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Foreword by Richard J. Stevenson, Macquarie 
University (Australia). It was long thought that 
the human nose might be able to discriminate 
somewhere in the order of 10,000 different 
odourants. The recent finding that the human 
nose can discriminate something like a trillion 
different smells serves as yet another reminder 
that we have again underestimated the capacity of 
our sense of smell (Bushdid, Magnasco, Vosshall 
& Keller, 2014). This volume serves as a further 
corrective for anyone who should hold the view 
that olfaction is unimportant in human affairs. 
The papers presented in this ebook, carefully 
collated and overseen by Aldo Zucco, Benoist 
Schaal, Mats Olsson and Ilona Croy, showcase 
a large number of quite different reasons for 
studying the applied side of olfaction, and indeed 
human olfaction in general. 

The 23 contributions presented here cover a broad range of topics, which illustrate 
contemporary interests in our field. Although with a strong applied focus, a noteworthy 
feature of this ebook is the richness of the theoretical perspectives that are developed. These 
range from considerations of olfactory perception, memory, expertise, and priming right 
the way through to receptor genetics. These contributions, from many leading experts in 
the field, will surely shape much of the applied work linking olfaction to disease, which is a 
further focus of this ebook. In respect to health and disease, the chapters on aging, pregnancy, 
depression, alcohol dependency and environmental odours, present overviews and rich new 
data on many contemporary problems, to which the study of olfaction is now contributing. 

A particularly notable aspect of olfactory experience is the affective impact that odours can 
have on people and their lives. The ebook covers some particularly intriguing aspects of 
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work in this area, with empirical studies investigating dissociations between wanting and 
liking, stress reduction in the elderly, mother-infant bonding, and the emotions that different 
odourants can evoke. This affective line of work is nicely complemented by empirical studies 
on expertise, the effect of odours on visual attention, and the relationship between particular 
personality traits and interest in olfaction. The gradual appropriation of methods from 
cognitive neuroscience into olfaction is also nicely represented in this ebook, with at least 
three of the chapters reporting data using neuroimaging, including a particular intriguing 
study looking at recognition of odours in mixtures. Finally, the close links between olfactory 
perception and sensory evaluation are also reflected in a chapter on wine.

I hope that readers of this e-book will be struck, as I have been in reading its various chapters, 
how much olfaction affects our lives, and how the study of this sense can enrich it.

References
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In recent years a significant body of research has accumulated on
olfaction along several lines of investigation, ranging from molec-
ular mechanisms to the neural and cognitive processing of olfac-
tory information, as well as to multiple influences of odors on
our everyday lives. The purpose of the present Frontiers’ Research
Topic is to present experimental data (run in the laboratory as well
as in everyday settings), reviews and methods papers on various
applied or applicable aspects of olfactory cognition along with the
beneficial possibilities that olfactory cognitions make possible in
ameliorating different aspects of human condition.

The present Research Topic is composed of 23 articles reunited
in six fields of applied olfactory cognition. The first section con-
cerns basic studies on odor memory and attention. In the first
article, Smeets and Dijksterhuis (2014) review the potency of
odors to affect human behavior. In the second article, Toet and
van Schaik (2013) focus on how such priming are dependent on
the congruency between the odor prime and the behavior that is
supposed to be affected. In the third article, Köster et al. (2014)
reverse the typical view on memory as being triggered by cues
of previously encountered objects and argue that odor memory
in everyday life is about detecting novelty rather than pleasant-
ness. This section ends with an overview by Larsson et al. (2014)
(article fourth) on the potency of odor-cues to generate life-long
autobiographical memories.

The second section reunites contributions on the acquisition
and consequence of olfactory expertise which remains relatively
unexplored in olfaction. Royet et al. (2013), report brain imaging
studies with different types of odor experts, including: perfumers,
flavorists, and oenologists (article fifth). Thereafter Sezille et al.
(2014) (article sixth) investigate whether experts do perceive the
pleasantness of odorants differently than non-experts. Pagliarini
et al. (2013) (article seventh) study the attitudes of consumers
toward wine from organically grown grapes.

The third section of the Research Topic addresses chemore-
ception in everyday life. In the eighth article, Thomas-Danguin
et al. (2014) and his colleagues survey how everyday odors such
as food flavors, perfumes, and wines convey complex information
which perception depends on sophisticated processing abilities at
different levels of the system. Andersson et al. (2013) turn in the
ninth article to the problem of health-risk perception of chem-
ical exposure and its interaction with distress and the ideas the
receiver has about the exposure. In the tenth article Demattè et al.
(2014) review the role of olfaction in food neophobia and suggest

that olfaction might work as an alerting system preventing the
ingestion of potentially detrimental substances.

The fourth section of the Research Topic focuses on the
relationships between olfaction and emotional processes. In the
eleventh article, He et al. (2014) investigates the facial expres-
sions of emotion in response to odors. In the twelfth article,
Joussain et al. (2014) show in a combined field and laboratory
study the influence of odor exposure on emotional states. In the
thirteenth article, Ischer et al. (2014) present a new approach to
investigate how olfactory ambiences affect visual responses in vir-
tual worlds. In the fourteen article, Seo et al. (2013) show how
personality traits affect the way attitudes toward odors. Further,
Schablitzky and Pause (2014) (article fifteenth) investigate the
interesting link between olfactory perception and depression.
Glass et al. (2014) (article sixteenth) and colleagues show how
potently everyday odors can induce emotions as happiness and
disgust in the perceiver, while Triscoli et al. (2014) (article sev-
enteenth) find interesting gender difference in how liking and
wanting of odors differ over time.

The fifth section concerns aspects of human reproductive
life in relation with the emission and perception of body
odors. Cameron (2014) starts by reviewing how pregnancy
affects the perception of environmental odors (article eighteenth).
Lundström et al. (2013) (article nineteenth) show how the body
odor of two day-old newborns elicits activation in reward-related
cerebral areas in women, regardless of their maternal status.

In the last section of the Research Topic olfaction is considered
in relation with health and disease issues. Ignatieva et al. (2014)
(article twentieth) hunt for a genetic explanation of interindivid-
ual variability in perceptual and emotional processing of odors.
Hummel et al. (2013) (article twenty-first) give us a close-up on
how the brain processes odor mixtures; while Doty and Kamath
(2014) (article twenty-second) review how our olfactory abilities
change across the life span. Finally, Maurage et al. (2014) (article
twenty-third) point to the role of olfaction in the establishment
of alcohol dependence.

We are grateful to all of the contributors for their commit-
ment to this project and for providing new accounts of the state
of the art in applied olfactory cognition. We would also like to
extend our special thanks to Professor Richard J. Stevenson for
writing the foreword of this book. We hope that this e-volume
will help promote further research on the applied aspects of
olfactory perception and cognition and attract new scientists
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to the field. We also hope that it will be a useful resource for
colleagues and professionals dealing with the study of the chem-
ical senses in relation with issues on human welfare in everyday
setting.
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Smelly primes – when olfactory primes do or do not work
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In applied olfactory cognition the effects that olfactory stimulation can have on (human)
behavior are investigated. To enable an efficient application of olfactory stimuli a model of
how they may lead to a change in behavior is proposed. To this end we use the concept of
olfactory priming. Olfactory priming may prompt a special view on priming as the olfactory
sense has some unique properties which make odors special types of primes. Examples
of such properties are the ability of odors to influence our behavior outside of awareness,
to lead to strong affective evaluations, to evoke specific memories, and to associate easily
and quickly to other environmental stimuli. Opportunities and limitations for using odors as
primes are related to these properties, and alternative explanations for reported findings
are offered. Implications for olfactory semantic, construal, behavior and goal priming are
given based on a brief overview of the priming literature from social psychology and from
olfactory perception science. We end by formulating recommendations and ideas for a
future research agenda and applications for olfactory priming.

Keywords: olfaction, priming, cognition and emotion, behavior, valence

INTRODUCTION
There is a substantial literature from social cognition on priming,
demonstrating the sometimes substantial and unexpected effects
that environmental stimuli can have on information processing
and behavior. Due to the traditional emphasis in psychological
science on visual and auditory perception and language, only
few priming studies employ olfactory primes. In contrast, there
is a bountiful literature from the chemical senses community on
the effects of olfactory stimuli on perceptual and cognitive pro-
cessing that could be conceived of as priming research, but is
not always discussed within a priming framework. These liter-
atures seem somehow disconnected. In this review we intend
to forge a connection between the two in order to explore how
conceiving of odors as primes can help us make better sense
of their potential for influencing human information processing
and behavior. Secondly, we propose guidelines for how odors
are best used as primes based on the intrinsic and sometimes
unique properties of the olfactory system that can be seen as
opportunities but also as limitations. More systematic research
on odor priming could be envisioned to realize its full potential
for applications if both properties and limitations are taken into
account. We will formulate a possible research agenda for such
research.

We will start by addressing what we actually mean by priming
and primes.

PRIMING IN THE SOCIAL SCIENCES
Priming refers to the phenomenon that incidental stimuli have
been shown to influence higher-order cognitive and behavioral
outcomes without the individual’s awareness or appreciation of
this influence (Bargh et al., 2010). Interestingly, such “incidental”
priming stimuli can be manipulated in the context of experimental
studies to achieve effects in participants in a mere passive, inactive

manner. This is opposite to earlier (social) cognitive approaches
in which experimental manipulations used to be brought to the
conscious attention of participants to study how they affected
decision-making (Bargh, 2006). To illustrate the former, Bargh
(2006) gives the example of how polite behavior can be studied
in an experiment in which the concept of politeness is passively
manipulated by embedding adjectives related to politeness in a
scrambled word test disguised as a language test, which is then fol-
lowed by an opportunity to behave politely. Thus, priming research
allows us to investigate how higher mental processes such as judg-
ment and social behavior can be triggered and then operate in the
absence of conscious awareness (Bargh and Morsella, 2008).

The notion that environmental stimuli can prime behavior is
interesting, as it implies that there is a bridge between perception of
the stimulus (e.g., a word related to politeness) and motor behav-
ior (the polite behavior of waiting for someone to finish speaking
instead of interrupting) possibly in the form of an activated mental
concept of politeness. Specifically, by presenting words or images,
the underlying related concept becomes accessible – an associa-
tive process – for further information processing (cf. Loersch and
Payne, 2011). The mental content that has thus become available
is now likely to be used as a source of information in subsequent
information processing and behavior. Loersch and Payne (2011)
distinguish between four types of priming: semantic priming
(category identification), construal priming (judgment), behav-
ior priming (action), and goal priming (motivation). Whichever
type of priming occurs depends on whether the current situa-
tion invites, e.g., judgment rather than behavior or vice versa, and
on other attributes such as a person’s attitudes toward a primed
category, personal goals and interests or constraints of the situ-
ation. A good example of the latter is an experiment by Cesario
et al. (2010) in which participants who were in a enclosed booth
when primed with a social stereotype of aggression, chose for a
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fight-like behavioral response, whereas those who were seated in
an open field chose for a flight-like behavioral response.

An important consequence of Loersch and Payne’s situated
inference model of priming is that single primes can have mul-
tiple effects (i.e., as either one or more types of priming), but also
that these effects are not the same for everybody or in all situations.
This has special relevance for applications of priming in the real
world, where individuals and situations will differ greatly.

In addition to the four types of priming that are central to
the Loersch and Payne framework, we can distinguish between
perceptual priming, repetition priming, and affective priming
which bear relevance to odor priming. We speak of percep-
tual priming when prime and target share perceptual attributes.
This is not the same as semantic priming. For example, Koenig
et al. (2000) found that while odors presented during a learning
phase acted as perceptual primes when participants were pre-
sented with these odors again during a test phase, there was
no such priming effect when odor names – rather than odors
themselves – had been used during the learning phase. The
explanation for the difference may lie in the fact that percep-
tual priming involves modality-specific subsystems in memory,
whereas semantic priming involves associative (amodal) sub-
systems in memory (Koenig et al., 2000). Repetition priming
refers to the phenomenon that a stimulus can act as its own
prime. When presented again, an odor is processed faster because
its representation in memory was activated just before, and
there is still a memory trace available. For odors, this was dis-
cussed by Olsson et al. (2002). They conclude that in some of
the older repetition priming literature it is hard to disentan-
gle purely olfactory priming from semantic priming – which
is related to the previously mentioned distinction between per-
ceptual priming and semantic priming. In Olsson (1999) even
negative priming occurred when odors that were correctly iden-
tified were proven to be processed more slowly than odors that
had not been identified. Identification of odors allowed for
verbal labeling and may have led to semantic overshadowing
(cf. Melcher and Schooler, 1996). Finally, in affective priming
there is an unintentional influence of a first evaluative (affec-
tive) response, acting as a prime, on the subsequent processing
of a target stimulus. For example, the positive affective tone of
primes (often words) may activate affectively congruent mate-
rial in memory (Klauer, 1997). Explanations have been sought
in affective congruency between prime and target (both “posi-
tive” or “negative”), but also in congruency in response tendency.
Consequently, positive affective primes would facilitate (congru-
ent) approach responses, and negative affective primes would
facilitate (congruent) avoidance responses to affectively congru-
ent targets (Förster and Liberman, 2007). Odors may be potent
affective primes as will be highlighted later in Section “Priming via
valence”.

Central to many explanations of how activated concepts can
prime behaviors is William James’ ideo-motor action principle
which holds that activation of a cognitive representation of
an action increases the likelihood of that action being carried
out, via the triggering of active behavior representations, which
cause movement of relevant muscles (Schröder and Thagard,
2013). Deliberate choice or motivation is not considered to be

necessary. Priming effects, then, occur as a result of the spread-
ing of activation, by which activation of one node in memory
automatically spreads to another. Thus, priming effects are effort-
less and uncontrollable. For a more detailed account of how
this might work involving computational modeling and neu-
ral networks, the reader is referred to Schröder and Thagard
(2013).

Priming effects are supposed to take place outside of aware-
ness. Social and cognitive psychologists have somewhat different
perspectives on this. In cognitive psychology, awareness in this
context would be equated with ability to perceive. For example,
individuals could only be presumed to be unaware of a stimulus if
stimulus intensity or duration would be below perceptual thresh-
old (hence, at subliminal levels). According to Bargh (1992), it does
not matter much from a social psychologist perspective whether
someone is aware of the stimulus event, as long as the individual
remains unaware of the ways in which the stimulus is interpreted
and of the influence of this awareness on subsequent processing.
Both subliminal as well as supraliminal primes have been proven
to be effective primes (Bargh and Morsella, 2008). Goal or need
state play an important role: for example Karremans et al. (2006)
demonstrated that subliminal priming with a brand drink name
such as Lipton Ice Tea positively affected participants’ choice for
and intention to drink the primed drink, but only for those who
were thirsty.

To conclude, subliminality of stimulation could be important
but only because if the individual is unaware of the stimulus event
we can be sure they are unaware of the potential influence it has
on their behavior. And, even when people are able of perceiving
a priming stimulus, we might still conclude its subsequent effects
on behavior take place outside of awareness.

So far we have seen that priming refers to the ability of “inci-
dental” environmental stimuli to influence higher order cognitive
processing and behavioral outcomes, and that these influences
occur outside of awareness, effortlessly, and automatically. Mental
representation of concepts play an important role, as activation of
such a concept by a prime can lead to the simultaneous trigger-
ing of other cognitive, motivational, and behavioral processes by
spreading of activation in memory. Both supraliminal as well as
subliminal stimuli have been shown to be effective primes. Before
we continue to look at the suitability and effectivity of odors as
primes, we will first explore the unique properties of the sense of
smell.

UNIQUE PROPERTIES OF OLFACTION
We are about to make claims about the suitability of contextual
odors as primes. We start by introducing an important distinc-
tion: that between odor and odorant. The term odorant refers to
the volatile chemical substance that is capable of eliciting the expe-
rience of an odor – it can be a single compound as well as a mixture
consisting of a large number of compounds. The odor exclusively
refers to an individual’s experience, it is a percept. The olfactory
experience (an “odor”) is in all likelihood elicited by an odorant,
but there have been occasions in which odor experiences have
been reported even in the absence of an odorant. In a study by
Knasko et al. (1990) the presence of an odor was strongly sug-
gested by the context. Participants who were given the suggestion
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of a pleasant odor being in the room reported a more positive
mood. A more extreme example is reported by O’Mahony (1978)
who told a compelling story on TV which resulted in people call-
ing the TV station stating that they had indeed smelled an odor
emanating from their TV set. Furthermore, it is possible that a cer-
tain odor, experienced as resulting from a specific odorant, is not
experienced by 100% of the subjects. Some subjects may perceive
another odor, based on, for example, prior (lack of) experience
with the odor.

Odors in memory are also referred to as odor objects, that, even
when consisting of ten or hundreds of volatile components (the
odorant) are perceived as unitary perceptual events (the odors)
against a continually shifting olfactory background (Stevenson and
Wilson, 2007). This goes to illustrate that there is not a necessary
relation between the chemical properties, or even the presence, of
an odorant, and the odor perceived as resulting from it (cf. Wilson
and Stevenson, 2006). A focus on the so called “stimulus problem”
(Stevenson and Boakes, 2003) will likely lead to incomplete theo-
ries and remain insufficient to understand olfactory perception in
its entirety.

SENSE OF SMELL IS AN IMPLICIT SENSE
The sense of smell has also been alluded to as a hidden or implicit
sense (Köster, 2002). Because vision is usually in the center of
our attention, it is presumed to be the dominant sense, followed
by the senses of hearing and touch. As a result, people tend to
be less aware of odorants in their environment. Odorants, after
all, cannot be seen or heard, and they can only be felt if they are
at high enough concentrations to stimulate the trigeminal nerve
innervating the nose, throat, mouth, and eyes, which induces sen-
sations of tingling, prickling, burning, or even pain (Doty et al.,
2004). There are large individual differences in the tendency to
be aware of odors such that some people never seem to notice
any, and would go to sleep without problem on a mattress on
which the cat had just peed, whereas others are quick to notice any
unpleasant or pleasant odors and would avoid them or seek them
out purposefully (Smeets et al., 2008). Regardless, odorants –and
their odors – are in general unlikely to draw attention unless they
are especially pleasant, overly strong or an assault to the senses,
or if they signal danger (fire, gas leak) or contamination (rotten
foods, cadavers). According to Stevenson (2010) these are events
which we have been “programmed” to attend to and as a result
related approach or avoid-behaviors are hard-wired in the brain.
Odors can also draw attention if they are especially meaningful
to a person, i.e., they are learned to carry significance, be they
approach or avoidance triggering (e.g., the perfume of your ex
who left you).

There are several factors possibly contributing to odors tak-
ing a backseat among our sensory systems. One is that odorants
spread, become diluted and are hard to pinpoint to a particular
source. Thus adapted odorants cannot be easily localized and form
a background for novel odor objects to figure against (Stevenson
and Wilson, 2007).

With relevance to olfactory priming, odors appear to be
perceived under different awareness circumstances:

1. Attentively: identifiable using verbal label: “I smell banana,” or
not identifiable: “I smell something, but I don’t know what it is.”

2. Semi-attentively: noticing there is something special, but not
being able to pinpoint it (e.g., when one notices there’s some-
thing different about a colleague –“Do you have new glasses?”
and finding out he grew a mustache). With ambient odors this
could be: “There’s something special with this room today, but
I can’t really tell what it is.”

3. Inattentively: subjects show no evidence of being aware of
something in particular (“. . .”).

ODORS QUICKLY ADAPT
Odor receptors are quick to adapt, Adaptation here refers to the
“waning of response with stimulus repetition” (Dalton, 2000, p.
488) often referring to peripheral and physiological sensory pro-
cesses, though “central adaptation,” occurring in higher nervous
centers can occur too (habituation). In olfaction peripheral adap-
tation is the much more common and stronger process. The
adaptation process typically leads to a reduction in perceived
intensity which can occur with even a few breaths of air containing
an odorant (Dalton, 2000). The advantage of adaptation lies in a
flexibility of the system to quickly tune into change. So, by cur-
rent odor experiences merging with the background, chances of
detecting novel odorants (e.g., by their odor) are much enhanced.
The fact that olfactory adaptation is quick to set in, does not
mean the olfactory stimulus ceases to have an effect on infor-
mation processing after its onset. We recently observed effects of
being exposed to sweat odor on facial emotional expressions (in
this case fear and disgust) measured using facial EMG-electrodes
lasting for at least 6 min, which is well beyond the time in
which adaptation to the smell would have occurred (De Groot
et al., 2012). The perception of the odor may have set in motion
other processes that persist even after olfactory adaptation has
set in.

So, to summarize, with one of the requirements for successful
priming being that the individual is unaware of priming effects, the
fact that humans are hardly aware of odors at all, and are quick to
adapt to the sensation, makes odors good candidates for effective
priming.

ODORS ARE STRONG TRIGGERS OF EMOTIONAL MEMORY
Another interesting characteristic of odors is that they are strong
triggers of emotions. This is also known as the Proust effect,
referring to the experience described by Marcel Proust in A la
Recherche du Temps Perdu (Proust, 1913 in Jellinek, 2004) of
his protagonist Swann feeling overcome with melancholy and
emotion when experiencing the smell (and taste) from biting
into a Madeleine after dipping it into tea. Inspired by this
phenomenon many scientists devoted themselves to answering
the question of whether odors are in fact stronger triggers of
emotional memories than perception in other modalities. Note
that Proust needed several pages to describe the mental search
before finding the reason for the emotion. This illustrates the
fact that the link between the prime and its effect normally
escapes awareness. While the final judgment is still out on this
(Jellinek, 2004; Gilbert, 2008; Toffolo et al., 2012), the abil-
ity of odors to trigger emotions make them suitable affective
primes.
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HUMAN ODOR CATEGORIZATION AND IDENTIFICATION: AMATEUR AT
BEST
The connection between odors and language is a problematic one.
Most individuals experience odor-naming problems. Even when
an odor is common or seems very familiar, verbalizing it can be
difficult (Cain, 1979); the tip-of-the-nose phenomenon (Lawless,
1977). People can classify odors into categories such as fruity, flo-
ral, and putrid, but there is little consensus on what the basic
categories are (Wise et al., 2000; Auffarth, 2013), or even if they
meaningfully exist. Categorization would be based on coarse per-
ceptual features with boundaries between categories being rather
fluid.

This problem with verbalizing odors may be related to the
poor relation between the piriform cortex in which odor objects
and categories are encoded, and the language network, e.g., cor-
tical areas mediating odor naming and identification (Olofsson
et al., 2013). It could be that from an evolutionary point of view,
naming odors was never very important – performing immediate
motor-induced actions either to approach or avoid was. Based on
research in patients with semantic primary progressive aphasia,
who suffer from extensive temporal lobe atrophy, Oloffson et al.
posited that odor object information – even in healthy humans-
is still relatively coarse and unprocessed compared to visual object
information by the time it arrives at the lexical-semantic net-
work in the brain. This would be due to fewer unimodal areas
available for object processing in the olfactory than in the visual
system prior to its arrival at the lexical-semantic network via the
temporal lobe which constitutes a bridge into this network. The
results may be mapping imprecision and object mismatch of odor
objects. The authors conclude that because of this, odor object
identification is more vulnerable to perceptual ambiguity. This
phenomenon might have serious consequences for odor priming,
as it casts into question the very ability of odors to link into specific,
and unified, concepts which is central to conceptual (semantic)
priming.

MOST IMPORTANT DIMENSIONS OF ODOR INFORMATION
PROCESSING
Valence – varying from unpleasant to pleasant – is considered
to be the most important odor dimension (Engen, 1982; Kaep-
pler and Mueller, 2013). Other dimensions considered as primary
and employed in many studies (Kermen et al., 2011; Kaeppler and
Mueller, 2013) are intensity, edibility and familiarity. Classifica-
tions of odors, relying on approaches asking subjects to engage
in sorting, similarity judgments or sensory profiling have not led
to universally agreed odor classes (Wise et al., 2000). One of the
problems is that untrained subjects have great difficulty disregard-
ing the valence dimension when asked to rate or classify odors
(Kaeppler and Mueller, 2013) which in fact confirms its primacy
in odor judgment. The dimensions of valence, intensity, edibil-
ity and familiarity seem to support the three major functions
of olfaction as distinguished by Stevenson (2010), with diges-
tion (i.e., appetite regulation) as first function being followed by
avoiding environmental hazards (such as fires or rotten food) and
social communication. All three functions, from an evolutionary
perspective, subserve approach and avoidance behavior aimed at
enhancing an individual’s chance of survival.

ODOR PRIMING: WHAT’S DIFFERENT?
As previously noted, priming relies in large part on improving
accessibility of conceptual representations for further informa-
tion processing as a result of “incidental” perceptual stimulation.
The question lying before us is whether priming with odors
is in any way different from priming with visual stimulation
in the form of images or words? We will reflect on the four
types of priming distinguished by Loersch and Payne (2011):
semantic priming (category identification), construal priming
(judgment), behavior priming (action), and goal priming (moti-
vation), and because of its special relevance here, to affective
priming.

OBSERVATIONS ON BEHAVIORAL AND GOAL PRIMING WITH ODORS
When it comes to action priming or motivation priming, it seems
obvious that odors are just as potent as (and sometimes even more
potent than) visual stimuli. For example, immediately removing
oneself from dangerous situations (a fire or a gas leak) or rotten
food is a behavioral response that is in the interest of avoiding
environmental hazards [Stevenson’s (2010) second function of
olfaction] and which relates to the primary dimensions of odor
such as valence, edibility and familiarity. Although such reac-
tions may not qualify as primes when individuals are aware of
the link between the odor and the emotional (fear or disgust) and
behavioral (moving away from the source) response, they are very
much automatic. In a classical conditioning study, the low-level
and briefly presented unpleasant odors of “rotten egg” and “sweaty
socks” were successfully employed as aversive unconditioned stim-
uli to change expectations to a conditioned stimulus in the form
of a human face (Gottfried and Dolan, 2004). This demonstrates
how salience and automaticity of odor stimuli can affect informa-
tion processing even when awareness of the odor must have been
low. Semantic processing of the stimulus need not necessarily be
invoked to yield action effects.

Odors are also effective as goal primes. Delicious food odors,
in line with Stevenson’s first function of olfaction – digestion and
appetite regulation – may subconsciously divert a person from
pursuing an ongoing goal and tempt people to start eating. Food
courts in airports tend to have these effects and food odors –
typically freshly baked bread – deliberately spread in supermarkets
could lead to purchasing behavior. The first author, who on her
daily train travel to work passes by a coffee factory spreading coffee
roasting odors, has often observed other passengers formulating
a desire for coffee or concrete plans to purchase some at the next
station. In Gaillet et al. (2013) the odor of melon or of pear was
unobtrusively presented. In a later choice test the group exposed
to the melon odor chose more starter items consisting of fruit and
vegetables, and the other (pear) group chose more desserts with
fruit. Only the melon group had shown a decreased reaction time
in a Lexical Decision Task for the word “melon.” The effect on
menu choice can be seen as goal priming, where melon – a typical
starter item in France, the country of the study – led to an increase
in choices for fruit/vegetable starters, and pear – a typical dessert
item – led to an increase of choices of fruit desserts. Obviously we
see here an odor priming effect, but rather than to conclude that
it involved a semantically mediated concept of “pear” (which did
occur for “melon”), both odors resulted in effective goal priming.
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In a different domain, Miller and Maner (2011) showed that
scent cues associated with female fertility (T-shirts worn by women
in the late follicular versus luteal phase) enhanced reported per-
ceptions of womens’ sexual arousal in odor-sensitive males which
the authors interpreted in the context of goal pursuit. The major
dimensions of odor perception, valence, and edibility, can facil-
itate goal priming responses, again without semantic processing
being required. It is thus safe to conclude that odors make for very
effective behavioral and goal primes.

OBSERVATIONS ON SEMANTIC AND CONSTRUAL PRIMING WITH
ODORS
Semantic and construal priming via odors, in view of the specific
characteristics of odor just listed, is more complicated. Can the
odor of camembert cheese, for example, prime words related to
other typically French food products or a typically French sports
event such as the Tour de France? Since we have seen that catego-
rization and identification of odors is problematic, and since the
semantic route partially relies on, or most certainly benefits from,
such processes, semantic odor priming cannot simply be assumed
to take place. For example, we might expect that seeing a picture
of a camembert cheese likely activates mental representations of
other foods (French) cheeses, other typical French food products
such as baguettes, or even other French words, via conceptual
links with the product, once recognized or identified. However,
we cannot simply assume the odor of camembert to accomplish
the same. We might expect the odor to be categorized as belonging
to the food category, and even as cheese. Thus, via the semantic
route, the odor of camembert might be a good prime for other
food or cheese concepts (like beer can prime – a desire for – pret-
zels; Hyde and Witherly, 1993). However, many people would not
be able to categorize the smell as (French) cheese or identify it as
camembert. Due to the ambiguity inherent to the sense of smell,
some might misconstrue it as body odor which would lead to
another priming outcome altogether than would be the case if a
visual prime of cheese had been used. Depending on the interpre-
tation of the odor prime, the subsequent effects on judgment of
an object or situation will be vastly different. Note that De Araujo
et al. (2005) showed a difference in perceived valence depending
on whether the odor was labeled as a body odor or as cheddar
cheese.

This brings us to the fact that the characteristic odor of French
cheeses can elicit affective reactions. The cheese odor represents an
edible food product that is liked or disliked. As valence may be the
primary dimension along which priming occurs in this camembert
example, individuals may now have easier mental access to other
well-liked or disliked products, or may show behavioral responses
of approach of avoidance, respectively. But: would we expect the
odor of camembert to cause shorter reaction times to French words
– as, e.g., measured with a Lexical Decision Task – than to other
language words in a priming task, which we would if pictures of
camembert were used as primes? Probably not. Instead, priming
with camembert odor might enhance the mental processing of
words of other liked food products (or liked products in general)
in a cheese-lover, create an approach response toward anything
that follows such priming, or enhance the possibility for positive
construal of an object, person, or situation.

Aside from a valence-route for priming with camembert odor,
an individual who once enjoyed camembert with friends during
a wonderful vacation in France might re-experience that memory
and find themselves taken back there. Now priming may occur
based on the content of the autobiographical memory. Thinking
back of how lovely the French countryside was, would cause a
spreading of activation to the concepts “France,” “countryside,”
and “French countryside.” A subject might now show a fast
response to words related to the Tour de France on this basis,
as it is now the memory providing the link to language and visual
mental representations. Likewise, they may show speeded recogni-
tion of contextual features such as red-white checkered tablecloths
because such a tablecloth happened to be part of their memory.
Someone who did not have such a memory, would not show
such a response, which makes this response differ strongly across
individuals and almost impossible to systematically investigate.

Finally, there is a possible priming route that involves mood.
This is in line with literature demonstrating that mood at the
time of judgment can be used as information by an individual
to reach a judgment, for example on how happy or satisfied one
is (Schwarz and Clore, 1983, 2003). On a similar note, effects of
odors on feelings of wellbeing and health in aromatherapy have
been contributed to changes in mood caused by a strong liking for
the odor (Stevenson and Boakes, 2003; Herz, 2009). This implies
that the pleasant aromas do not directly reduce stress and increase
relaxation via physiological changes induced by odorant inhala-
tion. Rather, feelings of stress and relaxation are influenced in the
same way as being in a good mood would, with the odor being the
mood-enhancer. Liking camembert may put someone in a good
mood when smelling it. Priming via mood might help explaining
effects such as seen in the famous “the smell of helping” study by
Baron (1997) in which it was demonstrated that passersby in a
shopping mall were more inclined to help a same-sex accomplice
(e.g., by picking up a dropped pen) when a pleasant ambient odor
(e.g., of baked cookies) was present then in the absence of such an
odor. Here, the odor of baked cookie primed the act of picking up
a pen. It is unlikely that this involved a semantic route. After all,
there is no clear conceptual relation between baked cookies and
helping behavior. Would seeing pictures of cinnamon buns act as
primes to helping others in the same way? It could if you really
love cinnamon buns, and the mere sight of it improves your mood,
but the odor may be a more direct route into mood and emotion,
as previously argued. Thus, while semantic priming via odors can
be problematic, effects that suggest semantic odor priming may
be explained by alternative routes into the concept, such as via
priming of memories that facilitate spreading of activation to any
concepts related to that memory. As a consequence, substantial
individual differences are expected, as autobiographical memories
are unique. Likewise, odor primes intended to be semantic primes
may inadvertently lead to affect (valence or mood) priming, thus
yielding behavioral effects that never involved the underlying
(semantic) concept. We would conclude that odors do not make
for good semantic primes, but can nevertheless have effects that
may be interpreted as such, by spreading of activation traveling
via indirect “autobiographical” routes or via valence transfer, that
eventually can be linked to semantic concepts indirectly. Of course,
behavioral and goal priming could result via similar mechanisms.
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RECOMMENDATIONS AND APPLICATIONS FOR ODOR
PRIMING
PRIMING VIA VALENCE
One of the conclusions reached so far held that odors can make for
good behavioral and goal primes along the primary dimension of
valence. This is strongly related to the notion of affective priming,
previously discussed in Section “Priming in the Social Sciences.”
Affective priming phenomena may have an adaptive function, in
that they serve to quickly serve opportunities and threats in the
environment (Klauer, 1997). Odors, generally evaluated primarily
in terms of affect (good or bad) may therefore constitute impor-
tant affective primes. For reasons of ease of comprehension, we
propose to include all influences of odor valence priming under
the header of affective priming for our current purpose. This is
irrespective of whether the affect association originated from the
various types of learning involving odors (Stevenson and Boakes,
2003), or from congruent mood, and irrespective of the underly-
ing mechanisms (e.g., congruency of stimulus and response). This
type of affective priming is prevalent in applied settings such as
stores, parking garages, public transportation, health care settings,
the workplace, etc., where positively valenced odors have been
dispersed to trigger approach behavior (consumption, purchase),
positive feelings (safety), a sense of wellbeing, work engagement,
and so on. A few comments are in order: in many cases strong
odors are used. When odors are strong and easy to notice, their
influences on human cognition and behavior cannot be classified
as primes under the definition that requires effects to take place
outside of awareness. Strong odors tend to be disliked by people
who are sensitive to strong stimulations (Doty et al., 2004) or score
high on the avoidance scale of the Odor Awareness Scale (Smeets
et al., 2008). Furthermore, odor quality tends to differ with con-
centration (Gross-Isseroff and Lancet, 1988) such that an odorant
that has shown effective priming at lower concentrations may be
associated with a different odor perception at higher concentra-
tions. Thus, we recommend that in order to achieve the presumed
effects to use odors at low intensities (cf. Köster and Degel, 2000).

SEMANTIC PRIMING
Priming via words can yield specific effects, as words would be used
to pinpoint specific members and sub members of a taxonomy.
Thus, the word“butterfly”could in theory be an effective prime for
processing other words not just denoting insects, but specifically
insects with wings. It will be clear from the above that such specific
priming is unlikely to work using odors as primes. It would require
not only that the odor is appropriately categorized but probably
also identified by name. Knowing that individuals categorize odors
in terms of, e.g., “fruity” should caution the experimenter not to
use multiple fruity odors as primes. While pictures of a lemon,
grapefruit and lime would possibly be easily identified by most
people, this cannot be expected for the odors these fruits produce.
They may be categorized as “fruity,” or “citrus.” This does not
necessarily imply individuals could not discriminate between the
odors at the perceptual level, but being unable to assign these odors
to different categories may result in ineffective odor priming at the
subcategory level.

Thus, if some form of semantic priming is intended, it is rec-
ommended to use an odor that fits a often-used category such

as floral or fruity, and is a good prototype for the category (e.g.,
orange for citrus). Also, to ensure the priming effect was seman-
tic/categorical there would have to be an appropriate control, for
example for affective priming via odor valence. It would be good
to include an odor that is equally liked or disliked but clearly
does not belong to the same semantic odor category. To illus-
trate this we refer to a series of studies reported in Holland et al.
(2005). Evidence of semantic olfactory priming was shown in a
study where exposure to a citrus (cleaning agent) smell prompted
subjects to express more cleaning behaviors than in the no-odor
condition. Holland et al. (2005) used a Lexical Decision Task to
show that a cleaning related concept had been activated through
the exposure to the citrus scent. In a more applied study De Lange
et al. (2012) used a similar citrus odor to show that train wag-
ons scented with it were less littered by than unscented wagons.
The activation of a cleaning related concept is held responsible
for the behavioral effect of the odor prime in this study. The task
in the testing phase is a behavioral one in both studies, and in
addition a Lexical Decision Task in Holland et al. (2005). The
authors claim that the odor activates a cleaning concept based
on a past learned association of the odor with cleaning, resulting
in an increased likelihood of cleaning related behavior (and faster
recognition of cleaning related words in the Lexical Decision Task).
However, as their studies only used one type of odor, alternative
explanations related to, e.g., the valence of the odor cannot be
ruled out.

In a recent study (Dijksterhuis et al., 2013), modeled after the
Holland et al. (2005) study, we primed subjects with three odors of
different nature. An orange odor (a citrus odor, pleasant, but with
no a priori expected association to cleaning), a grass odor (also
pleasant, but with no a priori association to cleaning), and a sulfur
odor (unpleasant, and also not related to cleaning). The odors were
presented at very low intensities in a neutral testing room, so that
they were not attentively noticed. In the test phase of this study the
“rusk eating task” as introduced by Holland et al. (2005) was used.
The subjects were to cut and eat a rusk in a sham sensory study, and
their behavior was observed to asses if and how much spontaneous
cleaning actions (like wiping the table, picking up crumbs, etc.)
subjects displayed under the different odor conditions. It turned
out that under the sulfur condition our subjects displayed less table
wiping actions than under the grass and orange odor. What this
study shows is that other types of priming, than semantic priming,
may be at play. The sulfur odor is unlikely to carry a semantic
connotation to cleaning (more to dirt, in fact), nor do the grass and
orange odors, yet they differ in the amount of cleaning behaviors
they afford. We pose that the affective value of the odor can provide
an alternative mechanism to explain the priming power of odors.
We point out that the Dijksterhuis et al. (2013) study would have
to be replicated including a no odor condition.

While on the topic of semantic odor priming it is of interest to
note that Degel et al. (2001) posit that in fact, being able to verbally
label an odor, seriously interferes with implicit priming effects.
This may be due to the fact that cognitive processing of language
may be disruptive to the implicit processing of odor, as the use
of labels would cause a spreading of activation causing different
cognitive and behavioral effects than spreading of activation solely
by odor stimulation would.
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Semantic priming via autobiographical memory
We have seen that odor priming via specific autobiographical
memories can be potent and provide a gateway into semantic
priming via concepts elicited by such memories. Clearly, odor
priming via memory could be a very powerful application to entice
consumers into buying products. The problem is that autobio-
graphical memories are by definition personal. An odor experience
that emotes one person may not do much for someone else. There
are two approaches to this. One is to focus on odor experiences
that are strongly linked to universally pleasant events and occa-
sions and use these as primes to create an attraction to a product.
For example, the smell of suntan lotion – often a fragrance heavy
on coconut – has been reported as being associated with being
on vacation in sunny locations. Thus, anecdotally, we have heard
that some travel companies subtly fragrance their promotional
material with coconut fragrance or provide pouches with sun-
tan lotion along with it. This way, smelling the lotion might
intensify the desire to take a vacation thus lowering the thresh-
old for actually booking one. Likewise, parents have reported
to experience feelings of melancholy and warmth when smelling
the fragranced baby products (lotion, shampoo) they tended to
use on their offspring, as it reminds them of nurturing their
children when they were still babies. That such smells can in
fact be good behavioral primes was demonstrated in an explo-
rative study in which we first combined a novel fruity or floral
odor with watching a movie in which parents interact with their
babies in a loving way. In an unrelated session we later found
that the smell that had been previously associated with watch-
ing the movie yielded a higher nurturing behavior score on a
baby-doll than an unrelated equally pleasant smell (Smeets et al.,
2010).

The second way in which learnings from the Proust effect can
be used for application is by creating a memory by cleverly pairing
an odorant with a certain experience so as to impart the nature
of the experience onto the odorant. A subsequent encounter with
that odorant would then be expected to act as prime for the expe-
rience. In their paper Degel and Köster (1999) describe an odor
priming study including a learning phase. They had subjects per-
form a task in some rooms where an ambient odor was present. It
was explicitly assessed afterward, that the subjects had not atten-
tively perceived the odor while they were in the room. In the
test phase subjects were to score the fit of the odors, now pre-
sented in jars, to environments – including the rooms they had
been in – presented on photographs. A higher fit of the odor to
the room the subjects had encountered the odor in was found
for two out of three odors, illustrating a clear case of olfactory
(repetition) priming. This cannot be attributed to some sort of
a recognition effect as this would imply an explicit evaluation
(recognition is an explicit function), which the authors preclude
by making sure the subjects did not consciously perceive the odor
in the room, with a judgment task in the test phase of the study
that may be linked to the familiarity primary dimension of odor
perception.

This result is related to the Olsson (1999) research that showed
that negative priming occurred when odors that were correctly
identified were proven to be processed more slowly than odors
that had not been identified.

