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In view of the epidemic of obesity, one of the aims of the food industry is to develop good-tasting

food products that may induce an increased level of satiation, preventing consumers from over-

eating. This review focuses on the possibility of using aroma as a trigger for inducing or increasing

satiation. 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 consumer and food product points of view. The extent of retronasal

aroma release appears to be a physiological feature that characterizes a person. Although the

extent of retronasal 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 retronasal aroma

stimulation. This in turn provokes enhanced feelings of satiation and ultimately may contribute to a

decrease in food intake.
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AROMA PERCEPTION

Orthonasal versus Retronasal Olfaction. Aroma stimuli can
reach the olfactory epithelium through two pathways: via the
nose, during sniffing (referred to as orthonasal olfaction), and via
the mouth, during food consumption (referred to as retronasal
olfaction) (1).

Orthonasal olfaction processes stimuli from the external en-
vironment, which travel through the anterior nares toward the
olfactory mucosa during sniffing. In contrast, during oral proces-
sing and after swallowing, volatile aroma molecules are released
from the foodmatrix, and they reach the nasal cavity through the
pharynx, stimulating receptors in the olfactory cleft. This path-
way for aroma perception is defined as retronasal olfaction
(Figure 1).

Differences in air flow patterns through the two pathways and
aroma absorption across the mucosa may determine differences
in ortho- and retronasal aroma perception (1,3,4). For example,
differences in perceived aroma thresholds (5), cross-modal inter-
actions of aroma and texture (6, 7), and neural aroma proces-
sing (2) are reported to account for perceptual differences in
ortho- and retronasal olfaction. Orthonasal aroma thresholds are
observed to be significantly lower than retronasal aroma thresh-
olds. Correspondingly, the concentration of aroma reaching the
olfactory cleft through the retronasal pathway is usually much
higher than during orthonasal perception of aromas due to
salivation, warming, and mastication during food consump-
tion (5).

Aroma stimuli have also been shown to increase the intensities
of perceived thickness and creaminess, but only when the (butter)
aroma was presented retronasally (7). This enhancement is most
pronouncedwhen aroma presentation coincides with swallowing,
inducing retronasal aroma olfaction.

Differences in texture can also lead to differences in perceived
aroma intensity. Visschers et al. (6) showed 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 retronasal aroma
presentation and perception. In addition, the neural processing
of aroma is influenced by the pathway for aroma perception.
Small et al. (2) investigated response patterns to ortho- and
retronasal 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
nonfood aroma (lavender). Its processing may be related to
differential reward circuits for food, but not nonfood aromas (8).
Orthonasal olfaction appears to correlate with the anticipatory
phase in food reward, whereas retronasal olfaction is related to
the consumption phase, receipt of a reward.

Engineering Retronasal Aroma Perception. The ability to ad-
minister aroma stimuli to subjects separately from other stimuli
from the foodmatrix (associated with other ingredients, textures,
and tastes) enables investigation of the relative importance of
aroma stimuli for perception. Both atmospheric pressure chemi-
cal 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
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technology (9, 10). On the other hand, tailored olfactometer
equipment, originally developed for medical purposes, is finding
more and more applications in aroma research (6, 7, 11). Olfac-
tometry 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. (6),
delivering food-related aroma stimuli to subjects via an olfact-
ometer 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 retronasal aroma delivery, a
tube of approximately 9 cm in length is cut from a sterile silicon
suction catheter (1). The tube is placed inside the nose, such that
the opening is in the epipharynx. 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 odorless, humidified air of controlled temperature (total
flow = 8 L/min, 60% relative humidity, 40 �C).

It has been demonstrated that the aroma profile that is
generated with the olfactometer closely resembles the concentra-
tion of volatiles in the oronasal cavity measured in individuals
during ingestion of a specific food product (10, 12). 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 (6)
(Figure 2). The combination of mass spectrometry and olfacto-
metry provides a unique and novel approach to investigate the
role of aroma for perception.

AROMA AS A TRIGGER FOR SATIATION

During the consumption of a meal, aroma molecules reach the
olfactory epithelium retronasally. Activation of brain areas by a
retronasally sensed food odor is associated with the perception of
food that is consumed and is hypothesized to contribute to
satiation (2), that is, sensory-related satiation. The extent of
sensory stimulation may therefore be related to meal termina-
tion (13, 14).

