn provokes enhanced feelings of satiation and ultimately may contribute to a 
decrease in food intake.
The application of aroma in food product development for inducing satiation is promising 
and appealing. Complementary to ingredients that focus on the post-ingestive and 
post-absorptive stage of the satiety cascade, retro-nasal aroma release, operating 
during food ingestion, has a consumer benefit that is immediately noticeable. 
The current state-of-the-art in this field of research is still preliminary. The explorative 
research, as described in this thesis, shows that the efficacy of the different aroma 
concepts for inducing satiation may be relatively small. Besides, no impact on ad libitum 
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amount consumed is observed. 
Among the proof-of-principle studies that were performed, the prolongation of the 
duration of retro-nasal aroma release, the addition of specific ingredient-related aroma 
cues, the engineering of more complex aroma compositions and the adaptation of 
bite size or duration of oral processing may prove to be valuable aroma concepts for 
the development of foods containing triggers that induce or increase the feeling of 
satiation. The next challenge is to implement these concepts into real food products.

FUTURE RESEARCH 

Ultimately, the aim is to use food technology for designing food products containing 
triggers that are able to reduce food intake. Despite significant changes in subjective 
experience, no impact on ad libitum amount consumed was observed for the different 
aroma concepts. The efficacy of the aroma concepts may be enhanced by the inclusion 
of other sensory modalities, such as taste, texture and mouth feel. This will probably 
evoke cross-modal interactions. Concurrent exposure to multiple sensory stimuli 
cueing for identical sensory perception is likely to enhance that perception, which may 
enhance satiation and decrease food intake.
In addition to the aroma concepts, which have been studied in the present work, other 
concepts may also be valuable for inducing satiation. For example, a number of studies 
report that sensory intensity of a food product is involved in satiation (29, 48-50). Apart 
from a longer duration of retro-nasal aroma release during food consumption, a more 
intense, i.e. a higher concentrated, retro-nasal aroma release during food consumption 
is also hypothesised to affect satiation (40).
Retro-nasal aroma release is involved in the early phases of the satiety cascade at the 
interface between satiation and satiety, and may contribute to the process of meal 
termination. A new area of research which can be explored is the role of retro-nasal 
aroma release with respect to post-ingestive responses.
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In view of the epidemic of obesity, one of the requirements is to develop good tasting 
food products that may induce an increased level of satiation, preventing consumers 
from overeating. This thesis focuses on the possibilities of using aroma as a trigger 
for inducing or increasing satiation. Retro-nasal aroma stimulation is hypothesised to 
induce sensory satiation and thereby provoke meal termination. Using a novel approach 
of mass spectrometry (atmospheric pressure chemical ionisation-mass spectrometry, 
APcI-MS) in combination with olfactometry, the relative importance of different 
aroma concepts for satiation was studied, from both a person and food product point 
of view. 
First, the question was addressed whether subjects can be segmented based on their 
extent of retro-nasal aroma release, using real-time APcI-MS, and whether this depends 
on the type of food product they consume. Retro-nasal aroma release intensity and 
profile morphology appear to be subject specific, and relatively independent of the type 
of food product that subjects consumed. This implies that the extent of retro-nasal 
aroma release is a physiological feature that characterises any individual. Absolute 
differences between food products in the duration of retro-nasal aroma release appear 
when comparing (semi-)liquid (i.e. short and spiked aroma release) and solid (i.e. 
immediate and prolonged aroma release) food products, because of differences in oral 
processing. 
The demonstrated subject and product differences with respect to the extent of retro-
nasal aroma release may be one of the reasons that people vary in their satiation 
characteristics and may have implications for the regulation of food intake.
Obviously, the level of aroma stimulation depends on the duration of release of the 
aromas and thereby differs for different food structures and compositions. In an 
olfactometer-aided experimental design in order to deliver aroma stimuli separately 
from taste and mouth feel, it was studied whether a beverage becomes more satiating 
when the retro-nasal aroma release profile coincides with the profile of a (soft) solid 
food. Results show that a beverage with an aroma release profile similar to a (soft) 
solid food is able to increase the subject’s feeling of satiation significantly. Altering 
the duration of retro-nasal aroma release appears to have the potential to increase 
perceived satiation.
For ingredient-related aroma cues, it was studied whether specific aroma stimuli, 
which subjects do not consciously recognise, are able to cue for satiation. Three 
sensory cueing stimuli were tested, which are conceived to be related to fat content (i.e. 
lactones), carbohydrate content (i.e. maltol), and to the breakdown of protein content 
(i.e. ‘animalic’). Custard products with addition of maltol or ‘animalic’ were able to 
increase subjects’ feeling of fullness significantly. From this study, it can, however, not 
be concluded whether this is due to incongruence between the actual flavour and the 
flavour expectation attributable to the consumed food product or to perceiving the 