MULTI-MODAL PRIMING
During the multiple experiments we have conducted over the past
years we have found that presenting odorants in typical lab exper-
iments did not yield the expected effects. Odorants from very
different sources – rotten eggs, pizza, brownie, etc., – when asked,
often gave rise to labels as “sweaty,” “computer-smell,” “rubber,”
“stale-lab smell,” which was sometimes bewildering. Clearly, lab-
oratory environments are not meaningful contexts when trying
to establish an appropriate understanding of odorants and their
sources. Although theoretically it is possible that odors connect up
with the appropriate concepts in the brain even when subjects can-
not describe them, in everyday situations we rarely ever encounter
odors completely in isolation and without proper context. Thus,
odors probably need help channeling to the concept of interest
(Wilson and Stevenson, 2006). An obvious solution would seem
to pair ambiguous odors with positive or negative labels such as
“parmesan cheese” or “vomit” as Herz and von Clef (2001) did, but
that would make the odor and its quality explicit thereby poten-
tially ruining the odor priming effect. Thus, an alternative solution
could be to establish cross-modality correspondences using incon-
spicuous combinations of olfactive and other-modality stimuli
(Stevenson et al., 2012), in order to help bring out a property of the
jointly presented odor such as, e.g., “softness”. Likewise, Gottfried
and Dolan (2003) empirically demonstrated that semantically con-
gruent visual information facilitated low level odor detection in
congruent odor – picture pairs. Another solution is to provide
context in other ways. For example if the intention is to convey
the meaning of green grass and not just positive valence when pre-
senting a green grass odor, one could put up a poster of a soccer
field or have copies of soccer magazines in the waiting room to the
experiment. By already making the concept accessible this way, the
odor would be more likely to act as semantic prime, rather than
as an affect prime, during subsequent testing. This approach is in
line with the recommendations by Degel and Köster (1998) for
effective odor priming:

1. the test does not supply explicit information about the stimuli,
2. the test acknowledges the nonverbal character of odor percep-

tion and memory,
3. the test allows perception of odors in a situation which is for

the most part a biotic, normal everyday situation.

The latter point would explain why priming with odors in
laboratories out of context is often bound to fail.

TO CONCLUDE: A FUTURE RESEARCH AGENDA FOR
EFFECTIVE ODOR PRIMING
The goal of this review was to evaluate the suitability of odors as
primes. The unique properties of the sense of smell make odors
both more, as well as less, suitable as primes than, e.g., visual
primes (depending on the type of priming). Since most people
show a natural inclination to pay more attention to visual than
olfactory attributes of the environment, olfactory stimuli tend
to stay outside of awareness when considering complex environ-
ments. This is especially true when they are present at low levels,
where they are expected to be more evocative than at high levels.
On top of this, there is the fact that the sense of smell adapts rapidly
to stimulation. All these properties would lead us to conclude that
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environmental odors may be considered to be even more suitable
to act as primes that subconsciously affect information processing
and behavior than visual stimuli. Especially in relation to food,
odor primes would be expected to be very powerful, as we have
seen that edibility is one of the primary dimensions of odor per-
ception. For example, when smelling an odor, people might say
they like the odor, to quickly follow up by saying it is the smell of
food.

Olfaction may be conceived of as a sense whose purpose, if you
will, is to act as a conduit quickly channeling the olfactory input
to guide approach and avoidance behavior to or away from foods,
mates, predators and toxic materials. After stimulation, emotions
and memory traces are rapidly evoked to facilitate such channeling
in a powerful manner in the interest of survival. Where the func-
tion of olfaction, then, seems to be to discriminate at a relatively
coarse level between what environmental elements either sustain
or threaten survival, the visual sense acts to add detail, and subject
what is in the environment to more fine-grained analysis. As a
result, olfactory primes are prone to do well when priming emo-
tionally loaded cognitive processes and behaviors, but not so well
when the processing requires analyses with high levels of detail.
From these features, it may be inferred that odors make for great
behavioral and goal primes, but presumably not for great seman-
tic primes. Construal priming much depends on how the odor
prime is interpreted, which cannot always be reliably predicted.
Adding subtle contextual features to help channel the prime to
the intended concept, or create an emotional experience around
the odor prime, that will result in an emotional memory that,
once associated with the prime, will assist channeling the prime to
concepts encoded in memory.

To find effective odor primes for applied purposes, we advo-
cate the following research agenda. Firstly, to investigate whether
effective odor primes are successful because the underlying effect
is one of affective priming versus semantic priming, a supposedly
semantic odor prime should always be compared to another odor
prime, matched for valence but unrelated to the intended seman-
tic category. If it is found that other similarly valenced odors
are equally effective, priming can be extended to include many
other odor primes than only the one believed to have specific
meaning.

Furthermore, the role of odorant concentration (and its per-
ceptual pendant odor intensity) is very important. With increasing
concentrations, odorants become detectable (“There is some-
thing.”), then recognizable in terms of general quality or category
(“It is fruity.”), then potentially identifiable (“It is orange.”). Now
on the one hand identifiability might act as an aid to semantically
channeling the odorant input to a concept, thus making it a seman-
tic prime. On the other hand, as soon as the odor is strong people
become aware, then, priming is unlikely to take place. This is in line
with Loersch and Payne (2011) observations that extreme primes
are less likely to have the expected priming effects, but instead, may
even lead to contradictory outcomes. In addition, as soon as an
odor is verbally labeled, cognitive processing is no longer implicit
or automatic. Likewise, sensory profiles of odors tend to change
with increasing concentrations of odorants. While the odorant
composition is still the same, the mental representation associ-
ated with it, is not. Thus, research systematically investigating

effects of changes in concentration of the odorant leading to the
odor prime on the efficiency of the prime would help us find
the most effective concentrations for priming. Because of a mis-
understanding that odors must be strong and clearly perceivable,
many intended odor primes are probably not as effective as they
could be.

Finally, we expect that odors can become semantic primes
with a little help from other-modality friends. After all, in accor-
dance with the situated inference model, the nature of the prime
depends on the situation (Loersch and Payne, 2011). Again, sub-
tlety is king. Including some not-too-obvious cues can help give
meaning to an odor prime while adding to the effect of the other-
modality cue thus making it more effective (cf. Degel and Köster,
1998). Moreover, by linking the odor to an emotional experience
around relevant concepts, it may be expected that the experience
is encoded as a memory, encoding the odor along with it thus
increasing the likelihood that the odor will act as semantic prime
to these concepts on a subsequent encounter.

Olfactory priming exists. That is: the literature provides much
support for the notion that odor priming in terms of an “effect”
(i.e., odors activating related representations, all linked together
in a conceptual network of mental representations) is a reality.
However, the specific psychological and physiological processes
responsible for the effects still need to be elucidated. The mecha-
nism underlying priming may not be the same for visual and odor
priming. In discussing matters of olfactory perception we have
to beware not to mix the concepts odorant and odor, as there is
not a one-to-one relationship between the two. There are several
specific properties of the sense of smell that need closer scrutiny.
Some properties make the olfactory sense a good or a not-so-good
sense for priming depending on the type of priming. The nature
of the odor, its intensity, and the context in which an odorant is
presented has a great influence on the specific priming effect that
will be experienced. Finally, the extent to which olfactory priming
can be conceived of as semantic priming as opposed to affective
priming providing the more parsimonious explanation, needs to
be further explored.

We have taken first steps in setting an applied research agenda
for olfactory priming, listing some topics of both theoretical and
practical relevance. If we do it right, olfactory priming holds great
promise.
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In the current study participants explored a desktop virtual environment (VE) representing a
suburban neighborhood with signs of public disorder (neglect, vandalism, and crime), while
being exposed to either room air (control group), or subliminal levels of tar (unpleasant;
typically associated with burned or waste material) or freshly cut grass (pleasant; typically
associated with natural or fresh material) ambient odor. They reported all signs of disorder
they noticed during their walk together with their associated emotional response. Based
on recent evidence that odors reflexively direct visual attention to (either semantically
or affectively) congruent visual objects, we hypothesized that participants would notice
more signs of disorder in the presence of ambient tar odor (since this odor may bias
attention to unpleasant and negative features), and less signs of disorder in the presence
of ambient grass odor (since this odor may bias visual attention toward the vegetation in the
environment and away from the signs of disorder). Contrary to our expectations the results
provide no indication that the presence of an ambient odor affected the participants’ visual
attention for signs of disorder or their emotional response. However, the paradigm used in
present study does not allow us to draw any conclusions in this respect. We conclude that
a closer affective, semantic, or spatiotemporal link between the contents of a desktop VE
and ambient scents may be required to effectively establish diagnostic associations that
guide a user’s attention. In the absence of these direct links, ambient scent may be more
diagnostic for the physical environment of the observer as a whole than for the particular
items in that environment (or, in this case, items represented in the VE).

Keywords: attention, ambient odor, semantic congruency, affective congruency, virtual environment

INTRODUCTION
BACKGROUND
Desktop virtual environments (VEs) are increasingly deployed to
study future design plans and the possible effects of environmen-
tal qualities and interventions on human behavior and feelings
of safety in built environments with signs of public disorder
(Cozens et al., 2003; Park et al., 2008, 2010; Toet and van Schaik,
2012). Desktop VEs offer cost-effective, safe, controlled, and flex-
ible environments that allow to investigate human response to a
wide range of environmental factors without the constraints, dis-
tractions, and dangers of the real world (e.g., Nasar and Cubukcu,
2011). They are relatively cheap, widely available, and easy to
use, while most users are familiar with these displays and their
interaction devices. Desktop VEs are also preferred for commu-
nication of design and intervention plans because they can be
made accessible to a large numbers of users in internet applica-
tions (Dang et al., 2012). For these applications it is essential that
users perceive the desktop VE in a similar way as they would per-
ceive its real world counterpart. Previous studies have shown that
environmental characteristics like lighting, sound, and dynamic
elements similarly affect the perception of desktop VEs and real
environments (Bishop and Rohrmann, 2003; Houtkamp et al.,
2008). Ambient scent is another important environmental char-
acteristic that is currently lacking in most VEs. Ambient scent is

known to significantly affect our perception of real environments
(Wrzesniewski et al., 1999), and people have strong expectations
about the way an environment should smell (Henshaw and Bruce,
2012). It has also been shown that ambient odor can increase the
sense of presence in immersive VEs (Dinh et al., 1999; Washburn
et al., 2003; Tortell et al., 2007). Thus, ambient odors may be an
effective tool to tune the user perception of less immersive desktop
VEs (e.g., by evoking implicit associations).

Despite the importance of scent in our everyday life olfaction
is rarely applied in the scope of VEs (Baus and Bouchard, 2010).
Recent technological developments enable the effective and local-
ized dispersion and control of scents (Yanigada et al., 2003, 2004,
2005; Yu et al., 2003; Oshima et al., 2007; for reviews see Richard
et al., 2006; Riener and Harders, 2012), thereby providing VE
researchers and developers with the ability to utilize scent to create
compelling VEs (Tomono et al., 2011). Enhancing VEs with olfac-
tory stimuli may enhance user experience by heightening the sense
of reality (Chalmers et al., 2009; Ghinea and Ademoye, 2011). It
has indeed been shown that the addition of olfactory cues to an
immersive VE can increase the user’s sense of presence, memory
and perceived realism of the simulated environment (Dinh et al.,
1999; Washburn et al., 2003; Tortell et al., 2007). However, it is still
unknown if ambient scents can influence the attention for details
in a desktop VE (Ghinea and Ademoye, 2011).
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In a previous study we found that signs of disorder influence
the affective appraisal of a desktop VE to a large degree in a sim-
ilar way as the appraisal of its real world counterpart (Toet and
van Schaik, 2012). However, it appeared that participants focused
more on signs of disorder in a desktop VE than in a similar real
world environment. This finding, which may seriously degrade the
ecological validity of VEs for the aforementioned applications, was
partly reduced by the addition of a realistic soundscape to the VE
simulation. We argued that in the real world the saliency of signs of
public disorder is typically modulated by various environmental
factors which are typically lacking in a desktop VE, such as ambi-
ent sounds, tactile or olfactory cues. For instance, their saliency
may be ameliorated by the sound of birds, a soft warm breeze,
sun, and pleasant ambient smells of fresh air and vegetation, or
enhanced by loud noise, strong cold wind, or unpleasant (e.g.,
garbage and urine) smells. In this study we investigated if ambi-
ent odors can influence the visual attention for these details in a
desktop VE.

VISUAL-OLFACTORY INTERACTIONS
Interactions between olfaction and vision appear to be widespread.
Neuroimaging studies have shown that interaction between olfac-
tion and vision occurs at multiple levels of information processing
(Gottfried and Dolan, 2003; Österbauer et al., 2005; Walla, 2008;
Seubert et al., 2013). Also, it was found that stimulation of the
human visual cortex enhances odor discrimination (Jadauji et al.,
2012). Linking the perceptions of odors and colors appears to
occur mainly in the amygdala and the orbitofrontal cortex (OFC;
Gottfried and Dolan, 2003; Österbauer et al., 2005).

The amygdala is a central perceptual node where information
from olfactory, visual, auditory, and tactile modalities converges
(Zald, 2003). It is an integral component of a distributed affec-
tive circuit in the mammalian brain that mediates both positive
and negative affect and the processing of reward-predicting cues
(Murray, 2007). Recent evidence suggests that the amygdala also
plays a central causal role in the modulation of visual attention
(Vuilleumier, 2005; Williams et al., 2005; Duncan and Feldman
Barrett, 2007; for a recent overview see Pourtois et al., 2013). The
amygdala enhances the visual saliency of affective targets (Duncan
and Feldman Barrett, 2007). This implies that the activation state
of the amygdala determines whether affective features or objects
are prioritized. Since the amygdala responds to both positive
and negative valenced odors (but not to neutral odors: Win-
ston et al., 2005), olfactory induced amygdala activity may boost
visual attention for affectively congruent (potentially threatening
or rewarding) targets (Vuilleumier, 2005; Mohanty et al., 2009;
Jacobs et al., 2012).

There is ample evidence for the visual modulation of olfactory
perception. A neutral suprathrehold odor is rated significantly
more pleasant after viewing positive pictures and significantly
less pleasant and more intense after seeing unpleasant pictures
(Pollatos et al., 2007). A visual feature that has a particular strong
influence on odor perception is color (Zellner, 2013). Color
enhances the perceived intensity of odors (independent of color
appropriateness: Zellner and Kautz, 1990). Color also modulates
the hedonic value of odors: both neural response in brain area
encoding the hedonic value of smells (Österbauer et al., 2005) and

the subjectively judged pleasantness of color-odor combinations
(Zellner et al., 1991) increase with perceived color-odor appro-
priateness. Odors are detected faster and more accurately in the
presence of semantically congruent colors (Zellner et al., 1991)
or pictures (Gottfried and Dolan, 2003; Demattè et al., 2009),
while incongruent colors and shape cues reduce odor discrimi-
nation accuracy (Demattè et al., 2009). Color-smell associations
can be so compelling that color can even completely change the
quality of the perceived odor (a white wine is perceived as hav-
ing the odor of a red wine when artificially colored red: Morrot
et al., 2001). Visual-olfactory interactions appear to be automatic:
color and shape cues affect the accuracy of odor discrimination,
even when the information is task irrelevant and when partic-
ipants are explicitly instructed to ignore these cues (Demattè
et al., 2009). Specific odor components of complex odor mix-
tures that are congruent with a presented color are perceived as
more prominent, suggesting that color directs olfactory attention
to color-associated components (Arao et al., 2012). Functional
magnetic resonance imaging studies have shown neurophysiolog-
ical correlates of olfactory response modulation by color cues:
activity in caudal regions of the OFC and in the insular cor-
tex increase progressively with perceived odor-color congruency
(Österbauer et al., 2005).

In contrast to the large amount of evidence for the visual modu-
lation of olfactory perception, there are less reports on the reverse.
However, recently evidence was presented that olfactory input can
indeed modulate visual perception. Fear-related chemical signals
modulate visual emotion perception in an emotion-specific way
(Zhou and Chen, 2009), while unpleasant odors reduce perceived
attractiveness of faces (Demattè et al., 2007). Olfactory cues also
bias the dynamic process of binocular rivalry: an odorant that is
congruent with one of the competing images prolongs the time
that image is visible and shortens its suppression time (Zhou et al.,
2010, 2012). Finally, subliminal olfactory cues modulate visual
sex discriminations made on the basis of biological motion cues:
ambiguous point-light walkers are more often judged as males in
the presence of unconsciously perceived male sweat (Hacker et al.,
2013). Hence, there is now sufficient evidence for the modulation
of visual perception by olfactory input.

OLFACTION AND VISUAL ATTENTION
An organism continuously and simultaneously receives an over-
load of multisensory input from its environment. Because of
limitations in processing capacity, simultaneous stimuli cannot
be fully analyzed in parallel and thus compete for processing
resources in order to gain access to higher cognitive stages and
awareness. Attention serves as a gating mechanism to prioritize
and enhance sensory information that is relevant for survival such
as threats (Fox et al., 2002; Koster et al., 2004; Williams et al., 2006;
Lin et al., 2009) or rewards (Anderson, 2013), while suppressing
irrelevant information. Attentional selection is typically driven
by stimulus saliency, novelty, and reward-related associations
(Anderson, 2013). Attention acts upon and modulates informa-
tion in each sensory modality (visual, auditory, olfactory, etc.;
Woldorff et al., 1993; Zelano et al., 2005). Information from differ-
ent sensory modalities is pre-attentively integrated into a unified
coherent percept, resulting in multimodal internal representations
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in which attention can be directed (Driver and Spence, 1998). As
a result, tactile (Van der Burg et al., 2009), auditory (Van der Burg
et al., 2008), and olfactory (Seo et al., 2010; Tomono et al., 2011;
Seigneuric et al., 2012; Chen et al., 2013; Durand et al., 2013) cues
can boost the saliency of visual features, even when the cues pro-
vide no information about the location or nature of the visual
feature. Thus, ambient odors (even at sub-threshold levels) can
modulate visual attention (Morrin and Ratneshwar, 2000; Michael
et al., 2003, 2005; Chen et al., 2013), even in 4-month-old infants
(Durand et al., 2013). Recent studies have shown that odors can
reflexively direct visual attention to semantically congruent visual
objects (Seo et al., 2010; Tomono et al., 2011; Seigneuric et al.,
2012; Chen et al., 2013). Objects that are semantically congru-
ent with a presented odor are looked at faster and more frequently
than other objects in a scene (Seo et al., 2010; Chen et al., 2013),
even if participants are not aware that an odor has been presented
(Seigneuric et al., 2010). It appears that crossmodal odor-object
associations are automatically activated, without the need for
explicit odor identification (Seigneuric et al., 2012), thus boost-
ing the saliency of the corresponding visual object (Chen et al.,
2013). Ambient odors also bias visual attention to favor stimuli
that are affectively congruent to their hedonic quality (a case of
affect-biased attention: Todd et al., 2012). Pleasant odors facilitate
the processing of positive visual cues (Leppänen and Hietanen,
2003), while unpleasant odors facilitate the processing of negative
cues (Ehrlichman and Halpern, 1988) and inhibit the processing
of positive cues (Leppänen and Hietanen, 2003). The pre-attentive
affective bias induced by ambient unpleasant odors probably serves
the ecological purpose of facilitating threat detection (Krusemark
and Li, 2012).

CURRENT STUDY
The current study was performed to test if exposure to ambient
odor can modulate the visual attention to signs of disorder in a
desktop VE representing an urban area. Participants performed
a walking tour through the VE while being exposed to either
room air (control group), tar (typically perceived as unpleasant
and frequently associated with burned or waste material), or the
odor of freshly cut grass (typically perceived as pleasant and fre-
quently associated with natural or fresh material). Whenever they
noticed signs of disorder during their walk they reported their
detection and their emotional response. The scent of cut grass had
semantically congruent visual and auditory representations in the
simulation, since the VE showed abundant greenery and contained
the occasional sound of grass mowers in the associated sound-
track. The scent of tar could be associated with the occasional
sounds of construction activities (e.g., hammering, sawing) in the
soundtrack of the VE, and was affectively congruent with derelict
areas in general. Since people tend to respond to an environment
as a whole (a “molar” environment) rather than to its individ-
ual features (Bitner, 1992; Bell et al., 2010; Brosch et al., 2010;
Houtkamp, 2012), and since affective qualities are prioritized in
this categorization process (Brosch et al., 2010), the presence of an
ambient scent with an affective (pleasant or unpleasant) loading
was expected to bias the visual attention (away from or toward)
for signs of disorder in the VE. More specifically, it was hypothe-
sized that (H1) participants in the ambient tar (unpleasant) odor

condition would report more signs of public disorder than par-
ticipants in the control condition, because the unpleasant odor
would bias visual attention to visual cues with a negative affective
connotation. In contrast, it was expected that (H2) participants in
the cut grass (pleasant) odor condition would report less signs of
public disorder than participants in the control condition, because
the smell of cut grass would bias their attention to the – seman-
tically congruent – greenery and thereby distract them from the
negative cues.

MATERIALS AND METHODS
VIRTUAL ENVIRONMENT
A small area in the town of Soesterberg, The Netherlands (with
a rectangular shape and a total extent of about 200 m × 200 m;
coordinates 52◦; 7′ N, 5◦; 17′34′′ E:) was simulated in 3D using
the Unreal Tournament 2004 game-engine v2.5 (Epic Games Inc.;
for further details on the VE model and its contents see Toet and
van Schaik, 2012). The area is enclosed by roads on four sides
and contains blocks of houses, two squares with parking places,
benches, and statues, two playgrounds with benches, and a net-
work of pathways connecting the squares and playgrounds (see
Figure 1). All houses have a garden in the back, typically enclosed
with a wooden fence, with an exit door to a pathway. The path-
ways are typically covered with tarmac, and bordered on both
sides with trees and shrubs. The houses are generally well main-
tained and quite uniform. The pathways and parks are reasonably
well kept. The walking route (designated by arrows drawn on the
ground) had no intersections and covered most of the area. To
simulate a state of public disorder 42 test items were distributed
over 34 different locations in the VE. The items signaled three
different classes of social incivilities: Neglect (24 items), Vandal-
ism (one item), and Crime (17 items: see Table 1; Perkins et al.,
1992; Caughy et al., 2001), and had social connotations ranging
from indifference (e.g., litter, trash, dog droppings) and loiter-
ing (e.g. empty beer cans, cigarette butts, fast food wrappers)
to vandalism (broken bus shelter windows) and predatory crime
(smashed car windows, crime watch signs, CCTV cameras, and
camera surveillance signs).

The simulation was performed on Dell Precision 490 PC com-
puters, equipped with Dell 19′′ monitors. Logitech Rumblepad 2
Gamepads were used for navigation. User movement in the VE
was from a first-person viewing perspective with walking motion
supporting forward and backward movements and left and right
rotation movements. User movement speed was fixed and col-
lision detection enabled to prevent users from walking through
objects. A non-repeating soundscape that was characteristic for
the environment was composed from sounds (birds twittering,
cars passing by, children shouting, hammering and drilling, and
dogs barking) recorded at several locations and at different times
in the corresponding real environment. The soundscape was pre-
sented through Sennheiser eH 150 headphones. A previous study
showed that this soundscape effectively increased the ecological
validity of the VE (Toet and van Schaik, 2012).

ODOR SELECTION
The scent of freshly cut grass was selected as a semantically congru-
ent pleasant odor in this study. This scent is generally considered

www.frontiersin.org November 2013 | Volume 4 | Article 883 | 20

http://www.frontiersin.org/
http://www.frontiersin.org/Cognitive_Science/archive


“fpsyg-04-00883” — 2013/11/23 — 20:58 — page 4 — #4

Toet and van Schaik Scent and visual attention

FIGURE 1 | Screen shots of the virtual environment, showing locations with litter (A–E), garbage (F,J), bicycle- and car parts (G–J), warning signs

(J–M), cameras (K), and evidence of car burglary (M) and vandalism (N).
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Table 1 | Experimental items, their connotations of physical and social disorder, and the experimental classification.

Experimental items (no.) Social connotations Experimental class (no. of items)

Garbage bags (2) Neglect, indifference (Litter) Neglect (24)

Cardboard boxes (1)

Newspapers, flyers (2)

Plastic shopping bags (2)

Dog droppings (3)

Bicycle frame (1)

Bicycle wheels (2)

Cigarette butts (1)

Empty beer cans (7)

Fast-food wrappers, boxes, paper cups (1)

Old car tires (2)

Bus shelter with broken windows (1) Vandalism Vandalism (1)

Smashed car windows and signs warning for car burglary (6) Car burglary Crime (17)

Neighborhood crime watch signs (3) Home burglary

Signs that homes are protected by private security services (2)

Signs that homes are protected by dogs (2)

CCTV security cameras and signs (4) Predatory crime

Numbers in brackets indicate the number of test items present in the VE.

to be stimulating and refreshing (the smell of freshly cut grass
ranks among the top five preferred smell in several recent inde-
pendent large scale polls in Britain: Reynolds, 2012; Henning,
2013). Since the VE used in this study shows a lot of grass and
vegetation, the scent of grass may direct attention toward the
greenery (Seo et al., 2010; Tomono et al., 2011; Seigneuric et al.,
2012). The smell of cut-grass was created by mixing ethanol with
cis-3-hexenol (leaf alcohol) in a 9:1 ratio. The associations that
could be elicited by this scent in combination with the VE were
investigated by presenting it to a panel of 10 participants while they
were viewing the VE. The scent was presented in small glass tubes
containing a cotton swab with three to four drops of the solution
and sniffed by the participants approximately 5′′ from their nose.
About 9 out of 10 participants reported associations with green-
ery (four mentioned grass, three named freshly cut leaves and one
mentioned broken twigs). All participants judged the scent to be
pleasant.

An affectively congruent unpleasant scent was selected in a pilot
test from a set of eight candidate aversive smells. The candidate
smells were respectively Burned Wood (RS/420), Reptile (RS/424),
Diesel Fumes (RS/423), Metal (RS/426), Dusty (RS/425), Tar
(RS/401), Cow Manure, and Natural Gas (all obtained from Ret-
roScent, Rotterdam, The Netherlands: www.geurmachine.nl). The
scents were identified by randomly assigned numbers, presented
in small glass tubes containing a cotton swab with 3–4 drops of
aroma oil, and sniffed by the 10 participants of the pilot test in
random order, approximately 5′′ from their nose, while viewing
the VE. The degree to which each scent fitted the VE (how envi-
ronmentally appropriate the scent was for the VE) was evaluated
on a 11 point Likert scale (ranging from 0 = absolutely not to

10 = definitely). Tar received the highest mean score (7.4), fol-
lowed by Dusty (5.7). In addition, although the exact the nature
of the tar smell was not identified by any of the testers, 8 out
of 10 spontaneously reported associations with fire and burned
material, while it was unanimously judged to be a very unpleasant
scent that could occur in an environment as the one represented by
the VE.

A second pilot test served to investigate the spontaneous asso-
ciations that may be elicited by the two selected scents (grass and
tar) independent of visual feedback. Three small glass tubes con-
taining a cotton swab with three to four drops of either the grass
odor solution, the tar aroma oil or clear tap water were presented
in random order to 10 participants (who did not take part in
the first pilot test). The tap water condition served as a control
condition. The participants sniffed the samples approximately
five inches from their nose, and rated respectively their pleas-
antness and familiarity on five point Likert scales (ranging from
0 = absolutely not to 4 = very much). The grass smell received
the highest mean pleasantness rating (3.6), followed by tap water
(2.6), while the tar smell received the lowest mean pleasantness
rating (0.2). The tar smell received the highest mean familiar-
ity score (2.9), followed by tap water (2.0), and grass (1.9). For
the tar smell, 6 out of 10 participants reported associations with
smoke, fire, and burned material, while two participants asso-
ciated this smell with industrial activities, and two others had
respectively associations with garages and garbage dumps. For
the grass smell, 5 out of 10 participants reported associations
with nature, flowers, pine trees, or leafs, one was reminded of
fruit, while four participants associated it with air refreshers or
cleaning material. Hence, the tar smell was frequently perceived
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as an unpleasant smell and associated with negative (burned
or waste) material, while the grass smell was predominantly
considered a pleasant smell associated with positive (natural)
material.

ODOR DIFFUSION
Scents were diffused in the room (about 25 m2) through a
commercial electronic dispenser (1-3 RS-Classic Scentvertiser,
RetroScent, Rotterdam, The Netherlands: www.geurmachine.nl).
No odor was applied in the control condition. The dispenser was
placed out of the participant’s sight behind a screen. The par-
ticipants could not hear the sound of the dispenser when they
wore their headphones and listened to the soundscape of the
VE. The experimenter turned on the dispenser after the partic-
ipants had started their tour through the VE and he turned it off
before they were instructed to take off their headphones. Odor
was intermittently diffused (with a cycle period of 1 min) dur-
ing the experiment so that the participants received fluctuating
concentrations over time, thus preventing full adaptation.

It is likely that both aversive and pleasant odors turn on the
sensory-driven attentional systems even at subthreshold levels to
facilitate the detection and analysis of behavioral relevant stim-
uli (Krusemark and Li, 2012). In this study olfactory stimulation
was therefore intentionally performed at a near-threshold level to
preclude the possibility of top-down influence on visual percep-
tion (e.g., the use of explicit search strategies), thereby narrowing
the effects down to bottom-up sensory driven attentional systems
facilitating threat or reward detection. Ideally, the odor intensity
should be sufficiently strong to be just noticeable when attended
to. The odor intensity used in this study was between low and
intermediate, corresponding to a mean level between 3 and 5 on
a 10-point scale. A pilot experiment was performed to determine
a setting of the dispenser and a duty cycle that resulted in a mean
rating of 5.

The room in which the test was performed was well ventilated
prior to each session. Only one scent per day was diffused to avoid
mixing odors, and the lab was fully ventilated overnight to remove
any lingering trace of the scent. Before beginning the study each
morning, the room was “sniff-tested” by the two experimenters;
no odors were detected to have remained in the room.

INSTRUMENTS
General questionnaire
As the results may be influenced by the characteristics of the par-
ticipants, they were asked to complete a General Questionnaire
including socio-demographic measures (sex, age, and education).
Education was clustered into four groups: middle and higher level
education, academic education, and other types of education.

Mental state questionnaire
A 7-item Mental State Questionnaire (adapted from Spielberger,
1983), consisting of four negative (agitated, angry, anxious, dis-
tressed), two neutral (calm, relaxed), and one positive (cheerful)
emotional terms served to assess the emotions elicited by the
individual incivilities. On each encounter with a sign of disorder
during their walk participants reported their emotional reaction
by selecting one of the seven items (“I feel. . .”).

Post-experiment questionnaire
A 4-item Post-Experiment Questionnaire contained three questions
investigating the extent to which the ambient temperature, illumi-
nation, and atmosphere in the room were characteristic for the VE
(these three items were scored on a 5-point Likert scale, ranging
from 1 = completely disagree to 5 = completely agree) and an open
question (“Was there anything else you noticed during the experi-
ment?”) to test if the participants had noticed the ambient scent
in the room.

EXPERIMENTAL PROCEDURE
After their arrival at the laboratory, the participants first read and
signed an informed consent form. Next, they filled out the General
Questionnaire. Then they read the following instructions:

“The experiment concerns an area of Soesterberg near the TNO
lab, and will take about 45 minutes. Citizens living in this area are
concerned about the increasing social disorder in their neighborhood.
They intend to draft a plan of action to confront this problem. After
making an inventory of the different types of incivilities occurring
in their neighborhood, the citizens will prioritize the order in which
these should be addressed. To enable a large number of people to give
their opinion on the social disorder in this area, the concerned citizens
have commissioned a realistic and highly detailed computer model of
their neighborhood.

It is your task to make a tour through this virtual model and assess
the social disorder in this neighborhood. Your route is marked by
arrows drawn on the ground. Each time you notice signs of incivilities
(e.g., litter, dog droppings, broken car windows, etc.) during your
inspection tour, you are requested to:

1. Make a snapshot of each sign of incivilities you notice (by pressing
key F12).

2. Enter a brief description of the incivility on your questionnaire.
3. Report your current mental state by choosing one of the 7 emo-

tional terms on the ‘Mental State Questionnaire’ (agitated, angry,
anxious, distressed, calm, relaxed, cheerful).”

Next, the experimenter verified if the participants had under-
stood their instructions, and started the simulation. The exper-
imenter then explained the function of the gamepad, and gave
the participant the opportunity to practice maneuvering through
the VE for about 5 min. At the end of this practice period the
experimenter checked if the participant was able to perform the
required maneuvers, and whether the participant paid attention
to the arrows on the ground and the signs of disorder. Then,
the experimenter gave the participants the printed questionnaires
which they could use to fill out their reports, and positioned the
point-of-view in the VE at the starting location, facing the direc-
tion of the route. The participants then put on their headphones
and started their walkthrough, which they performed at their own
pace. Each time the participants noticed signs of disorder dur-
ing their walk they reported the item they had noticed and their
current mental state. During the test, the experimenter was seated
behind a screen in the room and intermittently turned on the odor
dispenser at one minute intervals, maintaining a slightly fluctu-
ating near threshold ambient odor level. Finally, after finishing
their walkthrough, the participants filled out the Post-Experiment
Questionnaire.
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The experimental protocol was reviewed and approved by
the TNO internal review board on experiments with human
participants (TNO Toetsings Commissie Proefpersoon Exper-
imenten, Soesterberg, The Netherlands), and was in accor-
dance with the Helsinki Declaration of 1975, as revised in
2000 (World Medical Association, 2000). The participants pro-
vided their written informed consent prior to testing. The
participants received a modest financial compensation for their
participation.

PARTICIPANTS
The experiment was performed by 69 participants (3 groups of 23
each) that were selected from the TNO database of volunteers: 39
males and 30 females, aged 43 ± 18 years. The selection criteria
guaranteed that they were not familiar with the urban area repre-
sented by the VE, that they had no problems with their sense of
smell, and that they all had normal (or corrected to normal) vision
with no color deficiencies. Also, they were unaware of the aim of
the experiment. The participants’mean age, level of education, and
computer proficiency and game experience were approximately
the same for all three (no-ambient smell, ambient tar odor, and
ambient grass odor) experimental conditions.

DATA ANALYSIS
The emotional responses reported for the detected signs of dis-
order (from the Mental State Questionnaires) were clustered for
each of the three classes of experimental items: neglect, vandal-
ism, and crime. Analysis of variance (ANOVA) was used to test
the relationships between the main variables. Chi-squared tests
were performed to determine whether observed frequencies were
significantly different from expected frequencies. The statistical
analyses were performed with IBM SPSS 20.0 for Windows. For
all analyses a probability level of p < 0.05 was considered to be
statistically significant.

RESULTS
Chi-squared tests showed a significant difference (χ2 = 18.94;
df = 4; p ≤ 0.05) between the observed and expected frequencies
of the emotional responses (negative, neutral, or positive) asso-
ciated with the reported items (signs of incivilities) in the classes
Neglect, Vandalism, and Crime. Items in the classes Vandalism and
Crime were more frequently associated with negative emotional
responses than items in the class Neglect.

Figure 2 lists the detection performance for items signaling
Neglect and Crime in each of the three experimental conditions.
To enable a comparison of the performance between the different
experimental classes (that were each represented by a different
number of test items) the results are expressed in percentages (for
the sake of completeness this figure also provides the mean number
of detected items for each condition). Figure 2 clearly shows that
the relative detection performance is lower for signals of crime
than for signals of neglect in all conditions.

A one-way ANOVA showed that the mean numbers of detected
items signaling respectively Neglect and Crime did not differ
significantly between the three ambient odor conditions. More
specifically, there were no significant differences between the Con-
trol and Grass (respectively F1,42 = 0.57, p = 0.45 and F1,37 = 1.76,

FIGURE 2 | Percentage of detected items signaling Neglect (a total of

24 items) and Crime (a total of 17 items) in each of the three

experimental ambient scent conditions (no odor, grass odor, tar odor).

The labels inside the bars represent the mean number of detected items.
The error bars represent the standard error in the mean.

p = 0.19), Control and Tar (respectively F1,45 = 3.10, p = 0.09
and F1,36 = 0.96, p = 0.33) and between the Tar and Grass
(respectively F1,42 = 0.79, p = 0.38 and F1,38 = 0.01, p = 0.93)
conditions. Hence, the hypotheses (H1 and H2) that partici-
pants in the (un)pleasant odor condition would notice (more)
less signs of disorder than participants in the (odorless) con-
trol condition is not supported by the present data. Compared
to the control (odorless) condition, participants reported the
same mean number (percentage) of signs of disorder in both (tar
and grass) ambient odor conditions. In addition, there appears
to be no effect of the hedonic tone of the ambient odor on
visual attention toward neglect or crime objects. Also, ambient
scent did not affect participants’ subjectively reported emotional
state. Since there were no main or interaction effects of age
and level of education, these factors were omitted from later
analyses.

The VE contained multiple objects representing Neglect and
Crime, but only a single object signaling Vandalism (a broken bus
shelter). Since this item was rather conspicuous it was never missed
by any of the participants. Hence, the results for this item have no
discriminative value and are therefore not further discussed in this
study.

In response to the open question in the Post-Experiment Ques-
tionnaire one participant (out of 23) claimed to have noticed a
Lysol smell in the room in the control condition. In the tar odor
condition one participant (out of 23) reported to have noticed a
smell, but he was unable to identify its nature, and did not link the
odor to the exploration task. No participant noticed a smell in the
grass odor condition.

DISCUSSION
Based on the present we cannot conclude whether a subliminal
ambient scent can affect the perception of the VE. The finding
that ambient scent did not seem to affect participants’ subjectively
reported emotional state agrees with similar findings from related
earlier studies who observed that pleasant ambient scents did not
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affect self-reported mood and arousal (Morrin and Ratneshwar,
2000, 2003; Teller and Dennis, 2011).

Contrary to our expectations the presence of the ambient odors
also did not bias the participants’ attention for the experimental
items. Thus, we found no indication that ambient smell of a given
nature selectively biases visual attention to details in a desktop
VE. The design of the current study does not allow to determine
whether the fact that we did not observe an effect is due to (1) the
absence of an effect or (2) the limited power of the study design
itself. In any case, it appears that ambient smell may only have
limited effectiveness as a tool to direct a user’s attention to specific
details in a desktop VE. This result is somewhat surprising given
the substantial amount of evidence that odors draw visual atten-
tion to congruent visual objects (e.g., Seo et al., 2010; Tomono
et al., 2011; Seigneuric et al., 2012; Chen et al., 2013). However,
the present result agrees with earlier reports that ambient scent
has no effect on shopping behavior (Schifferstein and Blok, 2002;
Teller and Dennis, 2011). It has in fact been argued that previ-
ous reports of significant effects of ambient scents on perception,
emotions, and behavior in shopping environments need to be
taken with care since most previous studies typically did not con-
trol for different sources of bias (Teller and Dennis, 2011). Our
results also agree with those of Schifferstein and Blok (2002), who
found that the scent of freshly cut grass did not affect sales of
thematically (in-) congruent products. They argue that ambient
scent is probably more diagnostic for the physical environment
of the observer than for the particular items in that environment.
This suggests that ambient scent may only effectively guide visual
attention when there is a close link between the affective or seman-
tic qualities of the scent and visual features in the VE. Although
there may be a semantic link between the scent of cut grass and
the greenery shown in the VE, the link between the scent of tar
and signs of disorder is probably less evident. Also, more immer-
sive VEs may be required to automatically establish associations
between ambient scents and the VE itself. In case of desktop VEs,
a close spatiotemporal link between the contents of the desktop
VE and the scents with which they are supposed to be associ-
ated may be required to effectively establish diagnostic associations
(i.e., smells and visual features may need to appear and disappear
together to effectively induce the illusion that the smells actually
emanate from the objects shown on the screen) that guide a user’s
attention.

Experimental items signaling vandalism (e.g., a damaged bus
shelter) and crime (e.g., home protection signs and cameras) more
frequently evoked negative affective appraisals than items repre-
senting neglect (e.g., litter, dog droppings, old bicycle parts). This
finding agrees with the discriminant validity of different types of
perceptual incivilities that is also found in the real world (e.g.,
between crime and social incivilities: Worrall, 2006; Armstrong
and Katz, 2010). In reality, signs of crime are also more likely to
evoke negative appraisals since they are typically associated with
the risk of personal victimization (Phillips and Smith, 2004). This
finding suggests that the affective appraisal of the VE had at least
some ecological validity.

In all experimental conditions, the relative detection perfor-
mance for signals of crime was lower than for signals of neglect.
This is probably due to the fact that most signals of crime (i.e.,

the warning signs and CCTV cameras) were positioned at eye
height or higher in the VE (e.g., attached to trees, lamp posts,
or walls), while the signals of neglect were on the ground or
on low supports (statues). Although participants were informed
about the nature of the signals of disorder, and shown exam-
ples during their introduction to the experiment, they may have
focused primarily on the signs of neglect on the ground and
may have paid less attention to signals higher up in the scene.
The fact that the walking route was indicated by arrows drawn
on the ground may also have induced a bias for downward
perception.

Summarizing, the present study does not allow us to conclude
whether ambient odors may be an effective tool to direct a user’s
attention to specific (congruent) objects in a desktop VE (e.g., by
evoking implicit associations).