It is hypothesized that differences in the extent of retronasal
aroma release during consumptionmay be one of the reasons that
people vary in their satiation characteristics, due to differences in

perceived intensity, duration, or quality of retronasal aroma
stimulation. Therefore, the effect of retronasal aroma release on
satiation and food intake is studied from both the consumer and
foodproduct points of view.Figure 3 gives an overviewof someof
the features that are suggested to contribute to the extent of
retronasal aroma stimulation and subsequently sensory satiation,
from both the consumer and food product points of view.
Tailoring these features may lead to a higher quality and/or
quantity of retronasal aroma stimulation, which in turn may lead
to enhanced feelings of satiation and ultimately contribute to a
decrease in food intake.

Uncontrolled Subject (Consumer)- and Food Product-Specific

Features. The subject’s extent of in vivo retronasal aroma release
is an uncontrolled characteristic that is suggested to vary across
individuals. First, the question was addressed whether subjects
can be segmented on the basis of their extent of retronasal aroma
release, using real-time APcI-MS, and whether this depends on
the type of food product they consume (15). To this end, in vivo
retronasal aroma release was assessed for food products, which
varied in texture from (semi)liquid to solid. Ultimately, the aim
was to determine whether subject differences in the extent of
retronasal aroma release are linked to subject differences in
sensory satiation and food intake behavior. A higher extent of
retronasal aroma release may result in more sensory stimulation,
which in turn may lead to increased feelings of satiation and
decreased food intake. Retronasal aroma release intensity and
profile morphology appeared to be subject specific, and relatively
independent of the type of food product that subjects consumed.
For instance, a subject whohad a relatively high retronasal aroma
release intensity for a (semi)liquid food product also appeared to
have a relatively high retronasal aroma release intensity for a solid
food product. This implies that the extent of retronasal aroma
release is a physiological feature that characterizes 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 (16-20).

Additionally, for all subjects it was noted that there are
absolute differences between food products in the duration of
retronasal 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 had an immedi-
ate and prolonged retronasal aroma release. In contrast to the
consumption of solid food products, most subjects had a short
and spiked retronasal aroma release pattern during the consump-
tion of (semi)liquid food products (10, 21). Accordingly, food
product differences in the extent of retronasal aroma release are
explained by differences in food structure and composition and
the oral processing that is evoked (22-25).

The demonstrated subject and product differences with respect
to the extent of retronasal aroma release may be one of the
reasons that people vary in their satiation characteristics andmay
have implications for the regulation of food intake. A higher
extent of retronasal aroma release may therefore result in more
sensory stimulation, which in turn may contribute to increased
feelings of satiation and decreased food intake (2, 13, 14). This
maybeone of the explanationswhy (soft) solid foods appear to be
more satiating than liquid foods (26-30).

Moreover, for a subset of the subjects ad libitum food intake
was measured. Interestingly, a negative trend was observed
between the extent of retronasal aroma release and the amount
of ad libitum food intake. Subjects who had a higher extent of
retronasal aroma release tended to consume less. This finding
may support the hypothesis that subject differences in the extent
of retronasal aroma release are linked to subject differences in

Figure 1. Magnetic resonance image (MRI) showing placement of the
nasal cannulae at the external nares to achieve orthonasal delivery and at
the retropharynx to achieve retronasal delivery. Dots and arrows depict the
idealized distribution and flow direction of odorants delivered orthonasally
(via the external nares) or retronasally (via the retropharynx) (2).



9890 J. Agric. Food Chem., Vol. 57, No. 21, 2009 Ruijschop et al.

sensory satiation and food intake behavior. 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 retronasal
aroma release to food intake behaviors.

Physical Structure of a Food Product. Obviously, the level of
aroma stimulation depends on the duration of 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 retronasal aroma
release during consumption. It is hypothesized that relative
prolonged retronasal 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 (isoenergetic
and isovolumetric) beverage. In an olfactometer-aided experi-
mental design to deliver aroma stimuli separately from taste and
mouth feel, it was studied whether a beverage becomes more
satiating when the retronasal aroma release profile coincides
with the profile of a (soft) solid food (31). Results showed 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 retronasal
aroma release appears to have the potential to increase perceived
satiation.

Aroma Quality. Apart from the physical structure of a food
product and the extent of retronasal aroma release that is evoked,
aroma quality is a product property that may affect retronasal
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 (32, 40, 46).