aroma stimuli cueing for the energy content of specific macronutrients.
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In addition, the acute effect of complexity in aroma composition on satiation and 
food intake was investigated in either an olfactometer-aided or an ad libitum eating 
experimental design. Both experimental settings demonstrate that a multi-component 
strawberry aroma, which is perceived as being more complex, yet of similar aroma 
quality, intensity and pleasantness compared to a single-component strawberry 
aroma, is able to enhance satiation. In addition, the results of this study show that the 
methodology of the olfactometer-aided aroma stimulation proves to be representative 
of a real-life setting with regard to aroma exposure and satiation.
Satiation-enhancing effects regarding aroma-texture congruency were tested with 
creamy custard, either vanilla- (i.e. congruent with creamy texture) or lemon- 
(i.e. incongruent with creamy texture) aromatised, served in a preload-ad libitum 
experimental setting. The results show that subjects feel significantly more satiated 
when preload and ad libitum intakes share the identical aroma compared to varied 
aromas. This may point to a ‘seeking for variety’ principle. No satiation-enhancing 
effects of congruency were observed. 
In addition, the effect of bite size and duration of oral processing on the extent of retro-
nasal aroma release was investigated. Subjects consumed dark chocolate-flavoured 
custard, while they were exposed to both free or fixed bite size (5 g and 15 g) and 
duration of oral processing before swallowing (3 s and 9 s) in a cross-over design. As 
expected, small bite sizes contribute significantly to a higher cumulative extent of 
retro-nasal aroma release per gram, while a longer duration of oral processing tends 
to result in more retro-nasal aroma release during consumption of a fixed amount of 
dark chocolate-flavoured custard. However, the effect of oral processing time may be 
significant with a more solid food product. 
In conclusion, the extent of retro-nasal aroma release appears to be a physiological 
feature that characterises any individual. Although the extent of retro-nasal aroma 
release appears to be subject specific, food product properties can be tailored in such 
a way that these can lead to a higher quality and/or quantity of retro-nasal aroma 
stimulation. This in turn provokes enhanced feelings of satiation and ultimately may 
contribute to a decrease in food intake.
The current state-of-the-art in this field of research is still preliminary. The explorative 
research, as described in this thesis, shows that the efficacy of the different aroma 
concepts for inducing satiation may be relatively small. Besides, no impact on ad libitum 
amount consumed is observed. The efficacy of the aroma concepts may be enhanced 
by the inclusion of other sensory modalities, such as taste, texture and mouth feel. 
Further research is recommended. 
Among the proof-of-principle studies that were performed, the prolongation of the 
duration of retro-nasal aroma release, the addition of specific ingredient-related aroma 
cues, the engineering of more complex aroma compositions and the adaptation of 
bite size or duration of oral processing may prove to be valuable aroma concepts for 
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the development of foods containing triggers that induce or increase the feeling of 
satiation. The next challenge is to implement these concepts into real food products.
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Ten behoeve van preventie of behandeling van obesitas dienen voedingsmiddelen 
ontwikkeld te worden die smakelijk zijn, maar waarvan minder gegeten zou kunnen 
worden doordat deze een langer of sterker verzadigend gevoel opwekken. In deze context 
beschrijft dit proefschrift onderzoek naar de rol van aroma bij verzadigingsmechanismen. 
Retro-nasale waarneming van het aroma van een voedingsmiddel wordt bepaald in 
relatie tot sensorische verzadiging en zou aldus kunnen bijdragen aan een eerdere 
maaltijdbeëindiging. Door gebruik te maken van een nieuwe benadering, namelijk 
massaspectrometrie (atmosferische druk chemische ionisatie-massaspectrometrie, 
APcI-MS) in combinatie met olfactometer-techniek, werd het relatieve belang van 
aroma bij verzadigingsmechanismen onderzocht. Hierbij werd individuele variatie in 
persoonskenmerken zowel als variatie in voedingsmiddelen betrokken. 
Ten eerste is onderzocht of mensen gekenmerkt kunnen worden op basis van hun 
retro-nasale aroma-afgifte, gebruikmakend van APcI-MS. Tevens is onderzocht of 
dit afhankelijk is van het geconsumeerde type voedingsmiddel. De intensiteit van de 
retro-nasale aroma-afgifte en de morfologie van het retro-nasale aroma-afgifteprofiel 
blijken persoonsspecifiek te zijn, en relatief onafhankelijk van het type voedingsmiddel 
dat geconsumeerd wordt. Dit betekent dat de hoeveelheid aroma die vrijkomt tijdens 
consumptie een fysiologisch kenmerk is dat elke persoon karakteriseert. Absolute 
verschillen tussen voedingsmiddelen voor wat betreft de duur van retro-nasale aroma-
afgifte treden op wanneer (semi-)vloeibare (kort retro-nasaal aroma-afgifteprofiel 
met pieken) en vaste voedingsmiddelen (direct en langdurig retro-nasaal aroma-
afgifteprofiel) met elkaar worden vergeleken. Dit verschil is een gevolg van verschillen 
in orale voedselverwerking. 
De aangetoonde verschillen in retro-nasale aroma-afgifte tussen personen 
en voedingsmiddelen kunnen verklaren waarom mensen verschillen in hun 
verzadigingsmechanisme. Dit draagt bij aan de voedselinnameregulatie.
De mate van aromastimulatie blijkt afhankelijk te zijn van de duur van aroma-
afgifte en is daardoor voor verschillende voedselstructuren en –samenstellingen 
verschillend. In een proefopzet waarbij gebruik wordt gemaakt van een olfactometer, 