LIMITATIONS OF THE PRESENT STUDY
In previous studies on the effects of odor on visual attention
participants freely inspected visual scenes without any explicit
instructions, and odor induced attentional bias became mani-
fest in spontaneous fixation behavior (Seigneuric et al., 2010; Seo
et al., 2010). In the current study the participants were explic-
itly instructed to look for signs of disorder in the VE. The
cognitive effort associated with this strict assignment may have
overruled any odor induced attentional bias effects. However, the
fact that only a fraction of the targets was actually noticed sug-
gests that there was still room for odor modulated performance
enhancement.

The walking route through the VE was indicated by arrows
drawn on the ground, which may have induced a bias for visual
search near the ground. Unfortunately, fixation behavior was not
measured in this study, so this hypothesis cannot be verified.

The scent of grass had an explicit visual representation in the
VE, while the scent of tar could only implicitly be linked to visual
(litter) and auditory (construction sounds) elements in the VE.
Future studies should preferably employ scents that have explicit
and unequivocal visual counterparts in the VE. Also, a range of
both (1) neutral odors or odors with the same valence but differ-
ent semantic connotations, and (2) odors of different valence but
without any semantic counterparts in the VE should be deployed
to enable a distinction between effects induced by hedonic or
semantic congruency.

There was only one sign of vandalism in this study (the broken
bus shelter) which was also highly salient. As a result this item
had no discriminant value. Future studies should include a larger
number of test items for each experimental class, with different
(including low) visual saliencies. The attention enhancing effects
of olfactory cues may be more prominent for targets with low
visual saliencies.

The participants in this study reported that they had no prob-
lems with their sense of smell at the time of this experiment.
Also, there were no entries in the TNO database of volunteers
that any olfactory deficiencies had been noted during their par-
ticipation in previous smell experiments. However, since we did
not explicitly test their sense of smell in the current experi-
ment there is no guarantee that they all had normal olfactory
function.
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SUGGESTIONS FOR FUTURE RESEARCH
It would be interesting to test whether the finding that spe-
cific odors can reflexively direct visual attention to semantically
congruent visual objects (Seo et al., 2010; Tomono et al., 2011;
Seigneuric et al., 2012; Chen et al., 2013) can also be replicated
with dynamic desktop VEs. To effectively guide a user’s atten-
tion dynamic olfactory displays are probably required so that a
close spatiotemporal link may be established between the con-
tents of the VE and the scents with which they are supposed to be
associated.

Future studies should also register eye movements, since human
fixation behavior may provide valuable additional information to
subjectively reported results. Also, future studies should track the
exact path of the participants through the VE. It is in principle
possible that participants use scent cues to adjust their distance
to certain items in the VE (e.g., that they show an approach or
avoidance behavior, maintaining a larger distance to unpleasant
smelling items, and coming closer to pleasant smelling items).
Since distance affects the visual saliency and detectability of targets
this may affect the results. Path deviations are not likely to be a
significant confounding factor in the present study, since most
parts of the route were rather narrow and did not leave much
room for deviations.

It has previously been shown that the addition of olfactory
cues to an immersive VE increases the user’s sense of pres-
ence and perceived realism of the simulated environment, and
ultimately his memory for details therein (Dinh et al., 1999;
Washburn et al., 2003; Tortell et al., 2007). It would therefore
be interesting to investigate whether an odor induced visual
attention bias may also become manifest for desktop VEs when
memory for details is tested instead of the number of detec-
tions. From the abovementioned previous studies we expect that
participants in an (un)pleasant odor condition will remember
(more) less signs of disorder than participants in an odor-
less control condition after completing their inspection tour of
the VE.
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Our senses have developed as an answer to the world we live in (Gibson, 1966) and so
have the forms of memory that accompany them. All senses serve different purposes and
do so in different ways. In vision, where orientation and object recognition are important,
memory is strongly linked to identification. In olfaction, the guardian of vital functions
such as breathing and food ingestion, perhaps the most important (and least noticed and
researched) role of odor memory is to help us not to notice the well-known odors or flavors
in our everyday surroundings, but to react immediately to the unexpected ones. At the
same time it provides us with a feeling of safety when our expectancies are met. All
this happens without any smelling intention or conscious knowledge of our expectations.
Identification by odor naming is not involved in this and people are notoriously bad at it.
Odors are usually best identified via the episodic memory of the situation in which they once
occurred. Spontaneous conscious odor perception normally only occurs in situations where
attention is demanded, either because the inhaled air or the food smell is particularly good
or particularly bad and people search for its source or because people want to actively enjoy
the healthiness and pleasantness of their surroundings or food. Odor memory is concerned
with novelty detection rather than with recollection of odors. In this paper, these points are
illustrated with experimental results and their consequences for doing ecologically valid
odor memory research are drawn. Furthermore, suggestions for ecologically valid research
on everyday odor memory and some illustrative examples are given.

Keywords: incidental learning, implicit memory, olfactory perception, ecological validity

INTRODUCTION
According to Gibson (1966, 1979) our senses have developed as
an answer to the world we live in and their diversity can be seen
as the reaction to the different challenges our world poses. Thus,
he describes the many senses involved in movement and kines-
thesis (from skin pressure to joint angle sensitivity and vestibular
orientation) as an answer to gravity. The intricate interplay of
these sensory impressions remains implicit and escapes our con-
scious attention, making sure that we are never in doubt about
our relative position with regard to the earth. The memory for
our movements in relation to the weight of objects permits us
to fulfill small wonders like making three pointers in basketball.
Odor perception and odor memory are also most of the time
implicit, but for a different reason. As Gibson indicated, smelling
is an accompaniment of breathing, which is a vital function in
all animals. As such it is sensitive to volatile “foreign substances”
in the normally constant system of pure air that remains odor-
less. Here Gibson forgot to mention that the sense of smell is
also watching over the foods we ingest by the retro-nasal stim-
ulation occurring during eating. He only pays attention to the
orthonasal stimulation and its function in food, mate finding,
and in relation to prey/predator behavior. In doing so he adds

to the conviction that identifying the odor source is the primary
objective of olfaction. Before discussing odor perception and odor
memory in more detail, it is perhaps useful to clarify the meaning
of some of the terms used. Implicit perception and implicit mem-
ory refer too our unawareness of either perceiving something or
having a memory of it. In everyday life our explicit and conscious
perception and memory cover only a small part of what goes on.
Memory is to a large part based on incidental learning that takes
place without any intention to memorize and our memory is filled
with knowledge that we use without special conscious attention.
Olfactory memory is usually strongly, but implicitly linked to emo-
tion and hedonic appreciation of our surroundings rather than to
explicit odor source recognition. Thus, although it is true that
odors may result in attraction or repellence and may have strong
emotional and behavioral effects (Jacob and McClintock, 2000;
Lundstrom et al., 2003; Chebat and Michon, 2003; Holland et al.,
2005), it is doubtful that at least in human olfaction explicit or
even implicit identification of the odor source necessarily plays
a role. In fact, most well-known odors are not even consciously
remarked and just provide a sense of safety. Only the odors that do
not fit our memory based expectations, either because they devi-
ate from the normal odor in that situation or by being particularly
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“good” or “bad,” are spontaneously and consciously remarked in
normal everyday life. All expected odors are usually not. Each
room in our house and even each room corner smells differently
but we do not notice the hundreds of odors in our daily sur-
roundings (Keller, 2011). Of course it is possible to actively smell
them by sniffing, but in contrast to most animals, humans do
seldom use active smelling, since due to their erect posture, they
are primarily oriented by vision and audition. If they do smell
actively, it is usually to verify the safety of the surroundings or
to enjoy sensual pleasures. Thus, olfactory memory seems to play
a very special role in life: it helps people “not to notice” known
odors, but to react to all unexpected ones. One does not smell the
odors in one’s own house, but notices the odors in the houses of
friends. This might mean that, at least in humans, the implicit
memory of odor perception could be more related to its passive
function as a warning system for the breathing or ingestion of
possibly dangerous odors or foods (see the section on inciden-
tally learned food memory below), than to the active behavior of
food and mate search that Gibson described. This passivity may
perhaps also explain why odor evoked memories are more emo-
tional than memories evoked by visual or verbal stimuli (Herz and
Schooler, 2002; Herz, 2004). Only in special cases, when the odors
are new or do not fit the situation (Herz, 1997) or when the situ-
ation is new or so exceptional that it puts all our senses on alert,
will we note the odors, whereas under normal circumstances we
do not. Nordin et al. (1995) showed that 77% of healthy elderly
remain unaware of the fact that they have severe losses of olfac-
tory sensitivity (even up to complete anosmia). White and Kurtz
(2003) confirmed that elderly have little metacognitive awareness
of their olfactory deficiencies and that this lack of awareness might
be due to the slow disappearance of their sensitivity similarly to
what occurs sometimes in loss of hearing. They also showed that
metacognitive awareness of odor perception is also weak in young
people who show a tendency to underestimate their olfactory capa-
bilities. This seems to indicate that conscious odor perception is
probably never such an important part of life as in hearing or
vision where our communication with others and our environ-
ment depend on it. Complete loss of hearing or blindness would
seldom go unremarked, but complete anosmia is often unnoticed.
Along similar lines it can be explained why the bump in the auto-
biographical memory curve (i.e., the period of one’s lifetime to
which most memories go back) evoked by odors lies much earlier
(before 10 years) than that for visually or verbally evoked mem-
ories [between 15 and 25 years; (Chu and Downes, 2000, 2002;
Willander and Larsson, 2006, 2007, 2008)]. Once known, odors
are simply not very easily remarked anymore in later phases of
life. As a result the first impressions with them are not replaced
by later events involving them. Furthermore, since most authors
used only odors that were known by most of their subjects already
as a child and were thereafter seldom consciously experienced,
they reduced the chances of association of these odors with later
events. Unfortunately, none of the authors did specify the results
for the odors they used. Otherwise it might have been possible
to date their first contacts with them. According to the theory
developed below, the chances to be linked to an autobiographi-
cal memory at a later age are slimmer for odors that were already
perceived regularly (or even occasionally) in childhood. In the

Proust (Proust, 1922/1960) phenomenon it is the rather unique
combination of the madeleine and linden tea that, when the same
combination arrives many years later unexpectedly in a differ-
ent situation, evokes the memory of the Sunday mornings before
mass in his aunts bedroom. Ordinary daily odors that are encoun-
tered in many different situations could not do this. Therefore
keeping track of the frequency of occurrence of the individual
odors and of the moments of first encounter with them in the
life of individual subjects seems important in autobiographical
research.

Another indication that olfaction does not seem to be inter-
ested in known odors is the fact that olfaction is a sense with
complete adaptation. It means that the sensitivity for sustained
monotonous stimulation is completely lost after a few minutes
and that recovery from adaptation after cessation of the stimulus
is slow. Nevertheless the sensitivity to new other odors remains
largely intact (Köster, 1971; Köster and De Wijk, 1991). Moreover,
complete adaptation seems to indicate that permanent awareness
of experienced odors is not important and that it may even be
harmful in as far as it might make us less vigilant and less attentive
to the arrival of new and potentially dangerous odors in the very
complex olfactory environment we constantly live in. In senses
that play an active role in spatial orientation and movement such
as vision and audition complete adaptation does not occur.

On the basis of the foregoing, we would like to formulate what
we could call“the misfit theory of spontaneous conscious odor per-
ception” (MITSCOP), a form of “perception by exception” guided
by olfactory memories via the expectations about the odors in the
situation. It plays, next to more semantic forms of explicit mem-
ory, a large role in incidental learning and implicit odor memory
and is based on the following principles.

• In everyday life almost all odors are incidentally and uncon-
sciously associated to the situation in which they occur and are
stored as implicit expectations about their occurrence and not
as precise recollections of the odor itself.

• An incidentally learned odor will not be spontaneously per-
ceived consciously if it fits our implicit expectations in the
situation, but if there is a misfit it will.

• Misfits may occur in different forms:
a. A novel or changed odor will be presented in the same

situation
b. The original odor will be presented in a new situation.
c. The originally encountered odor or situation may acquire a

new emotional value due to state dependent factors in the
perceiver (hunger, emotional shock, extreme odor intensity
perception, etc.)

• Explicit odor perception and memory are important only in
a few instances of normal life (gas detection, cooking, etc.),
but are of great significance in the work of odor and flavor
experts. With respect to the normal role and function of odors
in human everyday life, the ecological validity of explicit inten-
tional odor perception and memory experiments involving the
identification of odors as such, might be questioned.

In this paper, we will provide further evidence for such a view
and we will discuss the existing literature on odor perception
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and memory research critically. Finally, we will formulate crite-
ria for ecologically valid odor perception and memory research
and we will try to indicate ways in which these criteria can
be met. MITSCOP is proposed as a more parsimonious expla-
nation of the fact that conscious olfaction is rare than the
idea of a “constant state of olfactory change blindness” pro-
posed by Sela and Sobel (2010) which can’t explain many of
the phenomena discussed here. Their theory is based on the
idea that sniffing is the only way in which odors become effec-
tive. Thus, it seems to exclude retronasal food perception and
the many instances where subliminal odors influence behavior
unconsciously.

CONSCIOUS ATTENTION TO ODORS
Once an odor has been perceived for the first time in a certain
situation we tend to pay no more attention to it in that situa-
tion, probably because it does not provide a threat and its implicit
perception results in feelings of well-being and safety without
conscious perception of the odor itself. This idea is one of the
corner stones of MITSCOP. Although it may seem that this is just
an instance of a very general attentional theory and not specific
for olfaction, it should be pointed out that the role of famil-
iarity and novelty detection seems to be different in olfaction
and in vision. People are extremely sensitive to off-odors and
off flavors (Nijssen, 1991) in very complex odor mixtures, but
easily overlook changes in the visual surroundings and spend a
long time finding the 10 differences in two-picture-puzzles or to
locate Wally in “Where is Wally?” pictures. Conscious attention
in odor perception and its necessity for effectiveness in present
or later behavior has also been a subject of discussion. Herz
(1997) insisted on drawing people’s attention to the odor during
the encoding of her context-dependent memory tasks, whereas
others (Kirk-Smith et al., 1983; Degel et al., 2001; Holland et al.,
2005; Li et al., 2007; Zucco et al., 2009; Gaillet et al., 2013) care-
fully avoided drawing attention to the presence of odor in their
incidental learning sessions. These latter authors clearly showed
that conscious odor awareness is not a prerequisite for its effec-
tiveness in behavioral modulation. Along another line, even the
possibility to selectively direct one’s attention to olfaction has
been doubted on the basis of the fact that olfactory information
bypasses the thalamus, but Spence et al. (2000, 2001) have clearly
established the possibility of modulating behavioral responses by
selective attention to odors. The relationship between attention
and olfactory consciousness was also extensively discussed in a
review article by Keller (2011). In line with MITSCOP, he points
out that “with almost every breath we inhale air containing odors
at relatively high concentrations; yet olfactory experiences are very
rare.” Furthermore, he points out that the involuntary increase in
attention to odors which women may experience during preg-
nancy without change of olfactory acuity (Doty and Cameron,
2009) is probably an adaptive response to the fetuses’ special sen-
sitivity to poison. There are also large differences in attention to
olfaction among non-pregnant individuals. Nevertheless, it is true
that in everyday life almost all people pay little conscious atten-
tion to odors and it remains surprising how little research has
been done on the effects of unattended and unconscious odor
perception.

INCIDENTALLY LEARNED MEMORY FOR FOODS
Perhaps the most extensive evidence for the misfit theory comes
from food memory. The results of a number of different exper-
iments (Morin-Audebrand et al., 2012) showed that memory for
incidentally learned food properties (texture, flavor, taste) was
based on detection of change rather than on recollection of the
previous experience with the food. All experiments were based
on a paradigm developed by Mojet and Köster (2002, 2005), in
which people were exposed incidentally to foods and/or drinks
during another experiment or a quasi-accidental meal without
any reference to a memory task and were later unexpectedly asked
to recognize these foods amidst distractors consisting in slight
variations of that food which still had the same basic flavor, but
in which one of the components (e.g., the sweetness, the fat-
tiness, or the flavor, etc.) had been changed by a small, just
detectable, amount. In these experiments the participants could
not indicate the original food better than by chance, but they
could detect very clearly that the distractors were not the ones
they had had before. In other words they noted the misfits read-
ily, but could not identify the earlier perceived food itself (see
Figure 1).

To counter the idea that these results were based on a response
bias on the part of the participants that favors the correct rejec-
tion of the variants and diminishes the hit rate, the certainty of
the respondents in uttering their responses was also measured in
most experiments. It showed that the participants were signifi-
cantly more certain of their correct rejections of the variants than
of any of the other three possible responses (Hits and Misses:
saying yes or no to the earlier experienced one; False alarms: say-
ing yes to a variant). Support for the fact that novelty detection
prevails over recollection comes also from the work of Jehl et al.
(1995), who showed that familiarization with odors did not affect
the hit rate for these odors in a memory experiment, but signif-
icantly improved correct rejection of the distractors as shown in
reduced false alarm rates. A similar support for novelty detection
dominance was obtained in the interference experiments of Zucco
(2003), who found that odor memory (in contrast to visual and
auditory memory) was not affected by interference. In the discus-
sion Zucco remarks “The assumption that people lack a conscious
representation for odors could successfully explain any of these
effects.” On the basis of recent incidental learning and recognition
experiments (see below), the present authors take the more radi-
cal viewpoint that correct rejection of the distractors on the basis
of their novelty in the experimental situation suffices to explain
the results and that characteristics of the olfactory engram do not
come into play in recognition at all. In other words, what is not
there (the engram or recollection) cannot be interfered with or
forgotten, but novelty (of distractors) is always functional. This
might also explain the longevity of odor memory in recogni-
tion experiments (e.g., Engen and Ross, 1973) and why many
authors fail to find serial position effects in odor memory (see
overview Miles and Hodder, 2005). In most memory tests (visual
as well as olfactory) the authors have used a two alternative forced
choice test to measure the memory performance. Unfortunately
this made it impossible to know whether the memory was based
on recollection of the earlier experienced stimulus or on rejection
of the distractor as being novel (see also the criticisms on the
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FIGURE 1 | Percentages of the four response types in each of six taste memory tests by Köster et al. (2004).

use of Signal Detection Theory in memory research discussed
below). Thus, odors in the laboratory may not be remembered
as such, but merely become linked to the experimental situa-
tion. When the situation is repeated only the distractors will be
detected by their novelty in that situation and there is no need
for recollection or re-activation of the engram characteristics of
the earlier experienced stimuli. Indeed, it has been shown that
incidentally presented odors are not even better remembered than
by chance guessing, unless they are associated with a name or
with an emotional event, but the new distractors are correctly
rejected with great certainty and account for the memory per-
formance (see below Degel et al., 2001; Møller et al., 2004, 2007;
Morin-Audebrand et al., 2012).

Not having a specific memory of the odor characteristics is
indeed perhaps also the best way to prevent extinction or loss
under counter-conditioning as in the experiments of Stevenson
(2001a,b,c). Again, what is not functional or is not even present
can’t be lost or affected by new information. In vision and audi-
tion, where conscious representation is possible and recollection
seems to prevail, interference occurs probably because the rep-
resentations of the remembered and the new stimuli compete at
the same level (Zucco, 2003). In vision there is also evidence of a
dissociation between familiarity based and content related mem-
ories (Brown and Aggleton, 2001; Daselaar et al., 2006a,b,c), but
since there are only few data on truly incidentally learned visual
memory, it is not clear whether “feelings of not-knowing” play the
same role as in olfaction. Novel events and the neural mechanisms

for detecting and remembering them have also been discussed by
Ranganath and Rainer (2003) distinguishing stimulus novelty and
contextual novelty.

The findings in olfaction and eating behavior were interpreted
(Köster, 2005) as indications that whereas identification of a pos-
sible danger source is important in vision where it may help to
choose adequate action (hiding, aggression, submission, etc.), it
is not important in olfaction, where only one possible reaction
(holding one’s breath and fleeing, or spitting out in the case of
food) is possible and time allowed for adequate reaction is short,
because the stimulus is already at or in the body. Novelty and
change detection might therefore have priority over identifica-
tion. We are not only bad at odor identification, knowing the
name of an odor may also make it lose its intimate connections to
the situations in which it was first perceived, as the results of Wil-
lander and Larsson (2007), studying autobiographical memories,
suggest. They compared memories evoked by respectively odors
alone, odor names alone, and odors with their names and found
that the high percentage of early autobiographical memories that
came in the odor alone condition was very significantly reduced
if the name was given with the odor. This suggests that “objectify-
ing” the odor by naming it, makes it lose the emotional bond with
specific life situations, which is so typical for the effects of odors
in everyday life.

A further argument for MITSCOP was found in an exten-
sive same-different judgment experiment with odors (Møller
et al., 2012) showing that, contrary to same–different experiments
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carried out under comparable circumstances in vision where same
detection is a bit faster than difference detection (Farell, 1985;
Luce, 1986; Posner, 1986), in olfaction detecting a difference
between two odors (a misfit) is much faster than detecting same-
ness. This strongly suggests that identification is important in
vision but not in olfaction, where fast change detection is more
important.

IMPLICIT MEMORY FOR INCIDENTALLY LEARNED
ODOR-PLACE ASSOCIATIONS
The most convincing demonstration that odor identification,
being the most outspoken form of explicit awareness, is not a
necessary prerequisite in odor memory comes from experiments
demonstrating the memory relationship between odors and the
places where they were present without being consciously noticed
(Degel and Köster, 1998, 1999; Degel et al., 2001; Köster et al.,
2002). It was shown that people who had been unknowingly
exposed to very slight and consciously unnoticed odors in rooms
in which they performed a psychological test, would later, in a
seemingly unrelated experiment on room odor selection indi-
cate the exposure odor as fitting the room much better than
people who had not been exposed to odor in that room, but
only when they could not identify the odor by name. If they
did know the name of the odor the situational spell was bro-
ken and they reacted in the same way as the people who had not
been exposed to odor in the room or had never been in it (see
Table 1).

These results clearly show that objectifying odors by identi-
fying and naming them makes them lose their probably most
important function of secretly connecting us via memory to
places and situations in our life that have emotional meaning.
Others (Li et al., 2007) have also illustrated loss of function by
conscious awareness of the odors. They showed that odors only
had emotional effects on the judgment of faces when they were
not consciously perceived. Furthermore it is well-known in the
perfume industry that many ingredients (e.g., musk, civet) lose
their effectiveness in a mixture at concentrations where they
begin to be perceived (Köster and Degel, 2000). Such results
also show us that we may be mistaken if we see odor identifi-
cation as the penultimate goal of odor memory and they may
help us understand the importance of the silent implicitness of
odor memory in making us at home in our world. Odors are not
meant to be objectified and identified and therefore we are so bad
at it.

Table 1 | Ratings of fit of the odors to the rooms by non-identifiers,

identifiers, and non-exposed subjects (Degel et al., 2001).

Room Room A Room A Room B Room B Total

Odor Lavender Orange Lavender Orange

Non-identifiers 1.49a 0.83a 1.68a 1.31a 1.33a

Identifiers 0.61b 0.44b 0.89b 0.80b 0.69b

Non-exposed 0.62b 0.48b 0.76b 0.99b 0.73b

Ratings with different letters in the columns are significantly different (P < 0.05).

TRADITIONAL ODOR MEMORY RESEARCH: FLAWS AND
VIRTUES
If our misfit theory is right, most odor memory remains implicit
using its “conscious perception effacing” function to make us
feel well and safe by not noticing the expected. Therefore, one
may ask why most odor memory research has been directed at
explicit recognition and identification of odors that usually were
learned in objectified form during explicit learning sessions. For
even if no explicit memorizing demand is made, a laboratory ses-
sion in which odors are presented as separate items in bottles (or
by an olfactometer), is far removed from the incidental learn-
ing situations in normal life, where odor often is an ephemeral
epiphenomenon of an otherwise attention demanding situation.
In most laboratory experiments odors are treated as things inde-
pendent of any situation at learning and, in analogy to memory
for visual objects, memory for them is tested by asking for their
recognition via recollection and identification amidst completely
unrelated other odor items. Such an approach is not only ecologi-
cally invalid, but it differs also fundamentally from the methods for
studying food memory described above. Nevertheless, it may pro-
vide insights in the working of odor perception and memory under
such abnormal conditions, compared to those in other sensory
modalities tested under the same conditions and help to elucidate
differences between people in their odor sensitivity, discrimination
and memory due to gender and age. It has been shown for instance
that the time-curves of memory and forgetting for thus presented
single odors resembles that of non-identifiable and unstructured
visual shapes (Lawless, 1978) and differs from those found for
identifiable visual pictures or words (Engen and Ross, 1973). In an
experiment associating odors with two different pictures, Lawless
and Engen (1977) also found that the first association was better
remembered than the second one. They interpreted this finding as
an indication of strong proactive inhibition. At the same time all
these findings fit well in the misfit theory and the unimportance
of odor identification.

Research with itemized single odors has also clarified important
differences between implicitly and explicitly learned odor memory.
In an experiment with very uncommon odors, chosen to avoid the
possible influence of verbal memory, groups of elderly and young
people were either incidentally exposed to the odors and judged
them on pleasantness or were exposed under the instruction to
remember them in view of a later test (Møller et al., 2004). It
could be shown that the incidentally learned odor memory of the
elderly was at least as good as and even slightly better than that of
the young subjects, but that the young outdid the elderly signifi-
cantly in the intentional learning condition. This result was later
confirmed in an ecologically more appropriate experiment with
soups and more natural incidental learning conditions (Møller
et al., 2007). Thus, it can be seen that the unnatural conditions
in the laboratory may be very informative, but that it is never-
theless good to verify their external validity by more ecologically
based means. Perhaps the worst mistakes are based on the idea
that explicit odor perception and odor memory are the normal
ways of dealing with odors. Especially in the learning phase it is
necessary to arrange things in a normal way without attracting
extra attention to the odor and without any reference to memory.
Thus, it might not be a good idea to ask people how often in their
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life they have encountered certain odors as the learning phase in
an implicit odor memory experiment using repetition priming
as Olsson (1999) and Olsson and Cain (2003) did. It invokes the
thought of memory even if it does not contain a direct hint that the
odors should be remembered. On the other hand, Olsson (1999)
used a very good method trying to avoid the possible influence of
semantic memory on the results in the later testing of the memory
for the odor. Instead of asking people to recognize the previously
presented and non-presented controls while measuring their reac-
tion times, he familiarized the subjects with a special comparison
stimulus and asked in the final test whether the presented stimulus
was the comparison stimulus or not. He then compared the reac-
tion times to the “no” responses given to the earlier primed stimuli
and non-primed control stimuli. Under these conditions no over-
all priming effect was found, but further analysis of the data after
the participants had also performed an identification test, showed
that primed identifiable odor stimuli did significantly worse than
identifiable control odors, whereas with unidentifiable odors the
reverse was true, the primed ones showing shorter reaction times.
This is in line with the data of Degel et al. (2001) on the effects
of odor identification in incidentally learned memory for room
odors (see Table 1 above).

As indicated, it is often difficult to separate veridical odor mem-
ory (i.e., memory for the smell itself) from the semantic memory
for the odor’s name. Unfortunately, the overwhelming majority
of odor memory studies falls prey to this confound (see Lars-
son, 1997). Investigations of veridical odor memory should not
provide subjects with the possibility of remembering an odor by
some verbal label. This can be avoided by using targets and distrac-
tors which belong to the same odor-category and which subjects
would label in the same way, while still being able to perceptually
discriminate between them. The methods used in the studies of
food memory mentioned above (Morin-Audebrand et al., 2012)
can easily be applied to other odor memory research. Another
way to minimize the use of verbal labels is to apply stimuli which
subjects do not have names for. An example of this is provided
by Møller et al. (2004). Those who are fascinated by the ques-
tion why it is so difficult to identify odors by name (Cain, 1982;
Cain et al., 1998) or those who think that naming odors is the
ultimate goal in odor memory studies (Lehrner et al., 1999), have
long dominated the field of odor memory and contributed much
to the distinction between the two forms of memory, but have
often neglected to study veridical odor memory itself. One of the
most recent and extreme examples is a study by Cessna and Frank
(2013) in which they tried to answer the question whether odor
knowledge or an odor naming strategy mediates the relationship
between odor naming and recognition memory. Although this
question may be of academic interest and the methods used to pro-
vide an answer to it were ingenious, one may wonder about their
relevance for everyday life where we almost never name odors
and the odors that are most important to us (odors of our sur-
roundings and of people we know) are usually non-nameable.
The fascination for identification as the way to do “object mem-
ory” research in the same way as in visual and verbal memory
studies has in a way estranged the researchers of their subject. The
few nameable odors in our life are almost certainly the ones that
have lost their intimate relationship with places and situations

and although to many authors nameable odors seem to be also
ecologically most relevant, according to the MITSCOP they are
much less interesting than the non-nameable odors that surround
us but are not consciously remarked because they fit our expecta-
tions in the situation. Such odors are seldom used in odor memory
experiments. The exceptions are collected air samples from odor
polluted areas or from sick buildings, but these are usually only
used to determine their detection thresholds and to characterize
their intensity. To study veridical odor memory, it might be inter-
esting to present subjects with the odors collected from rooms
in their house and to check how well they could localize them.
The nearest attempt to do something like this was that of Balez
(2001) in France, who collected stories about the odors emanat-
ing from the different places in a shopping mall and about how
regular visitors of the mall felt they could orient themselves and
knew their position in the mall on the basis of them. Unfortu-
nately, she did not verify their actual memory based orientation
by presenting the odors to them and asking questions about their
imagined position in the mall. It would have been a better proof
of the way people use odor in their orientation than the highly
artificial, but otherwise interesting and amusing experiment on
scent-tracking by human subjects (Porter et al., 2005, 2007). They
showed that people could follow a chocolate oil odor trail and
that they probably used the lateral differences in odor intensity
between the two nostrils. This reopened the old debate about the
localization of odorant sources by birhinal differences in olfactory
(Von Skramlik, 1924; Von Békésy, 1964) or in trigeminal (Kobal
et al., 1989) stimulation. It was argued that active sniffing versus
passive stimulation might play an important role in the question.
Kobal et al., using passive sniffing, claimed that only odorants
that also stimulated the trigeminal nerve showed localization and
that purely olfactory stimulation did not. Stimulus concentration
(Cometto-Muniz and Cain, 1990; Hummel et al., 2003; Frasnelli
and Hummel, 2005; Frasnelli et al., 2009) or overall stimulus mass
concentration (Cometto-Muniz and Cain, 1984) and/or the influ-
ence of stimulus volume (Frasnelli et al., 2011) were also indicated
as possible factors. According to these authors, the role of active
versus passive smelling in localization depended on the odor-
ants used. Thus, mixed olfacto-trigeminal stimulants were better
localized under passive conditions, but a pure odorant was better
localized under active sniffing, probably due to increased olfactory
attention as suggested by Zelano et al. (2005). In this connection it
should be remarked that all experiments (both passive and active)
were carried out under explicit perceptual conditions, but that
there is of course a definite intentional difference between active
sniffing and waiting for a stimulus to come. If one thinks about
the difference between touching and being touched, one can eas-
ily imagine that in the case of olfaction the difference might also
be important even in explicit experimental conditions. Of course
there is also a large difference between the attention given to the
stimulus in explicit laboratory experiments and the implicit and
often unnoticed encounters with odors in everyday life. After all
sniffing is usually limited to the few situations in which unexpected
odors or new surroundings have to be inspected. In this respect
almost all laboratory experiments are atypical for normal olfac-
tory behavior and it will demand quite drastic steps on a number
of aspects to bring the two closer together in order to provide
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ecologically valid insight in the role odor perception and memory
play in our life.

DO’S AND DON’TS IN ECOLOGICALLY VALID ODOR MEMORY
RESEARCH
Generally speaking ecologically valid memory research should
be based on incidental learning in an everyday situation and on
implicit memory measurement. Apart from the earlier mentioned
experiments by Degel and Köster (1999), Degel et al. (2001), only a
few recent experiments meet these demands. Holland et al. (2005)
showed the influence of incidental smelling of cleaning spirit
on cleaning behavior and research in waiting rooms of Dutch
hospitals showed that unnoticed odors can reduce aggressive-
ness and promote the perception of friendliness (LEV Report,
2012). The experiments on incidentally learned food memory
did not respect the demand of implicit memory measurement.
They asked people explicitly to recognize the food they had eaten
under everyday circumstances and without any special attention
and had people compare their memory of the food with new
samples of the same food and slight variations of it. Although
this type of measurement is not implicit, it provides much infor-
mation about the implicit memory for incidentally learned food
impressions. Thus, it has been shown, that the memory for sweet-
ness and fattiness, may be distorted in some products whereas
for other sensory aspects it remains intact (Mojet and Köster,
2002, 2005; Köster et al., 2004). Especially the method of rel-
ative memory measurement, in which people are asked to tell
whether the presented samples are more, less or equally strong
compared to the earlier incidentally eaten food, provides much
information about changes in appreciation and perception of the
food occurring in memory. It is difficult to obtain such infor-
mation with purely implicit memory methods and responses to
questions like “Is this product now worse or better liked than it
was?” may nevertheless tell much about the way in which the
memory was implicitly retained (e.g., whether the memory of
the sweetness has faded, while the memory of the bitterness did
not).

The more implicit ways of testing memory such as measur-
ing preference and/or decision time in free choice among a set
of alternatives after previous incidental exposure to one of them,
or registering behavioral and facial changes to incidental stimuli
(Fedoroff et al., 1997, 2003; Holland et al., 2005; Papies and Ham-
stra, 2010; Soussignan et al., 2012; Gaillet et al., 2013) often fail
to provide such more detailed information. Thus, in order to do
ecologically relevant memory research, it is perhaps more impor-
tant to make sure that learning is truly incidental or takes place in
the same way as in everyday life than to comply with the rule of
implicit memory that no explicit link may be made with the learn-
ing event. In the case of Gaillet et al. (2013), who exposed people,
who were waiting to take part in a meal, to afaint and unnoticed
fruit odor, variation of that odor was used to show the specificity
of the reaction. Melon odor led to the choice of more vegetable
rich appetizers, whereas pear odor changed the dessert choices
toward fruits and away from rich and fatty items. Such category
specific reactions provide interesting and truly ecological informa-
tion, but do not provide insight in memory distortions of the food
itself as explicit relative memory measurements would. Of course,

it is preferable to have an implicit memory measure first before
asking explicit questions. Since subjects who have been exposed
to explicit questions have lost their naivety and cannot be used
again in incidental learning and implicit memory experiments,one
should limit the use of such questions to the moment one is sure
not to need the subject again. This limits the experimental possi-
bilities. Thus, it is only possible to do within-subject research if the
subject was incidentally exposed to different stimuli in the same
session or in comparable sessions before the memory was tested,
even with implicit methods (e.g., reaction time measurements). It
is also important to avoid methods that imply identification of the
stimuli either by name or otherwise and that objectify the odor
in some form. As shown above in the experiments by Degel and
Köster (1999), Degel et al. (2001), odors that can be identified by
name, become “things” and tend to lose their intimate connec-
tions with the situations in which they occurred in a person’s life
and therewith their main function. Odors are probably not meant
to be identified. They are the silent emotional reminders of the
surroundings and situations with which they are linked by uncon-
scious association and they are powerful evokers of the feelings
that belonged to these events. In fact, we have stored many thou-
sands odors in that associative and unconscious way and we have
perhaps only names for at most 50 of them (Schab, 1991; Sulmont
et al., 2002). Usually, we even determine the name of the odor and
its source by remembering first the situation in which we earlier
encountered the odor (why does this odor make me think of the
attic in the house of my grand-parents when I was looking for
fishing gear? Ah, there were apples drying. It is the odor of drying
apples!). Objectifying odors into objects is denying them an essen-
tial part of their function in life and although it may be useful in
the study of olfactory perception mechanisms and in the industrial
application of chemicals in the perfume industry, it destroys the
possibility of studying their normal function in human life. The
proponents of odor-object theories overlook this in their search for
odor identification and discrimination as the end goal of all odor
research. If odors are indeed not meant to be identified, but should,
as stated in the misfit theory, be recognized as the ephemeral and
unnoticed providers of feelings of safety and comfort, unless they
are unknown and unexpected or out of place, we may need to
devote more time to emotional effects of odor associations and to
the investigation of incidentally learned situational odor memo-
ries instead of investigating how“odor objects”are constructed and
changed by odor-odor and odor-taste learning under laboratory
conditions with odors from bottles or olfactometers.

If indeed MITSCOP is right, situational experience with an
odor will reduce the conscious perception of that odor upon
repetition in the same surroundings or foods, but may remain
unchanged or might even be enhanced in other environments or
eating situations. The consequence for research is fundamental. It
means that single measurements of the emotional effects of odors
are not predictive of the longer term odor effects and that these
effects are not odor-object dependent, as is often assumed, but
are strongly linked to associations and depend on situational con-
gruence. Perhaps only in artificial laboratory situations where the
odors are presented explicitly as particular items alone or in com-
bination with other odor or taste items as in the experiments on
odor-odor learning or odor-taste learning (Stevenson, 2001a,b,c;
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Stevenson and Boakes,2003) can the influence of situational effects
be excluded or at least controlled. The external validity of that type
of research could be questioned however. Within the limitations
of the laboratory situation, the odors or flavors of the other items
are the only situational context elements available and odors are
therefore almost inevitably associated with them. Nevertheless,
the same mechanisms seem to function in the real world as is
illustrated by cross-cultural studies, which show that different cul-
tural settings not only lead to differences in preference for flavors,
but also to genuine differences in perception and discrimination
(Ayabe-Kanamura et al., 1998).

In this respect the research by Baeyens et al. (1996) is perhaps
most revealing. They incidentally exposed people to scented toi-
lets in one experiment and to scented massage oil in another and
showed that the liking for the odor was strongly dependent on the
situational appreciation of the subjects, irrespective of whether
they had consciously noted the odors during the exposure or not.
Rozin et al. (1998) on the other hand tried to repeat this type of
evaluative conditioning in a laboratory setting and had very little
success. They ascribed their lack of success mainly to the labora-
tory surroundings and to the fact that the neutral odors they used
might be particularly resistant to picking up emotional associa-
tions. The use of squeeze bottles for the explicit presentation of
the odors and the use of very well-known odors (related to many
different previous situations) may also have contributed to their
failure.

Table 2 presents a summary of the do’s and don’ts in performing
ecologically relevant odor memory research.

The first four of these recommendations have been amply
discussed above, but some of the comments in the table might
need more clarification. Thus, avoiding memory references means
that people should not be aware of participating in a memory
experiment and that all allusions to memory should be avoided
[see discussion on Olsson and Cain (2003) above]. Furthermore it
is important to ask the people, who, after finishing the experiment,
know that it was about memory, not to divulge this knowledge
to others and to corroborate this demand by explaining that
there is a prize for the person who has the best memory results
and that telling others would reduce their chances of winning
it. Providing a representative situational link by making peo-
ple think of a situation in their life (either by providing images
or telling them a story) may help to verify the influence of the
appropriateness of the stimulus in this situation on the odor
memory. Of course letting them participate in a real situation is
preferable but imagination can work well especially via stories in
which the subjects can imagine the situation in their own familiar
surroundings.

Incidental learning in natural situations as in the Baeyens et al.
experiments or by presenting the odors in a perceptible, but not
spontaneously noted, way as in the experiments of Degel and
Köster (1999), Degel et al. (2001), Fedoroff et al. (1997, 2003), Hol-
land et al. (2005) and of Gaillet et al. (2013) is perhaps the best way
to assess ecological validity of the results. Other forms of stimulus
exposure (even in the laboratory from bottles or an olfactome-
ter) may also be used as long as they are so well disguised as part
of another research subject, that even the thought of them being

Table 2 | Overview of recommendations in ecologically valid odor memory research.

Feature Do Don’t Comment (see also text below)

Learning exposure Present stimuli incidentally in a

natural situation

Draw attention to the target stimulus

in any way

Avoid memory references

Subject choice Select people that are naïve to

memory experiments

Use the same people again after a

memory test

Ask secrecy of your subjects

Stimulus selection Choose situationally relevant stimuli Choose very well-known and /or

nameable stimuli

Provide imagined situational link

Stimulus presentation Present naturally or at unnoticed

strength

Present from odor bottles or

olfactometers

Pre-tests necessary

Memory verification

(implicit)

Give priority to implicit measurements Present test stimuli in a way different

from learning

Prepare natural alternatives of same

category

Memory verification (explicit) Absolute and relative memory

measurements

Fatigue subjects with long

questionnaires and why’s?

Select attributes for relative memory

tests

Data treatment Look for segments in your subject

population

Average without looking for behavior

differences

Prior analysis of behavioral differences

Data analysis Analyze your hits, misses, false

alarms, correct rejections

Calculate composites (d ′) without

verifying hits, correct rejections

Hit rate as smaller, larger, or equal to

chance? Verify!