Ingredient-Related Aroma Cues. 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 was studied whether
specific aroma stimuli, which subjects do not consciously recog-
nize, are able to cue for satiation (32). Three sensory cueing
stimuli were tested, which are conceived to be related to fat
content (i.e., lactones), carbohydrate content (i.e., maltol), and
the breakdown of protein content (i.e., “animalic”). Custard
products with the addition of maltol or animalic at sensory

Figure 2. 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
retronasally delivered to the subject, combined with the taste and mouthfeel sensation of the nonaromatized food product in the mouth (C).

Figure 3. Schematic representation of features that are suggested to contribute to the extent of retronasal aroma stimulation and sensory satiation, from both
consumer and food product points of view.
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detection threshold were able to increase subjects’ feeling of
fullness significantly. This result is in line with our expectations,
because it is hypothesized that animalic cues for incongruence
between the actual flavor and the flavor expectation attributable
to the consumed food product, consequently unconsciously
triggering satiation (i.e., perceived fullness). Alternatively, the
response to the cueing aroma stimuli might be a learned response,
that is, conditioned satiation, possibly due to flavor-nutrient
learning (cf. refs 33-35). Subjects may associate the aroma
stimuli animalic and maltol as cueing for the energy content
(i.e., postingestive 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 (36-39). Accordingly, specific cueing aroma
stimuli at the 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
flavor and the flavor expectation attributable to the consumed
foodproduct or due to perceiving the aroma stimuli cueing for the
energy content of specific macronutrients.
Complexity in Aroma Composition. 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 (40). Apart from the differ-
ences in timing of the appetite-regulating effects, both experi-
mental settings demonstrated that a multicomponent 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 deter-
mines the total decline in desire to eat, it is hypothesized that
increased sensory stimulation from a more complex aroma
further reduces the desire to eat and enhances satiation. This is
probably caused by concurrent exposure to multiple aroma
components cueing for sensorily similar strawberry perception.
Toour knowledge, this result has not beendescribed before. Food
products that are perceived as being more complex are usually
reported to delay the development of sensory satiation (41-43).
However, in those observations perceived complexity may im-
plicitly cue for variation, leading to increasedmeal size (44,45). In
the present study, perceived complexity did not result in con-
sciously perceived sensory differences between the two different
strawberry-aromatized yogurt 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.

Aroma-Texture Congruency.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 the 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) (46). Satiation-enhancing effects regarding aroma-
texture congruency were tested with creamy custard, either
vanilla-aromatized (i.e., congruent with creamy texture) or lem-
on-aromatized (i.e., incongruent with creamy texture), served in a
preload ad libitum experimental setting. It is hypothesized that
satiation and food intake are affected by the level of congruency
as well as by variation of successive exposure to aroma-texture
combinations. The results showed 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 (47). No satiation-enhancing

effects of congruency were observed. However, a follow-up study
with ad libitum intake only, that is, not preceded by a preload,
could be more appropriate to determine the effect of aroma-
texture congruency on meal termination.

Controlled Subject- and Food Product-Specific Features. In
addition to (uncontrolled) subject and product features, the effect
of bite size and duration of oral processing on the extent of
retronasal aroma release was investigated (48). Subjects con-
sumed dark chocolate-flavored custard while they were exposed
to both free or fixed bite size (5 and 15 g) and duration of oral
processing before swallowing (3 and 9 s) in a crossover design. It is
hypothesized that consuming food either in multiple small bite
sizes orwith a longer durationof oral processing evokesmore oral
processing per gram consumed and increases transit time in the
oral cavity. As expected, small bite sizes contributed significantly
to a higher cumulative extent of retronasal aroma release per
gram, whereas a longer duration of oral processing tended to
result in more retronasal aroma release during consumption of a
fixed amount of dark chocolate-flavored custard. However, the
effect of oral processing timemay be significant with a more solid
food product. As reported by Zijlstra et al. (49,50), 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, explana-
tion for the ad libitum intake results obtained by Zijlstra
et al. (49, 50) from a retronasal aroma release perspective,
stimulating olfactory receptors. Differences in the extent of
retronasal 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 retronasal aroma release is
able to induce satiation. Although the extent of retronasal 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 retronasal aroma stimulation, which in turn
provokes enhanced feelings of satiation and ultimately may
contribute to a decrease in food intake.