die het mogelijk maakt om aromastimuli los te koppelen van smaak en mondgevoel, is 
onderzocht of een drank als meer verzadigend wordt ervaren wanneer deze een retro-
nasaal aroma-afgifteprofiel heeft dat vergelijkbaar is met een vast voedingsmiddel. De 
deelnemers bleken zich inderdaad meer verzadigd te voelen wanneer ze sensorisch 
werden gestimuleerd met het aroma-afgifteprofiel dat past bij de consumptie van een 
vast voedingsmiddel. Het gevoel van verzadiging tijdens consumptie kan dus versterkt 
worden door de duur van blootstelling aan aroma tijdens consumptie te verlengen. 
Daarna is onderzocht of aroma’s, die met bepaalde ingrediënten geassocieerd worden, 
die de deelnemers niet bewust waarnemen, in staat zijn om een verzadigend gevoel op 
te wekken. Drie sensorische stimuli zijn onderzocht; hiervan werden associaties met vet 
(i.e. lactonen), koolhydraten (i.e. maltol) en afbraakproducten van eiwitten (‘animalic’) 
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verondersteld. Vla met toevoeging van maltol of ‘animalic’ verhoogde het verzadigend 
gevoel van de deelnemers. Uit deze studie kan echter niet worden geconcludeerd of 
het gevonden resultaat een gevolg is van incongruentie tussen de daadwerkelijke 
en verwachte smaak behorend bij het voedingsmiddel, of van een associatie tussen 
aromastimuli en de energie-inhoud van specifieke macronutriënten.
Daarnaast is het acute effect van complexiteit van aromasamenstelling op verzadiging 
en voedselinname onderzocht waarbij gebruik is gemaakt van zowel een proefopzet 
met een olfactometer als een proefopzet met een testmaaltijd. Uit beide studies blijkt 
dat een aardbei-aroma, dat is opgebouwd uit meerdere componenten, in staat is 
om het gevoel van verzadiging te versterken. In vergelijking met een aardbei-aroma 
bestaande uit een enkele component, is dit uit meerdere componenten samengestelde 
aroma waargenomen als meer complex, maar vergelijkbaar wat betreft aroma kwaliteit, 
intensiteit en aangenaamheid. Deze resultaten geven ook aan dat de methodologie van 
aromastimulatie met behulp van een olfactometer in staat is om een representatieve 
setting na te bootsen voor wat betreft blootstelling aan aroma en verzadiging. 
Effecten van aroma-textuur congruentie op verzadiging zijn onderzocht met behulp van 
een proefopzet waarin een testmaaltijd van roomvla, gearomatiseerd met vanille (i.e. 
congruent aan romige textuur) of citroen (i.e. incongruent aan romige textuur), vooraf 
werd gegaan door roomvla met hetzelfde of het andere aroma (vanille cq. citroen). De 
deelnemers voelden zich meer verzadigd wanneer de aroma’s van de testmaaltijd en de 
roomvla voorafgaand aan de testmaaltijd identiek zijn in vergelijking met variërende 
aroma’s. Dit kan duiden op een behoefte aan variatie. Er zijn geen effecten van 
congruentie op verzadiging waargenomen. 
Daarnaast is het effect van hapgrootte (vrij, 5 g en 15 g) en duur van orale 
voedselverwerking (vrij, 3 s en 9 s) op de hoeveelheid aroma die vrijkomt tijdens 
consumptie onderzocht. Hiertoe consumeerden de deelnemers pure chocoladevla. 
Zoals verwacht blijkt dat kleine happen aanzienlijk bijdragen aan een grotere 
cumulatieve hoeveelheid aroma die vrijkomt per geconsumeerd gewicht. Een langere 
orale voedselverwerking lijkt te leiden tot een hogere retro-nasale aroma-afgifte bij 
consumptie van een vastgestelde hoeveelheid pure chocoladevla. Het effect van de 
duur van orale voedselverwerking is wellicht groter met een vast voedingsmiddel. 
Tot slot blijkt de mate van retro-nasale aroma-afgifte een fysiologisch kenmerk te 
zijn dat elk persoon karakteriseert. Hoewel de mate van retro-nasale aroma-afgifte 
persoonsspecifiek is, kunnen eigenschappen van voedsel zodanig aangepast worden, 
dat deze kunnen leiden tot een hogere kwaliteit en/of kwantiteit van retro-nasale 
aromastimulatie. Dit kan vervolgens leiden tot een versterkt verzadigend gevoel en 
zou uiteindelijk kunnen bijdragen aan verminderde voedselinname. 
De huidige expertise op het gebied van aroma en verzadiging bevindt zich nog in 
een pril stadium. Het verkennend onderzoek, zoals in dit proefschrift is beschreven, 
laat zien dat de kracht van de verschillende aroma-concepten om verzadiging te 
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versterken relatief gering is. Daarnaast is er geen effect op eerdere maaltijdbeëindiging 
waargenomen. Aanbevolen wordt meer onderzoek te doen naar het effect van andere 
sensorische eigenschappen (bijv. smaak, textuur, mondgevoel) in combinatie met 
retro-nasale aroma-afgifte op verzadiging en voedselinname. 
Op basis van de uitgevoerde studies kunnen het verlengen van de duur van retro-
nasale aroma-afgifte, het toevoegen van specifieke ingrediënt-geassocieerde aroma’s, 
het vervaardigen van meer complexe aromasamenstellingen en het aanpassen van 
hapgrootte en duur van orale voedselverwerking waardevolle aroma-concepten zijn. Deze 
kunnen gebruikt worden bij de ontwikkeling van voedingsmiddelen die eigenschappen 
bevatten die een langer of sterker verzadigend gevoel opwekken. De uitdaging is om 
deze aroma-concepten in commerciële voedingsmiddelen te implementeren. 
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“Time flies when you are having fun!” De afgelopen 4 jaar zijn werkelijk omgevlogen! 
Er zijn heel veel leuke en nieuwe uitdagingen op mijn pad gekomen. Hierbij waren 
het winnen van een prijs voor beste poster en natuurlijk vorig jaar de Unilever young 
scientist award of the year absoluut hoogtepunten!
Het plezier en de successen die ik de afgelopen jaren heb gehad, waren niet mogelijk 
geweest zonder de enorme betrokkenheid van vele mensen. Iedereen die op welke wijze 
dan ook heeft bijgedragen aan mijn promotieonderzoek wil ik vanaf deze plaats dan 
ook hartelijk bedanken! Een aantal mensen wil ik hierbij in het bijzonder noemen. 