Characterization of memory

effects

Verify distortions in relative memory Forget to check differences in rel.

attribute memory

Check memory mode: recollection or

change detection

Repeated exposure effects Use different subject groups. Vary

amount of learning exposure

Expect that more exposure will have

no effect on both liking and perception

Check influence of perceived

complexity
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used as memory targets does not arise in the experimental sub-
jects. Thus, asking people in a laboratory setting to judge odors or
flavors on their pleasantness or intensity and later presenting some
of these odors in a relative memory test among slightly modified
variations of them as distractors, might still provide ecologically
valid information about the stability or distortion of the mem-
ory for them, even if the proper situational circumstances are not
respected. The information obtained in this way is more limited
however. If it relies on explicit memory verification as proposed
here, this might perhaps be preceded or accompanied by implicit
measurements such as face reading or psychophysiological mea-
surements (heart rate, electro-dermal responses). If the emotions
raised by the memory should be measured, it should be done
before the explicit memory measurement and preferable in an
implicit way (e.g., in a seemingly non-related projection test taken
under the influence of the stimuli under the same unnoticed con-
ditions). Once memory testing is made explicit, the emotional
value of the stimulus will probably change and loose its ecological
relevance.

DATA TREATMENT
In treating the data, one should look for possible segments in
the population that may differ in their behavior with regard to
the stimuli involved or in the importance they attribute to them.
Thus, it is known that with respect to eating chocolate the popu-
lation is divided into two groups, those who bite and chew their
chocolate and those who suck it, and the difference in the percep-
tion and memory of chocolate in these groups makes it difficult
to make chocolate that is satisfying both groups. Averaging over
such groups should therefore be avoided and prior segmentation
on the basis of stimulus-related behavior is a prerequisite of good
ecologically valid research. Experience with odors and flavors in a
certain domain will also be an important criterion for segment-
ing. People who collect wines and keep them for aging and special
occasions will appreciate and remember them differently than do
wine novices.

In analyzing perceptual detection and memory data, Signal
Detection Theory has played a predominant role over the last few
decades and in many cases, the results are only presented in the
form of the composite statistic d′ or similar measures. In the case
of perceptual detection, where there is no doubt about what is
the signal and what is noise, this use is obvious, but in inciden-
tally learned odor memory where all signs point in the direction
of novelty and change detection rather than recollection of the
earlier encountered stimulus (Morin-Audebrand et al., 2012), the
situation is less clear and in this case it is advisable to look at the
components (hits, misses, false alarms, and correct rejections) as
well as at the composite. Furthermore, it is worthwhile to compare
the certainty of the subjects about their different statements. If
indeed novelty prevails over recollection in this form of memory,
correct rejection should be seen as the signal and it is not sur-
prising that it is also the response the subjects are more certain of
than of their hits, which they seem not to detect any better than
by chance. Since this may truly reflect a mode of remembering
(and one that fits well in the misfit theory), it seems important
not to hide it under composites like d’. Verification whether the
hit rate is better than chance and how sure the people are of

their different responses is to be recommended as a first step in
the verification of the form of the memory involved. As already
described above, more detailed information about the mem-
ory effects can be obtained from relative memory measurements
that involve comparison of the actual and remembered
target.

That memory measurement necessarily involves a repeated
encounter with the earlier learned stimulus may also have an influ-
ence on the memory content because repeated exposure to an odor
may change the perceived quality of it, especially when the odor
is new and complex (Köster and Mojet, 2007; Mojet and Köster,
2013). It may therefore be of interest to compare the memory for
odors in a group that has been incidentally exposed only once to
the odor with that of a group that has been exposed to it more
(5–10) times. Especially when new odors are involved, it may well
be that the memory of such a repetition group provides a more
realistic image of the memorability of the odor when used more
frequently in normal everyday life.

RELEVANT ODOR MEMORY RESEARCH PARADIGMS
Three examples of ecologically relevant research paradigms are
described, one devoted to pre-launch research for the introduction
of a new flavor, one dedicated to possible uses as an environmental
odor, and one directed at reduction of aggression or stimulation
of pleasant behavior in public places. These examples stem from
applied work that we have carried out and that have led to suc-
cessful solutions. Here they are presented as suggestions for more
relevant research. In our case they worked well, but much may
depend on the circumstances and the people involved. In some of
the cases described there was simply no funding and no time to do
elaborate research comparing experimental and control groups.
We hope that suggestions like these might stimulate readers to
come out of their laboratories and to try some more ecologically
relevant methods to answer real problems.

ODOR OR FLAVOR MEMORY AS A PREDICTIVE ELEMENT IN
PRE-LAUNCH RESEARCH
Suppose one had to choose between two alternative new formu-
las (A and B) for a product to be launched in an already existing
market in which a competitor product (CP) is the market leader,
how could flavor memory help in reaching the best decision? In
answering this question we suppose that all traditional measures
have been taken and that the three products A, B and CP (which
serves as a benchmark) have been extensively described by a well-
trained descriptive panel and have already been judged positively
on a hedonic scale by a representative consumer panel or by dif-
ferent segments of the consumer population such as product users
and non-users, or groups that differ in their use of the product
(due to habit, age, etc.). In some cases, depending on the implic-
itness of the way the hedonic information was obtained, these
groups could be used again for the memory testing. They might
again be invited under a false pretense (e.g., an unrelated experi-
ment) and then inadvertently be exposed to the three stimuli and
a number of small variants of each of them in an absolute memory
test in which they simply indicated whether they had recognized
the one they had judged in the earlier session. After this they
were confronted with a newly coded set of the same stimuli for
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a relative memory test in which they indicated whether the now
presented stimuli were nicer, less nice or equally nice (and intense
on a number of relevant attributes) as the similar shaped ones
they had judged some time (a day, a week) ago. On the basis of
the hit and correct rejection rates of the answers in the absolute
memory, one could draw conclusions about the prevailing mode
of the memory (recollection or change and novelty detection) and
the relative memory would make it possible to see whether the
product was more positively or negatively remembered and which
of the significant attributes might have contributed to eventually
found memory distortions. This provides important information
for possible product improvements. In combination with some
repeated presentation measurements (extended boredom test as
described in (Köster and Mojet, 2007; Mojet and Köster, 2013),
the comparison of the memory results for the new products with
that of the benchmark in both user and non-user groups will pro-
vide better predictive information about the future market success
of the new products than the simple first impression measure-
ments on which most present pre-launch consumer research is
based and may help reducing the risk of market flops considerably
(see Köster and Mojet, 2012a,b).

USE OF ODOR MEMORY IN THE IMPROVEMENT OF LIVING PLEASURE
FOR MENTALLY HANDICAPPED OR VISUALLY HANDICAPPED PERSONS
In institutions for mentally or visually handicapped people, odors
can be used quite effectively in several ways.

Finding one’s way
In an institution for mentally handicapped persons in The Nether-
lands, a problem arose from the fact that several different corridors
to the dormitory units had their access via a large hall and many of
the inhabitants got lost trying to find their way home. Odorizing
the different corridors with hardly detectable and spontaneously
not noticed odors solved the problem. People “smelled home” at
the corridor entrance and were hardly ever mistaken. In the same
way odors have been used at corridor crossings in institutes for the
visually handicapped. They learned very quickly what turn they
should make.

Preparing for routines
Personnel working with mentally handicapped people often have
difficulty obtaining their clients cooperation in the preparation for
daily (meals) or regularly recurring events (going to the swimming
pool). Hardly noticeable food odors or swimming pool odors have
been used with success in making clients more cooperative by
giving them an anticipatory pleasure that could not be matched
by any other source of stimulation.

REDUCING AGGRESSION AND STIMULATION OF PLEASANT BEHAVIOR
IN PUBLIC PLACES
In emergency waiting rooms in hospitals where aggression and
unfriendliness may arise easily from the fact that some later arrivals
are treated more rapidly than others on account of their more
acute need as judged by the staff, weak and not spontaneously
noticed odors have been used with success to reduce aggressive
behavior and stimulate friendliness between visitors and toward
the personnel (LEV Report, 2012). The odors were chosen on
the basis of a photographic projection test developed for judging

the influence of unnoticed odors and of the presence of flow-
ers on the appreciation of rooms and meals (Mojet, Holthuysen,
Van Veggel, de Wijk and Köster, in preparation). The odors are
also employed to try to reduce unpleasant behavior in public
transport.

FINAL CONCLUSIONS ON THE ROLE OF ODOR MEMORY IN
EVERYDAY LIFE: MISFIT AND FIT
Odors guard our lives while not being noticed consciously most of
the time. Thus they provide feelings of safety and comfort with the
surroundings without demanding attention for themselves. They
are not there to be named or identified, but to silently link us
to the world and to our history of lived situations. When identi-
fied, odors lose this function. Most odors that fit our expectations
remain unnoticed. Misfits are noted. Although it is also important,
intentional smelling and the pleasures and displeasures it may pro-
vide is disproportionately overrepresented in olfactory research
compared to its role in daily life. Applied research should be fur-
ther developed, taking the special characteristics and functions of
incidental odor memory into account.
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Autobiographical memories (AMs) are personally experienced events that may be localized
in time and space. In the present work we present an overview targeting memories evoked
by the sense of smell. Overall, research indicates that autobiographical odor memory is
different than memories evoked by our primary sensory systems; sight, and hearing. Here,
observed differences from a behavioral and neuroanatomical perspective are presented.
The key features of an olfactory evoked AM may be referred to the LOVER acronym−Limbic,
Old, Vivid, Emotional, and Rare.
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Autobiographical memories (AMs) are personally experienced
events that may be localized in time and space (Conway and
Pleydell-Pearce, 2000). In general, knowledge regarding AM func-
tion is well documented, although most of the evidence is based
on recollections following a verbal cuing. However, during the
past decade a number of studies have targeted memories cued
by the sense of smell (e.g., Chu and Downes, 2000; Larsson and
Willander, 2009; Zucco et al., 2012). The bulk of this research indi-
cates that olfactory evoked AM differ from memories evoked by
our primary senses; sight, and hearing. In particular, odor-evoked
AM are older, more emotional, vivid, and relatively rare. The
main aim of the present paper is to provide an overview regarding
the observed differences from a behavioral and neuroanatomical
perspective and to discuss potential applications of this knowl-
edge. Also, the key features of an olfactory evoked AM – Limbic,
Old, Vivid, Emotional, and Rare are referred to the acronym
LOVER.

RETRIEVAL MODES IN AUTOBIOGRAPHICAL MEMORY
Autobiographical memories may be assessed differently depend-
ing on the research question. The most common method is the
Galton−Crovitz method where individuals are given unimodal
cues (e.g., words, pictures, or sounds) and asked to retrieve an
AM for each cue (Crovitz and Schiffman, 1974). With successful
retrieval, a short description of the event is provided along with
ratings of experiential factors (e.g., vividness of the evoked mem-
ory, emotionality) of the recollected event. Typically, when all cues
have been presented, the participant is asked to go back to each
evoked event and date it (i.e., to indicate the age-at-event).

Evidence suggests that different retrieval strategies influence
event selection and the age distribution of events (Conway and
Pleydell-Pearce, 2000). Two modes of retrieval have been sug-
gested: generative or direct (Moscovitch, 1995; Conway and

Pleydell-Pearce, 2000; Conway, 2005). In generative retrieval,
autobiographical information is validated in relation to an event
description and the search process is intentional, iterative, and
elaborative. In contrast, in direct retrieval, a cue activates a
pattern of highly associated autobiographical information, result-
ing in an immediate and effortless recollection. Thus, selection
is bypassed in the direct retrieval mode. It has been suggested
that highly perceptual cues (e.g., odors) more often result in a
direct recollection, whereas verbal information activate genera-
tive search strategies. Recent work has highlighted the functional
neuroanatomy of direct and search oriented retrieval modes for
autobiographical olfactory memories cued by odors and words
(Arshamian et al., 2013). This study documented that both ver-
bal and olfactory cues activated brain areas typically associated
with retrieval of AM in general by recruiting prefrontal regions
(e.g., dorsolateral prefrontal cortex), medial temporal lobe regions
(e.g., parahippocampus), superior and middle temporal areas,
fusiform gyrus, occipital areas, and the cerebellum (for reviews
see, Svoboda et al., 2006; Cabeza and St Jacques, 2007). How-
ever, as compared to olfactory cues, the verbal cuing resulted in a
substantially extended prefrontal activity where the right anterior
prefrontal cortex, bilateral dorsolateral prefrontal cortex, middle
frontal gyrus activation, and the left inferior frontal gyrus were
recruited. These activations most likely reflect an increment of
strategic retrieval demands induced by verbal labels as compared
to odor cues that mapped directly on the olfactory memory rep-
resentation (Conway and Pleydell-Pearce, 2000). In a related vein,
Willander and Larsson (2007) reported that also the age distri-
bution of memories might be affected by retrieval strategy. Here,
the AMs triggered by olfactory information was localized in an
earlier bump location (i.e., in childhood years) that may reflect an
immediate recollection that bypass the retrieval selection process,
whereas additional semantic information on the same odor cues
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resulted in a bump spanning both childhood and young adult age
years, that may reflect a stimulation of a generative search process
(cf. Conway and Pleydell-Pearce, 2000).

THE LOVER ACRONYM OF AUTOBIOGRAPHICAL ODOR
MEMORY
As noted above, evidence shows that olfactory evoked personal
information is different from information evoked by the primary
senses. Below follows a description of the key features that differ-
entiate odor-evoked AM from that triggered by other modalities.
In the present work, these core features are referred to the acronym
LOVER−Limbic, Old, Vivid, Emotional, and Rare (see Figure 1).

LIMBIC ACTIVATIONS
The sense of smell is characterized by a unique intimacy with
the limbic system, where amygdala is located only one synapse
away from the olfactory receptors. Moreover its extended neural
network involves a large portion of the limbic and paralimbic cor-
tices, including piriform cortex, amygdala and entorhinal cortices
(Gottfried, 2010). In the first neuroimaging study of AM target-
ing odors, Herz et al. (2004) asked five participants whether they
could recall a positive memory in which both the sight and scent
of a perfume occurred. Later the participants were presented with
the odors and pictures of the recollected perfumes in the fMRI

FIGURE 1 | Illustration of the acronym olfactory LOVER covering the

core features of an autobiographical memory evoked by olfactory

information. Memories triggered by the sense of smell rely on the
integrity of the Limbicsystem and are typically Old, more Vivid, often
Emotional, and relatively Rare as compared to autobiographical information
evoked by our primary sensory systems.

while intentionally retrieving the memories. The results showed
that odor cued memories were related to stronger activations in
the amygdala and hippocampal regions than picture cued rec-
ollections. Arshamian et al. (2013) demonstrated that alongside
amygdala and hippocampus, odor-evoked AMs also activated the
limbic and paralimbic cortices of piriform cortex and entorhi-
nal cortex and an extended limbic network (Morgane et al., 2005)
including parahippocampus, insular cortex, and the orbitofrontal
cortex.

OLD MEMORIES
It is well documented that the age distribution of memories evoked
by verbal information follows a distinct pattern involving three
main components: the childhood amnesia, the bump, and recency.
Childhood amnesia reflects the dramatic reduction of memories
reported from early childhood. In contrast, a significantly larger
number of memories are recalled from the ages of 10–30, a phe-
nomenon that has been termed the bump. The third component,
recency, reflects better retention of events occurring from the last
years (Rubin, 1982). In the past decade, a number of studies have
focused on the age distribution of odor-evoked memories. The
overall results from these studies indicate that olfactory evoked
autobiographical information is ontogenetically older than mem-
ories evoked by visual, auditory, and verbal information (Chu
and Downes, 2002; Willander and Larsson, 2006, 2007; Willan-
der et al., submitted). Specifically, the bump or the clustering of
memories is localized to childhood that is the first decade of life
(<10 years). Hence, distinct autobiographical episodes involving
olfactory information are formed early in life than those com-
prising verbal and visual information. This observation supports
research showing that associative odor learning begins very early in
life, with events and experiences that may become accessible in old
age through exposure to event-congruent olfactory information
(Yeshurun et al., 2009). Targeting the neural correlates of olfactory
evoked AM, Arshamian et al. (2013) investigated a group of adults
with olfactory evoked AM. A comparison between evoked AMs
from childhood (i.e., 3–10 years) and young adulthood (i.e., 11–
20 years) revealed differences in brain activity. Specifically, odor
memories derived from childhood were related to a stronger activ-
ity in the secondary olfactory cortex (i.e., orbitofrontal cortex),
whereas olfactory evoked memories clustered in young adulthood
were related to a more pronounced activity in the left inferior
frontal gyrus, a brain region that supports semantic memory
processing. Speculatively, it may be hypothesized that olfactory
representations involved in the formation of AM initially may be
more perceptually and imagery based, that with increasing age
gradually shift to a more semantically driven consolidation.

VIVID RECOLLECTIONS
Odor-evoked AM also differ with regard to phenomenology. A
typical finding is that odor-evoked events are accompanied by
stronger feelings of being brought back in time to the occur-
rence of the events (Herz et al., 2004; Willander and Larsson,
2006). Also, Chu and Downes (2002) highlighted that olfac-
tory cued memories evoked more vivid and detailed memories
than representations evoked by other sensory modalities. Tar-
geting aversive memories, Toffolo et al. (2012) reported that
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odor-evoked memories of aversive events were more detailed
than memories evoked by auditory but not visual cues. Inter-
estingly, mimicking experiential evidence, also the functional
neuroanatomy of olfactory AM indicate that brain areas involved
in visual vividness such as occipital gyrus and precuneus are
recruited during recollection, activation patterns that were more
pronounced than for a verbal cuing (Arshamian et al., 2013).
It is also worth noting that experiences of vividness have been
linked to emotion such that high vividness is associated with
increased emotionality (Todd et al., 2013). Hence, the height-
ened vividness experience in olfactory AM may relate to the
typical emotional potency associated with odor-evoked memory
recollection.

EMOTIONAL EXPERIENCE
The olfactory sense is an emotional system (Lundström et al.,
2010). Given that the olfactory nerves project directly to the amyg-
dala complex, it has been proposed that odor-evoked AM are more
emotional than memories cued by other modalities. Indeed, most
studies suggest an emotional advantage of olfactory evoked AM
over verbally and visually evoked memories (Herz and Cupchik,
1992; Herz, 1998; Larsson and Willander, 2009; but see Willander
and Larsson, 2006; Toffolo et al., 2012; for different outcomes). In
a recent study, Arshamian et al. (2013) explored the neural cor-
relates of olfactory cued AM in an fMRI paradigm. The same
odor-evoked memory was cued by either verbal or olfactory infor-
mation. As compared to a verbal cue, an olfactory cued retrieval
resulted in more activity in medial temporal lobe regions (e.g.,
parahippocampus, insula) and in the temporal poles. The latter
activation is of particular interest as the temporal poles have been
associated with positive memory processing (Piefke et al., 2003)
that also was manifested among participants at the experiential
level.

RARE OCCURENCE
In anecdotes, it is often stated that odors act as common reminders
of past experiences than other types of stimuli. However, a review
of the empirical evidence indicates the opposite, namely that
odor cues produce fewer memories and are associated with longer
response latencies (Rubin et al., 1984; Goddard et al., 2005; Willan-
der and Larsson, 2007; Willander et al., submitted). These findings
suggest that odors may be less efficient reminders of past experi-
ences than verbal or visual information. It has been proposed that
cue specificity may underlie this discrepancy. Odors are more spe-
cific cues than verbal or pictorial information. As a consequence,
odors will match fewer representations than more generic cues
such as words or pictures. Indeed, research shows that if semantic
information is provided with the odor cue (i.e., the odor identity)
or when the odor is identified, more memories will be retrieved
(Willander and Larsson, 2007; Yamamoto, 2008).

Relatedly, it is of interest to highlight that memories evoked by
the olfactory sense in general have been thought about less often
than memories evoked by other sensory cues (Rubin et al., 1984;
Willander and Larsson, 2006). The implicit nature of olfactory
representations and the low frequency of AMs probably underlie
the experienced “suddenness” of an odor-evoked memory that
may bias the notion of its powerfulness.

UNIMODAL vs. MULTIMODAL CUING OF
AUTOBIOGRAPHICAL ODOR MEMORIES
Almost all of the knowledge on odor-evoked AM is based on uni-
modal cuing, where an individual is presented to one odor and
is subsequently asked to retrieve any personal associated informa-
tion for that specific smell that may be defined in space and time.
As noted, the results from this research indicate that odor-evoked
AM are different from information triggered by verbal, visual, or
auditory information. The observed differences are documented
both at a behavioral and a neural level (e.g., Willander and Lars-
son, 2006; Arshamian et al., 2013; Karlsson et al., 2013; Willander
et al., submitted).

A unimodal retrieval procedure (i.e., cues pertaining to one
modality) entails that sensory information from different modal-
ities is treated as separate entities rather than as a component
of integrated multimodal representations. An important research
question recently raised is therefore to determine the relative
influence and hierarchy among modalities that are represented
in a multimodal cue on the recollection of olfactory information
(Karlsson et al., 2013; Willander et al., submitted).

Willander and Larsson (2007) indirectly addressed bimodal
cues when individuals were asked to retrieve AM following sin-
gle odors or odors presented in conjunction with their respective
names. The results showed that semantic knowledge of an odor’s
name affected the age distribution such that the memory peak in
childhood observed for only odors was attenuated. Specifically, the
peak took an intermediate position between the age distributions
obtained for verbal cuing and odor cuing only. Also, semantic
knowledge of the odors resulted in that the experiential factors
(emotionality, brought back in time) mimicked a verbal cuing of
AM. Hence, this outcome indicated that the age and phenomenol-
ogy of memories vary with the number and types of cues available
at retrieval.

In this vein, it is of interest to highlight results from a recent
study that targeted multimodal retrieval of AM (Willander et al.,
submitted). Here, participants were randomized across three uni-
modal (pictures, sounds, odors) and one multimodal condition
(picture + sound + odor). To maximize ecological validity, cues
from the three unimodal conditions were presented simultane-
ously, whereas in the unimodal conditions cues were presented
separately. The unimodal cues were selected so that they could
be combined into a multimodal naturalistic context. For exam-
ple, the context harbor was represented by a photo of a harbor by
the sea containing fishing boats; sounds from fishing boats, sea
birds, sea waves; and the smell of fresh fish. The results indicated
that the number of olfactory evoked memories were fewer than
the number of memories evoked by visually and multimodally
presented cues. The unimodal cuing of AM replicated previous
findings by showing a significant clustering of odor memories in
childhood, and peaks of memories following visual and auditory
cuing in young adulthood (e.g., Larsson and Willander, 2009). As
noted, the analysis of the evoked memories following a multimodal
cuing indicated a significant clustering of memories in young
adulthood, mimicking that observed for our primary sensory sys-
tems. Also, modeling of the semantic content of the retrieved
memories indicated that the multimodal content differed from
odor-evoked content but not from visual content (Karlsson et al.,
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2013). Hence, these results suggest a hierarchy among modalities
represented in multimodal cue information, and that the subordi-
nate role that is played by the sense of smell may underlie the rare
occurrence of odor-evoked AMs (Posner et al., 1976; Sinnett et al.,
2007).

This outcome supports the notion of visual cue dominance in
multimodal contexts. One important question in future research is
to determine the role played by modality attention in multimodal
settings.

APPLIED POSSIBILITIES OF ODOR-EVOKED
AUTOBIOGRAPHICAL INFORMATION
The literature on potential applications of olfactory AMs is scarce
and portrays a mixed pattern of findings. Greenberg et al. (2011)
examined whether odors could be used as memory cues to pro-
mote memory recollection in patients with semantic dementia.
The results showed that odor cues were less effective reminders
of past experiences than were verbal and visual cues. This was
most likely a reflection of the early degeneration of anterior tem-
poral regions in the dementia process, as the same regions also
are fundamental for the integrity of the olfactory system. Other
research has highlighted that autonomic functions are affected
by AM. For example, Masaoka et al. (2012) demonstrated that
odors that evoked AMs lowered the respiratory frequency as com-
pared to odors that were unrelated to memory evocation. Likewise,
Matsunaga et al. (2011) reported a decrease in heart rate, and
an increase in skin-conductance following odor-evoked AMs. For
example, Matsunaga et al. (2011) showed that immune responses
associated with systemic inflammation could be inhibited by odor-
evoked AMs. Further, Matsunaga et al. (2013) demonstrated that
these immune responses were negatively correlated with acti-
vations in orbitofrontal cortex, precuneus, and the posterior
cingulate cortex as determined by PET. This could indicate that
inhibition of inflammatory mechanisms decrease as a function
of the vividness and emotionality of the evoked memories (c.f.
Arshamian et al., 2013).

Interestingly, individual differences in mood and personality
traits have been found to interact with odor-evoked AM. For
example, Masaoka et al. (2012) reported that participants who
where high in trait anxiety experienced stronger feelings of being
brought back in time to the occurrence of the event, and showed
increments in arousal level during retrieval of odor-evoked AMs.
Also, Matsunaga et al. (2011) reported that odor-evoked AMs
that were associated with positive emotions increased positive
mood states, such as comfort and happiness, and decreased neg-
ative mood states, such as anxiety. Moreover, Reid et al. (2014)
studied experiences of nostalgia in the context of odors. They
demonstrated that participants reported most nostalgia when
the odors were arousing, familiar, and evoked AMs. Further-
more, odors that only evoked nostalgia induced more positive
emotions than both non-nostalgic odors that evoked AMs, and
those that did not. Participants that were generally more prone
to nostalgia reported more odor-evoked nostalgia, but not more
autobiographical events. Taken together, the research cited above
suggests that olfactory evocation of autobiographical information
has the potential to affect our autonomic functions and emotional
state.
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Olfactory expertise remains poorly understood, most likely because experts in odor, such as
perfumers, sommeliers, and oenologists, are much rarer than experts in other modalities,
such as musicians or sportsmen. In this review, we address the specificities of odor
expertise in both odor experts and in a priori untrained individuals who have undergone
specific olfactory training in the frame of an experiment, such as repeated exposure to
odors or associative learning. Until the 21st century, only the behavioral effects of olfactory
training of untrained control individuals had been reported, revealing an improvement of
olfactory performance in terms of sensitivity, discrimination, memory, and identification.
Behavioral studies of odor experts have been scarce, with inconsistent or inconclusive
results. Recently, the development of cerebral imaging techniques has enabled the
identification of brain areas and neural networks involved in odor processing, revealing
functional and structural modifications as a function of experience.The behavioral approach
to odor expertise has also evolved. Researchers have particularly focused on odor mental
imagery, which is characteristic of odor experts, because this ability is absent in the average
person but is part of a perfumer’s professional practice.This review summarizes behavioral,
functional, and structural findings on odor expertise. These data are compared with those
obtained using animals subjected to prolonged olfactory exposure or to olfactory-enriched
environments and are discussed in the context of functional and structural plasticity.
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INTRODUCTION
Grenouille, who had phenomenal olfactory ability, was able to
remember the olfactory imprint of a person and to instantly dis-
cern his mood. As a perfumer’s apprentice in 18th-century France,
Grenouille attempted to create the ultimate, love-inspiring per-
fume. However, Grenouille was only a fictional character in a story
written by the German writer Süskind (1986). Other testimonies
of individuals with a noteworthy sense of smell have been reported
in the literature. Bedichek (1960, p. 57), who was a writer, teacher,
and naturalist, reported in a posthumously published book that
there are “notable noses,” people who are exceptionally sensitive
to odors. For instance, he explained that Helen Keller (1908a,b),
who described her experience in The Century Magazine, was able
to “recognize an old-fashioned country house because it has several
layers of odors, left by a succession of families, of plants, perfumes
and draperies.” Bedichek (1960, p. 57) further highlighted that
“She disentangles and identifies odors by their respective ages, a dis-
crimination I have not found claimed by any nose except that of
the bee which one observer declares identifies passage of time by dis-
placement of antennae in flight.” More recently, Engen (1982), an
eminent scientific authority in sensory perception, described an
example of experienced noses used in the Vietnam War to detect
the whereabouts of machinery and other items. In his famous
book, Sachs (1985), a British-American neurologist, also reported
the clinical case of a young student, D. Stephen, who experimented
with drugs (cocaine, amphetamine). One night, Stephen vividly

dreamt that he was a dog, experiencing a world unimaginably rich
and significant in smells. On waking, he found that he actually
retained this amazingly acute olfactory ability. As emphasized by
Engen (1982), one problem with notable noses is that informa-
tion about them is always anecdotal and is obtained from indirect
testimonies, which are not experimentally verifiable. What can we
say about the olfactory performances of these noses?

OLFACTORY PERFORMANCE IN TRAINED INDIVIDUALS AND
ODOR EXPERTS
The concept of perceptual learning refers to a phenomenon
whereby sensory experience induces changes in behavior and brain
function (Gibson, 1991; Goldstone, 1998; Gilbert et al., 2001; Fahle
and Poggio, 2002). However, Gawel (1997, p. 268) indicated that
the literature does not always clearly delineate what constitutes
training and what is experience: “following training, a panelist can
be said to be more experienced, but he can also obtain experience
without any formal training.” Gawel (1997) suggested that, in the
first case, better performances result from a uniform and directed
program of instruction, whereas in the second case, experience
relates to passive exposure to a wide variety of stimuli, which
makes them more familiar. He specifies (p. 268) that “thought may
be molded by discussion with others with more or less experience, but
always in an unstructured way.”

In this review, we shall focus on two aspects of perceptual
learning by examining data from a priori untrained subjects who
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improved their performance by specific olfactory training (in the
frame of an experiment) and from odor experts whose perfor-
mance is the result of both learning and experience. These experts
are mainly perfumers, oenologists, and sommeliers. Surprisingly,
most behavioral studies dedicated to evaluating the performance
of odor experts have examined wine experts1. To the best of our
knowledge, only three studies have been devoted to perfumers
(Livermore and Laing, 1996; Gilbert et al., 1998; Zarzo and Stan-
ton, 2009). Therefore, when we present expert performances, most
of the studies described will concern wine professionals (oenolo-
gists and sommeliers). Interestingly, wine discrimination has been
used as an example of perceptual learning since the end of the 19th
century (James, 1890; Gibson, 1953; Gibson and Gibson, 1955).
It is further important to emphasize that wine experts use not
only their olfactory system but also their gustatory and trigemi-
nal functions to form a unitary perceptual experience (Small and
Prescott, 2005). Wine experts also employ visual perception when
identifying a wine (Panghorn et al., 1963; Morrot et al., 2001).

ODOR SENSITIVITY
In the olfactory domain, the repeated presentation of an odor
(within the perithreshold concentration range) in untrained sub-
jects results in the lowering of thresholds and the enhancement
of signal detection sensitivity measures (Engen, 1960; Doty et al.,
1981; Rabin and Cain, 1986; Dalton et al., 2002). Similar results
are observed for volatile substances such as androstenone2, for
which an individual is conspicuously anosmic but is able to detect
with training (Wysocki et al., 1989; Mainland et al., 2002). These
data suggest that odor experts who are trained daily can acquire
better olfactory sensitivity. However, surprisingly, when the per-
formances of wine experts were compared with those of wine
novices or controls, no difference in olfactory sensitivity was
revealed for either wine-related components such as tannin or
alcohol or non-wine-related components such as n-butyl-alcohol
(Berg et al., 1955; Bende and Nordin, 1997; Parr et al., 2002; Brand
and Brisson, 2012). Bende and Nordin (1997) explained that the
non-superiority in detection of wine tasters was due to their pro-
fessional inexperience with a detection task per se. It is also possible
that these results were due to the inadequacy of the experimental
procedures used in studies.

Several authors state that the plasticity that underpins the emer-
gence of better detection following repeated exposure to odors
originates in the central components of the olfactory system,
although they do not rule a contribution from peripheral com-
ponents (Rabin and Cain, 1986; Mainland et al., 2002). In this

1We identified approximately 50 studies devoted to wine expertise (without taking
into account expertise of other types of alcohol such as beer or brandy). This
number is not huge but is much higher than the three behavioral studies that
have been devoted to perfumers. Whereas the number of perfumers in the world
is approximately 500 (120 in France and Switzerland), the number of oenologists
(without sommeliers) can be estimated at more than 150,000 (of which 9,500 live
in France) in 44 wine-producing countries.
2Androstenone is a pheromone that has been identified in pigs. Although this steroid
is also found in sweat and urine of both human male and female, and that gender-
specific differences in olfactory sensitivity to this odor have been demonstrated (see,
e.g., Dalton et al., 2002), it has not yet been recognized as being a human pheromone.
Androstadienone, that is a compound closely-related to androstenone, has also been
suggested to be a human pheromonal substance.

context, repeated exposure to an odorant (e.g., androstenone, amyl
acetate, isovaleric acid, or phenyl ethyl alcohol) can increase olfac-
tory sensitivity to the odorant in mice (Yee and Wysocki, 2001) and
rats (Doty and Ferguson-Segall, 1989) and can also increase the
sensitivity of the olfactory receptor cells to that odorant in geneti-
cally anosmic mice (Wang et al., 1993) and in salmon (Nevitt et al.,
1994). Thus, these data provide evidence for stimulus-induced
plasticity in sensory receptor cells and suggest that the ability of
olfactory cells to exhibit plasticity may be related to their continual
turnover (Wang et al., 1993; Huart et al., 2013).

ODOR DISCRIMINATION
Stimulus “differentiation” also represents an important mech-
anism of perceptual learning in which experience refines sen-
sory perception through the differentiation of stimulus features,
dimensions, or categories (Gibson, 1991; Goldstone, 1998; Schyns
et al., 1998). In olfaction, the discrimination task usually consists
of comparing two odors in order to determine if they are identical
or not3. Since it has been claimed that an expert can distinguish
as many as 10,000 or even 15,000 odors, not including mixtures
(Wright, 1964, 1972), the ability to discriminate between odors
could be considered as an area of competence of odor experts.
Several studies have shown that wine or beer experts have bet-
ter discrimination or memory abilities than novices (Walk, 1966;
Owen and Machamer, 1979; Peron and Allen, 1988; Solomon,
1990; Bende and Nordin, 1997; Parr et al., 2002; Hughson and
Boakes, 2009; Zucco et al., 2011). For instance, Bende and Nordin
(1997) reported that sommeliers have greater abilities to discrim-
inate odors of eugenol and citral in a mixture than untrained
subjects, although they reported only occasionally experiencing
these two odors in their profession. The authors claimed that
perceptual learning in odor discrimination can be generalized to
other odors as well. Peron and Allen (1988) also demonstrated that
novice drinkers of beer improve their ability to discriminate beer
flavors with experience.

Rather than evaluating discrimination abilities between two
odors, some studies have aimed to determine the maximum num-
ber of components that an individual can distinguish within a
mixture. Untrained subjects can distinguish only three or four
components within a mixture (Laing and Francis, 1989; Schab
and Cain, 1992). Using a trained panel of 10 women and an
expert panel of 8 male professional perfumers and flavorists,
Livermore and Laing (1996) observed that the number of com-
ponents that experts can discriminate and identify is not higher
than that of untrained subjects. Nevertheless, when mixtures of
two and three components only were used, experts recorded sig-
nificantly more hits and fewer false alarms4 than did trained non-
experts. Livermore and Laing (1996) suggested that the inability

3Other types of discrimination tasks are used, such as the triangle test, in which
three samples, two of which are identical, are presented to participants. The task
consists of determining which stimulus is different (Amerine et al., 1965). Another
task asks subjects to rank samples along a sensory dimension. In the case of wine,
the sensory dimension can be attributes of odor (e.g., alcohol, fruit) or taste such as
sugared or astringency (produced by tannin; Solomon, 1990).
4In such a discrimination task, a hit is defined when the subject correctly identifies
a component that is present; a false alarm is defined when the subject incorrectly
identifies a component as being present.

Frontiers in Psychology | Cognitive Science December 2013 | Volume 4 | Article 928 | 47

http://www.frontiersin.org/Cognitive_Science/
http://www.frontiersin.org/Cognitive_Science/archive


“fpsyg-04-00928” — 2013/12/11 — 17:13 — page 3 — #3

Royet et al. Expertise in odor

of participants to discriminate more than three of four stimuli is a
physiologically imposed limit that could be related to the overlap
of the odorants’ perceptual or cognitive representations. Thus,
when odors are not sufficiently separated in multidimensional
perceptual space, the addition of other odorants to the mix-
ture can increase the chance of their representations overlapping,
increasing the possibility of perceptual confusion and reducing the
ability of the subjects to identify odors. Nevertheless, given that
descriptions of wine by sommeliers are usually rich in vocabulary,
Hughson and Boakes (2001) suggested that these experts might
distinguish more components in a mixture than perfumers or
flavorists.

ODOR MEMORY
A wide variety of tests are used to evaluate odor recognition
memory (Doty, 1991). One test assesses short-term recognition
memory and is similar to the discrimination procedure described
above, except that a delay of a few seconds to several tens of sec-
onds separates the two odors of a pair (Engen et al., 1973; Jehl
et al., 1994). To our knowledge, only a single study with naïve
subjects has investigated the impact of training on odor mem-
ory by passive exposure to stimuli (Jehl et al., 1995). The authors
demonstrated that familiarization by repeated presentation of tar-
get or distractor odors improved discrimination performance by
reducing the number of false alarms5, that is, incorrect recognition
(Figure 1). More recently, Hughson and Boakes (2009) evaluated
wine drinkers using a different procedure and demonstrated that
experience can improve short-term wine recognition (4 min) by
passive perceptual learning.

5In the short-term recognition task, the subject must indicate whether the two odors
of a pair are identical or different. A hit is defined when the two odors are identical
and are so declared by the subject. A false alarm is defined when the two odors are
different but are declared as identical by the subject.

FIGURE 1 | Effect of familiarization. Number of incorrect recognitions
(false alarm scores) as a function of the number of familiarization sessions
(0, 1, 2, and 3) and of the type of odor (target, distractor, or both target and
distractor) to which subjects were familiarized. Vertical bars, standard errors
of the mean (modified from Jehl et al., 1995).

To investigate long-term odor recognition memory, the pro-
cedure typically consists of using a set of odors for inspection,
followed by the presentation of a second set of odors, includ-
ing equal numbers of previously presented odors (old) and new
odors, in a later testing session (Walk and Johns, 1984). For each
item, subjects then indicate whether they have previously smelt
the odor or not. Using such a memory test, Rabin and Cain
(1984) observed that recognition performances increased with
odor familiarity rated at inspection, but they did not specifically
examine the influence of repeated presentation of stimuli.

ODOR IDENTIFICATION
Smell is likely the most difficult sensory modality to verbalize
(Wippich et al., 1989). Human beings possess an excellent odor
detection and discrimination abilities but typically have great dif-
ficulty in identifying specific odorants (Richardson and Zucco,
1989). The fact that there are no specific terms to describe odor
and that odors are identified in terms of idiosyncratic personal
experience can explain this difficulty. It has been hypothesized that
odor information processing shares some of the cortical resources
used in language processing and that these two types of processing
can interfere with each other (Lorig, 1999).

Correlating with these observations, the human ability to
identify and to name6 odors is extremely limited (Engen, 1987;
Richardson and Zucco, 1989). Estimates vary from approximately
6 to 22 odors when subjects are tested for the first time (Engen,
1960; Sumner, 1962; Desor and Beauchamp, 1974; Lawless and
Engen, 1977; Cain, 1979). However, all investigations in naïve
subjects have consistently shown that identification performance
improves with practice (Desor and Beauchamp, 1974; Cain and
Krause, 1979; Cain, 1982). This result is observed as well when
subjects must use only labels generated during the first exposure
as when they have the option to change labels (Cain, 1979).

IMPACT OF VERBALIZATION ON OLFACTORY PERFORMANCE
Cain (1979) suggested that experts such as perfumers, flavor
chemists, food technologists, and wine tasters must verbalize
their olfactory experiences and thus identify odors better than
untrained persons. To facilitate the description of complex mix-
tures of stimuli and the classification of sensations, experts
are trained to use descriptors of odors, aromas, and flavors.
Accordingly, specific terminologies are employed to describe and
classify perfumes (Figure 2; Zarzo and Stanton, 2009), wines
(Noble et al., 1987), Brandies (Jolly and Hattingh, 2001), or
certain alimentary products such as cereals or Cheddar cheese
(Chambers and Smith, 1993; Roberts and Vickers, 1994; Drake
et al., 2001). Correlatively, it is natural to observe that experts
(e.g., trained panelists) better characterize or describe wines
(Lawless, 1984; Solomon, 1990; Gawel, 1997; Solomon, 1997;

6In a typical multiple-choice identification test, the subject has a list of labels when
the olfactory stimulus is presented. One of the labels is veridical (e.g., strawberry).
A second label is an alternative name and evokes a similar odor (a near miss, such as
raspberry). Other names are more distinct alternatives (far misses, such as tar). The
number of names can vary from three to four to several dozen. In a naming test,
only the odor is presented to the subject. This test is therefore more difficult than
the multiple-choice test. The results can be analyzed in terms of response accuracy
(veridical label, near and far misses; see, e.g., Rabin and Cain, 1984; Lyman and
McDaniel, 1986).
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FIGURE 2 | Fragrance wheel. Fourteen perfume categories (within circles)
are depicted. For the purposes of comparison, the odor effects diagram
(inner square, letters in italics) proposed by Calkin and Jellinek (1994) is also
illustrated (with permission from Zarzo and Stanton, 2009).