Among the proof-of-principle studies that were performed, the
prolongation of the duration of retronasal aroma release, the
additionof specific ingredient-related aroma cues, the engineering
of more complex aroma compositions, and the adaptation of bite
size or duration of oral processing proved 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 and 12 mm on a 100 mm
visual analogue scale (VAS). This corresponds to an increase in
perceived satiation of, respectively, 384%during stimulationwith
a prolonged retronasal aroma release, 38% during consumption
of custard with addition ofmaltol, 42%during stimulationwith a
more complex aroma, 41%after consumption of custardwith the
additionof animalic, and 22%after consumption of yogurtwith 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 was observed for the different
aroma concepts. This dissociation is a commonobservation in the
field and similar to previous studies (29,52-54). As discussed by
Veldhorst et al. (55), 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. (55) showed that
differences in appetite ratings in a preload-ad libitum meal
design need to be at least >35-40% 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
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consumption only is probably the most appropriate design to
demonstrate aroma-induced satiation and, ultimately, acceler-
ated meal termination (56).

Engineering Food Products That Lead to Increased Retronasal

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 technologyproves again
to be an appropriate tool tomeasure the effects of oral processing
on retronasal aroma release during food consumption. In future
measurements, APcI-MS technology may be applied as a non-
invasive biomarker to measure food oral processing efficiency
froma retronasal aroma release perspective. Additionally, the use
of tailored olfactometer equipment has been shown to be of great
importance in mimicking aroma release during food consump-
tion. 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
productwith inclusionofa specific aromaconceptbefore the relative
importance of that aroma concept can be investigated in vivo.

Examples of Food Technology Applications. For prolongation
of the duration of retronasal aroma release during food con-
sumption, examples of applications could be the development of
food products with an increase of aftertaste or an increased or
lingering aroma release via flavor delivery systems or encapsula-
tion technology or the development of long-chewable food
structures in beverages that evoke substantially more oral proces-
sing and an increase in transit time in the oral cavity. Further-
more, a reduction in bite size by tailored packaging may support
the “right” oral processing behavior in food products.

Other applications could be the addition of specific ingredient-
related aromas at sensory detection threshold to food products,
that is, aromas cueing for the energy content of protein, or the
engineering of multicomponent aroma compositions, which
provide more “body/gestalt” to food products.

ROLE OF AROMA IN THE ORIGIN OF OBESITY

The human body exerts a strong defense against under-nutri-
tion 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 (51).
Overeating is an important aspect in the complex and multi-
faceted origin of obesity (57). 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 preva-
lence of overweight and obesity (58-60). Subjectsmay differ in their
ability to apply or reduce the capacity to overeat. The extent of
retronasal aroma release is suggested toplay a regulating role herein.

The present studies demonstrate that retronasal aroma release
is able to contribute to satiation induction and possibly to meal
termination. This finding supports the hypothesis that efficient
retronasal 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 (61,62), retro-
nasal aroma release concurrently contributed to satiation. Be-
cause retronasal aroma stimulation was not the primary focus in
these 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 retronasal aroma release during
consumption may be one of the reasons that people vary in their
satiation characteristics, which may prevent them from over-
eating 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 retronasal 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 hypothesized that overweight/obese
subjects are capable of overeating. In a follow-up study, physio-
logical differences during food consumption may be observed
between normal weight and obese subjects, for example,
differences in oral processing or retronasal aroma delivery to
the olfactory epithelium. The rewarding function of food for
obese subjects may be limited compared to normal weight
subjects (cf. ref 63). It would be interesting to determine
whether the in vivo retronasal aroma release, by using APcI-
MS technology, matches the subjective aroma perception by
performing time-intensity measurements during food con-
sumption.

Interestingly, in the present study (15), a negative trend is
observed between the extent of retronasal aroma release and the
amount of ad libitum food intake. However, a relationship
between the extent of retronasal aroma release and BMI is not
shown. A larger follow-up study with a group of normal weight
subjects versus a group of overweight/obese subjects is needed to
confirm a possible effect of the extent of retronasal aroma release
on food intake, energy intake, and BMI.

DISCUSSION

The extent of retronasal aroma release appears to be a
physiological feature that characterizes any individual. Although
the extent of retronasal 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 postingestive and postabsorptive
stage of the satiety cascade, retronasal 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 paper,
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.

Among the proof-of-principle studies that were performed, the
prolongation of the duration of retronasal aroma release, the
additionof 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.
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