Toen ik starte met mijn promotieonderzoek was de wereld van geuren voor mij een 
volkomen nieuw gebied. Alexandra, jij hebt mij wegwijs gemaakt in dit veld en ik heb 
heel erg veel van je geleerd. Ik kon altijd bij je terecht voor wat dan ook. Het was dan 
ook wel even behoorlijk slikken toen je me vertelde dat je NIZO zou gaan verlaten 
om bij het toenmalige Numico te gaan werken. Gelukkig ben je wel mijn co-promotor 
gebleven! Het is super dat je enorm betrokken bent gebleven en wanneer je weer op 
NIZO was voor een overleg was het weer net zo gezellig als vanouds. Heel erg bedankt 
voor deze zeer plezierige en leerzame tijd!  
Margriet en Kees, ook het verzadigingsonderzoek was voor mij een nieuwe uitdaging. 
Ik heb vele tips, adviezen en verbeteringen van jullie mogen krijgen ten aanzien van 
studieprotocollen en manuscripten, waarvoor ik jullie beiden hartelijk wil bedanken! 
Ondanks dat ik een ‘AIO-op afstand’ was, voelde dit in de praktijk absoluut niet zo. 
Ik waardeer het zeer dat jullie me ook hebben betrokken bij jullie AIO’s van HB en de 
Eetclub. Hierdoor kon ik met praktische vragen over analyses (dankjewel Nicolien!) 
of procedures (dankjewel Astrid!) altijd bij iemand terecht en kwam ik op congressen 
altijd wel een bekende tegen. Jullie beide expertise was voor mij de unieke combinatie 
van de verzadigingscascade!