Chollet and Valentin, 2000; Hughson and Boakes, 2001), beers
(Clapperton and Piggott, 1979), fishes (Cardello et al., 1982), and
perfumes (Lawless, 1988) than non-experts. Consistent with these
data, perfumers (or wine professionals) are less prone to clas-
sify odors in terms of their hedonic quality than non-experts,
suggesting that they are able to discern (or label) perceptual
qualities not available to untrained individuals (Yoshida, 1964;
Ballester et al., 2008). Chollet and Valentin (2000) suggested that
the perceptual representation of wine is similar in experts and
novices but the verbalization of this representation varies with
the level of expertise. Experts use analytical terms, whereas non-
experts use holistic terms (Schab, 1991; Chollet and Valentin,
2000). Gawel (1997) even hypothesized that superior sensorial
knowledge in trained panelists not only leads to the search for
descriptors but also facilitates the expectation of prototypical char-
acters, which can result in a higher probability of the detection of
components.

Discrimination and recognition memory performances of
odors and aromas, as described above (see Odor Discrimina-
tion and Odor Memory), were evaluated in perceptual terms only.
However, except for two studies in which the authors knowingly
used unfamiliar odors (Jehl et al., 1994, 1995), semantic impact
was likely largely present but not considered in these studies. In
addition, it was demonstrated, in an experimental frame, that dis-
crimination and memory performances can partly be improved
by verbalization of the stimuli or the knowledge of their names.
Such results have been observed in wine experts (Solomon, 1990;
Melcher and Schooler, 1996) and in naïve subjects (Lawless and
Engen, 1977; Rabin, 1988; Jehl et al., 1997). For instance, Rabin

(1988) reported that naïve subjects trained to label specific odors
significantly enhanced their ability to discriminate them one day
later. According to Rabin (1988, p. 539), “endowing a layperson
with a perfumer’s experience would make subtle mixture components
more salient stimuli.”

In short, it emerges from these data that perceptual (via passive
exposure) and cognitive (label learning, development of classi-
fication schemas) changes accompany the development of wine
expertise (Solomon, 1997; Hughson and Boakes, 2001, 2002;
Zucco et al., 2011). However, if perceptual learning of wine, which
depends on the frequency and diversity of exposure to stimuli,
is rapid and passive, cognitive expertise (semantic) is slower and
difficult to develop and requires many years of practice (Zucco
et al., 2011). Similar changes are likely associated with the devel-
opment of expertise in perfumers or flavorists (Jones, 1968; Schab
and Cain, 1992). With time, the expert can then acquire perceptual
abilities incredibly superior to that of an untrained person (Schab
and Cain, 1992).

ODOR MENTAL IMAGERY
The review of the literature described above shows that it is difficult
to propose a test to reveal the higher sensory capacities of odor
experts compared to naïve subjects. Data are often conflicting, and
it is difficult to decide what is sensory and what is semantic in these
tasks. The mental imagery task can satisfy these requirements.

With regards to olfaction, the widespread assertion is that
it is very difficult for the average person to mentally imagine
odors, in contrast to our ability to mentally imagine images,
sounds, or music (Stevenson and Case, 2005; Stevenson et al.,
2007). Despite behavioral and psychophysical studies demonstrat-
ing the existence of odor imagery (Lyman and McDaniel, 1990;
Algom and Cain, 1991; Algom et al., 1993; Carrasco and Rid-
out, 1993; Ahsen, 1995; Djordjevic et al., 2004a,b, 2005), several
authors have even claimed that recalling physically absent odors
is not possible (Engen, 1991; Crowder and Schab, 1995; Herz,
2000). However, odor experts do not appear to have difficulty in
mentally smelling odors. When perfumers are questioned, they
claim that they are quite able to do this and that these images
provide the same sensations as the olfactory experiences evoked
by odorous stimuli themselves. Gilbert et al. (1998) were the first
to investigate olfactory imagery abilities in fragrance experts and
to provide evidence that they are better than in non-expert con-
trols. Importantly, they did not observe a difference between
the visual mental imagery abilities of the expert and non-expert
groups.

BRAIN REORGANIZATION WITH OLFACTORY PERFORMANCE
The Polish neuroscientist Jerzy Konorski (1948) is regarded as
being the first to introduce the term neuroplasticity (also referred
to as brain plasticity, cortical plasticity, or cortical re-mapping)
to the scientific literature (Jancke, 2009). Konorski presented one
of the earliest comprehensive theories of associative learning as a
result of long-term neuronal plasticity and also proposed the idea
that synapses strengthen with use. The advent of modern brain
imaging methods has boosted the study of cortical plasticity in
healthy human subjects in the last 20 years (Jancke, 2009). These
techniques have enabled the investigation of functional as well as
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structural plasticity7 in experts such as musicians or sportsmen.
What about olfactory expertise?

FUNCTIONAL AND STRUCTURAL DATA IN NON-EXPERTS
A few recent studies suggest that, even in the absence of spe-
cific learning, everyday olfactory experience improves olfactory
performance and simultaneously shapes olfactory bran regions
in the average person (Buschhuter et al., 2008; Frasnelli et al.,
2010; Seubert et al., 2013). For instance, the volumes of the olfac-
tory bulb, orbitofrontal cortex (OFC), and insula are positively
correlated with the composite measure of olfactory threshold,
discrimination, and identification scores (Frasnelli et al., 2010).
Moreover, to compensate for their lack of vision, it is well estab-
lished that blind subjects develop enhanced abilities in the use
of their remaining senses. Accordingly, Rombaux et al. (2010)
observed that blind subjects have better olfactory performance
than sighted control subjects and correlatively have higher olfac-
tory bulb volumes. Congenital or early blind subjects also activate
olfactory areas (amygdala, OFC, hippocampus) and occipital areas
more strongly than sighted control subjects during an olfac-
tory task (Kupers et al., 2011; Renier et al., 2013), providing
evidence that blind individuals undergo adaptive neuroplastic
changes.

Other studies demonstrate that changes in brain activity can be
observed in healthy control subjects after training. Li et al. (2008)
demonstrated that odor aversive learning enhances the percep-
tual discrimination of initially indistinguishable odor enantiomers
and that these results parallel the spatial divergence of ensemble
activity patterns in the primary olfactory cortex (piriform cor-
tex). These results indicate that aversive learning updates odor
quality representations in the piriform cortex or, in other terms,
emphasizes a spatial reorganization of odor coding. The same
team also demonstrated that prolonged exposure (3.5 min) to a
floral-smelling odorant is sufficient to enhance perceptual differ-
entiation of novel odorants that are related in odor quality or

7The concept of “functional brain plasticity”refers to modifications of brain activity,
whereas “structural brain plasticity” refers to changes at the anatomical level.

functional groups (Figure 3; Li et al., 2006). This finding indi-
cates that subjects become floral “experts.” This effect is paralleled
by increased responses in both the posterior piriform cortex and
the medial OFC. The authors of this older work speculated that
this learning-induced plasticity could reflect two neuronal mech-
anisms: an enlargement of cortical receptive fields that results
in the recruitment of more neurons (spatial summation), or,
alternatively, a synchronization of neuronal activity (temporal
summation; Gilbert et al., 2001).

The results of Li et al. (2006) are echoed by electrophysiological
data reported by Wilson (2000, 2003) using anesthetized rats. The
authors suggested that perceptual learning via prolonged odorant
exposure (habituation) can modify odor-evoked activity in the
piriform cortex independently of the responses in the olfactory
bulb. These data suggest that adequate sensory experience favors
the formation of novel odor representations in the piriform cortex,
which could promote olfactory differentiation at both the behav-
ioral (Cleland et al., 2002; Fletcher and Wilson, 2002; Johnson
et al., 2002) and neural (Wilson, 2000, 2003) levels.

FUNCTIONAL AND STRUCTURAL DATA IN ODOR EXPERTS
The first study to investigate brain changes related to odor-taste
expertise was reported in 2005. Castriota-Scanderbeg et al. (2005)
found that, in contrast to naïve drinkers of wine, who activate
the primary gustatory cortex and brain areas implicated in emo-
tional processing (e.g., the amygdala), sommeliers activate more
brain regions involved in high-level cognitive processes such as
working memory and selection of behavioral strategies (the dor-
solateral prefrontal cortex) when they taste wine than when they
taste glucose.

The second study was performed in perfumers (Plailly et al.,
2012). The authors postulated that, in contrast to laymen, per-
fumers learn to form olfactory sensory representations through
daily practice and extensive training. Because they claim to
have the ability to produce perceptual images of smells in the
total absence of odorants, we estimated that the ability to form
odor mental images is a crucial component of a perfumer’s

FIGURE 3 | Experience-induced neural plasticity in the OFC

predicts olfactory perceptual learning. (A) The scatterplot
demonstrates a strong correlation between the level of
learning-induced OFC signal and the behavioral magnitude of

perceptual learning. (B) Activation is superimposed on a mean
T1-weighted coronal section and displays the area in OFC exhibiting
this correlation. OFC, orbitofrontal cortex (modified with permission
from Li et al., 2006).
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FIGURE 4 | Functional reorganization in perfumers. Significant negative
correlations between the length of expertise in professional experts and
the level of activation (amplitude) in (A) the posterior piriform cortices and
(B) the left hippocampus (modified from Plailly et al., 2012).

expertise (Royet et al., 2013). Finally, as for other sensory
modalities (Kosslyn et al., 2001), we hypothesized that similar
neural networks are activated during mental imagery and the
actual perception of odorous sensory stimuli.

As in two studies performed in untrained subjects (Djord-
jevic et al., 2005; Bensafi et al., 2007), we observed that the
piriform cortex is activated when perfumers mentally imagine
odors. We further revealed that, during the creation of men-
tal images of odors, expertise influences not only this primary
olfactory area but also the OFC and the hippocampus, regions
that are involved in memory and the formation of complex
sensory associations, respectively. In these areas, the magni-
tude of activation was negatively correlated with experience: the
greater the level of expertise, the lower the activation of these
key regions (Figure 4). We explained these results in terms of
improvements of perceptual capacity and, consequently, gains
in performance. Perfumers require less effort to mentally imag-
ine odors than novices. The evocation of mental images is more
spontaneous, almost instantaneous, and do not need to rely
on high-level cognitive processes to gather information. These
abilities, acquired with time and experience, are essential for per-
fumers because they allow them to devote all of their cognitive
resources to the artistic activity that is the creation of novel
fragrances.

Many studies have shown brain anatomical modifications as
a result of learning and training. In experts with enhanced
visual, auditory, or motor skills, such as musicians and ath-
letes, greater performances are associated with structural brain
changes in modality-specific brain areas. In olfaction, studies

indicating structural modifications have only been performed
in patients suffering from anosmia, hyposmia, or neurolog-
ical disease (e.g., Abolmaali et al., 2002; Mueller et al., 2005;
Rupp et al., 2005; Rombaux et al., 2006, 2009a,b; Wattendorf
et al., 2009; Bitter et al., 2010). Therefore, these studies focus
on alterations of olfactory processes associated with atrophy in
olfactory-related areas. Recently, we studied structural modifi-
cations in the brains of perfumers (Delon-Martin et al., 2013).
Using voxel-based morphometry and all possible methodolog-
ical improvements to reduce false positives, we detected an
increase in gray-matter volume in the bilateral gyrus rectus/medial
orbital gyrus (GR/MOG), an orbitofrontal area that surrounds
the olfactory sulcus, in perfumers. In addition, the gray-matter
volumes in the anterior piriform cortex and left GR/MOG
were positively correlated with experience in professional per-
fumers but negatively correlated with age in control subjects
(Figure 5), suggesting that training counteracts the effects of
aging.

Our data are the first to demonstrate the functional and struc-
tural impact of long-term odor training. What characterizes odor
experts compared with other types of experts? Professional musi-
cians practice several hours a day; their practice begins early in
life and continues intensively throughout their lives. Sportsmen
such as gymnasts or swimmers also begin early in life, but their
careers end more rapidly than those of musicians, at approxi-
mately 30–35 years of age, when their physical performance does
not allow them to be competitive. In contrast to musicians and
sportsmen, odor experts such as perfumers and flavorists begin
their training only in early adulthood, at the beginning of their

FIGURE 5 | Structural reorganization in perfumers. Relationship
between structural modifications and years of age. The regression lines
between the gray-matter volume and years of age (from 20 to 60 years old)
show a positive slope in older experts (OE, green) and a negative slope in
older controls (OC, blue) for (A) the left GR/MOG and (B) the right anterior
piriform cortex. GR/MOG, gyrus rectus/medial orbital gyrus (modified from
Delon-Martin et al., 2013).
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working life or when they join a specialized school. They then
live in an enriched olfactory environment in which they learn to
characterize and recognize numerous stimuli daily and to learn
to discriminate minute differences between odors. They can con-
tinue their training into old age. Olfactory performance is usually
reported to decrease with age in the layman (e.g., Doty et al., 1984;
Stevens et al., 1990; Murphy et al., 1991), and these deficits are
partly due to both degenerative processes within the olfactory
epithelium (Doty et al., 1984; Welge-Lussen, 2009) and changes
in central olfactory structures (e.g., Tomlinson and Henderson,
1976). However, our functional and structural data demonstrate
that perfumers can improve their performance throughout their
lives and that intensive olfactory training can also counteract
the effects of age. The volume of several brain regions involved
in odor processing increases in perfumers but decreases in lay-
men. Thus, the metaphor “use it or lose it” used by Jancke (2009,
p. 535) in reference to brain plasticity can also be applied to the
olfactory modality. Furthermore, even if a peripheral dysfunc-
tion is observed in elderly odor experts, our findings further
suggest that elderly perfumers would still be able to mentally
imagine perfumes, just as deaf professional musicians are still
able to continue to compose and conduct by mentally imagining
music.

NEURONAL AND CELLULAR MECHANISMS RELATED TO OLFACTORY
LEARNING
In the frame of our functional study in which perfumers were
asked to generate mental images of odors (Plailly et al., 2012), a
decrease in the amplitude of brain activation with the level of
expertise could be due to greater selectivity of neurons resulting
from the decorrelation of neuronal activity (Gilbert et al., 2001).
Similar mechanisms have been observed in the antennal lobe of
honeybees that are trained on one odorant. The sensorial repre-
sentation of that odorant becomes smaller, more compact, and
non-overlapping with representations of other odorants (Faber
et al., 1999). This effect has also been observed in rats that
are trained to discriminate highly overlapping odorous mixtures
(Chapuis and Wilson, 2012).

The nature of the cellular events that underlie structural
changes in the human brain is still unknown (May,2011), although
it is widely assumed that gray matter loss in neurodegeneration
corresponds to neural loss (Baron et al., 2001; Thieben et al., 2002).
Several mechanisms have been proposed to explain increases in
gray matter: neurogenesis, gliogenesis, synaptogenesis, and vascu-
lar changes (Figure 6; Zatorre et al., 2012). We will discuss only
the two main mechanisms related to neuronal activity-dependent
changes in gray matter.

First, gray matter increases can be explained by fast morpho-
logical changes in the intracortical axonal architecture, including
the formation of new connections by dendritic spine growth
(i.e., synaptogenesis) and changes in the strength of existing con-
nections (Trachtenberg et al., 2002). These changes have been
implicated in experience-related morphological modifications in
the rat hippocampus (Moser et al., 1994; Geinisman et al., 2000;
O’Malley et al., 2000) and have been suggested as a mecha-
nism (long-term potentiation) underlying long-term memory
(Bliss and Collingridge, 1993; Luscher et al., 2000). A 3-day

FIGURE 6 | Candidate cellular mechanisms for gray matter plasticity.

Cellular events in gray matter regions underlying changes detected by
magnetic resonance imaging during learning include axon sprouting,
dendritic branching, and synaptogenesis, neurogenesis, changes in glial
number and morphology, and angiogenesis (image courtesy of Marina
Corral; modified with permission from Zatorre et al., 2012).

olfactory learning in rats is accompanied by a dendritic spine
density increase (15%) along apical dendrites of pyramidal neu-
rons in the piriform cortex, suggesting an increased number of
excitatory synapses (Knafo et al., 2001). As activity-induced den-
dritic morphogenesis in the hippocampus can occur within tens
of minutes (Maletic-Savatic et al., 1999), the perceptual learn-
ing observed by Li et al. (2006) could be associated with such
modifications.

Second, gray matter increases can be related to slow mecha-
nisms, such as adult neurogenesis, which has been reported in
the olfactory bulbs of rodents and primates, including humans
(Bonfanti and Peretto, 2011; Curtis et al., 2011; Ming and Song,
2011; Huart et al., 2013; Lazarov and Marr, 2013). Although the
functional impact of the addition of new olfactory neurons to
mature circuits remains an outstanding question, many recent
investigations have highlighted the role of network activity in
shaping ongoing neurogenesis and, in turn, how the integra-
tion of new neurons refines pre-existing network functions and,
consequently, olfactory behavior. To date, olfactory adult neu-
rogenesis was associated with an improvement in short-term
olfactory memory when mice were exposed daily to a novel but
not familiar enriched olfactory environment (Rochefort et al.,
2002; Bovetti et al., 2009; Veyrac et al., 2009). It was also demon-
strated that olfactory perceptual learning both increases and
requires adult neurogenesis (Moreno et al., 2009). Interestingly,
constitutive neurogenesis has been described in the adult piri-
form cortex in several mammalian species (Bernier et al., 2002;
Shapiro et al., 2007). Here, we suggest that the gray mat-
ter volume increase in the piriform cortex of perfumers could
result from a fast remodeling of the intracortical neuronal net-
work, but genesis of new neurons in this brain area cannot be
excluded.
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CONCLUSION
This review of the literature presents the findings of studies in
which odor experts were subjects. In contrast to other domains
of expertise, odor expertise has been rarely studied (Ericsson
and Lehmann, 1996; Vicente and Wang, 1998; De Beni et al.,
2007). In 1998, Vicente and Wang wrote that there were at
least 51 studies of the effects of expertise in at least 19 differ-
ent domains, including music (e.g., piano), sport (e.g., skating,
baseball), games (e.g., bridge, go, chess), computer program-
ming, medical diagnosis, maps, algebra, and circuit diagrams.
The model of expertise research is the chess player because experts
can reach very high levels of competence and the ability of par-
ticipants is measurable and can be rated in a laboratory (De Beni
et al., 2007). In all cases, studies of expertise emphasize the role
of long-term working memory on performance (Ericsson and
Kintsch, 1995) and highlight that “memory recall performance on
meaningful stimuli has almost always been found to be correlated
with domain expertise” (Vicente, 1988; Vicente and Wang, 1998,
p. 33).

The extremely high performance of experts begs the funda-
mental question of whether their faculties are innate or acquired
with training. In 1869, Francis Galton claimed that, because
the limits on height and body size are genetically determined,
innate mechanisms must also determine mental capacities (see
Galton, 1979). Ericsson and Lehmann (1996) suggested that the
influence of innate, domain-specific basic capacities (talent) on
expert performance is small, possibly even negligible. However,
more recent studies indicate that characteristics that distinguish
experts from naïve subjects are mainly the result of adapta-
tion. High expertise is typically associated with prolonged and
maintained practice lasting many years and involving daily exer-
cises (De Beni et al., 2007). The apparent emergence of early
talent then depends on factors “such as motivation, parental sup-
port, and access to the best training environments and teachers”
(Ericsson et al., 2009, p. 199).

In the context of odor experts, it is likely that expertise
is acquired with training and experience rather than acquired
innately, thus confirming a previous report that the notable nose
is bred rather than born (Bedichek, 1960, p. 61; Engen, 1982, p. 5).
Our work in cerebral imaging has led us to the same conclusions.
Olfactory mental imagery capacities develop with practice and do
not result from innate skill (Plailly et al., 2012). The structural
modifications observed in the brain after intensive practice of an
activity are not stable and rapidly disappear when this activity stops
(Jancke, 2009). However, an exception that deserves to be noted
is the case of synesthetes, who possess faculties to perceive a given
sensory stimulus via another or several other sensory modalities.
Synesthesia is a rare phenomenon that can have a genetic origin,
which could explain the exceptional performances of experts such
as mental calculators. Although relatively less frequent, examples
of synesthesia involving olfactory sensation have been described
in the literature (Day, 2005).
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Olfaction is characterized by a salient hedonic dimension. Previous studies have shown that
these affective responses to odors are modulated by physicochemical, physiological, and
cognitive factors.The present study examined expertise influenced processing of pleasant
and unpleasant odors on both perceptual and verbal levels. For this, performance on two
olfactory tasks was compared between novices, trainee cooks, and experts (perfumers
and flavorists): Members of all groups rated the intensity and pleasantness of pleasant
and unpleasant odors (perceptual tasks). They were also asked to describe each of the 20
odorants as precisely as possible (verbal description task). On a perceptual level, results
revealed that there were no group-related differences in hedonic ratings for unpleasant
and pleasant odors. On a verbal level, descriptions of smells were richer (e.g., chemical,
olfactory qualities, and olfactory sources terms) and did not refer to pleasantness in
experts compared to untrained subjects who used terms referring to odor sources (e.g.,
candy) accompanied by terms referring to odor hedonics. In conclusion, the present study
suggests that as novices, experts are able to perceptually discriminate odors on the basis
of their pleasantness. However, on a semantic level, they conceptualize odors differently,
being inclined to avoid any reference to odor hedonics.

Keywords: olfaction, expertise, hedonic, emotion, perfumery

INTRODUCTION
Hedonic treatment is a crucial level of processing sensory informa-
tion. The sense of smell is of particular interest in this regard: in
humans, odors induce attractive or repulsive reactions and may
influence cognition and behavior in various contexts (Alaoui-
Ismaili et al., 1997a,b; Yeshurun and Sobel, 2010; Croy et al.,
2011). From a cognitive point of view, odor-grouping experiments
showed that hedonics is the most salient dimension of olfaction
(Harper, 1966; Berglund et al., 1973; Schiffman, 1977). In these
studies, subjects were exposed to various pairs of olfactory stimuli
and asked to judge their similarity. It was usually observed that
two main clusters were formed: one grouping together pleasant
and the other unpleasant odors (Schiffman, 1974; Godinot et al.,
1995).

Whereas psychophysical investigations have shown that such
hedonic processing of smells is influenced by physicochemical
properties (Khan et al., 2007; Mandairon et al., 2009; Poncelet
et al., 2010; Joussain et al., 2011; Kermen et al., 2011; Zarzo, 2011),
many other experiments, however, showed that odor pleasantness
can be modulated by physiological (Fernandez et al., 2013; Jous-
sain et al., 2013a,b) or cognitive factors (Herz, 2003; Rolls, 2004; de
Araujo et al., 2005; Barkat et al., 2008; Rinck et al., 2011). For exam-
ple, it has been shown that pleasantness judgments are enhanced
when subjects are able to identify the odorant source (Ayabe-
Kanamura et al., 1998). When verbal information about an odor
is available, subjects shift their pleasantness judgment in line with
the affective connotation of the label (Herz, 2003). Such top-down

modulation by verbal association has been found even in children
(Bensafi et al., 2007; Rinck et al., 2011). In summary, it would seem
that both bottom-up (molecular feature coding) and top-down
(training and language) processes contribute to build our hedo-
nic responses to smells, which may be thus very variable across
individuals.

Another factor that may explain olfactory individual differ-
ences is expertise. Training and verbal associations are crucial in
professional situations in which odorants have to be associated
systematically to label in order to ensure a common vocabulary
to enhance perceptual agreement between individuals. Past and
more recent studies showed that experts in olfaction used more
consistent, rich, and precise language to describe smells (Bende
and Nordin, 1997; Valentin and Chollet, 2000; Parr et al., 2002).
Moreover, it has been shown that wine experts use more spe-
cific and relevant wine descriptors (Zucco et al., 2011). Although
experts are known not only to acquire a systematic knowledge of
the chemistry of odorants but also to learn to describe olfactory
qualities of odorants and odor sources in a shared language, very
little is known about the importance of hedonic processing in both
the ways: (i) they describe but also (ii) they perceive smells. On
a descriptive level, the literature in the field suggests that whereas
pleasantness is a prominent attribute that drives odor verbaliza-
tions (Dubois and Rouby, 1997; Dubois, 2000), experts may be
inclined to avoid any reference to pleasantness (Yoshida, 1964;
Ehrlichman and Bastone, 1992; Holley, 2002). In the present study,
we aim to test experimentally this hypothesis on a verbal level
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and to further assess how expertise modulates hedonic perception
of odors. To this end, experts and non-experts in olfaction were
compared during two olfactory tasks: (i) a verbal description task
whereby participants were asked to freely describe odors and (ii) a
perceptual rating task whereby participants were asked to judge the
pleasantness of odors. Practically, four groups of subjects, differ-
ing in their levels of expertise, were tested: (i) an untrained group,
(ii) a group of apprentice cooks, who had no specific course on
olfaction but were daily exposed to odors, (iii) a group of experts
in aroma formulation, and (iv) a group of experts in perfume
formulation.

Moreover, because there is evidence of the existence of two dif-
ferent systems dedicated to treating aversive and appetitive smells
[unpleasant odors are processed faster than pleasant ones (Ben-
safi et al., 2002d; Jacob et al., 2003), induced specific patterns of
autonomic (Miltner et al., 1994; Brauchli et al., 1995; Ehrlichman
et al., 1995; Alaoui-Ismaili et al., 1997a,b; Ehrlichman et al., 1997;
Bensafi et al., 2002a,c) and olfactomotor responses (Bensafi et al.,
2003a; Rouby et al., 2009) and specific neural activations (Zald and
Pardo, 1997; Gottfried et al., 2002b; Anderson et al., 2003; Rolls
et al., 2003; Royet et al., 2003; Bensafi et al., 2012)], odor hedo-
nic valence per se was included as a factor in the analysis. Here,
all participants were thus presented with unpleasant and pleasant
odorant molecules. Specific hypotheses were: (i) on a verbal and
descriptive level, experts (flavorists and perfumers) should use
precise terminology without reference to pleasantness, whereas
non-experts (novices and trainee cooks) should use less precise
terminology accompanied by references to pleasantness; (ii) on
a perceptual level, experts should not consider pleasantness and
thus should rate pleasant odors as less pleasant and unpleasant
odors as less unpleasant than non-experts.

MATERIALS AND METHODS
SUBJECTS
Sixty-four subjects without neurological disease or olfactory dis-
order were tested. Participants were divided into four groups
according to their level of expertise: (i) a group of untrained
individuals (“novices”: n = 16; mean age, 23.5 ± 0.423 years;
six male), composed of subjects who had no specific training on
olfaction; (ii) a group of trainee cooks (“trainee cooks”: n = 16;
mean age, 21.313 ± 0.285 years; nine male), composed of subjects
in their second year of training in a cookery institute where they
received no specific training in olfaction, but were exposed daily
to odors; (iii) a group of flavorists (“flavorists”: n = 16; mean
age, 31.063 ± 2.765 years; three male; with 9.065 ± 2.497 years
expertise), who had previous knowledge of artificial and natu-
ral flavors through intensive learning in school and/or at work;
and (iv) a group of perfumers (“perfumers”: n = 16; mean age,
34.063±1.296 years; five male; with 9.933 ±1.487 years expertise),
who had previous knowledge of olfactory compounds for design-
ing new fragrances through intensive learning in school and/or at
work.

ODORANTS
Twenty odorants covering a wide range of hedonic valence were
used. [Odor code: compound ID; v/v concentration in mineral oil,
as used by Kermen et al. (2011)]: 3-hexanol (3HEX: 12178; 0.076),

heptanol (HEP: 8129; 0.911), butyric acid (BUA: 6590; 0.098),
heptanal (HEPa: 8130; 0.075), ethyl butyrate (ETB: 7762; 0.012),
caproic acid (CAP: 8892; 3.631), 2′3-butane-di-one (23BD: 650;
0.003), benzaldehyde (BZ: 240; 0.154), guaiacol (GUA: 460; 2.087),
isoamylacetate (IAA: 31276; 0.032), diphenyl oxide (DPO: 7583;
13.552), allyl caproate (ACA: 31266; 0.553), benzyl acetate (BZA:
8785; 1.467), citronellal (CITa: 7794; 1.271), eugenol (EUG: 3314;
13.122), methyl anthranilate (MA: 8635; 12.653), linalol (LIN:
6549; 2.164), alpha-pinene (aPIN: 6654; 0.099), D-carvone (CAR:
16724; 1.924), and beta-ionone (ION: 638014; 30.604). To further
examine the hedonic assessment of each of these odors, a pilot
experiment was conducted in healthy subjects (n = 19; mean age,
19.47 ± 0.207 years; 13 male) who rated the pleasantness of each
stimulus on a scale from 1 (not at all pleasant) to 9 (very pleasant).
Results revealed that the stimuli did indeed cover a wide range of
affective evaluation, from the most unpleasant to the most pleas-
ant (Figure 1A). Moreover, it was also ensured that the odorants
covered the entire physicochemical olfactory space by including
molecules with a full range of molecular weight and structural
complexity (Figure 1B). All odorants were diluted in mineral oil
so as to achieve an approximate gas-phase partial pressure of 1 Pa.

EXPERIMENTAL PROCEDURE
The experimental procedure was explained in great detail to the
subjects, who provided written consent prior to participation. The
study was conducted according to the Declaration of Helsinki and
was approved by the local ethics committee of Lyon.

After providing written informed consent, subjects started the
experiment. Odorants were presented in 15-ml flasks (opening
diameter, 1.7 cm; height, 5.8 cm; filled with 5 ml), absorbed on a
scentless polypropylene fabric (3 × 7 cm; 3M, Valley, NE, USA) to
optimize evaporation and air/oil partitioning.

The experimenter presented the odorant vial 1 cm below the
subject’s nose and subjects were instructed to sniff at each pre-
sentation of a vial then rate odor intensity and pleasantness on
a scale from 1 (not at all intense/ pleasant) to 9 (very intense/
pleasant). Although the two ratings were performed in the same
perceptual task, participants were asked to first complete the
intensity judgment that refers more to the stimulus itself (i.e.,
concentration).

Once odor ratings were completed, participants were asked to
verbalize on each odor by describing it as precisely as possible. The
instructions given to the subjects were as follows: “You are going
to smell several odors one after the other. Your task will be to
sniff each vial and then to rate how intense and pleasant the smell
was. To give your estimates, you will rate each odorant on a scale
from 1 (not at all intense/ pleasant) to 9 (very intense/ pleasant).
Then, after rating each odor, you will have to describe the smell as
precisely as possible.” Odorants were presented every 45 s. In order
to habituate the subjects to the experimental setting, a training
session was carried out with a sequence of 1–3 empty flasks.

DATA ANALYSIS
Partitioning the odorant data set into two groups of pleasant and
unpleasant odors
A cluster analysis (using k-means partitioning) was used to
separate the odorant sample into two groups of pleasant and
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FIGURE 1 | Pilot study. (A) The tested odorants cover a large range of
pleasantness ratings. (B) Odorant molecules covered a full range of structural
complexity (complexity index was collected from PubChem, one of the
largest databases of chemical molecules – http://pubchem.ncbi.nlm.nih.gov/;

see also Kermen et al., 2011 for details), of molecular weight and of
physicochemical properties (molecular composite index based on a principal
component analysis with physicochemical data obtained from Dragon®
software).

unpleasant odors. Here, all pleasantness ratings data from all odor-
ants and all subjects (from the four groups) were considered. This
analysis revealed that the ten most unpleasant were CAP, BUA,
HEPa, DPO, 23BD, HEP, MA, GUA, EUG, and ETB and the ten
most pleasant odors were CITa, 3HEX, ION, aPIN, ACA, CAR,
IAA, BZ, BZA, and LIN. It is noteworthy that the pleasantness
scores of the 20 odorants in the main study correlated positively
with those obtained in the pilot study (r = 0.92, p < 0.0001).

Verbal description of pleasant and unpleasant odors
To illustrate the verbal descriptions provided by the four groups,
we considered the descriptions of each individual (in a given
group) by counting the number of times a word was used. Thus,
for each group, a table including all words and their occur-
rences was set. These four tables were then expressed graphically
(https://github.com/amueller/word_cloud; Figure 2A). After-
ward, to analyze each subject’s olfactory description, the 20
verbalizations produced by each subject (for the 20 odorants) were
processed by exploratory lexical analysis, first counting references
to pleasantness (e.g., “pleasant,” “unpleasant”). Here, a mark of
“−1” was attributed for unpleasant labels, and a mark “+1” was
used for pleasant labels. Second, three types of references were
considered: (1) references to an odor source (e.g., “flower”), (2)
references to an olfactory quality [e.g., “woody,” Chastrette et al.
(1988) being used to determine whether a term was an olfactory
quality], and (3) references to chemical terminology (e.g., “beta
ionone”).

Statistical analyses
Perceptual ratings and verbal data were analyzed using a 4 × 2
ANOVA using “group” (novices, trainee cooks, flavorists, per-
fumers) as a between-subjects factor and “hedonic valence”
(unpleasant, pleasant) as a within-subject factor. If signifi-
cant effects of “group” or “hedonic valence” or a significant
“group”*“hedonic valence” interaction were observed, the analysis
was followed by Bonferroni tests to allow for multiple statistical
comparisons.

RESULTS
PERCEPTUAL RATING TASK
Because the four groups had heterogeneous distributions in terms
of age and gender, as a control analysis, we first explored whether
age correlated with hedonic appreciation in each pleasantness
category (independent of learning group). Results revealed no
significant relationship between hedonic appreciation of (i) pleas-
ant odors and age (r = 0.007, p > 0.05) and, (ii) unpleasant odors
and age (r = 0.056, p > 0.05). Moreover, gender did not influ-
ence hedonic appreciation of pleasant odors [F(1,62) = 0.049,
p > 0.05] and unpleasant odors [F(1,62) = 0.175,
p > 0.05].

Statistical analysis of pleasantness ratings revealed a significant
effect of hedonic valence [F(1,60) = 267.171, p < 0.0001; pleas-
ant odors being rated as more pleasant than unpleasant odors;
mean ± SEM: unpleasant odors, 3.86 ± 0.10; pleasant odors,
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FIGURE 2 | Verbal descriptions of odors in untrained subjects, trainee

cooks, flavorists, and perfumers. (A) Whereas novice (untrained)
subjects used more often sources and negative emotional terms to
describe smells, experts used more technical terms when asked to
verbalize about odors. (B) Novices used more emotional terms than
trainee cooks, flavorists and perfumers and these terms are more often

negatives. The number of chemical terms and olfactory qualities to
describe odors is significantly higher in flavorists and perfumers than in
novices and trainee cooks. Further, novices used less odor source
references than trainee cooks, flavorists and perfumers and trainee cooks
used less odor source references than flavorists and perfumers.
*p < 0.05 (corrected for multiple comparisons).

5.54 ± 0.09]. In addition, a significant effect of groups was noted
[F(3,60) = 3.416, p < 0.03], but paired comparisons revealed no
significant difference between the four groups (p > 0.05 in all
cases; Table 1).

Regarding intensity ratings, a significant effect of hedonic
valence was observed [F(2,120) = 17.008, p < 0.0001; pleasant
odors being rated as less intense than unpleasant odors;
mean ± SEM: unpleasant odors, 6.59 ± 0.10; pleasant odors,
5.75 ± 0.10].

This effect was accompanied by a significant effect of groups
[F(3,60) = 4.045, p < 0.02] and a significant groups*hedonic
valence interaction [F(3,60) = 6.108, p < 0.002]. The effect of
groups reflected that odors were rated as significantly more intense
by perfumers than novices (p < 0.03) (Table 2). The significant
group*hedonic valence interaction reflected that unpleasant odors
were rated more intense than pleasant odors in novices (p < 0.006),
trainee cooks (p < 0.0001), flavorists (p < 0.005), and perfumers
(p < 0.0001).

Table 1 | Pleasantness ratings of pleasant and unpleasant odors in

novice (untrained) subjects, trainee cooks, flavorists, and perfumers.

Unpleasant odors Pleasant odors

Mean SEM Mean SEM

Novices 3.63 0.13 5.58 0.17

Trainee cooks 3.66 0.18 5.41 0.19

Flavorists 4.55 0.24 5.76 0.21

Perfumers 3.62 0.19 5.45 0.22

Table 2 | Intensity ratings of pleasant and unpleasant odors in novice

(untrained) subjects, trainee cooks, flavorists, and perfumers.

Unpleasant odors Pleasant odors

Mean SEM Mean SEM

Novices 6.21 0.19 5.44 0.23

Trainee cooks 6.19 0.23 5.64 0.22

Flavorists 6.73 0.16 6.09 0.20

Perfumers 7.25 0.13 5.83 0.18

VERBAL DESCRIPTION TASK
A descriptive analysis performed on the verbal data revealed differ-
ences between groups regarding their odor description. Whereas
novices seems to use specific sources (e.g., “feet,” “candy”) and
“emotional” words (e.g., “unpleasant”), flavorists and perfumers
describe smells using more technical terms (chemical terminology
and references to olfactory qualities and sources; Figure 2A).

Specifically, regarding emotional terms, a significant effect of
hedonic valence was observed reflecting that unpleasant odors
were described using more negative emotional words than pleas-
ant odors [mean ± SEM: unpleasant odors, −0.033 ± 0.011;
pleasant odors, 0.006 ± 0.009; F(3,60) = 5.958, p < 0.002]. More-
over, a significant effect of group was observed [F(1,60] = 5.306,
p < 0.03], reflecting that novices used more negative emotional
words to describe odors than trainee cooks (p < 0.03) and per-
fumers (p < 0.02; Figure 2B). It is worth noting that the difference
between novices and flavorists was significant (p = 0.0187) but did
not survive multiple comparisons.
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For chemical terms, a significant effect of group was observed
[F(3,60) = 36.353, p < 0.0001], reflecting the fact that perfumers
and flavorists used more chemical terms than novices and trainee
cooks (p < 0.0001). No significant differences were observed
between perfumers and flavorists (p > 0.05) or between novices
and trainee cooks (p > 0.05; Figure 2B).

With regard to olfactory qualities, a significant effect of group
was likewise observed [F(3,60) = 48.818, p < 0.0001]: perfumers
and flavorists used more olfactory quality terms than novices and
trainee cooks (p < 0.005). No significant differences were observed
between perfumers and flavorists (p > 0.05) or between novices
and trainee cooks (p > 0.05; Figure 2B). In addition, a significant
effect of hedonic valence was observed [mean ± SEM: unpleasant
odors, 1.30 ± 0.11; pleasant odors, 1.41 ± 0.13; F(1,60) = 5.877,
p < 0.02] reflecting that pleasant odors were described using more
olfactory qualities than unpleasant odors.

Finally, regarding references to odor sources, a significant effect
of group was also observed [F(2,60) = 34.622, p < 0.0001]: (i)
novices used fewer odor source references than trainee cooks, fla-
vorists and perfumers (p < 0.05); and (ii) trainee cooks used fewer
odor source references than flavorists and perfumers. No signifi-
cant differences were observed between perfumers and flavorists
(p > 0.05; Figure 2B). Apart from main effect of group, a sig-
nificant effect of hedonic valence was observed reflecting the fact
that pleasant odors were described using more odor source refer-
ences than unpleasant odors [mean ± SEM: unpleasant odors,
1.84 ± 0.11; pleasant odors, 2.1 ± 0.13; F(1,60) = 20.610,
p < 0.0001].This latter finding corroborates previous results in
the field showing a negative correlation between the number of
olfactory qualities and odor unpleasantness: odorants that evoked
few sources and qualities were also perceived as more unpleasant
(Kermen et al., 2011).

DISCUSSION
The main question addressed by the present investigation con-
cerned the effect of expertise on verbal descriptions and perceptual
assessments of pleasant and unpleasant odors. It was assumed
that flavorists and perfumers should rate pleasant odors as less
pleasant, and unpleasant odors as less unpleasant than non-
experts. Moreover, on a descriptive level, whereas flavorists
and perfumers were expected to use chemical and odor ter-
minology without referring to odor hedonics, novices were
expected to accompany their odor descriptions by references to
pleasantness.

An important finding of the present study is that, in con-
trast to our expectations, hedonic perceptual ratings of unpleasant
and pleasant odors was not affected by expertise: novices, trainee
cooks, flavorists and perfumers rated similarly unpleasant odors
on the one hand and pleasant odors on the other hand. As
was shown in wine tasting (Valentin and Chollet, 2000) where
experts and naïve subjects do not significantly differ in percep-
tual similarity judgment, the present study suggests that experts
in olfaction are able to discriminate and/or categorize odors on
the basis of their hedonic valence. However, although this is true
at an evaluative or perceptual level (pleasantness ratings), ver-
bal data suggest that experts describe and conceptualize odors
with few references to pleasantness: a result of interest of our

study was the low number of references to pleasantness in the
verbal descriptions of experts, whereas novices used hedonic
terms to describe odors (especially words with negative con-
notation). These results are in line with the literature in the
field suggesting that experts in olfaction avoid references to odor
hedonic valence (Yoshida, 1964; Ehrlichman and Bastone, 1992;
Holley, 2002).

