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Abstract
The olfactory dimension of food flavour is critical to the food identity and typicality.
Food odour and aroma result from the processing of complex mixtures of volatile
compounds activating the sense of smell. The perceptual properties of odour mixtures
have been explored from both the aroma analysis point of view and the psychophysical
point of view, thus revealing perceptual effects such as masking, synergy, or perceptual
blending. However, considering odorants separately, the classical aroma analysis
approach misses the central role of perceptual integration in odour mixture processing.
Therefore, the challenge of food flavour analysis is now to integrate the mechanisms of
complex odorant mixtures perception. Here, we briefly review recombination strategies
and tools that are already available to go one step forward and consider not only keyodorants but also key-associations involved in overall flavour perception.
Introduction
The olfactory dimension of food flavour is critical to the food identity and typicality.
This has been nicely showed in a basic experiment by Mozell et al. [1], in which a group
of subjects had to identify real food flavours. In order to minimize identification by
nonchemical cues, 20 food samples were prepared to be presented as liquids of about the
same apparent viscosity. Subjects were allowed to swirl the liquid around their mouth
before being asked to identify the flavour by a food name (e.g. "chocolate, "coffee,"
"onion,"). All the samples were presented twice to each subject but following two
experimental procedures. In a first condition, the olfactory dimension was removed since
subjects were equipped with an air stream apparatus, connected to their nostrils, which
blew odourless air in the direction opposite to the movement of volatile molecules from
the mouth to the nose via the nasopharynx. In the second condition, without the air stream
apparatus, the nose remained normally accessible to the molecules. When deprived of the
olfactory and the nasal trigeminal inputs, subjects were poorly able to identify the samples
and were even unable to identify the flavour of coffee or chocolate.
Food odour and aroma are both percepts, namely cerebral representations,
constructed on the basis of the olfactory processing of complex mixtures of volatile
compounds able to activate olfactory receptors [2]. Following the aroma analysis classical
methodology, GC/MS-O (Gas Chromatography/Mass Spectrometry-Olfactometry) is
used to separate and identify those odorants that contribute to the odour of a given food
sample headspace extract. The analysis process requires around half an hour to detect and
identify the main odorants of the mixture that constitutes the headspace [3]. In contrast,
the human nose, when confronted to the same mixture of odorants, analyses
simultaneously all the chemicals to provide a pattern that is integrated by the brain to
produce, in less than one second, a mental representation of the food sample. The result
will be the rapid categorisation and likely recognition of the odour as an odour object [4].
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Therefore, we always have to keep in mind that there is a critical difference between the
chemical analysis strategy and the perceptual strategy when focusing on complex odour
mixtures responsible for the flavour of food.
The perception of odour mixtures, the case of perceptual blending
The processes underlying the perception of complex mixture of odorants as patterns
and the elaboration of odour object representation in the brain are based on odour coding
and perceptual interactions that take place along the olfactory pathway [4]. The
simultaneous interplay of several odorants with the olfactory system induces various
interactions at all the levels of integration, from the very periphery where competition at
the olfactory receptors level takes place [5,6] to high order integrative processes involving
cognitive and top-down modulations [7]. From a theoretical point of view, it is possible
to consider several cases of perceptual interactions in odour mixtures (Figure 1).

Figure 1: Theoretical outcomes on odour quality when two odorants are processed in mixture by the olfactory
system. One odorant has an odour noted A and the other B, while odour C is specific to the mixture and results
from configural processing of the so-called blending mixture (adapted from [4]).

In one case, the mixture carries a specific odour, which is not the superposition of
the odorants’ odour. Such a perceptual outcome is the result of the configural processing
of certain mixtures called blending mixtures [8], which may be the chemical signature of
odour objects [4]. Another processing strategy of odour mixture, namely elemental
processing, leads to the recognition of the odorants’ quality within the mixture (Figure
1). These two processing strategies, likely concurrent, can be influenced by individualrelated factors such as physiological or cognitive state but also by the stimulus features,
especially the odour quality of each of the odorants and their relative concentrations.
In a recent study, we investigated the configural and elemental perception of two 6odorants mixtures in two mammal species, human adults and newborn rabbits, which
have both assets with regard to the study of odour mixtures [9]. Using free-sorting tasks
in humans, we evaluated the perception of a blending mixture (RC), which evoked the
specific odour of Red Cordial and another mixture (RC mod), made of the 6 same odorants
but in different proportions, in comparison to the perception of the single odorants. In
newborn rabbits, the perception of the same mixtures was assessed by measuring the
orocephalic sucking response to the mixtures or their components after conditioning to
one of these stimuli. The results revealed that the blending mixture (RC) was indeed
configurally processed both in humans and rabbits. In contrast, the other mixture (RC mod),
containing the same odorants but in different concentration ratio, was elementally
processed. These results demonstrate that configural perception is specific not only to the
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odorants included in a blending mixture but also to their respective proportion [10].
Interestingly, rabbit neonates also responded to each odorant after conditioning to the red
cordial mixture, which demonstrated their ability to perceive elements in addition to the
configuration in the mixture [11] and, in turn, supports the hypothesis that both elemental
and configural processing are concurrent.
Key odorants and key associations in odour mixtures
Within the aroma chemical analysis framework, it is usually considered that if the
omission of an odorant from a recombined mixture changes the overall perception, then
this odorant is a key aroma compound [12]. However, key odorants may have a different
status depending on whether the mixture has blending properties or not, which may also
explain why key odorants reported in the literature for a lot of food sometimes carry an
odour similar to the overall food odour and sometimes not. We tested this hypothesis
through the study of the perceptual roles of the odorants that are included in mixtures
elementally or configurally perceived. We examined, in humans, the perceptual impact
of the nature and concentration ratio of the odorants included in two 6-components
mixtures and their sub-mixtures containing 2 to 5 components [13]. The 6-odorants
mixtures were RC and RCmod used in the previous study [9]. Mixture processing was
explored through a similarity rating task, in which 61 subjects rated the similarity of odour
samples containing 1 to 6 components to either the RC or the RC mod reference mixtures.