Voordat ik aan mijn promotieonderzoek begon, werkte ik al bij NIZO food research als 
projectleider, maar ik had zeker de ambitie om te promoveren. Meike, aan jou heb ik 
eigenlijk dit promotieonderzoek te danken. Toen dit project eraan zat te komen, heb je 
mij de gelegenheid gegeven om hieraan te beginnen. Dankjewel!! Ook wil ik je bedanken 
voor het kritisch lezen van alle manuscripten, je enthousiasme, betrokkenheid en het 
altijd bij je binnen kunnen lopen! Super dat je mijn paranimf wilt zijn!  
Naast Meike, wil ik het hele NIZO management team bedanken dat ik de kans heb 
gekregen om op deze manier mijn promotieonderzoek te mogen doen! De combinatie 
met contractresearch kan ik iedereen echt aanraden. 

Leden van de begeleidingscommissie, bedankt voor alle tips en adviezen tijdens onze 
halfjaarlijkse bijeenkomsten! De discussies waren altijd zeer zinvol. Nog steeds vind ik 
dat het mooie van dit project is dat het heel tastbaar en concreet is, en vrijwel direct 
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toepasbaar in productontwikkeling. 
The DiOGenes management, consortium partners and RTD line 5 partners I would like 
to thank for the excellent collaborations we had. It was nice meeting all of you and I am 
looking forward to working together again in another setting! 

De voorbereiding en uitvoering van de beschreven studies vergt heel wat organisatie. 
Ik ben hierbij aan heel wat mensen veel dank verschuldigd! Maurits, dankjewel voor 
al je betrokkenheid bij mijn promotieonderzoek! Het was prettig om op iemand in de 
directe werkomgeving terug te kunnen vallen toen Alexandra NIZO verliet. Ik hoop dat 
je inmiddels bij TNO ook je plekje hebt gevonden! 
Annereinou, Celine, Denise, Egbert, Fanny, Ineke, Iris, Jan, Kerstin, Leonie, Marc, 
Margreet, Marja, Marja, Nico, Peter, Severine (thank you for the extensive desk 
study as preparation for the complexity study), Saskia, Suzanne, Wim en collega’s die 
ik onbedoeld misschien vergeten ben, de hulp van collega’s is onmisbaar! Iedereen 
bedankt voor alle bijdragen en de super gezellige werksfeer! 
Zonder vrijwilligers is het niet mogelijk om dit soort onderzoek te doen. Daarom alle 
deelnemers aan de verschillende studies heel erg bedankt voor jullie bijdrage aan de 
wetenschap!
Sander, Karin, Diederik, Ron, Sjaak, Ton en Willy bedankt voor het inbrengen van de 
neuscatheters tijdens de olfactometerstudies! Alle co-auteurs bedankt voor de prettige 
samenwerking! Chris thank you for checking all my manuscripts for appropriate use of 
English language! 
De resultaten van de studies laten zien dat er veel potentie zit in het concept aroma-
geïnduceerde verzadiging. Mariëlle, ik ben blij dat dit onderzoek via jou nu verder gaat 
en ik hier actief bij betrokken ben. Succes! 
Hoewel ik eigenlijk steeds leefde van deadline naar deadline, zorgden de lunchpauzes, 
de ‘even kletsen’ momenten en de afdelings- en ‘het is leuk om bij NIZO te werken’ 
borrels voor een welkome onderbreking. Annemarie, Corinne, Ellen, Elles, Hendrik, 
Joost, Leonie, Marc, Mariëlle, Moniek, Paula, Rene, Rob, collega’s van de kantoortuin 
(Frank, Hans, Harro, Hein, Jan, Jeroen, Maria, Marjon, Michiel en Sandra) en overige 
NIZO collega’s dankjewel!
Tevens een dankjewel aan de Kernhemmer redactie (Ann, Barry, Cornelie, Ellen, 
Ellen, Gera, Hans, Marieke, Marjo, Martijn, Rita, Sander en Wilma) voor de gezellige 
vergaderingen! 