An interpretation of the discrepancy between an expert’s abil-
ity to use less references to unpleasantness than controls vs. his
actual perceptual hedonic appreciation of unpleasant (and pleas-
ant) odors which remains the same, could be that on a perceptual
level, hedonic valence and especially its negative side, represents
the basic level of odor categorization for any perceiver, indepen-
dent of his/her expertise. This affective perception would occur
quickly and unwittingly. In accordance with the above, autonomic
responses to unpleasant odors occur implicitly when subjects
are not given any particular instruction (Bensafi et al., 2002b),
and response times are significantly shorter for unpleasant than
for pleasant odors (Bensafi et al., 2003b). These results seem to
indicate a “quick and dirty” pathway, fast-tracking decision for
bad odors. Brain imaging studies also show that pleasant and
unpleasant odors activate different neural networks (Zald and
Pardo, 1997; Gottfried et al., 2002a; Anderson et al., 2003; Rolls
et al., 2003; Royet et al., 2003; de Araujo et al., 2005; Bensafi
et al., 2008). Taken together, these results support the hypoth-
esis that only a rudimentary level of processing is necessary
to hedonically pre-process odors, and that this pre-processing
takes place when perceivers do not attend to any other specific
feature of the odorant stimulus, whatever the expertise level.
However, when experts are engaged in a verbal task requiring
subtle discrimination and description, they process the same
odors more deeply on a lexico-semantic level, with few hedonic
references.

On a lexical level, verbal descriptions in relation to smells were
significantly longer in experts than untrained subjects, confirming
expectations regarding experts’ explicit knowledge. Previous stud-
ies described the language of experts (perfumers and flavorists)
as richer, more proficient, precise, expressive and/or consistent
(Bende and Nordin, 1997; Parr et al., 2002). In line with this,
the linguistic-based criteria used here showed that experts’ ver-
bal skills were characterized by the use of chemical names and
terms referring to odor qualities and sources. Moreover, trainee
cooks used more odor source references than novices, suggesting
that daily exposure to odor sources (food sources in this case, with-
out explicit olfactory associative learning) can increase the verbal
ability to describe smells.

Lack of verbal resources in odor processing is a character-
istic of untrained subjects. Indeed, it is a common experience
to like (or dislike) a specific odor, and to be quite sure of rec-
ognizing it even if no name can be put on it: this so-called
‘tip of the nose phenomenon’ highlights implicit knowledge of
odors, despite failure to name them. This interaction between
language and olfaction can be seen in the development of olfac-
tory function: whereas a 3-year-old child learns to name colors,
odor naming is mostly developed through autonomous learning
(Rouby and Sicard, 1997) and expressed in terms of idiosyn-
cratic experience (Engen, 1987). On the contrary, expert verbal
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skills in our study were characterized by the use of domain-
specific terminology, with very few references to pleasantness.
These differences between experts and novices reflect the effect
of learning for flavorists and perfumers since their olfactory
education includes learning of chemical names and olfactory qual-
ities with adjectives (see the “the field of odors,” Jaubert et al.,
1987; Jaubert, 1995). For example, in perfumers and flavorists
particularly, the creation of fragrances and flavors involves rec-
ognizing hundreds of odorants and memorizing the effects of
their combinations. Reports indicate that perfumers are better
able to imagine odors (Gilbert et al., 1998; see also Rinck et al.,
2009) and can routinely group odors in classes, from 18 (Rim-
mel, 1895) to 88 (Arctander, 1969; Chastrette et al., 1988). For
perfumers, these classes usually contain further sub-classes (Roud-
nitska, 1991; Ellena, 2007). Moreover, notions such as “notes,”
“faces,” and “sub-tones” are used in perfumery to represent odors
(Ellena, 2007). Experts, through such continuous repetitive olfac-
tory training, can communicate their perception using verbal
supports which is of upmost importance in their professional
practice.

Although the present study provides evidence for an influ-
ence of expertise on odor verbalization, some of the findings
warrant discussion. Indeed, another particular feature of the
present findings was the increased perceived intensity in per-
fumers. One potential explanation may be that perfumers have
lower odor threshold leading to higher perceived intensity due
to their past training. Unfortunately, very little information is
available to confirm this hypothesis and one of the few studies
that compared experts and novices on a sensory level was that
of (Bende and Nordin, 1997) who showed no expertise effect on
olfactory detection, rendering less likely this possibility. Another
explanation may be that perceived intensity is higher for iden-
tified odors (Distel and Hudson, 2001). In this psychophysical
study, the authors tested human participants with a large set of
everyday odorants, and asked their subjects to rate odor pleasant-
ness, familiarity and intensity. Results showed that all these ratings
(including odor intensity) were enhanced when participants either
were given the name by the experimenter or could identify the
odorant source themselves. In the same line, the increase in
odor intensity seen in experts of our study may be related to
their better ability to describe, name and identified the odors
used.

In conclusion, we showed here that expertise does not influ-
ence odor hedonic perception per se when the subject’s attention is
focused on pleasantness: experts and novices appreciated similarly
pleasant and unpleasant odors. On a verbal level, in contrast to
experts, novices do not have rich lexical representations of smells,
and they often use words referring to environmental odor sources
accompanied by perceptually hedonic terms, often referring to
unpleasantness. However, when attention is directed toward the
lexical component of odor representations, experts seem to avoid
references to pleasantness. These findings offer new insights into
odor hedonic perception in untrained and expert populations,
highlighting for the first time an influence of expertise at the verbal
but not at the perceptual level of processing, providing new under-
standing on perceptual processing of pleasant and unpleasant
odors.
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In recent years, produce obtained from organic farming methods (i.e., a system that
minimizes pollution and avoids the use of synthetic fertilizers and pesticides) has rapidly
increased in developed countries.This may be explained by the fact that organic food meets
the standard requirements for quality and healthiness. Among organic products, wine has
greatly attracted the interest of the consumers. In the present study, trained assessors
and regular wine consumers were respectively required to identify the sensory properties
(e.g., odor, taste, flavor, and mouthfeel sensations) and to evaluate the hedonic dimension
of red wines deriving from organically and conventionally grown grapes. Results showed
differences related mainly to taste (sour and bitter) and mouthfeel (astringent) sensations,
with odor and flavor playing a minor role. However, these differences did not influence
liking, as organic and conventional wines were hedonically comparable. Interestingly,
61% of respondents would be willing to pay more for organically produced wines, which
suggests that environmentally sustainable practices related to wine quality have good
market prospects.

Keywords: odor, taste, organic wine, consumer expectation, sensory, willingness to pay

INTRODUCTION
The sensory analysis of wine has always given rise to interest
both in the scientific community and among consumers. Wine
is tightly tied to psychological aspects besides being purely sen-
sory. There have been many studies carried out on different
aspects connected with wine tasting such as the cognitive and per-
ceptual processes that characterize wine expertise. Wine-tasting
expertise involves advanced discriminative and descriptive abil-
ities with respect to wine. While the basis of wine expertise
remains unknown, differences in performance between experts
and novices are relatively clear (Lawless, 1984; Noble et al., 1987;
Solomon, 1990; Hughson and Boakes, 2002; Zucco et al., 2011).
Wine-tasting experts such as sommeliers have obviously a greater
sensory ability than inexperienced novices, but their knowledge
of wine may sometimes lead them to misperception of the prod-
uct (Pangborn et al., 1963; Morrot et al., 2001). Pangborn et al.
(1963) and Morrot et al. (2001) carried out experiments in which
white wines were colored to obtain rosé and red wines, respec-
tively. Pangborn et al. (1963) found that such a modification led
wine experts but not novices to judge the product as sweeter than
colorless controls. Similarly, Morrot et al. (2001) showed that wine
experts described the white wine with the characteristics of a red
wine.

While there are several studies on wine perception, little is
known about sensory characteristics of wines deriving from organ-
ically and conventionally grown grapes. Organic agriculture is a
production management system that promotes and enhances bio-
diversity, biological cycles, and soil biological activity. The primary

goal of organic agriculture is to minimize all forms of pollution
and to avoid the use of synthetic fertilizers and pesticides, thus
optimizing the health and productivity of soil, plants, animals, and
humans.

In recent years, consumers have become increasingly concerned
by the effects of conventional agricultural production practices on
both human and environmental health. As a consequence, pro-
duction obtained from organic farming methods has been rapidly
growing in developed countries. This may be explained as organic
food adequately meets all requirements for quality, genuineness,
and healthiness (Forbes et al., 2009). Recent evidence has also
shown an increase of the related literature, even though stud-
ies are still few in number. The studies comparing foods derived
from organic and conventional growing systems focused mainly
on three topics: nutritional value, sensory quality, and food safety
(Bourn and Prescott, 2002).

Relative to the nutritional value of wine, its antioxidant
activity and benefit on health were addressed (Renaud and De
Lorgeril, 1992), showing that phenolic compounds are natural
anti-inflammatory and efficient scavengers of free radicals (Akçay
et al., 2004).

As to the sensory quality of food products, reports indicate
that organic and conventional fruits and vegetables may differ
on a variety of sensory aspects; however, findings are incon-
sistent (Bourn and Prescott, 2002). Therefore, the assumption
of organic food having a better taste may be explained by the
consumer’s expectation of a healthier and safer product evoked
by the label “organic food” (Deliza and MacFie, 1996). Indeed,
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expectations greatly influence subject responses (see e.g., Dalton
et al., 1997).

Few studies compared sensory properties of wines derived from
organically and conventionally grown grapes. Moyano et al. (2009)
for instance, examined the aroma profile of sherry wines that had
been cultivated conventionally and organically and found that
organic wines had a sensory profile similar to that of the con-
ventional ones, but lower odor intensity. The same findings were
reported by Dupin et al. (2000), who examined German wines
and found that organic products tended to be less aromatic than
conventional ones.

“Sangiovese” (Vitis vinifera L.) is the most widely consumed
Italian wine. It is used to produce prestigious Tuscan wines such
as Chianti and Brunello di Montalcino. To our knowledge no stud-
ies are available on Sangiovese red wine sensory quality. Thus, the
main aim of this work is to identify and describe the sensory
properties, such as odor, taste, flavor, and mouthfeel sensations,
that characterize organically and traditionally grown Romagna
Sangiovese red wines. Also, as sensory properties greatly influ-
ence food preference, the hedonic dimension of organic and
conventional wines was investigated.

MATERIALS AND METHODS
WINES
The red wines evaluated in the present study were produced from
ripe grapes from Vitis Vinifera Sangiovese harvested in Septem-
ber 2007 and 2008 in the region of Faenza (Italy). The grapes
were derived from two different farms located in adjacent areas
and subjected to similar environmental conditions. For both vin-
tages, one farm produced grapes according to organic techniques
whereas the other adopted conventional agricultural techniques.
At variance from conventionally cultivated grapes neither insec-
ticides nor synthetic fertilizers were used in organic agriculture
during the growth.

All wines were produced following the same process according
to PDO (Protected Designation of Origin) specifications. Wines
were analyzed 6 months after they were bottled. Three bottles from
the organic and three from the traditional production of vintage
2007 were randomly selected to be used for sensory analysis and
the same procedure was used for vintage 2008.

SENSORY ANALYSIS
PARTICIPANTS
Descriptive analysis of wines: 12 assessors (seven women and
five men) aged on average 27.0 ± (SD) 3.5 years (range 23–
35 years) were selected. They were trained to evaluate organic
and conventional wines from vintages 2007 and 2008.

Hedonic test of wines: a second group of 100 (50 women and
50 men) regular red wine consumers (inexpert individuals with
no formal wine training) aged on average 32.1 ± (SD) 9.6 years
(range, 20–60 years) participated.

The participants were students and employees of the University
of Milan, who reported liking red wine and consuming it more
than twice a month. None of the participants had previous or
present taste or smell disorders. The study was in accordance with
the Declaration of Helsinki. The protocol was approved by the

Institutional Ethics Committee at the study site. Informed consent
was obtained from all subjects.

Descriptive analysis
Descriptive analysis (Lawless and Heymann, 1998; ISO Interna-
tional Organization for Standardization, 2003) was used to identify
and quantify the sensory properties of organic and conventional
wines from two successive vintages.

Training phase: subjects were trained over a period of 2 months.
During the first part of the training, assessors tasted Romagna
Sangiovese wines and set up a list of descriptors that characterized
the wines. To do so, assessors wrote down as many terms as they
could to describe the sensory characteristics fully. Assessors agreed
through panel discussion on what terms were relevant, and arrived
at definitions for each term. At this stage, a reference product was
provided in order to help the assessors to understand each term.

Evaluation phase: after training was completed, the panel evalu-
ated the two wines (organic vs. conventional) in triplicate. Judges
were instructed to drink and swallow each sample and rate the
intensity of each attribute using a nine-point scale (1 = absence
of the sensation and 9 = maximum intensity). The sessions
were performed on the same day (with a minimum 2-h break
between the sessions) at the sensory laboratory of the Depart-
ment of Food, Environmental and Nutritional Sciences (DeFENS,
Università degli Studi di Milano) designed in accordance with
ISO guidelines (ISO International Organization for Standardiza-
tion, 2007). Data acquisition was done using Fizz v2.31 software
(Biosystèmes, Couternon, France). Assessors were asked not to
smoke, eat or drink anything, except water, at least 1 h before
the tasting sessions. For each sample, judges received a 30 ml
sample served in glasses coded with a three-digit number and
covered with a Petri dish to avoid the escape of volatile compo-
nents. Participants were provided with mineral water and unsalted
crackers to clean their mouth between tastings. Wines were served
at 18 ± 1◦C. Presentation orders were systematically varied over
assessors and replicates in order to balance the effects of serving
order and carryover (MacFie et al., 1989).

Consumer’s preference and attitude toward wine consumption
Since the sensory properties of a food are among the primary
determinants of food preference and choice, we also investigated
the hedonic qualities of organic and conventional Romagna San-
giovese wines. For this purpose, the two wines under study, organic
and conventional from vintage 2008, were evaluated along with
four other Romagna Sangiovese wines from the same vintage pro-
duced according to conventional agriculture techniques, which
were purchased in local wineries and were comparable for price
category to those under study. Due to practical constraints (i.e.,
no availability of wine), the wines from vintage 2007 were not
included in the hedonic evaluation.

Consumers were invited to take part in a hedonic test carried
out at the DeFENS sensory laboratory. Each participant received
a series of six wines (20 ml for each product) served in glasses
coded with three-digit numbers and covered with Petri dishes. For
each sample, participants were instructed to drink and swallow
the wine and rate the degree of liking using a seven-point hedo-
nic scale (with 1 = extremely disliked and 7 = extremely liked;
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Lawless and Heymann, 1998). Consumers were asked to drink
mineral water and to eat a piece of unsalted cracker to clean their
mouth between tastings. Also, they were asked not to smoke, eat or
drink anything, except water, 1 h before the tasting session. Data
were collected using Fizz v2.31g software program (Biosystemes,
Couternon, France). Wines were evaluated under standard light
conditions at a temperature of 18 ± 1◦C. In order to balance the
effects of serving order and carryover, the presentation order of
the wines was randomized. After the liking test, the subjects were
asked a few questions about their wine consumption habit and
organic wine purchase likelihood.

RESULTS
DESCRIPTIVE ANALYSIS
The panel generated a total of 12 descriptors that characterize the
sensory profile of the wines: four odor descriptors (fruity, spicy,
woody, and vanilla), two taste descriptors (sour and bitter), three
flavor descriptors (fruity, spicy, and woody) and three mouthfeel

sensations (astringent, alcohol, and body). Complete definitions
and standard products for all descriptors are listed in Table 1.

Mean intensity ratings of organic and conventional wines
are reported in Figures 1 and 2. Intensity data for each sen-
sory descriptor from the two vintages were analyzed separately
through ANOVA with Wines (organic vs. conventional), Judges,
Replicates (rep 1 vs. rep 2 vs. rep3) as factors. Relative to
vintage 2007, Wines were significantly different for sour taste
(F = 10.31, p < 0.01), bitter taste (F = 8.87, p < 0.05) and
astringency (F = 51.13, p < 0.001). Post-hoc comparison using
the Bonferroni test (p < 0.05) showed that organic wine was
perceived as having a higher intensity of sour taste, and astrin-
gent sensation but lower bitter taste. Differences between the two
wines from vintage 2008 concerned only astringency (F = 13.66,
p < 0.01), with organic wine having a higher intensity. The
effect of Judges was significant (p < 0.05), which is expected
because individuals can of course have different sensitivities to
the different descriptors. This effect can seldom be changed by

Table 1 | List of the 12 sensory descriptors of Romagna Sangiovese PDO wines with their relevant definitions and reference standards.

Descriptor Definition Reference standard

Odor

Fruity Characteristic odor of a combination of blueberry, raspberry, and blackberry

perceived by means of the sense of smell (orthonasal perception)

Infusion (24 h, 4◦C) of 12 blueberries, two raspberries, and

one blackberry in 0.5 l of red table wine

Spicy Characteristic odor of a combination of spices (cinnamon and clove)

perceived by means of the sense of smell (orthonasal perception)

Infusion (24 h, 4◦C) of 16 cloves and one cinnamon stick in

0.5 l of red table wine

Vanilla Characteristic odor of vanilla perceived by means of the sense of smell

(orthonasal perception)

Commercial liquid vanilla odorant (2 ml) dissolved in 0.5 l of

red table wine

Woody Characteristic odor of toasted wood perceived by means of the sense of

smell (orthonasal perception)

Guaiacol in red table wine (2 ppb)

Taste

Sour One of the basic tastes, caused by solution of acidic compounds perceived

in the oral cavity

Anhydrous citric acid (2 g) in 0.7 l of red table wine

Bitter One of the basic tastes, caused by solution of bitter compounds perceived

in the oral cavity

Caffeine (0.8 g) in 0.5 l of red table wine

Flavor

Fruity Characteristic odor of a combination of blueberry, raspberry, and blackberry

perceived by means of the sense of smell during swallowing (retronasal

perception)

Infusion (24 h, 4◦C) of 12 blueberries, two raspberries, and

one blackberry in 0.5 l of red table wine

Spicy Characteristic odor of a combination of spices (cinnamon and clove)

perceived by means of the sense of smell during swallowing (retronasal

perception)

Infusion (24 h, 4◦C) of 16 cloves and one cinnamon stick in

0.5 l of red table wine

Woody Characteristic odor of toasted wood perceived by means of the sense of

smell during swallowing (retronasal perception)

Guaiacol in red table wine (2 ppb)

Mouthfeel

Astringent Mouth dryness caused by tannins and perceived in the oral cavity Dissolve 1.5 g of tannin in 750 ml of red table wine

Alcohol Characteristic heat/burning sensation perceived in the oral cavity Mix 40 ml of 95% ethyl alcohol with 500 ml of red table

wine

Body Characteristic perceived in the oral cavity, due to the friction among the

molecules in a liquid, that gives to it a limited fluidity and mobility

Mix 6 ml of glycerol with 1 l of red table wine
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FIGURE 1 | Descriptive analysis results: mean values for each sensory descriptor by method of production (organic vs. conventional) for vintage 2007.

For each descriptor the relevant significance is reported (***p < 0.001, **p < 0.01, *p < 0.05).

training (Lea et al., 1997). Also, data analysis showed that F val-
ues for Replicates and interactions between Wines and Judges,
Judges and Replicates and Wines and Replicates were not sig-
nificant (p < 0.05) for nearly all the attributes. These results
indicated that the mean scores for each wine given by the
assessors for each attribute could be assumed to be satisfactory
estimates of the sensory profile of the samples (i.e., good panel
reliability).

STUDY OF CONSUMER PREFERENCE AND ATTITUDE TOWARD WINE
CONSUMPTION
Mean hedonic ratings and standard errors for organic and con-
ventional Romagna Sangiovese wines are reported in Table 2.
Data analysis by means of one-way ANOVA showed significant
differences (F = 2.42, p < 0.05) between wines for liking ratings.
Post-hoc comparison using the Bonferroni test (p < 0.05) showed
that organic and conventional wines from vintage 2008 were not
significantly different and showed liking ratings comparable to
other commercial wines (Sangiovese A, B, and C).

The same subjects involved in the hedonic study were also asked
to answer a few questions about their attitude toward wine con-
sumption (see, Table 3). About 59% of the subjects were habitual
red wine consumers. The largest part (85%) of the wine used was
mostly for home consumption. Wine is purchased at retail shops
(59%) and most of the consumers are used to spending no more
than 7 euros for a bottle of wine. Finally, it is interesting to note
that when asked about the purchase of organically produced wine,
61% of them declared they would be willing to pay more for such
product.

DISCUSSION
The present study investigated the sensory and hedonic qualities
of red wines derived from organically and conventionally grown
grapes. The examined wines were Romagna Sangiovese red wines.
The descriptive analysis identified specific olfactory properties that
characterize these wines, namely fruity, spicy, vanilla, and woody
odors and flavors. Odor is a relevant sensory attribute of food,
as well as of wines, which lead consumer’s preference and choice.
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FIGURE 2 | Descriptive analysis results: mean values for each sensory descriptor by method of production (organic vs. conventional) for vintage 2008.

For each descriptor the relevant significance is reported (**p < 0.01).

Also, the quality and specificity of each wine are associated in most
cases with a specific odorant.

This study has shown that the organic and conventional
wines differed marginally in the intensity of sensory descrip-
tors. Only the properties of taste and mouthfeel sensations
distinguished the two types of wine, whereas odor and flavor
seemed to play a minor role. Organic wine from vintage

Table 2 | Mean hedonic ratings (±STDERR) for organic and

conventional Romagna Sangiovese wines from vintage 2008 and

other four commercial Romagna Sangiovese wines from

conventional agricultural techniques (Sangiove A–D).

Wines (F = 2.42; p < 0.05) Hedonic rating

Sangiovese A 4.2a ± 0.3

Conventional 2008 4.4a ± 0.3

Organic 2008 4.5a ± 0.3

Sangiovese B 4.8ab ± 0.3

Sangiovese C 4.9ab ± 0.3

Sangiovese D 5.3b ± 0.3

Mean hedonic ratings with different superscripts are significantly different
according to Bonferroni test (p < 0.05).

2007 was perceived as more sour and astringent but less
bitter than its conventional counterpart, whereas differences
between wines from vintage 2008 concerned only astrin-
gency.

In addition, the differences between wines did not influence
liking, as organic and conventional wines were hedonically com-
parable. This means that consumers are not able to discriminate
among organic and conventional wines from a hedonic point of
view. One reason relates to their lack of formal training in sen-
sory evaluation, which leads them only to detect major differences
among products with less sensitivity to more subtle differences.
It may be assumed that differences in liking could have been per-
ceived between organic and conventional wines from vintage 2007,
which showed larger differences in the intensity of some sen-
sory qualities (i.e., bitter taste, sour taste and astringency) than
wines from vintage 2008. Unfortunately, this hypothesis could
not be verified, as wines from vintage 2007 were not included
in the hedonic comparison. Nevertheless, self-reported com-
ments by the participants suggest that even though the organic
wine from vintage 2007 showed a high intensity of sourness
and astringency, it was judged equally liked as its conventional
counterpart.

The issue of comparing the hedonic qualities of organically and
conventionally produced food has been tackled by various authors

www.frontiersin.org November 2013 | Volume 4 | Article 896 | 69

http://www.frontiersin.org/
http://www.frontiersin.org/Cognitive_Science/archive


“fpsyg-04-00896” — 2013/11/27 — 18:18 — page 6 — #6

Pagliarini et al. Sensory and hedonic perception of Sangiovese red wine

Table 3 | Results from the questionnaire related to wine consumption

habit and organic wine purchase intention.

Question Answer (%) Items

How would you define

yourself?

59 Habitual wine consumer

(2 or more times a month)

41 Occasional wine consumer

(less than twice a week)

Wine purchase is mainly

destined to…

85 Home consumption

15 Restaurant consumption

Where do you usually buy

wine?

12 Wine shops

59 Retail shops

29 Wineries

How much do you usually

pay for a bottle of wine?

3 Less than 3 euros

19 Between 3 and 5 euros

49 Between 5 and 7 euros

28 Between 7 and 10 euros

2 More than 10 euros

Would you be willing to

pay an extra charge for an

organically produced

wine?

23 Yes, less than 10%

34 Yes, between 10 and 20%

4 Yes, between 20 and 30%

0 Yes, more than 30%

39 No

with respect to different food products, e.g., yogurt (Laureati
et al., 2013), cheese (Napolitano et al., 2010a), meat (Napolitano
et al., 2010b), and beer (Caporale and Monteleone, 2004). Inter-
estingly, in these studies the liking of organic and conventional
products has been evaluated under different information condi-
tions: the blind condition (i.e., consumers taste and judge the
product without any kind of information); the expected condi-
tion (i.e., consumers do not taste the product and judge it only
on the basis of written or visual information); and the informed
condition (i.e., consumers taste and judge the product after hav-
ing read written information and/or seen an image). The main
outcome of these studies is that organic products are liked more
than their conventional counterparts but only in informed con-
ditions, namely when consumers knew that they were to taste
an organic food. Thus, it would seem that organic products are
liked more because of the “healthier” connotation they have in
the consumer’s mind rather than for an actual preference based
on perceptual attributes. Also, the influence of information about
organic production on consumers’ food preferences and expecta-
tions is especially evident in the case of consumers who are more
interested in and proactive for “sustainable” products (Laureati
et al., 2013). This suggests that expectation plays an important
role for food consumption, since it may improve or degrade
the perception of a product, even before it is tasted (Deliza and
MacFie, 1996; Dalton et al., 1997). In this respect, it should be
pointed out that the Sangiovese wines used in the present study

were evaluated under blind conditions, without any information
concerning production method. Thus, consumers’ liking derives
mainly from the mere sensory perception of the wines with-
out any pre-conceived ideas due to their knowledge about the
product.

Finally, an interesting result is that most of the consumers
declared themselves willing to pay more for organically pro-
duced wines. This result is in line with the finding of a recent
study by Lockshin and Corsi (2012) who reported that con-
sumers in European countries as well as in the United States, New
Zealand and Australia are willing to pay more for organic wines
mainly for health and environmental reasons but also because
consumers are interested in helping producers who adopt these
innovations. Of course cognitive factors as personal expectancies
– addressed above – have room. Therefore, a greater predispo-
sition to pay an additional charge for organic wine may be due
to specific consumer’s attitude and involvement in sustainability
issues.

In conclusion, the present study evidenced the sensory prop-
erties that characterize red wines from organically and conven-
tionally grown grapes. The differences detected from a quan-
titative point of view are only marginal, and do not seem
to have an impact on consumer’s hedonic perception. A lim-
itation of this study may be that only two vintages of one
grape variety of organic and conventional wines were consid-
ered. Further research is needed to clarify this aspect. In this
context, future perspectives of study should deal with the study
of sensory and hedonic qualities of wine, which are undoubt-
edly the strongest determinants of consumer’s expectations and
play a key role in consumer’s purchase attitude. This aspect
seems to be particularly relevant for wines deriving from organi-
cally and conventionally grapes since environmentally sustainable
practices related to wine quality seem to have good market
prospects.

ACKNOWLEDGMENT
The authors would like to thank professor Zucco for comments
and criticisms on an early draft.

REFERENCES
Akçay, Y. D., Yıldırım, H. K., Güvenç, U., and Sözmen, E. Y. (2004). The effects

of consumption of organic and nonorganic red wine on low-density lipopro-
tein oxidation and antioxidant capacity in humans. Nutr. Res. 24, 541–554.
doi:10.1016/j.nutres.2004.04.004

Bourn, D., and Prescott, J. (2002). A comparison of the nutritional value, sensory
qualities, and food safety of organically and conventionally produced foods. Crit.
Rev. Food Sci. 42, 1–34. doi: 10.1080/10408690290825439

Caporale, G., and Monteleone, E. (2004). Influence of information about man-
ufacturing process on beer acceptability. Food Qual. Pref. 15, 271–278. doi:
10.1016/S0950-3293(03)00067-3

Dalton, P., Wysocki, C. J., Brody, M. J., and Lawley, H. J. (1997). The influ-
ence of cognitive bias on the perceived odor, irritation and health symptoms
from chemical exposure. Int. Arch. Occup. Environ. Health 69, 407–417. doi:
10.1007/s004200050168

Deliza, R., and MacFie, H. J. H. (1996). The generation of sensory expectation by
external cues and its effect on sensory perception and hedonic ratings: a review.
J. Sens. Stud. 7, 253–277. doi: 10.1111/j.1745-459X.1996.tb00036.x

Dupin, I., Schlich, P., and Fischer, U. (2000). “Differentiation of wines produced
by organic or conventional viticulture according to their sensory profiles and
aroma composition,” in Proceedings of Proceedings 6th International Congress on

Frontiers in Psychology | Cognitive Science November 2013 | Volume 4 | Article 896 | 70

http://www.frontiersin.org/Cognitive_Science/
http://www.frontiersin.org/Cognitive_Science/archive


“fpsyg-04-00896” — 2013/11/27 — 18:18 — page 7 — #7

Pagliarini et al. Sensory and hedonic perception of Sangiovese red wine

Organic Viticulture, eds H. Willer and U. Meier (Bad Dürkheim, D: Print-Online),
245–251.

Forbes, S. L., Cohen, D. A., Cullen, R., Wratten, S. D., and Fountain, J. (2009).
Consumer attitudes regarding environmentally sustainable wine: an exploratory
study of the New Zealand marketplace. J. Clean. Prod. 17, 1195–1199. doi:
10.1016/j.jclepro.2009.04.008

Hughson, L., and Boakes, R. (2002). The knowing nose: the role of knowledge
in wine expertise. Food Qual. Pref. 13, 463–472. doi: 10.1016/S0950-3293(02)
00051-4

ISO International Organization for Standardization. (2003). Sensory Analysis
– Methodology – General Guidance for Establishing a Sensory Profile (ISO
13299:2003). Geneva, Switzerland.

ISO International Organization for Standardization. (2007). Sensory Analysis
– General Guidance for the Design of Test Rooms (ISO 8589:2007). Geneva,
Switzerland.

Laureati, M., Jabes, D., Russo, V., and Pagliarini, E. (2013). Sustainability and
organic production: how information influences consumer’s expectation and
preference for yogurt. Food Qual. Pref. 30, 1–8. doi: 10.1016/j.foodqual.2013.
04.002

Lawless, H. T. (1984). Flavor description of white wine by expert and non-
expert wine consumers. J. Food Sci. 49, 120–123. doi: 10.1111/j.1365-
2621.1984.tb13686.x

Lawless, H. T., and Heymann, H. (1998).“Descriptive analysis,” in Sensory Evaluation
of Food: Principles and Practices, eds H. T. Lawless and H. Heymann (New York:
Chapman & Hall), 341–372.

Lea, P., Næs, T., and Rødbotten, M. (1997).“Further aspects of design and modeling,”
in Analysis of Variance for Sensory Data (Chichester: John Wiley & Sons Ltd),
20–21.

Lockshin, L., and Corsi, A. M. (2012). Consumer behavior for wine 2.0: a
review since 2003 and future directions. Wine Econ. Policy 1, 2–23. doi:
10.1016/j.wep.2012.11.003

MacFie, H. J. H., Bratchell, N., Greenhoff, K., and Vallis, L. V. (1989). Designs
to balance the effect of order of presentation and first order carry-over effects
in hall tests. J. Sens. Stud. 4, 129–148. doi: 10.1111/j.1745-459X.1989.tb0
0463.x

Morrot, G., Brochet, F., and Dubourdieu, D. (2001). The color of odors. Brain Lang.
79, 309–320. doi: 10.1006/brln.2001.2493

Moyano, L., Zea, L., Villafuerte, L., and Medina, M. (2009). Comparison of
odor-active compounds in sherry wines processed from ecologically and con-
ventionally grown pedroximenez grapes. J. Agric. Food Chem. 57, 968–973. doi:
10.1021/jf802252u

Napolitano, F., Braghieri, A., Piasentier, E., Favotto, S., Naspetti, S., and Zanoli,
R. (2010a). Cheese liking and consumer willingness to pay as affected by
information about organic production. Food Qual. Pref. 18, 280–286. doi:
10.1017/S0022029910000130. Epub 2010 Mar 3.

Napolitano, F., Braghieri, A., Piasentier, E., Favotto, S., Naspetti, S., and
Zanoli, R. (2010b). Effect of information about organic production on beef
liking and consumer willingness to pay. Food Qual. Pref. 21, 207–212. doi:
10.1016/j.foodqual.2009.08.007

Noble, A., Arnold, R. A., Buechsenstein, J., Leach, E. J., Schmidt, J. O., and Stern,
P. M. (1987). Modification of a standardized system of wine aroma terminology.
Am. J. Enol. Vitic. 38, 143–146.

Pangborn, R., Berg, H., and Hansen, B. (1963). The influence of color on dis-
crimination of sweetness in dry table-wine. Am. J. Psychol. 76, 492–495. doi:
10.2307/1419795

Renaud, S., and De Lorgeril, M. (1992). Wine, alcohol, platelets, and the French
paradox for coronary heart disease. Lancet 339, 1523–1526. doi: 10.1016/0140-
6736(92)91277-F

Solomon, G. (1990). Psychology of novice and expert wine talk. Am. J. Psychol. 105,
495–517. doi: 10.2307/1423321

Zucco, G., Carassai, A., Baroni, M. R., and Stevenson, R. J. (2011). Labeling,
identification, and recognition of wine-relevant odorants in expert somme-
liers, intermediates, and untrained wine drinkers. Perception 40, 598–607. doi:
10.1068/p6972

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 30 July 2013; accepted: 13 November 2013; published online: 29 November
2013.
Citation: Pagliarini E, Laureati M and Gaeta D (2013) Sensory descriptors, hedonic
perception and consumer’s attitudes to Sangiovese red wine deriving from organically
and conventionally grown grapes. Front. Psychol. 4:896. doi: 10.3389/fpsyg.2013.00896
This article was submitted to Cognitive Science, a section of the journal Frontiers in
Psychology.
Copyright © 2013 Pagliarini, Laureati and Gaeta. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org November 2013 | Volume 4 | Article 896 | 71

http://dx.doi.org/10.3389/fpsyg.2013.00896
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Cognitive_Science/archive


REVIEW ARTICLE
published: 02 June 2014

doi: 10.3389/fpsyg.2014.00504

The perception of odor objects in everyday life: a review on
the processing of odor mixtures
ThierryThomas-Danguin1*, Charlotte Sinding 2 , Sébastien Romagny1, Fouzia El Mountassir1,
Boriana Atanasova 3, Elodie Le Berre 4, Anne-Marie Le Bon1 and Gérard Coureaud 1*
1 Centre des Sciences du Goût et de l’Alimentation, CNRS UMR6265, INRA UMR1324, Université de Bourgogne, Dijon, France
2 Smell and Taste Clinic, Department of Otorhinolaryngoly, TU Dresden, Dresden, Germany
3 INSERM U930, Université François Rabelais, Tours, France
4 Unilever R&D, Vlaardingen, Netherlands

Edited by:
Ilona Croy, University of Gothenburg,
Sweden

Reviewed by:
Fehmida Hussain, Middlesex
University Dubai, United Arab
Emirates
Anna-Sara Claeson, Umeå University,
Sweden

*Correspondence:
Thierry Thomas-Danguin, Centre des
Sciences du Goût et de l’Alimentation,
INRA, 17 rue Sully, F-21000 Dijon,
France
e-mail: thierry.thomas-danguin@dijon.
inra.fr;
Gérard Coureaud, Centre des
Sciences du Goût et de l’Alimentation,
9E boulevard Jeanne d’Arc, F-21000
Dijon, France
e-mail: gerard.coureaud@u-bourgo
gne.fr

Smelling monomolecular odors hardly ever occurs in everyday life, and the daily functioning
of the sense of smell relies primarily on the processing of complex mixtures of volatiles
that are present in the environment (e.g., emanating from food or conspecifics). Such
processing allows for the instantaneous recognition and categorization of smells and
also for the discrimination of odors among others to extract relevant information and to
adapt efficiently in different contexts. The neurophysiological mechanisms underpinning
this highly efficient analysis of complex mixtures of odorants is beginning to be unraveled
and support the idea that olfaction, as vision and audition, relies on odor-objects encoding.
This configural processing of odor mixtures, which is empirically subject to important
applications in our societies (e.g., the art of perfumers, flavorists, and wine makers), has
been scientifically studied only during the last decades. This processing depends on many
individual factors, among which are the developmental stage, lifestyle, physiological and
mood state, and cognitive skills; this processing also presents striking similarities between
species. The present review gathers the recent findings, as observed in animals, healthy
subjects, and/or individuals with affective disorders, supporting the perception of complex
odor stimuli as odor objects. It also discusses peripheral to central processing, and cognitive
and behavioral significance. Finally, this review highlights that the study of odor mixtures
is an original window allowing for the investigation of daily olfaction and emphasizes the
need for knowledge about the underlying biological processes, which appear to be crucial
for our representation and adaptation to the chemical environment.

Keywords: odor mixture, perception, interactions, configural, elemental, animal behavior, human applications

INTRODUCTION
The way human beings map their environment as a brain rep-
resentation is a cornerstone to the interactions they can develop
with their surroundings and thus determines their fitness to the
world they live in. This representation is built on the basis of
sensory cues provided by sensory organs and gathered in the
brain. The environment is particularly rich in volatile chemical
compounds emitted from a large variety of natural and unnatu-
ral sources (e.g., plants, food, conspecifics, organisms, perfumes,
human activities). The olfactory system must compute this mix-
ture of volatiles, all day long at a certain distance from the sources
and in a timescale reconcilable with fast but relevant behaviors.
This is the challenge of the sense of smell, which has to extract
relevant information from highly complex chemical mixtures. For
humans and other organisms, the success of this computation is
a prerequisite to a reliable mental representation of the olfactory
environment, which is essential for maximizing adapted behav-
iors throughout life. Conversely, impaired olfactory processing
may affect health and/or well-being and can even lead to death in
certain species.

Efficient processing of odorants mixtures should allow for
not only the instantaneous recognition and categorization of

smells but also the discrimination of odors among others (e.g.,
background). The different ways in which the olfactory system
processes an odor mixture relative to its components contributes
to this discrimination. Nevertheless, though olfaction has been
the subject of numerous studies, most of them used so-called
“monomolecular odors” (i.e., they were based on single odor-
ants as stimuli). As a consequence, the psychophysiological and
neurobiological mechanisms that govern the perception of com-
plex odor stimuli, namely the daily functioning of the sense of
smell, remain poorly understood. In this context, the present
review aims to depict the current knowledge on the perception
of odor mixtures. The main guideline of this review is to gather
and discuss the results of very recent as well as major studies on
the processing of odor mixtures whatever they focused on cellu-
lar, neurobiological, behavioral or psychological aspects, and to
take into consideration studies conducted both in humans and
animals. Considering that olfactory neuroanatomy is remarkably
conserved among animals (Ache and Young, 2005), we especially
took advantage of studies in non-human species to highlight the
ongoing research on the mechanisms of peripheral and central
processing specific to complex odor stimuli. Then we discuss the
implications of these mechanisms in relation to the perception
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of odor objects and the cognitive and behavioral significance
of such a processing. Finally we consider the applied conse-
quences and benefits that research on odor mixture perception
may have for clinical approaches in individuals with mood dis-
order and for formulation approaches in the field of flavors and
fragrances.

THE SPECIFICITY OF ODOR MIXTURES PROCESSING:
PERCEPTUAL INTERACTIONS
The main features of monomolecular odor processing are well
characterized. Odor intensity is mainly driven by the odorant con-
centration (Stevens, 1960; Berglund et al., 1971; Chastrette et al.,
1998; Devos et al., 2002). Odor quality is mainly related to the
odorant chemical structure (Chastrette, 1997; Gaudin et al., 2007;
Sanz et al., 2008; Kaeppler and Mueller, 2013; Snitz et al., 2013).
Odor pleasantness is highly correlated to odor quality (Kermen
et al., 2011) and largely depends on the molecular structure (Khan
et al., 2007); odor intensity (Doty, 1975) and individual cogni-
tive factors (e.g., Rouby et al., 2009) also impact pleasantness.
However, in the case of odor mixtures, everything becomes more
complicated due to the perceptual interactions that arise from
the complex chemical signal encoding and processing within the
olfactory system.

As defined by Berglund et al. (1976), a mixture percept can be
homogeneous when a single odor is perceived from the mixture or
heterogeneous when several odors are perceived from the mixture.
A homogeneous percept first arises when the odors of the mixed
odorants blend into a new odor perceived as an entity. In that
case, the mixture is called a blending mixture (Thomas-Danguin
et al., 2007) and the perception may be considered configural (or
robust configural; Kay et al., 2005) or synthetic (Berglund and
Olsson, 1993; Laing, 1994). Second, the odor mixture could also
be considered homogeneous when one mixture component has
a strong intensity and thus completely covers the quality of the
other components; in that case, one speaks about complete over-
shadowing (Kay et al., 2005) or masking (Cain and Drexler, 1974).
When the percept induced by the mixture is heterogeneous, at
least some of the component odors can be perceived within the
mixture. This refers to the analytical processing of olfactory infor-
mation (Berglund and Olsson, 1993) also qualified as elemental
(Kay et al., 2005). In that case, the odor quality of the mixture
can be predicted based on the odor intensity of the components
(Laing and Willcox, 1983; Olsson, 1998; Wise and Cain, 2000), but
some perceptual interactions may be observed, such as percep-
tual dominance or partial overshadowing (Atanasova et al., 2005a;
Kay et al., 2005; Brodin et al., 2009; Kurtz et al., 2009; Ferreira,
2012b). In many cases, the mixture can have blending properties
that lead to the perception of a specific odor for the mixture, on
top of the odors of the odorants, which are still perceived (weak
configural; Kay et al., 2005). Figure 1A illustrates all of the the-
oretical interactions for odor quality in binary mixtures. In the
case of more complex mixtures, it has been suggested that the
odor quality of the mixture is more frequently different from the
quality of their constituting odorants. In other words, complex
mixtures are more inclined to evoke the perception of a new odor
(Livermore and Laing, 1998b; Ferreira, 2012b; Lindqvist et al.,
2012).