Figure 2: Illustration of the perception of key elements and key association in a 6-components mixture (A).
Some of the elements carry a specific object identity (boomerang, bird and cherry); at a specific ratio
(represented here by the spatial arrangement of the elements), their perception as individual elements can be
still salient (B); they are key elements; the perception is elemental. In contrast, at another ratio (another spatial
arrangement), the same elements may lead to a key association (C), in which the elements lose their object's
identity but create another feature (a basic face); these elements are contributors to the key association. Adding
other elements, which do not necessarily refer to specific objects (point, curved line), “polishes” the key
association and provides an identity for the whole mixture; the perception is configural. (adapted from [13]).

The results highlighted that elemental perception depended primarily on the odour
quality and concentration ratio of many of the mixed odorants, whereas configural
perception depended on specific associations of odorants in strict concentration ratios.
These findings led us to reconsider the impact of key elements in odour mixtures within
the framework of a perceptual model, illustrated in Figure 2 owing to a visual analogy. In
mixtures, some odorants may preserve their perceptual features such that the individual
odour they carry as single molecules is still identifiable within the mixture. In that case,
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the mixture is elementally processed. It is perceived as a collection of a few individual
odours carried by some of the odorants, which can be qualified as key odorants. Still,
several odorants may lose some of their perceptual features [14] and create meaningful
associations that strongly contribute to the mixture odour quality. These associations can
be considered as key associations.
New developments in aroma analysis
If the aroma analysis methodology, relying on GC/MS-O, has been repeatedly shown
to be efficient to identify impact odorants in complex food flavour, it appears that it can
only point those molecules that are key odorants. Indeed, key associations can only be
identified through the study of mixtures. Nevertheless, some odorants, likely contributors
to key associations, may have been spotted during confirmatory recombination
approaches, in which odorants, which odour is not similar to the odour of the overall food
flavour, can appear as impacting compounds (e.g. [15,16]). The need for new tools to
rapidly evaluate the perceptual importance of odorants in complex mixtures have led to
the development of several methods based on dynamic reconstitution of mixtures online
during GC-O analysis [17–20]. The Olfactoscan system couples two devices: a GC-O
apparatus and a multi-channel dynamic dilution olfactometer [21]. The humidified air
stream at the outlet of the olfactometer is connected to the GC-O sniffing port so that
controlled mixtures of odorants, provided by the olfactometer, can be mixed with the
odorants coming from the GC-O. Therefore, the olfactoscan system enables the screening
of the olfactory active compounds delivered during a GC-O run, while mixed with a wellcontrolled background odour generated with the olfactometer.

Figure 3: Olfactoscan setup including an olfactometer that delivered a precise mixture of odorants from the
four vessels (V1, V2, V3, V4) to be combined with odorants eluted from a gas-chromatograph coupled to the
outlet of the olfactometer; this formed the Odour mixture olfactory port. The olfactometer was also used to
control the delivery of real cheese odour at the Cheese odour olfactory port, which served as the reference odour
for the direct similarity rating task (adapted from [22]).

We used the Olfactoscan system to screen for specific associations of odorants
responsible for the odour specificity of 3 non-processed semi-hard cheeses (setup
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presented on Figure 3) [22]. Eight odorants, identified as contributors to the basic odour
of the cheeses, were dispatched into the four vessels of the olfactometer to form an
optimal basic composition, specific to each of the three cheeses. Eight odorants, among
which four were also present in mixture in one of the olfactometer vessels, were
individually added to the basic composition owing to the GC-O system. All the
combinations formed complex odour mixtures that were systematically compared to the
real odour of each cheese, by 16 trained subjects through a direct similarity rating.
The results highlighted that the relative concentrations of the same few odorants in
a mixture can be adjusted via a recombination approach to reach an optimum of similarity
with the odours of different non-processed semi-hard cheeses. More precisely, when
combined with acetic acid, butan-2,3-dione and methional, the odorant dimethyl
trisulphide contributed to one cheese odour, whereas butanoic acid contributed to another
cheese odour. Still, for the third cheese odour, the combination of dimethyl trisulphide,
butanoic acid, 3-methylbutanoic acid and 3-methylbutan-1-ol is required.
Conclusion
Odour mixture processing, which constitutes the basic rule when perceiving the
flavour of a food, induces several perceptual effects that contribute to the olfactory system
striking efficiency in coding complex odour objects. The concept of configural-elemental
dual olfactory processing has led to consider a new perspective in the identification of
key components of odour sources, namely the importance of key odorants but also of key
associations. In the framework of food flavour analysis, online recombination strategies
and specifically relevant tools have been developed and are now available to go one step
forward and take up the challenge of integrating odour mixture processing specificity into
the aroma analysis path. Beyond the expected impact in terms of food flavour analysis,
the study of odour mixtures is an original window allowing the investigation of olfactionspecific mechanisms certainly crucial to interpret -and provide an efficient representation
of- our food and more broadly our environment.
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