Ook mijn Wageningen vriendinnen wil ik graag bedanken voor de vele leuke en 
gezellige momenten van ontspanning! Gerda, onze vriendschap begon eigenlijk pas na 
ons afstuderen, maar is er daarom zeker niet minder om! Behalve onze ouders die in 
het zuiden wonen, hebben we best veel gemeen! Jij ook succes met de laatste loodjes 
van je proefschrift! Super dat je mijn paranimf wilt zijn! Meiden van ‘kamer 5’ (Corine, 
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José en Petra) het is echt weer tijd voor een weekendje weg! Ook al ben ik de enige die 
nu nog in Wageningen woont, ik hoop dat we waar ook ter wereld altijd vriendinnen 
zullen blijven! Maartje, sinds het begin van levensmiddelen spreken we ‘geregeld’ af om 
bij elkaar te eten. Dit ‘geregeld’ varieert van een paar keer per maand tot een paar keer 
per jaar. Of het nou vaak is of niet, het is altijd erg gezellig! Zo ook de laatste maanden, 
we waren allebei druk met het afronden van onze proefschriften en van samen eten is 
dan ook weinig terecht gekomen. Zullen we binnenkort weer eens afspreken? Dit geldt 
ook voor jullie Ruurdtje en Sylvia, we moeten binnenkort echt weer eens afspreken!

Lieve mam en pap, dank jullie wel voor alles wat ik tot dusver heb bereikt, al jullie goede 
zorgen, jullie nooit aflatende steun en zoveel meer! Marlies en Alex, bedankt dat jullie 
altijd interesse tonen in hoe het gaat! Een vraag die steevast werd gesteld was hoeveel 
artikelen ik nu nog moest schrijven... 
Lieve Rob, ik ben blij dat jij het meest creatief van ons beiden bent, want anders was de 
kaft en de lay-out beduidend minder geweest. Super bedankt hiervoor!! Hoewel ik denk 
ik wel een beetje werkverslaafd ben (), ben jij voor mij het levend bewijs dat er nog zo 
veel meer is! Fijn dat je er altijd voor me bent! Eindelijk tijd om samen op zoek te gaan 
naar ons toekomstige huis!

Op naar de volgende uitdaging!

Rianne
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Rianne Maria Anna Josephina Ruijschop was born on January 
22nd 1980 in Heerlen, The Netherlands. In 1998, she completed 
secondary school at the ‘Catholic Grammar School Rolduc’ 
in Kerkrade. In the same year she started her study Food 
Technology with main specialisation Product Design and 
Quality Management and second specialisation Food Quality 
Management at Wageningen University, where she graduated 
in September 2003 cum laude. In this period, she performed 
internships at two industrial companies, Martinair Food (Marfo) 
in Lelystad and Kraft Foods R&D in Munich. 
From December 2003 on, Rianne is working as a project manager 

at the department of Health & Safety at NIZO food research. Besides, in January 2005 
she started her PhD as part of the pan-European programme DiOGenes (“Diet, Obesity 
and Genes”) and the Collective Research Dairy Nutrition and Health Programme carried 
out by NIZO food research for the Dutch dairy industry. 
In October 2007, she was awarded with the Best Poster Award in the category Nutrition 
& Health for her poster ‘Engineering satiating liquid food products by altering the extent 
of flavour release’ at the World Dairy Summit 2007, organized by the International 
Dairy Federation and held in Dublin, Ireland. In April 2008, Rianne was awarded with 
the prestigious Unilever Young Scientist Prize. The prize was awarded based on her 
ground breaking work on the role of aromas in satiation. In April 2009, she finished her 
thesis entitled ‘Retro-nasal aroma release and satiation’. In the same month, she had the 
honour to participate in the 15th European Nutrition Leadership Programme (ENLP), 
which is organized by a group of leading European nutritionists in close collaboration 
with and funded by the European food industry, held in Luxembourg. 
At NIZO food research Rianne is currently involved as a project manager in 
multidisciplinary research projects with a focus on health.
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