Regarding odor intensity, perceptual interactions induced by
the mixing of at least two odors can lead to several effects that can
be categorized depending on whether the mixture quality is homo-
geneous or heterogeneous (Cain and Drexler, 1974; Berglund et al.,
1976; Thomas-Danguin, 1997; Ferreira, 2012a; Thomas-Danguin
and Dumont, 2012). To demonstrate the perceptual effect of mix-
ing odors, the mixture intensity is compared to the intensities
of the single components or their sum (Cain, 1975; Patte and
Laffort, 1979; Berglund and Olsson, 1993; Thomas-Danguin and
Chastrette, 2002); all of the theoretical possibilities are summa-
rized in Figure 1B. For homogeneous percepts, hyper-addition,
complete addition, or hypo-addition can arise. In the case of hypo-
addition, depending on whether the mixture intensity is higher
or lower than the single components’ odor intensities, one can
observe partial addition, compromise, or subtraction (Figure 1B).
In the case of heterogeneous percept, it is possible to differentiate
among synergy, independence, or masking (partial overshadow-
ing, Figure 1B). In the case of complex mixtures including more
than two odorants, the odor intensity of the mixture usually
does not increase when increasing the number of components
(Berglund, 1974; Laffort and Dravnieks, 1982; Miyazawa et al.,
2009; Ferreira, 2012a).

Pleasantness is another key feature of odors, but the perceived
pleasantness of mixtures has been poorly studied. The available
results on binary mixtures all suggest that the pleasantness of
the mixture falls between the pleasantness of the components
(Moskowitz and Barbe, 1977; Dravnieks and Jarke, 1980). More
recently, it was reported that components’ odor intensity strongly
contributed to the overall mixture pleasantness (Lapid et al., 2008).
However, for greater than binary-order mixtures, pleasantness
seems to be hardly predictable (Lindqvist et al., 2012).

Perceptual interactions induced by the perception of odorants’
mixtures could arise from several biochemical or neurobiological
interactions during all stages of olfactory information processing
within the olfactory system from the periphery to the brain, as
reviewed hereafter.

INTERACTIONS AT THE PERIPHERY: CODING COMPLEX
CHEMICAL INFORMATION
Interactions occurring at the peripheral level of the olfactory sys-
tem play a critical role in the processing of odorants’ mixture
(Berglund et al., 1976; Bell et al., 1987; Derby, 2000; Kay et al.,
2003; Goyert et al., 2007). In both vertebrates and invertebrates,
the periphery of the olfactory system triggers the first step of
olfactory information coding. At this stage, odorants are sam-
pled by a large number of olfactory receptors (ORs) located in
the cilia of olfactory sensory neurons/cells (OSNs). In mam-
mals, each OSN expresses only one functional OR (Chess et al.,
1994; Malnic et al., 1999; Serizawa et al., 2004), while insect OSNs
express a conventional ligand-binding OR together with OR83b, a
highly conserved member of the insect OR family (Larsson et al.,
2004). Each OSN/OR typically responds to a variety of odorants
so that the identity of a molecule is encoded by the combination of
ORs/OSNs that recognize it (Malnic et al., 1999; Duchamp-Viret
et al., 2000; Kajiya et al., 2001). The overlapping response pro-
files of OSNs introduce the possibility of interactions within the
context of odorants’ mixtures.
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FIGURE 1 |Theoretical outcomes on odor quality (A) and odor intensity (B) when two odorants are perceived in the mixture. One odorant has an odor
noted A and the other B, while odor U is specific to the mixture (Unique-cue, see section on configural processing of odorants in mixtures) (this figure was
partially adapted from Thomas-Danguin (1997).

Electrophysiological studies in different vertebrate and inver-
tebrate species have compared the responses of OSNs to binary
mixtures and their components (Ache et al., 1988; Caprio, 1989;
Akers and Getz, 1993; Kang and Caprio, 1997; Steullet and
Derby, 1997; Carlsson and Hansson, 2002; Ochieng et al., 2002;
Duchamp-Viret et al., 2003). Three types of interactions were
mainly observed; they depended on the odorants included in
the mixtures and their concentration ratios. In many cases, the
response intensity of OSNs to the mixture is lower than the
response to the most efficacious component. This phenomenon
is reconcilable with the compromise or the subtraction levels of
hypo-addition (Figure 1B; Gleeson and Ache, 1985; Ache, 1989;

Steullet and Derby, 1997; Duchamp-Viret et al., 2003; Rospars
et al., 2008). Conversely, the response intensity of OSNs to a
mixture can be higher than that induced by the most efficacious
component; this phenomenon is classified as partial addition or
hyper-addition when the response to the mixture exceeds the
summed responses to the components (Figure 1B; Akers and Getz,
1993; Kang and Caprio, 1997; Ochieng et al., 2002; Duchamp-
Viret et al., 2003; Chaput et al., 2012). In most cases, a given
type of interaction was observed over the whole concentration
range, but in some cases, a shift to another interaction type as a
function of odorant concentration was reported (Duchamp-Viret
et al., 2003; Rospars et al., 2008). Data modeling suggests that both
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competitive and non-competitive interactions occur at the OR
level and may account for the effects reported in these studies
(Rospars et al., 2008; Cruz and Lowe, 2013; Münch et al., 2013).
There is competitive interaction when two molecules bind to the
same receptor binding site. This mechanism could involve either
two agonist odorants, i.e., molecules that are able to activate the
receptor, or one agonist and one antagonist (the latter being a
molecule that binds to the receptor but is unable to activate it;
Spehr et al., 2003; Oka et al., 2004; Sanz et al., 2005, 2008; Jacquier
et al., 2006). For example, it has been shown that the odorant
bourgeonal is a powerful agonist for the human receptor hOR17-
4 recombinantly expressed in human embryonic kidney (HEK)
293 cells, while another odorant undecanal fails to activate this
receptor (Spehr et al., 2003). However, the co-incubation of bour-
geonal with undecanal strongly suppressed the hOR17-4 response,
which indicates that undecanal inhibited the receptor activation by
bourgeonal. The electrical activity in the human olfactory epithe-
lium in response to bourgeonal was dramatically decreased after
undecanal exposure (Spehr et al., 2004). Moreover undecanal odor
exhibits a strong inhibitory effect on bourgeonal odor at the per-
ceptual level in humans (Spehr et al., 2004; Brodin et al., 2009).
A recent study (Chaput et al., 2012) gave additional evidence for
a direct link between peripheral and perceptual responses to a
mixture containing two odorants naturally occurring in wine,
i.e., whiskey lactone and isoamyl acetate. Rat OSN responses to
this mixture were enhanced or reduced depending on the OR
type and/or the concentration of whiskey lactone in the mixture.
Similarly, in humans, the fruity note intensity within the same
mixture was increased by low concentrations of whiskey lactone
and decreased by high concentrations. Thus, for a given mixture,
different types of interactions can occur at the peripheral level,
depending on the odorant concentration ratios, which likely gov-
ern the mixture’s perceptual properties. In insects too, various
types of interactions occur at the periphery after stimulation with
mixtures of plant odorants and pheromones (Ochieng et al., 2002;
Deisig et al., 2012). Hypo-addition-like effects have been observed
in a number of cases, and inhibition caused by one molecule at
the level of OSNs can modify the response to a pheromone either
by reducing its magnitude or by modifying its temporal dynamics
(Su et al., 2011; Deisig et al., 2012).

Overall, studies in vertebrates and invertebrates highlight the
importance of peripheral interactions in the coding of odorants’
mixtures. These events likely shape the odor signal, which might
determine the perceptual features of complex mixtures. Neverthe-
less, the peripheral coding of odorants’ mixtures remains poorly
understood, and it is still difficult to predict the outcomes of this
process though the properties of the single compounds are known.

INTERACTIONS AT HIGHER LEVELS: PROCESSING ODOR
INFORMATION
The emergence of new methods of brain imaging in both humans
and animals has shed new light on how odors, especially those
elicited by mixtures, are encoded in the brain olfactory regions
where activation or inhibition between neurons or clusters of
neurons can occur. From an anatomical point of view, the OSN
enters the olfactory bulb (OB, mammals) or antennal lobe (AL,
insects) and connects the mitral cells (mammals) or projection

neurons (insects). In mammals, OSNs expressing the same OR
converge onto one glomerulus and connect one mitral cell, which
is accompanied by tufted cells (Buonviso and Chaput, 1990; Mom-
baerts et al., 1996; Chen et al., 2009). In insects, similar OSNs also
converge onto one glomerulus (Galizia and Menzel, 2000; Wang
et al., 2003), but one glomerulus can connect several projection
neurons (Kirschner et al., 2006). This neuronal architecture helps
gather information from several similar OSNs while staying close
to the combinatorial code provided by the binding odorant/OR.
Nevertheless, inhibitory systems at this brain processing level can
modify the output information that is projected to higher areas.
A significant modification of the odor output code occurs post-
synaptically and is triggered by granular cells in mammals (Wright
and Smith,2004; McGann et al., 2005; Kay and Stopfer,2006; Abra-
ham et al., 2010). In insects, inhibition arises from local neurons
that connect glomeruli pre- and/or post-synaptically (Silbering
and Galizia, 2007).

In odorants’ mixture processing, perceptual interactions occur-
ring at the OB/AL level are thought to mostly result from these
inhibitory processes, which may contribute to the sparse represen-
tation of complex odor mixtures in these brain structures (Dulac,
2006). This may also lead to the apparent perceptual contribution
of only a few dominant chemical cues within a complex mixture
(e.g., natural scents; Dulac, 2006; Clifford and Riffell, 2013). In
line with the involvement of inhibitory processes in the OB, it has
also been reported that mitral/tufted cells respond to odorants
presented both individually and in mixtures, although the firing
rates evoked by mixtures typically showed partial suppression (i.e.,
hypo-addition; Figure 1B; Davison and Katz, 2007). However, an
unanswered question is what triggers the inhibition. One hypoth-
esis is that chemical (structural) similarity between odorants could
activate overlapping patterns, which may induce perceptual simi-
larity but may also increase the interaction potential (Linster et al.,
2001; Grossman et al., 2008). Indeed, at a behavioral level, rats dis-
criminate a binary mixture from its components better when the
components are perceived as very similar (Wiltrout et al., 2003).
Using a computational model Linster and Cleland (2004) went
further and showed that mixing odorants with similar glomeru-
lar patterns resulted in lateral inhibition in the OB that lead to a
loss of information about each single odorant. This loss of infor-
mation would favor a bulbar pattern of activation specific to the
mixture and contribute to a distinct code for the mixture com-
pared to the code of each component, in line with configural
processing of the mixture (but see Fletcher, 2011). However, an
alternative theory was proposed to account for these results and
suggests that very overlapping odorants, in terms of glomeru-
lar activation pattern, would not induce a configural perception
because of their almost perfect perceptual similarity (Frederick
et al., 2009). Thus, a concentration effect may be considered:
mixing two odorants that are perceptually similar would be like
doubling the concentration of one odorant. The change in con-
centration can actually modify the quality of the odor (Laing et al.,
2003).

Interactions also occur at the AL level in insects. In the hon-
eybee, the glomerular pattern activated by hexanol and citral in
a mixture is different from the sum of patterns activated by each
odorant (Joerges et al., 1997). This difference supposedly results
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from the activation/inhibition of close glomeruli via local neurons,
not from the odorants’ similarity (hexanol and citral are not struc-
turally or perceptually similar), even if, as proposed in mammals,
configural processing is more likely to occur in mixtures of similar
odors (Deisig et al., 2002). In this species, the pre-synaptic trans-
duction of information appears to be mainly ruled by elemental
laws (Deisig et al., 2006). In contrast, because of lateral inhibition,
the output from the AL to higher-order brain regions by projec-
tion neurons supports a more configural and less elemental type
of processing (Deisig et al., 2010); patterns sent to superior areas
would directly encode configurations. In sum, at the OB/AL pro-
cessing level, lateral inhibition and mixture-specific cell activation
were observed and could account for the perceptual interactions
induced by the processing of odor mixture.

Beyond these primary brain structures, the olfactory informa-
tion is processed in superior areas of the brain. In mammals,
mitral cells project to the anterior olfactory nucleus, anterior and
posterior piriform cortex (aPC and pPC), olfactory tract, lateral
entorhinal cortex, and part of the amygdala, among other regions
(Mori and Sakano, 2011). The piriform cortex (PC) has been the
center of several investigations related to odor discrimination and
representation, some of which have used mixtures of odorants
(Haberly and Bower, 1984; Granger and Lynch, 1991; Litaudon
et al., 1997; Haberly, 2001; Wilson and Stevenson, 2003a; Kado-
hisa and Wilson, 2006; Barnes et al., 2008; Howard et al., 2009;
Stettler and Axel, 2009; Bekkers and Suzuki, 2013). The processing
of olfactory information in the OB and the PC is highly con-
trasted. A study of odorants’ mixture processing in mice revealed
nonlinear combinatorial interactions at the PC level, as shown by
a broader responsiveness of the anterior PC neurons relative to
the OB mitral cells (Lei et al., 2006). From a functional point of
view, it has been shown in rats that the PC can rapidly discrimi-
nate a mixture from its components, thereby producing a minimal
cross-habituation to components after habituation to the mixture,
while the OB still computes the mixture like the sum of odor-
ants (Wilson, 2000, 2003). Because, the aPC and pPC are quite
different in their anatomical organization, they likely have dis-
tinct roles in odor encoding: encoding of odorant identity may
occur in the aPC while encoding of odor similarity or odor quality
occurs in the pPC (Kadohisa and Wilson, 2006; Yoshida and Mori,
2007). These dissociated roles of the aPC and pPC were confirmed
by a functional magnetic resonance imaging (fMRI) study per-
formed in humans with single odorants (Gottfried et al., 2006;
Gottfried, 2009; Howard et al., 2009). When taken together, these
results suggest that the pPC is a key structure for the perception of
odor mixtures since it may contribute to their configural process-
ing, namely their putative coding as odor objects, each carrying a
specific odor quality.

Higher-order cortices are also involved in olfactory information
integration. In a positron emission tomography (PET) study com-
paring the brain processing of citral + pyridine mixtures, the odors
of the single odorants and mixtures both activated the primary
and secondary olfactory regions. However, the contrast between
the two types of stimuli revealed activation in the middle cingu-
late cortex, superior frontal gyrus, and angular gyrus (Boyle et al.,
2009). In this study, the lateral and anterior regions of the OFC
played a distinct role in mixtures’ processing and responded in a

preferential manner to the binary mixtures. The anterior portion
of the OFC acted such as an on-off detector for odor mixtures
because it was activated in response to odor mixtures and deac-
tivated in response to single odorants; the lateral portion of the
OFC responded in a graded fashion to relatively small differences
in intensity ratios of the two mixed odors (Boyle et al., 2009).
Anatomically, the OFC is located at a three-synapse step from the
olfactory epithelium and receives information already computed
by the OB and PC/amygdala (Gottfried and Zelano, 2011). This
cortex is known to encode odor identity (quality) but also odor
valence (Anderson et al., 2003; Royet et al., 2003) and odor sig-
nificance (acquired value; Critchley and Rolls, 1996). Therefore,
this structure probably plays a major, but still unknown, role in
the configural processing of complex odor stimuli. A contrasted
processing of binary odor mixtures and their single odorants was
also observed by fMRI in higher-order brain areas but not pri-
mary olfactory cortices (Grabenhorst et al., 2007). In this study,
different parts of the OFC simultaneously and independently
represented the positive and negative hedonic value of an odor
mixture that contains pleasant and unpleasant components. Inter-
estingly, the medial OFC responded more to the jasmine’s pleasant
odor when it is mixed with a small amount of the unpleasant odor
of indole (Grabenhorst et al., 2007). This response may reflect
the perceptual synergy or pleasantness enhancement of the pleas-
ant odor sometimes observed when mixed with an unpleasant
one. Such perceptual outcome could be due to an attention-
capturing effect of hedonically complex mixtures that operate
unconsciously and involve the superior frontal gyrus (Grabenhorst
et al., 2011).

ODOR OBJECTS: CONFIGURAL PROCESSING OF ODORANTS
IN MIXTURES
Perceptual interactions induced by the previously reviewed neu-
robiological mechanisms can be considered as an effectiveness of
the olfactory system to capture the complex chemical informa-
tion as a whole or as elements pertaining to the whole. Indeed,
in both mammals and insects, these perceptual interactions are
the basis of configural and elemental processing of mixtures
of odorants, which may lead to the perception of mixtures as
odor objects (configurations) or not. This section of our review
focuses on the results that support the notion of odor objects
perception.

THE LIMIT IN ODOR MIXTURES ANALYSIS
A key finding supporting the odor object theory is the number
of odorants that can be discriminated and identified within an
odorants’ mixture. This is most likely one of the most investigated
question in the human perceptual analysis of odor mixtures (Laing
and Francis, 1989; Laska and Hudson, 1992; Jinks and Laing,
1999a,b; Laing and Jinks, 2001). The resolution of this central
question should give cues about odorants (or odors) that primar-
ily contribute to the global mixture’s percept. A series of studies
have shown that humans are hardly able to identify more than
three odorants in a mixture that contains up to eight odorants
(Laing and Francis, 1989; Laing and Livermore, 1992). This limi-
tation is not a function of the stimulus features. Indeed, untrained
subjects cannot correctly identify more than four familiar odors
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in a mixture containing up to eight odorants (Livermore and
Laing, 1998b). Trained subjects reach the same odor identifica-
tion limit when submitted to mixtures of familiar odors issued
from a complex composition designed to evoke real odor sources
(e.g., lavender, cheese; Livermore and Laing, 1998a). Cognitive
factors play a minor role in the human in-mixture odor identifi-
cation limit. Focusing subjects’ attention on a specific quality to
be identified in a mixture containing up to six odorants does not
increase the identification rate compared to the standard identi-
fication task, in which all odors have to be identified (Laing and
Glemarec, 1992). Moreover, training or expertise does not enhance
the identification performance since only three or four compo-
nents of a mixture containing up to five odorants can be correctly
identified by either a trained panel or an expert panel (Livermore
and Laing, 1996).

Considering these results, the group of D. G. Laing concluded
that the human limit of identification of in-mixture odors may
be imposed physiologically or by processing constraints. Even in
binary mixtures, there might be a loss of the odorant’s major char-
acteristic because of inhibitory interactions within the olfactory
processing pathway, especially in the OB as reviewed above, or by
a limit in working memory, which likely impairs identification.
Similar findings were reported in animal studies. Adult rats have
difficulty identifying components within mixtures with more than
three or four components (Staubli et al., 1987), but many odor-
ants in a mixture can be more readily identified by honeybees
(e.g., Reinhard et al., 2010). The interpretation of this compilation
of more than 10 years of research appears to be in line with the
hypothesis of configural functioning of olfaction, which is anal-
ogous to that for facial and object recognition (Jinks and Laing,
2001).

THE CONCEPT OF ODOR OBJECTS
Odor object recognition would allow for the sense of smell to
perform feature extraction and object synthesis that lead to the
elaboration of a stable, background-detached representation of
complex signals. Due to interactions within the olfactory process-
ing pathway, a stereotyped map could be elaborated; this map,
where odor identity can be represented in spatiotemporal pat-
terns, may be specific to a given complex stimulus and contain
information about the elements of the mixture and likely about
their association. The unique spatial and temporal signature could
be recognized in the brain as an entity against a background of
other odors and identified as an odor object (Margot, 2009). To
perform this complex task, the brain could rely on rapid and spe-
cific cortical adaptation to background odors and recognition of
bulbar activation patterns (Stevenson and Wilson, 2007; Frank
et al., 2010). When a stimulus activates the olfactory system, the
activation pattern produced at the OB level, and further processed
in cortical areas, would be compared to stored ones (for details
about the processing mechanisms see the previous sections on
interactions at the periphery and interactions at higher levels). If
there is a good match, we consciously experience a discrete odor
that is distinct from the background and discriminable from other
odors (Stevenson and Wilson, 2007). If there is no match between
the bulbar incoming pattern and a stored one, the novel pattern
may be rapidly acquired (Stevenson and Wilson, 2007). Even if

alternative definitions of odor objects have been proposed (Yeshu-
run and Sobel, 2010), suggesting a critical role of hedonic features,
the most commonly accepted definition relies on the integration
of a specific blend of volatile molecules that can be separated from
the surrounding clutter of volatiles to stand out as an entity reflect-
ing a putatively unidentified specific source (e.g., a melon’s odor
in the market).

The principle of a unique spatial and temporal signature for
complex odor stimuli, which accounts for odor object percep-
tion, is in line with configural processing of odorants’ mixtures.
Following Rescorla’s unique-cue theory (Rescorla, 1972, 1973;
Rescorla et al., 1985), an odor mixture can carry, beside the ele-
ments, another stimulus that is unique to the combination of those
elements. In other words an AB binary mixture may be concep-
tualized as being composed of the individual A and B elements
as well as a separate stimulus unique to the AB combination,
usually noted U (unique-cue; Figure 1A). However there is an
unresolved debate in the literature regarding the unique-cue the-
ory and its consequences in complex stimuli configural learning
experiments (Brandon et al., 1998; Harris, 2006). Indeed, from
Rescorla’s point of view, in a conditioning paradigm one can learn
about the separate elements A and B but also U, and the asso-
ciative strength of U is then equal to the sum of the strengths
of the elements. The unique-cue stimulus is thought to occur at
the level of memory representation rather than that of perceptual
representation or spontaneous processing (Rescorla et al., 1985).
Adopting a different point of view, Pearce’s configural approach
(Pearce, 1987, 1994) proposes that the unique stimulus, U, which
is specific to the mixture, is represented as a configural pattern
whose elements are integrated prior to any learning. Whether
Rescorla’s or Pearce’s view of configural learning better accounts
for experimental results is not resolved yet (Dreumont-Boudreau
et al., 2006).

There are several lines of evidence showing that animals are able
to perform configural processing of odor mixtures and thus differ-
entiate between mixtures and their constituting monomolecular
odors (insects: Chandra and Smith, 1998; Lei and Vickers, 2008;
Riffell et al., 2009; Deisig et al., 2010; van Wijk et al., 2010; Rif-
fell, 2012; Szyszka et al., 2012; aquatic animals: Derby et al., 1996;
Valentincic et al., 2000; Tabor et al., 2004; mammals: Staubli et al.,
1987; Kay et al., 2003; Wiltrout et al., 2003; Dreumont-Boudreau
et al., 2006). This seems to be true even early in life. For instance,
a binary mixture of ethyl isobutyrate and ethyl maltol is config-
urally processed, at least in part, by newborn rabbits. For the
pups, this mixture spontaneously evokes an odor that is different
from the one of its constituting odorants and provokes very con-
trasted behavior in a conditioning paradigm using the mammary
pheromone (Coureaud et al., 2008, 2009, 2010, 2011; Figure 2).
Similar results were obtained with a more complex mixture of six
odorants (RC mixture; Sinding et al., 2013).

These results from animal studies demonstrate the possibility
of specific encoding for odor mixtures compared to their consti-
tuting elements. However, it is worth noting that the nature of
stimulus representation is inferred from experiments examining
how the conditioned response to one odorant or a mixture of
two or more odorants generalizes to another single odorant or
mixture (Harris, 2006). As a consequence, whether the mixture
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FIGURE 2 | Proportions (%) of 2- or 3-day-old newborn rabbits

responding behaviorally (sucking response) to the odorant A (ethyl

isobutyrate), the odorant B (ethyl maltol), their AB or A’B’ mixtures

(respectively, at a ratio of 30/70 and 68/32 of the two components), and

the AC mixture (C: guaïacol; ratio 50/50) after a single conditioning to

the AB mixture or to one of its components. The results show that after
conditioning to AB, the pups respond both to the odorants and the different

mixtures. Therefore they perceive the elements A and B during the learning
episode. However, after conditioning to odorant A or B, they respond to the
conditioned odorant but not to the AB mixture; nevertheless, they respond to
the A’B’ and AC mixtures. Thus, newborn rabbits perceive the odor of a
configuration in the AB mixture in addition to the odors of each odorant, while
they perceive only (or mainly) the elements in the A’B’ and AC mixtures
(adapted from Coureaud et al., 2008, 2009, 2011).

configuration is reconcilable with odor object encoding is not
straightforward in animal studies. One way to circumvent this
issue is to address the question in parallel in animals and humans.
In humans, even if configural processing is difficult to demon-
strate, it is advantageously possible to assess whether an odor
mixture has a different quality from its single odorants (Liver-
more and Laing, 1998a; Jinks and Laing, 2001; Bott and Chambers,
2006; Weiss et al., 2012; Chambers and Koppel, 2013). Follow-
ing an animal/human parallel approach, we have shown that the
binary mixture of ethyl isobutyrate and ethyl maltol used in rab-
bit pups (Coureaud et al., 2008, 2009, 2011) evokes, in human
subjects, a more typical odor of pineapple (Le Berre et al., 2008b;
Barkat et al., 2012) and is more frequently identified as a pineap-
ple odor (Le Berre et al., 2010) compared to the single odorants
(Figure 3). Similar results were obtained with the RC mixture of
six components, which is configurally perceived by newborn rab-
bits and specifically evokes a red cordial odor in human adults (Le
Berre et al., 2008b; Sinding et al., 2013). These findings, which
resulted from the combined data obtained in rabbit pups and
human adults, support the idea that mixtures of odorants can
be perceived as odor objects in the sense that they can be config-
urally processed and can evoke new percepts, different from those
of the elements, and which could be attributed to unique sources
(e.g., pineapple or red cordial).

THE CRITICAL IMPACT OF STIMULUS COMPOSITION
Natural chemical signals frequently undergo concentration
changes that produce differences in both the level and pattern
of activation of ORs. This variability makes the processing of
complex stimuli even more difficult, since the olfactory system
must extract perceptual constancy from inconstant input (Got-
tfried, 2010). It has been argued that complex stimuli recognition
might be concentration-invariant and mostly results from ratio-
information extraction (Cleland et al., 2007). For instance, rats can
discriminate binary odor mixtures according to the molar ratios

of their components, which further ensures mixture odor recog-
nition at higher or lower concentrations (Uchida and Mainen,
2008). The ratio of odorants in binary odor mixtures was also
found to be the driving factor for odor processing and perception
in insects (e.g., Clifford and Riffell, 2013) and in catfish (Valentin-
cic et al., 2000). In rats, a binary mixture of the same two odorants
can be processed elementally, configurally, or induce overshad-
owing (Kay et al., 2003; McNamara et al., 2007). The impact of
mixed odorants ratios was clearly observed at the OSN level in
rats (Chaput et al., 2012). In humans, psychophysical studies have
clearly shown that odorants’ ratio and, more precisely, odorants’
intensity proportions in a heterogeneous binary mixture, largely
determine the odor quality perception (Olsson, 1994, 1998). Sup-
porting these findings, data obtained in both rabbit pups and
human adults demonstrate the influence of in-mixture odorant
ratios on processing and perception. In rabbit pups, while a 30/70
ratio of ethyl isobutyrate and ethyl maltol induced the configu-
ral processing of the mixture, a reversed ratio (68/32) induced
the elemental processing of this mixture (Coureaud et al., 2011;
Figure 2). In human adults, a barely detectable variation of one
odorant concentration in the same mixture (slight variation the
ratio of the odorants), influenced its perception and particularly
decreased its typicality toward pineapple (Le Berre et al., 2008a).
A similar influence of the odorants’ proportions was observed
with the more complex six-odorant RC mixture since a modi-
fication of the concentration ratio resulted in a significant shift
in odor quality, which depended on the extent of the propor-
tion modification (Sinding et al., 2013, 2014). Therefore, the
odorant concentration ratio in a mixture is clearly a key factor
that can drive the configural versus elemental perception of the
mixture.

The chemical nature, or the odor quality, of the mixed odor-
ants is another key factor of mixture processing (Kay et al., 2003,
2005). Indeed, it is well-established from human studies dealing
with food aroma analyses that there are key compounds in the
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FIGURE 3 | Mean typicality ratings (gray bars) of the term pineapple

obtained with a group of 20 untrained subjects for a binary mixture of

ethyl isobutyrate and ethyl maltol, each single odorant and a control

odorant (allyl caproate carrying a typical pineapple odor). The error bars
represent the standard error of the mean. The same letters indicate that the

means were not different at a significance level of 5%. The results indicated
that the binary mixture carried a pineapple odor that was significantly less
present in the single odorants. This finding supports the idea that the odor
quality of the mixture is different from those of its components (adapted from
Le Berre et al., 2008b).

complex chemical mixture of volatiles responsible for a given food
aroma (e.g., Escudero et al., 2004; Falcao et al., 2012). Studies in
animals have also demonstrated that certain odorants in mixtures
can be more readily identifiable than others (Staubli et al., 1987;
Laska and Hudson, 1993; Kay et al., 2005; Reinhard et al., 2010).
Therefore these odorants can contribute more strongly to the over-
all perceptual quality of the whole odor mixture. For instance,
in rats, the identity of the odorant removed from a complex
10-component mixture affected the discrimination between the
10-odorant mixture and the nine-odorant sub-mixtures. Never-
theless, rats had difficulty discriminating the whole mixture from
the same mixture with one component missing. These results
suggest that the missing component was most often “filled-in”
by the olfactory system to promote perceptual stability (Barnes
et al., 2008; Chen et al., 2011; Chapuis and Wilson, 2012; Lovitz
et al., 2012). In contrast, rats could reliably discriminate mixtures
containing even small traces of contaminants from unadulter-
ated complex mixtures; indeed, the replacement of an odorant
by another was easily detected, and in a concentration-dependent
manner (Wilson and Sullivan, 2011; Lovitz et al., 2012). Data
obtained in newborn rabbits have shown that once conditioned
to one of the odorants, whatever the odorant, animals cannot
generalize their behavioral response to a six-odorant RC mixture
configurally processed. This result supports the idea that the two
stimuli are discriminated. Nevertheless, animals can generalize
their response to the same mixture in which one odorant is miss-
ing (five-component mixture), regardless of the odorant (Sinding
et al., 2013). These last results suggest that each odorant is a key
odorant for rabbit pups. In contrast, data obtained using the same
mixture in human subjects have shown that the red cordial odor
quality carried by this six-odorant RC mixture is significantly dif-
ferent from the odor quality of some, but not all, sub-mixtures in
which one odorant was missing (Sinding et al., 2013). Therefore, in

human adults, many components would contribute more strongly
to the overall perceptual quality of the odor mixture than do oth-
ers. Even at subthreshold level, many odorants can modify the
perception and/or the processing of odor mixtures (Atanasova
et al., 2005b; Pineau et al., 2009; Lytra et al., 2012; Hummel et al.,
2013).

Interestingly, it has been recently reported that different mix-
tures made of 30 equally intense, non-overlapping components
that span the physicochemical space of odorants, give rise to a
similar odor quality for humans. This finding lead the author to
term such percept as an “olfactory white” (similar to a white color
or “white noise”; Weiss et al., 2012). The need to equilibrate each
component intensity in this study is reconcilable with the key role
of the mixture ratio; however, the absence of a link between a sin-
gle odorant’s odor quality and the mixture’s odor is at odd with
the concept of key odorants in the perception of these specific
mixtures. Even if such specific mixtures would be unlikely in eco-
logical conditions, their processing is consistent with the concept
of odor objects and might be of significant value as a model to
decipher the mechanisms of odor mixture perception.

THE IMPORTANCE OF INDIVIDUAL FACTORS
Individuals from the same species do not necessarily perceive the
same odor in a particular odorant, and more generally, they do
not present the same sensibility to odor cues (Amoore, 1967; Fru-
min et al., 2013). This inter-individual variability may result from
many factors, e.g., genetic and/or anatomical differences; health
status; ecological constraints; effects of experience; age and the
abilities associated with the specific needs that characterize the
successive stages of development; and semantic knowledge (in
humans). For example, anosmia to certain odorants is shared
between identical twins and transmitted to offspring (Wysocki
et al., 1977; Wysocki and Beauchamp, 1984). Conversely, some
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individuals have a better sensitivity for certain odorants com-
pared to other individuals (Keller et al., 2007; Menashe et al., 2007;
Mainland et al., 2014). In this context, one may hypothesize that
a contrasted sensitivity toward the components of a mixture can
affect the ability to perceive odorants in mixtures and therefore
directly influence the elemental vs. configural perception of the
mixture. One may suggest that the ratio of the component thresh-
olds drives the perception of the mixture by the subjects, as occurs
with the ratio of concentrations. Such questions remain to be
explored in detail, but preliminary results in human adults indi-
cate that some subjects perceive the pineapple AB mixture in a
more robust configural way than do others; curiously, the more
the subjects have a configural perception of AB, the lower their
detection thresholds of the components (Sinding, 2012; Sinding
et al., in preparation).

Regarding developmental aspects, one may consider that due to
the maturation of the sensory systems and brain and the change in
ecological niches encountered by the organism over the develop-
ment, the processing of odor mixtures may also be modified over
time. In particular, around birth, the urgent need for neonates
to acquire knowledge about the novel, aerial environment, could
result in higher elemental abilities than in adults. Later in life,
increased experience with a large variety of more or less complex
odors and repeated exposure to some of the complex odors could
promote their encoding as odor objects. While some results are in
line with this developmental hypothesis (Sinding et al., 2013), oth-
ers show that the perception of olfactory configuration is already
present in young animals, and that neonate and adult mam-
mals perceive certain mixtures of various chemical complexity
in a comparable way (Coureaud et al., 2008, 2009, 2011; Sinding
et al., 2013). This is consistent with the chemical complexity of
early life environments (perinatal niches) from which organisms
must rapidly extract salient information despite their immatu-
rity, only relative (see the section dedicated to behavioral aspects
below).

THE IMPACT OF LEARNING
In addition to the previously discussed factors that clearly influ-
ence odor mixture processing, it is crucial to emphasize that
the perception of odor mixtures is under cognitive control and
that learning could shape this perception, but depending on the
mixture. Perceptual learning, which contributes to the improve-
ment of an organism’s ability to extract information from the
environment (Gibson, 1969; Rabin et al., 1989), can affect the
way in which a mixture of odorants is processed. In humans,
odor-odor perceptual learning has been described and is likely
comparable to odor-taste learning (Wilson and Stevenson, 2003a;
Case et al., 2004; Stevenson et al., 2007). For instance, when two
odorants were repeatedly experienced in a binary mixture, each
odorant’s odor could acquire the perceptual quality of the other.
This was demonstrated in a study in which an odorant, initially
perceived with a cherry odor, smelled smokier after having been
repeatedly experienced in mixture with guaiacol, another odor-
ant perceived with a smoky odor. Furthermore, guaiacol smelled
more like cherry after the co-exposure (Stevenson, 2001a). Odor-
odor learning is not just stimulus -or quality- specific but is also a
direct consequence of the learning procedure (Stevenson, 2001a).

Odors experienced in a mixture were judged to be more alike than
were odors smelled an equal number of times but out of mixture.
This exchange of perceptual qualities between mixed odorants
is related to how similar the elements were judged (Stevenson,
2001a). These results support the idea that the representation of
odor qualities can combine to form new configurations that carry
their own odors. These results also indicate that cognitive processes
are engaged to decrease the chemical complexity of the environ-
ment by building experience-dependent perceptual associations
(Wilson and Stevenson, 2003a).

Results obtained in animal studies also demonstrate the impact
of conditioning on odor mixture processing (Livermore et al.,
1997; Valentincic et al., 2000; Gerber et al., 2011). For instance,
one conditioning experience to the previously mentioned mix-
ture of ethyl isobutyrate and ethyl maltol (which smells like
pineapple to human adults) allowed rabbit pups to generalize
their response to both odorants, something they cannot do when
tested with the mixture after single conditioning to one odorant
only (Coureaud et al., 2008, 2009; Figure 2). However, repeated
conditioning to this binary mixture led to a drastic decrease of gen-
eralization and the pups became more responsive to the mixture
than to the elements. This result suggests an improved configural
perception of the mixture. Conversely, after repeated condition-
ing to a single component, the pups responded to the mixture,
which suggests improved elemental perception. Interestingly, these
perceptual changes greatly depend on the mixture and its compo-
nents. Indeed, with a mixture of ethyl isobutyrate and guaïacol,
the same paradigm of repeated conditioning had no consequence
on the perception, and the mixture remained always elementally
perceived (Sinding et al., 2011). These results suggest that the ini-
tial status of the mixture, either purely elementally processed or
akin to configural perception (i.e., weak configural; Figure 1A),
likely plays a critical role in further cognitive processing.

Perceptual experience can also be acquired by passive expo-
sure to odors (Rabin, 1988). When the olfactory environment of
rats was enriched, their ability to discriminate odorants in binary
mixtures increased (regardless of the odorant to which the rat was
exposed during the enrichment period; Mandairon et al., 2006b,c).
This effect was linked to neurogenesis in the rat OB (Mandairon
et al., 2006a). In human adults, the mixture of ethyl isobutyrate
and ethyl maltol was less configurally processed by a group of sub-
jects after passive exposure to the single elements compared to
non-exposed subjects. Perceptual learning would then favor the
elemental perception of the mixture (Le Berre et al., 2008b).

Expertise is also a cognitive factor that can influence odor mix-
ture perception. In a typicality rating task, experts in oenology
rated the pineapple typicality of the ethyl isobutyrate and ethyl
maltol mixture as equivalent to that of ethyl isobutyrate, while
naïve participants rated this typicality as significantly higher com-
pared to both elements perceived out of the mixture (Barkat et al.,
2012). Thus, experts would be less sensitive to the configuration
induced by the mixture. One could hypothesize that due to their
perceptual expertise acquired through training to single odors,
experts may be more inclined to focus on the elements’ odor in the
mixture, which may make them more efficient in elemental pro-
cessing. The ability to focus on the elements may be linked to their
familiarity with the odorants, insomuch that the identification
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ability increases when the target is familiar (Rabin, 1988; Rabin
et al., 1989). In this regard, identifying a familiar target mixed
with a familiar contaminant was found to be easy (87% correct
identification), while finding an unfamiliar target mixed with an
unfamiliar contaminant was much more difficult (58% correct
identification; Rabin et al., 1989). Nevertheless, learning, consid-
ered as perceptual training in experts, increases the absolute ability
to identify odors in low but not highly complex mixtures. Indeed
experts were more proficient than non-experts at discriminating
and identifying odors in binary and ternary mixtures; for qua-
ternary mixtures the correct identification rate fell below 20%,
regardless of the expertise level (Livermore and Laing, 1996).

Expertise can also rely on semantic knowledge (Rabin, 1988; de
Wijk and Cain, 1994; Stevenson, 2001b), which is another cogni-
tive factor that influences odor mixture processing in humans. In
a dedicated experiment assessing the impact of semantic learning
on the perception of odor mixtures, it was found that exposure
to the mixture target odor label (semantic learning) facilitated the
perception of the configural odor of blending mixtures (Le Berre
et al., 2010). Thus, verbal labels could have provided perceptually
expected and reliable information regarding the frame of reference
for odors (Herz and von Clef, 2001; Rouby et al., 2005), which may
result in the top-down facilitation of odor recognition. A similar
cognitive top-down effect, even if not directly related to semantic
knowledge, could explain the results obtained in a study exploring
the influence of odor context on odor mixture perception (Arao
et al., 2012). Using colors that are congruent with the odor of
each element of a binary mixture, it has been shown that partic-
ipants judged the odor of the element congruent with the color
to be more dominant in the mixture. The visual cue could have
directed the participants’ attention toward the color-congruent
odor, which then led to an enhancement of its perceptual repre-
sentation within the mixture. In line with attentional processes,
perceptual processing strategies may also modify odor mixture
perception. The same blending mixture was less configurally pro-
cessed by a group of naïve subjects engaged in an analytical task
compared to a group of subjects engaged in a configural task (Le
Berre et al., 2008b).

Taken together, these results demonstrate that odor mixture
perception can be modulated by cognitive and/or attentional fac-
tors. According to the high complexity of the environment, it
is likely that learning and attention can fine-tune the perception
by highlighting the meaningful elemental features or configural
shapes from the background (Wilson and Stevenson, 2003b).

IMPLICATIONS OF ODOR MIXTURE PROCESSING ON
BEHAVIOR
In the real life situation, odors are important vectors of informa-
tion that elicit behavioral decisions from animals in their natural
environment. For instance, odors are involved in the interaction
between conspecifics, with competitors and predators, and in the
selection of habitats, preys and food. Odors are never perceived
alone, but among other odors, and chemical mixtures are usu-
ally the global stimuli that drive chemically mediated patterns of
animal behaviors. Therefore, animals have no choice but to sim-
plify the surrounding amount of information, which constantly
varies over time. They must adapt to the chemical complexity

of the environment by extracting information from this mass of
molecules, especially in mixtures, by discriminating and assigning
meaning to some of them and responding in a way adapted to their
needs.

One strategy to reduce this complexity is to respond to certain
odorants among others present in the same mixture, i.e., to focus
on elements triggering behavioral responsiveness by themselves.
This occurs when organisms respond to key odorants in complex
odorous substrates, e.g., to components that mainly contribute to
the flavor of food (Grosch, 2001; Bult et al., 2002; Reinhard et al.,
2010); the odor of familiar/unfamiliar conspecifics (Breed and
Julian, 1992); or more generally to pheromones (single odorants
or associations of key odorants), which are sometimes carried
in complex biological fluids or secretions (Schaal, 2010; Martin
et al., 2013). A second strategy consists of attributing additional
or unique information to the odorants forming a mixture as a
whole, which carries a behavioral value that is distinct from the
individual value of each component, i.e., to perceive the mixture
as a single meaningful object (see previous section on odor objects
and configural processing of odorants in mixture). This configural
strategy is functional both in aquatic and terrestrial organisms.
For instance, after food-rewarded exposures, catfish differen-
tially modify their swimming activity in response to mixtures of
amino-acids and to their elements (Valentincic et al., 2000, 2011).
Spiny lobsters display food searching and exploration/avoidance
responses that illustrate their ability to differentially process and
perceive mixtures of odorants and odorants themselves (Fine-
Levy et al., 1989; Lynn et al., 1994; Livermore et al., 1997). In
a double-choice test, a mollusk, the terrestrial slug, displays a
strong aversion to a binary mixture while the odor of each com-
ponent remains strongly attractive (Hopfield and Gelperin, 1989).
In insects, the configural perception of odor mixtures is involved in
flower-foraging behaviors. For example, when exposed to flower-
scents containing dozens of components, bees perceive certain
mixtures of volatile molecular constituents as configurations, an
ability that certainly contributes to the discrimination of flow-
ers and expression of preferences for those offering higher quality
or quantity of nectar (Deisig et al., 2001; Wright et al., 2009). In
rats, the configural perception of odor mixtures influences their
spatial performance, localization of reward, and digging activity
related to foraging (Staubli et al., 1987; Linster and Smith, 1999).
In dogs, and especially military dogs, the discrimination between
complex mixtures of volatiles and their elements may be critical
in the detection of explosives (Lazarowski and Dorman, 2014). In
humans, odor mixture processing may support the categorization
of food while simultaneously keeping the ability to differentiate
between different products that belong to the same category due
to the perception of inconstant elements in addition to invariant
configurations (Gottfried, 2009).

The chemical environment is complex not only for adult organ-
isms but also for young, neonates, fetuses, and embryos, even if it
is more limited during earlier periods of development (e.g., when
the organism is developing in the maternal body, nests, or eggs).
Indeed, maternal fluids such as amniotic fluid, colostrum, or milk
in mammals, and more generally the maternal body itself, gen-
erate or carry a large number of odorants (Antoshechkin et al.,
1989; Schaal, 2010). Very young organisms have an urgent need
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to respond to some of these odors to rapidly interact with the
mother; to localize the nipples and suck; and to expand their
knowledge about the surroundings. Interestingly, although this
remains to be more generally investigated, both elemental and con-
figural processing appear functional early in life. Thus, newborn
rabbits respond to the monomolecular mammary pheromone
(2-methylbut-2-enal) carried in milk among 150 other odorants
(Coureaud, 2001; Schaal et al., 2003; Coureaud et al., 2010), and
they elementally process “artificial” mixtures containing up to six
components. They are also able to perceive configurations in some
binary and senary mixtures (Coureaud et al., 2008, 2010, 2011;
Sinding et al., 2011, 2013). As in adults, the ability of very young
organisms to process odor mixtures both configurally or elemen-
tally may contribute to decision making and to the discrimination
between a peculiar conspecific, the mother, which carries peculiar
odor elements or definite configurations, and another category of
conspecifics, the lactating females, which emit the same or at least
overlapping elements and configurations (Coureaud et al., 2006,
2011; Logan et al., 2012).

IMPLICATIONS OF ODOR MIXTURES PROCESSING IN
INDIVIDUALS WITH MOOD DISORDERS
Olfactory dysfunction may be a prodrome of neurodegenera-
tive diseases such as Alzheimer’s and Parkinson’s disease (Albers
et al., 2006; Djordjevic et al., 2008). Because of the partial over-
lap between the brain structures involved in affective disorders,
olfaction and emotion, olfactory impairments can be observed in
several psychiatric diseases: major depression (Pause et al., 2001;
Atanasova et al., 2010), seasonal affective disorder (Postolache
et al., 1999), anorexia nervosa (Kopala et al., 1995), psychoses
(Moberg and Turetsky, 2003), and obsessive compulsive disor-
der (Hermesh et al., 1999). These impairments affect different
aspects of olfactory function (i.e., detection threshold, odor iden-
tification, discrimination, memory, intensity, familiarity, and
pleasantness) and depend on the nature and extent of psychiatric
and neurological involvement.

The majority of olfactory studies and mood disorders have
focused on the perception of single odorants. To date, only a few
studies have investigated olfactory perception in major depres-
sion using odor mixtures (Atanasova et al., 2010; Atanasova, 2012;
Naudin et al., 2012). However, studies using odor mixtures are of
specific interest because complex olfactory stimuli reflect daily life
situations, which is important in the study of anhedonia (failure
to gain pleasure from normal pleasant experiences). Anhedonia is
considered as a core symptom of major depression in an objec-
tive way. Using binary mixtures of both pleasant (vanillin) and
unpleasant (butyric acid) odorants at three different iso-intense
concentrations, it has been shown that depressed patients per-
ceived the majority of odor mixtures (67%) as significantly less
pleasant compared to healthy subjects (Atanasova et al., 2010;
Atanasova, 2012). Depressed subjects also had low performance
in correctly identifying the odor of the odorants within the binary
iso-intense mixture, and they more readily perceived the unpleas-
ant compound compared to control subjects. The perception of a
binary odor mixture depends on the subjects’ psychological state
and depressed level; a higher depression score is associated to
a better perception of the unpleasant stimulus and to a lesser

perception of the pleasant stimulus within a binary iso-intense
mixture (Atanasova et al., 2010). These observations were con-
firmed and generalized in a study using an iso-intense mixture
of another pleasant (2-phenylethanol) and unpleasant (isovaleric
acid) odorant (Naudin et al., 2012). Since the same results were
obtained in patients during a depressive episode and in remission,
the authors suggested that these olfactory impairments may con-
stitute potential trait markers of depression. These results could
be explained by the cognitive bias for emotionally negative stim-
uli observed in depression that could persist in the remitted state
(Bhalla et al., 2006).

All of the observations revealed that anhedonia can be advan-
tageously observed in depressed patients at the olfactory level
with complex olfactory stimuli. They also suggest that the loss
of food cravings often described in depression could be partly
explained by a modification in olfactory perception, ending in
a better perception of unpleasant sensory components in food.
This finding emphasizes the importance of using complex mix-
tures of odorants, which are more ecologically relevant stimuli,
to better understand the modulation of olfactory perception in
mood disorders. Future psychophysical, neurophysiological, and
neuroimaging investigations are needed in this field to increase
our knowledge of the etiology of the diseases and to develop
the appropriate tools to better care for patients with affective
disorders.

IMPLICATIONS OF ODOR MIXTURES PROCESSING IN ODOR
STIMULI FORMULATION
Odors (orthonasal smell and retronasal aroma) are key perceptual
characteristics to formulate in foods and in home and personal care
products. It is the first chemical sense involved when a consumer is
using such a product. Consumers base their opinion on the quality
of a product, i.e., whether they like it and whether it is fulfilling its
intended function, based partly (for food products) or completely
(for perfumes) on the olfactory experience. Therefore, formulating
the right olfactory experience cannot be taken lightly. Most food
and beverage companies employ the services of flavor companies
to create the flavors or aromas that will enter the formulation of the
end product. Indeed, food and beverage companies may require
flavors for their new products or for compensating changes in the
formulation of their existing products.

Focusing on olfactory perception, which is largely involved
in flavor (Hornung and Enns, 1989; Thomas-Danguin, 2009),
we explained in the previous sections of this review that odors
arise from perceptual representations of mixtures of odorants,
whose construction is far from being fully understood and remains
mostly impossible to predict on the basis of chemical composi-
tion. Within flavor houses, flavor formulation is thus performed
by specially trained scientists called flavorists, who have empirical
knowledge about the perception of chemicals in mixtures. They
know a large variety of odorous raw materials but also specific
mixtures’ recipes to produce specific flavors and continuously cre-
ate new ones. Usually, they follow a brief delivered by the client.
This brief must specify the direction of flavor to be formulated
(e.g., strawberry), the type of product into which the new flavor
will be incorporated in (e.g., dairy product), and other require-
ments (e.g., all natural). It is then the role of the flavorist to use

www.frontiersin.org June 2014 | Volume 5 | Article 504 | 82

http://www.frontiersin.org/
http://www.frontiersin.org/Cognitive_Science/archive


Thomas-Danguin et al. Processing mixtures, perceiving everyday odors

his/her expertise with the chemical ingredients at his/her disposal
and his/her experience to formulate a flavor mixture that match the
client’s requirements. The flavor house may also seek the assistance
of an application specialist to ensure that the newly formulated fla-
vor will deliver its expected quality in the application for which it is
intended. Indeed, when formulated in a complex matrix, such as a
food matrix (e.g., a chocolate bar), interactions with the different
components of the matrix can influence the volatility of the odor-
ants within the mixture and, consequently, the whole headspace
mixture composition (Guichard, 2002).

In perfume composition, creation also relies on empirical
knowledge. For instance, it is known that adding sulfur compo-
nents, which are often unpleasant (e.g., cat urine odor), could
give a lift to a fruity component in a complex mixture of odorants
evoking a tropical fruit odor. Indeed, we have presented several
examples of the impact of an unpleasant odor mixed with a pleas-
ant one. Synergistic effects are also extensively used in perfume
design. For instance, fatty aldehydes are known to enhance many
floral odors at low concentrations, even if their own odor is very
different from the target one. These synthetic odorants have been
used in floral-aldehydic perfumes such as the famous Chanel no.5
created by Ernest Beaux for the house of Chanel in 1921 (Chas-
trette, 1995). Perfume chords are also very well empirically used
in this industry. The concept of perfume chords is reconcilable
with configural processing of odor mixtures. Indeed, chords usu-
ally rely on mixtures of three or four odors (which are sometimes
linked to pure chemicals) that are included in larger formulae.
This is made possible by perfumers after a huge amount of tri-
als following the artist’s intuition (Chastrette, 1995). Moreover, as
explained by the famous perfumer Edmond Roudnitska (quoted
by Chastrette, 1995), a perfume composition includes not only
one chord but an unknown number that are not smelled one after
the other but can overlap, be enhanced, or be canceled. Therefore,
the perceptual interactions that result from smelling a perfume
are likely the playground of the artist and allowed him to create
esthetic odor objects.

Besides the complexity of formulating a flavor or a perfume
based on product properties, top-down influences also play a role
in the way consumers perceive a product. Indeed, packaging (color,
shape) and the type of claim made on the product can influence
the consumer’s perception of the product (e.g., Gatti et al., 2014).
Finally, the above examples demonstrate the empirical knowledge
and methods used in the formulation of aromas and fragrances
but also describe how recent insights into odor processing and
perception impact the development of new products.

CONCLUSION
The study of odor mixtures is an original window to investigate
olfactory processes in a manner that may be more relevant to eco-
logical perceptual contexts, which is crucial to understanding how
organisms, including humans, represent and adapt to their chem-
ical complex environment. It is also an original path to identify,
characterize and further treat adaptation disorders in humans.

However, it is obvious that the scientific knowledge available on
odor mixtures’ perception, even the simplest ones with only two
odorants, is far from being up to empirical knowledge. Yet, a bet-
ter understanding of the underlying biological processes involved

when organisms manage to identify an odor object based on hun-
dreds of chemicals in a few milliseconds would likely impact many
scientific fields. Indeed, deciphering what odors (elements and/or
configurations) are perceived in a mixture may contribute to the
efficiency of flavor analysis, the identification of key components
of food acceptance or disliking, and the elaboration of food flavors
and perfumes. Moreover, extending our investigations on the odor
processing of natural mixtures would shed light on the ability of
organisms, including humans, to code complex information in
the olfactory brain and how, through development, learning, or
evolution, the resulting odors are stored as perceptual objects and
reused by individuals.

It appears from this review that the appropriate description
of the stimulus representations is likely the most critical factor
in odor mixture perception. This is fundamental and should not
be overlooked since a mixture is not a simple addition of each
of its component and because it is the starting point of every
following process. This requires for a large part to clearly pin-
point the peripheral spatiotemporal coding processes of odorants
in mixtures, which is the only way to decipher the role of mixture
composition and to predict accurately odor perception on the basis
of chemical composition. Nevertheless, the incoming information
is highly subjected to modulations at all stages of integration. If we
highlighted in this review that the processing is contrasted at each
stage, the specific role of these distinct stages remains largely to be
discovered. To take up these research challenges, one should favor a
systemic approach that would combine several investigation levels
thus gathering cellular, neurobiological and psychological aspects
both in human and other animal species. That was the guide-
line of this review to put together the results obtained in various
models in order to underline similitude and differences in percep-
tion mechanisms. Indeed multidisciplinary studies may help to
tackle specific questions regarding both odor mixture coding and
perception, plasticity of perception and behavioral consequences,
and thus would likely bring the field forward.
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The general aim of the current study was to investigate how perceived health risk of
a chemical exposure and self-reported distress are related to perceived odor intensity
and odor valence, symptoms, cognitive performance over time as well as reactions
to blank exposure. Based on ratings of general distress, 20 participants constituted a
relatively low distress group, and 20 other participants a relatively high distress group.
Health risk perception was manipulated by providing positively and negatively biased
information regarding n-butanol. Participants made repeated ratings of intensity, valence
and symptoms and performed cognitive tasks while exposed to 4.7 ppm n-butanol for
60 min (first 10 min were blank exposure) inside an exposure chamber. Ratings by the
positive and negative bias groups suggest that the manipulation influenced perceived
health risk of the exposure. The high distress group did not habituate to the exposure
in terms of intensity when receiving negative information, but did so when receiving
positive information. The high distress group, compared with the low distress group,
rated the exposure as significantly more unpleasant, reported greater symptoms and
performed worse on a cognitively demanding task over time. The positive bias group and
high distress group rated blank exposure as more intense. The main findings suggest that
relatively distressed individuals are negatively affected by exposures to a greater degree
than non-distressed.

Keywords: health-risk perception, olfaction, environmental psychology, perception, sensitization, bias, distress,

cognition

INTRODUCTION
In a series of seminal studies, Dalton and colleagues showed that
the words used to describe a chemical significantly alters how
individuals react when being exposed to it. Exposure described
as harmful elicited higher ratings of intensity and sensory irrita-
tion over time, compared with identical exposure described in a
positive or neutral fashion. Moreover, individuals receiving neg-
ative rather than positive or neutral information reported more
symptoms after an exposure session (Dalton, 1996, 1999; Dalton
et al., 1997). Dalton and colleagues utilized an exposure cham-
ber, but similar effects have been found when using transient
stimuli. Djordjevic et al. (2008) found that negative, compared
with positive or neutral odor labels, result in significantly higher
intensity ratings and lower ratings of pleasantness of odorants
delivered in glass bottles. Ratings of hedonic value, argued to
be the dominant dimension in olfaction (Richardson and Zucco,
1989), seems to be more easily influenced by differently phrased
information than ratings of intensity (Djordjevic et al., 2008;
Nordin et al., 2013). Providing differently phrased information
about an exposure does not always seem to influence intensity rat-
ings (Kobayashi et al., 2007), and the effect seems to be greater for
chemicals eliciting trigeminal sensations (i.e., pungency; Dalton
et al., 1997).

Nevertheless, the outcomes of these studies show that nei-
ther the perceived properties of an airborne chemical, nor its
assumed health effects depend solely on the type and strength of
the exposure. If the results are applicable outside the laboratory,

they suggest that expectancy of possible health risks is a factor
to consider when evaluating and setting exposure limits. This
argument is corroborated by population-based studies emphasiz-
ing the importance of health-risk perception as an indicator of
symptom reports (Shusterman et al., 1991; Claeson et al., 2013).
Indeed, no exposure is actually necessary for people to report
symptoms attributed to chemicals, as shown by sham exposure
studies (Knasko et al., 1990; Lange and Fleming, 2005). In addi-
tion to the sensory and hedonic aspects reviewed above, Nordin
et al. (2013) reported that negative health-risk perception has
deleterious consequences for cognitive performance.

Reactions to chemicals are also influenced by the constitu-
tion or general well-being of the exposed individual. Negative
affectivity is a trait that has been associated with greater unpleas-
antness ratings and symptom reports after chemical exposure
(Dalton, 2002; Smeets and Dalton, 2005). Chen and Dalton
(2005) reported that anxious women rated the intensity of both
pleasant and unpleasant chemical stimuli as higher than did non-
anxious women. Highly anxious, compared with non-anxious
women, also report more symptoms when exposed to low lev-
els of chemical solvents (Orbæk et al., 2005). Ihrig et al. (2006)
found that positive and negative affectivity influences symptom
reports from men as well–an effect most clearly seen with low-
level exposure. At higher concentrations the impact of such traits
was diminished. Several other traits or conditions associated with
higher reactivity to chemical exposures have been reported in
the literature, including chemical intolerance (Andersson et al.,
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2009a,b), migraine (Sjöstrand et al., 2010) as well as neurologic
and endocrine disorders (Spielman, 1998).

Situational circumstances and predisposing traits are not only
relevant for short-term reactions to chemicals commonly inves-
tigated in exposure studies. They constitute two main factors
in models of medically unexplained symptoms. In combination,
they are assumed to increase the risk of developing long-term ill-
ness. Vulnerable individuals confronted with a deleterious expo-
sure is at risk of developing a vicious cycle of responses that is
maintained over time (Richardson and Engel, 2004; Deary et al.,
2007; McEwen, 2007; Ganzel et al., 2010). The temporal aspect
of the findings by Dalton and colleagues (Dalton, 1996, 1999;
Dalton et al., 1997) becomes relevant in this context as sensi-
tization (i.e., increased responses over time) can be seen as an
indication of an illness generating cycle. For instance, sensiti-
zation has been hypothesized to be the characteristic feature of
medically unexplained symptoms such as chemical intolerance or
chronic pain (Overmier, 2002; Yunus, 2008). Habituation (i.e.,
decreased responses over time) is the opposite to sensitization.
Investigating how situational and predisposing factors interact to
generate sensitized responses may be relevant for occupational
health issues and can assist in pinpointing individuals at risk of
developing clinical conditions.

In this vein, the general aim of the current study was to inves-
tigate how health-risk perception, manipulated by biased infor-
mation, and rated distress are related to sensitization/habituation
in individuals exposed to low, non-toxic concentrations of an
airborne chemical. Based on the literature reviewed above, our
first hypothesis was that individuals reporting relatively high dis-
tress would sensitize to a weak chemical exposure described in
a negative manner, whereas individuals reporting relatively low
distress would habituate. Sensitization/habituation was assessed
by ratings of perceived intensity and pleasantness/unpleasantness
of the chemical n-butanol, as well as symptoms over time. The
second hypothesis was that individuals receiving negative infor-
mation bias and reporting higher distress would perform worse
on cognitive tasks during exposure compared with negatively
biased individuals reporting lower distress. We also investigated
whether information bias and distress were related to a tendency
of reacting to blanks, i.e., making false alarms.

METHOD
PARTICIPANTS
Forty non-smoking, non-pregnant participants aged between 18
and 35 years with a self-reported normal sense of smell were
recruited through billboard advertisements on Umeå University
campus and public areas such as the hospital, library, employ-
ment office and cafés. Prior to the exposure, participants were
screened for anosmia (constituting an exclusion criterion) using
a 0.44% v/v (336 ppm) concentration of n-butanol (99%, Merck)
of the Connecticut Chemosensory Clinical Research Center
Threshold Test (Cain, 1989).

Subsequent to the exposure, all participants filled out the SCL-
90 inventory (Fridell et al., 2002). The SCL-90 is a widely used
self-report symptom inventory covering nine symptom dimen-
sions: somatization, obsessive-compulsive, interpersonal sensi-
tivity, depression, anxiety, hostility, phobic anxiety, paranoid

ideation, and psychotism (Derogatis et al., 1976). The mean score
of all the items of the SCL-90 constitutes the Global Severity
Index (GSI) and has been argued to be a good measure of general
distress or well-being (Cyr et al., 1985; Fridell et al., 2002). We per-
formed a median split to divide the participants into two groups
based on the GSI. Those with a relatively low GSI constituted
the low distress group. Those with a relatively high GSI consti-
tuted the high distress group. Importantly, the distress groups in
this regard refer to non-pathological variations in the population.
Descriptive data of the participants are given in Table 1. There was
no significant difference between the two bias groups in terms of
GSI score, age or sex, as assessed by independent samples t-tests
and Mann-Whitney U-tests (all t and Z < 0.9; all p > 0.38).

All participants were given written and spoken information
about the study. The study was conducted in accordance with the
Helsinki Declaration and approved by the Ethics Committee at
Umeå University (# 2012-154-31M). A signed informed consent
was obtained from each participant. All participants were given
200 SEK (∼20 EUR) for their participation.

MATERIALS AND PROCEDURES
Chemical exposure
Participants were exposed to n-butanol (99.4% Baker) at a con-
centration of 4.7 ppm while seated in a windowed exposure
chamber. n-Butanol was chosen since it was considered relatively
ambiguous and unfamiliar, which was expected to facilitate the
information bias manipulation. The concentration was chosen
to be clearly detectable (above the olfactory threshold 40 ppb;
Nagata, 2003) but well–below the threshold for sensory irrita-
tion (24.5 ppm; Ruth, 1986). The intensity was also chosen based
on pilot testing. The stimulus material was vaporized using a
nebulizer. To ensure a consistent concentration in the exposure
chamber a known amount of the odorant was fed through the
nebulizer into a feed stream of filtered air monitored by a mass
flow controller. The mixture was then diluted (by another stream
of filtered air) to the desired concentration before it was fed

Table 1 | Descriptive data of the participants, clustered according to

distress and bias group.

Positive Negative Pos and

bias bias neg bias

Low distress, n 10 10 20

Women / men, n 5/5 4/6 9/11

Age, M years (±SD) 25 (4.2) 24 (3.6) 25 (3.9)

GSI, M (±SD) 0.19 (0.08) 0.16 (0.07) 0.18 (0.07)

High distress, n 10 10 20

Women / men, n 5/5 6/4 11/9

Age, M years (±SD) 24 (4.3) 24 (4.9) 24 (4.5)

GSI, M (±SD) 0.65 (0.21) 0.64 (0.51) 0.64 (0.38)

Low and high distress, n 20 20 40

Women / men, n 10/10 10/10 20/20

Age, M years (±SD) 24 (4.2) 24 (4.2) 24 (4.2)

GSI, M (±SD) 0.42 (0.27) 0.40 (0.43) 0.41 (0.36)

GSI = Global Severity Index of the SCL-90.
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into the exposure chamber. The vapor-phase concentration was
measured inside the exposure chamber with a photoionization
detector (PID, RAE Systems). The exposure chamber has a vol-
ume of 2.7 m3 (height × width × depth: 200 × 90 × 150 cm).
Air was exchanged at a rate of 7.8 times per hour. The mean
temperature across participants at the end of testing was 22.3◦C
(SD ± 1.0), and the relative humidity was 18.9% (SD ± 2.5).

Information bias
Participants were given either positive or negative information
regarding the chemical used for exposure. The negatively biased
group was told that butanol is an industrial solvent that can pro-
duce symptoms at higher concentrations, and that the aim of the
study was to assess possible negative effects on performance at lev-
els below the toxicological threshold. When seated in the exposure
chamber, the negatively biased group could see a poster showing
hazard pictograms and risk phrases associated with n-butanol.
The positively biased group was told that butanol is a natural
extract found in many food products, and can be produced by
fermenting, e.g., corn. These participants were told that the aim
of the study was to investigate whether ambient n-butanol could
diminish sleepiness, possibly resulting in greater cognitive perfor-
mance. While seated in the chamber, the positively biased group
could see a poster with chocolate bars and a text informing the
reader that butanol is an important component in high quality
chocolate. The posters were placed on the laboratory wall so that
the participants could see them easily, but at such a distance that
they did not seem directed to the person sitting in the chamber.
The rationale for using the posters was to remind the participants
of the biased information during the exposure, in a manner not
obviously and suspiciously directed at them. Neither of the bias
groups were misled, as both the positive and negative information
are in fact true.

Apparatus
The sequence of psychophysical ratings and cognitive tasks was
programmed using E-Prime 2.0 software (Psychology Software
Tools, Pittsburgh, PA). A Windows 7 laptop computer (Compaq
8510) connected to a 24 inch screen (Asus VK246H) in front of
the participants and a Microsoft Bluetooth Number Pad placed
on a lap tray were used to present tasks and record responses.

TASKS
Ratings of intensity, valence and symptoms
Participants rated the chemosensory intensity and valence of the
exposure using a Borg CR-100 scale (Borg and Borg, 2002).The
CR-100 is a verbally anchored ratio scale (Borg, 1998; Borg and
Borg, 2001) with descriptive adjectives that correspond to specific
numbers on the scale: Nothing at all, 0; minimum, 1.5; extremely
weak, 2.5; very weak, 6; weak, 12; moderate, 25; strong, 45; very
strong, 70; extremely strong, 90; near maximal, 100. Numbers
above 100 are not labeled, but approaches the label absolute max-
imum. For valence ratings the participants were prompted to add
a plus sign before the rating if the exposure was judged as pleasant,
and a minus sign before the rating if deemed unpleasant.

Ten symptoms were rated using the Borg CR-100 scale (Borg
and Borg, 2002). These constituted eye irritation, nasal mucosal

irritation, skin irritation, throat irritation, shortness of breath,
concentration difficulties, dizziness, tiredness, headache and nau-
sea. They were chosen since they have been shown to frequently
(20–69%) be reported by persons with chemical intolerance
(Andersson et al., 2009a), and since they together represent a
broad range of symptoms (airway, mucosae, skin, cognitive, head-
related, and gastrointestinal). The mean of these 10 symptoms
were used as a composite score in the statistical analysis.

Plus/minus lists
Participants performed a plus/minus task based on Jersild (1927).
Participants were prompted to add, subtract or alternate between
adding and subtracting three from a random two-digit number
ranging from 13 to 96. Each plus/minus list block consisted of one
addition list, one subtraction list and one alternating list in which
the task was to shift operation after each number. Participants
were told to perform the tasks as quickly and correctly as possi-
ble. After each input, the screen either flashed green if the answer
was correct, or red if incorrect. Each list had the duration of 60 s.
The plus/minus lists were assumed to be related to general cog-
nitive performance. The task was chosen based on a study by
Nordin et al. (2013) in which biased information influenced the
performance of this task. Task performance was analyzed based
on the mean number of correct answers in the plus, minus and
plus/minus lists within each block.

Updating task
Participants performed an additional cognitive task, assumed to
be more difficult than the plus/minus lists. It was based on the
letter memory task described in Miyake et al. (2000). In the cur-
rent task, single numbers (1, 2, 3 or 4) were presented serially on
the center of the screen for 2000 ms with a 1000 ms inter-stimulus
interval. Participants were to recall and type in the last four num-
bers in the correct order after each list. Seven lists were presented
in random order, with a length of 5, 7, 9, 11, 13, and 15 digits. The
list length was unknown to the participants. Number of correctly
recalled sequences was used as a measure of task performance.

PROCEDURE
An overview of the experimental procedure is provided in
Figure 1. After giving the informed consent, receiving the biased
information and passing the odor detection test, participants
were seated in a chair inside the chamber with the door open.
The participants received the lap tray with a numerical keyboard
through which responses were recorded. Participants practiced
the plus/minus lists, the updating task and how to rate inten-
sity and valence. They also rated their baseline symptoms. After
the approximately 15 min training/baseline session, participants
were informed that the actual study would begin right after the
chamber door was closed. They were told that the concentration
of the chemical inside the chamber could vary during the ses-
sion. Unknown to the participants, no chemical was delivered into
the chamber during the first 10 min of testing. After the 10 min
period of blank exposure, the n-butanol was released into the
chamber and reached its peak concentration after about 8 min.
The concentration remained at this peak level for the rest of the
session. During the exposure, participants performed a total of 12
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ratings of intensity and valence, eight blocks of plus/minus lists,
two blocks of updating tasks and two symptom rating blocks (cf.
Figure 1). At the end of the exposure session, the participants
used a Borg CR-100 scale to rate to what degree they believed
the exposure to be harmful or beneficial for health. Similar to
the valence ratings, participants added a plus sign before the rat-
ing if the exposure was judged as beneficial, and a minus sign
before the rating if deemed harmful. After the exposure session,
participants filled out the SCL-90 questionnaire. Participants
were then debriefed and told about the different information
biases.

STATISTICAL ANALYSIS
Analyses were performed using full factorial mixed model anal-
yses of variance (ANOVAs) in IBM SPSS Statistics 20. The α

was set at 0.05, with values < 0.1 considered as tendencies.
Significant interaction effects were further analyzed and discussed
only if they pertained to the factors Bias or Distress, as per
the hypotheses. Effects not associated with the hypotheses are
reported in Table 2. Greenhouse-Geisser correction was applied
in cases where df > 1. In such cases, uncorrected dfs are reported.
Effect sizes are reported as eta sqared (η2) and were calculated
using Microsoft Office Excel, 2010.

RESULTS
MANIPULATION OF HEALTH RISK PERCEPTION
The participants’ judgments of beneficial or harmful health
effects of the exposure was analyzed using a 2 × 2 (Bias [positive,
negative] × Distress [low, high]) ANOVA. As seen in Figure 2,

the negative bias group rated the exposure as more harmful than
did the positive bias group, F(1, 36) = 6.7, p = 0.014, η2 = 0.11.
Distress did not affect the health risk judgments, F(1, 36) = 0.8,
p = 0.375.

FIGURE 2 | Mean (+ standard error) ratings of harmful or beneficial

health effects of the chemical exposure, using a Borg CR-100 scale.

P-values refer to the ANOVA parameter estimates (∗p < 0.05).

FIGURE 1 | Overview of experimental procedure. The exposure session began at min 0.

Table 2 | F -values (and, if statistically significant, eta-squared, η2) for the full factorial mixed model ANOVAs.

Blank exposure Chemical exposure Symptom ratings Cognitive performance

Intensity Valence Intensity Valence Plus/minus Updating

Time (T) 2.2 0.4 6.8 (0.13)*** 0.4 25.1 (0.12)*** 5.7 (0.04)** 16.9 (0.31)***

Bias (B) 7.2 (0.14)* 4.1(0.10)† 1.9 2.8 0.1 0.7 1.8

Distress (D) 6.2 (0.12)* 1.5 14.8 (0.28)*** 8.5 (0.18)** 7.8 (0.17)** 1.9 4.0 (0.10)‡

T × B 0.3 0.2 1.2 0.1 1.5 1.2 0.5

T × D 1.3 2.4 2.9 (0.06)* 2.7 (0.07)* 4.2 (0.06)* 1.3 0.9

B × D 2.3 0.4 0.0 0.1 1.2 0.6 0.0

T × B × D 1.0 0.5 3.8 (0.07)** 1.3 0.4 1.6 0.2

Symptom (S) 18.3 (0.14)***

T × S 6.3 (0.04)***

No other significant effects involving the factors Symptom or Task (plus/minus lists); all F < 2.1.
*p < 0.05; **p < 0.01; ***p < 0.001; †p = 0.052; ‡p = 0.054.
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INTENSITY AND VALENCE RATINGS DURING BLANK EXPOSURE
Possible group differences of intensity ratings during blank expo-
sure were investigated using a 2 × 2 × 2 (Time [first and second
rating during blank exposure] × Bias [positive, negative] ×
Distress [low, high]) ANOVA. The positive bias group rated the
blank exposure as more intense than did the negative bias group
(cf. Figure 3) as seen by a main effect of Bias F(1, 36) = 6.2, p =
0.017, η2 = 0.12. Additionally, the high distress group rated the
blanks as more intense than the low distress group (cf. Figure 3)
as seen by a main effect of Distress, F(1, 36) = 7.2, p = 0.011,

η2 = 0.14. An ANOVA with the same factors was performed on
valence ratings, revealing a tendency of a main effect of Bias,
F(1, 36) = 4.1, p = 0.052, η2 = 0.10. The tendency is that the pos-
itive bias group rated the blanks as more pleasant than did the
negative bias group (cf. Figure 3).

INTENSITY AND VALENCE RATINGS DURING CHEMICAL EXPOSURE
A 9 × 2 × 2 (Time [nine ratings during chemical exposure] ×
Bias [positive, negative] × Distress [low, high]) ANOVA using
intensity ratings during chemical exposure revealed a Time

FIGURE 3 | Mean (± standard error) ratings of intensity and valence

in 5 min intervals, using a Borg CR-100 scale. Pleasantness was
rated as positive values and unpleasantness as negative values. Shaded
areas indicate values used in the statistical analyses. The first two

ratings were made during blank exposure. The last nine ratings were
made when the n-butanol concentration was at a stable concentration.
P-values refer to the ANOVA parameter estimates (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001).
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× Bias × Distress interaction, F(8, 288) = 3.8, p = 0.007, η2 =
0.07. Post-hoc ANOVAs separating the factors Bias and Distress
revealed a significant effect of Time for the low distress group
receiving negative bias, F(8, 288) = 5.5, p = 0.005, ?2 = 0.38, indi-
cating that individuals in this group rated intensities as lower
over time (cf. Figure 3). The high distress group receiving positive
bias also reported lower intensities over time, as seen by a sig-
nificant effect of Time, F(8, 288) = 4.8, p = 0.009, η2 = 0.35 (cf.
Figure 3). There was no effect of Time in the high distress group
receiving negative bias, or the low distress group receiving pos-
itive bias (see Figure 3). Valence ratings were analyzed using an
ANOVA with the same factors, yielding a Time × Distress inter-
action F(8, 288) = 2.7, p = 0.048, η2 = 0.07. Figure 3 reveals that
the ratings of the low distress group approached zero over time,
whereas the valence ratings of the high distress group remained
negative over time.

SYMPTOM RATINGS
Symptom ratings (mean of eye irritation, nose irritation, skin
irritation, throat irritation, shortness of breath, concentration
difficulties, dizziness, tiredness, headache and nausea) were ana-
lyzed with a 3 × 2 × 2 (Time [three occasions] × Bias [positive,
negative] × Distress [low, high]) ANOVA. There was a Time ×
Distress interaction, F(2, 72) = 4.2 p = 0.026, η2 = 0.06. As seen
in Figure 4, the significant interaction refers to the high distress
group reporting greater symptoms in the middle and end of the
session. Notably, Bias did not affect symptom ratings (Table 2).

COGNITIVE PERFORMANCE
Mean number of correct answers in the plus, minus and
plus/minus lists were analyzed with a 9 × 2 × 2 (Time [nine
blocks] × Bias [positive, negative] × Distress [low, high])
ANOVA. There were no significant effects for the factors Bias or
Distress (Table 2). Number of correctly recalled sequences in the
updating task was analyzed with a 3 × 2 × 2 (Time [three blocks]
× Bias [positive, negative] × Distress [low, high]) ANOVA.

FIGURE 4 | Mean (+ standard error) ratings of eye irritation, nose

irritation, skin irritation, throat irritation, shortness of breath,

concentration difficulties, dizziness, tiredness, headache, and nausea

before (pre), in the middle of (mid) and at the end of the n-butanol

exposure session. Ratings are made on a Borg CR-100 scale. P-values
refer to the ANOVA parameter estimates (∗∗p < 0.01).

There was a tendency of a main effect of Distress, with a lower
amount of correctly recalled sequences in the high distress group
F(1, 36) = 4.0 p = 0.054, η2 = 0.10. Despite the lack of a Time
× Distress interaction, parameter estimates nevertheless reveal
that the Distress effect is greater at the end of the session. This
is illustrated in Figure 5.

DISCUSSION
This study was conducted to investigate the effects of health-risk
perception and self-reported distress on reactions to a low-level
chemical exposure. Participants rated the perceived intensity and
valence of blank stimuli and n-butanol, reported symptoms and
performed cognitive tasks during the exposure session. Health-
risk perception was manipulated by giving participants either
positively or negatively phrased information regarding the com-
pound used in the study. The manipulation was regarded as suc-
cessful, as the participants receiving negative information judged
the exposure to be more harmful compared with those receiving
positive bias (Figure 2). Furthermore, participants were assigned
into relatively high and low distress groups based on self-reports.
Distress, in this regard, does not refer to pathological problems,
but rather as normal variation in terms of rated well-being.

Our first hypothesis was that individuals reporting relatively
high distress would sensitize to the chemical exposure described
in a negative manner, whereas individuals reporting relatively
low distress would habituate. Negative bias has previously been
associated with increasing intensity ratings over time (Dalton,
1996, 1999). Similarly, traits such as anxiety have also been linked
to higher perceived intensity of chemical exposure (Chen and
Dalton, 2005). The analysis of the intensity ratings partly cor-
roborated the first hypothesis by revealing an interaction between
information bias, self-reported distress and time. The low distress
group receiving negative bias reported intensities as decreasing
over time to the invariant exposure (Figure 3). The high distress
group receiving negative bias neither sensitized nor habituated to
the exposure, but seemed to reach a stable plateau in terms of
perceived intensity. Positive bias had the opposite effect on the

FIGURE 5 | Mean (+ standard error) number of correctly recalled

sequences in the updating task. P-values refer to the ANOVA parameter
estimates.
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rated intensities in the high and low distress group. Analyses of
the Bias × Distress × Time interaction revealed that the high dis-
tress group habituated over time, whereas the low distress group
did not (cf. Figure 3).

Among the interpretations of these results, we would like
to point out one result in particular. By the end of the ses-
sion in which participants received positive information bias,
the high and low distress group rated the exposure as similar
in terms of mean intensity (Figure 3). The same result was not
seen when participants received negative information. The dif-
ferences in perceived intensities between the high distress and
low distress group rather increased with time. The mean per-
ceived intensity of the distressed group was “strong” throughout
the exposure session when rated according to the Borg CR-100
scale. The negatively biased non-distressed group rated the expo-
sure as “weak” by the end of the session. These results suggest
rather large, time-dependent discrepancies in basic sensory judg-
ments between distressed and non-distressed individuals, but
only when the exposure is deemed unhealthy. The interactions
between bias and distress can be seen as an expansion of previ-
ous studies revealing a bias effect on intensity ratings (Dalton,
1996, 1999). The result may also be relevant for occupational
exposure limits by revealing the extent of differences in the rat-
ings of basic properties of the surroundings (Smeets and Dalton,
2005).

The analyses of valence and symptom ratings revealed effects
of distress, but no interactions including information bias and
distress in combination. The high distress group did not habituate
in terms of rated unpleasantness, whereas the low distress group
did. Moreover, the high distress group reported greater symptoms
over time compared with the low distress group. These results do
not contradict the first hypothesis stating that negative bias will
have more deleterious effects in distressed individuals. However,
as the same results were found when a positive bias was given,
information bias seems to be redundant for these measures. The
lack of a bias effect is seemingly at odds with earlier reports of
bias effects on valence ratings (Kobayashi et al., 2007; Djordjevic
et al., 2008; Nordin et al., 2013). There are, however, differences
in exposure conditions that should be considered before regard-
ing the current results as contradictory to previous studies. The
long exposure may for instance hide initial bias differences in
valence ratings. Although not part of the statistical analyses, the
ratings in Figure 3 suggest possible bias effects in the begin-
ning, but perhaps not at the end of the exposure. A hypothesis
for future studies, based on this argument, would be that non-
distressed individuals, to a greater degree than distressed, change
their minds regarding the valence of extended exposures even if
initially rating them as unpleasant.

The current study also revealed that the high distress group
had a tendency of worse performance on the updating task, but
not on plus/minus lists. In line with these results, trait anxiety
has previously been associated with worse cognitive performance
when exposed to chemicals, arguably due to greater distraction
(Orbæk et al., 2005). The updating task used in the current study
necessitates constant monitoring and updating of information
in working memory (Miyake et al., 2000). A reasonable expla-
nation for the worse performance in the high distress group is

that the exposure, regarded as unpleasant and eliciting symptoms
over time, interferes with this demanding task. The plus/minus
lists are arguably less strenuous than the updating task, which
might explain the lack of effects for this measure. Nordin et al.
(2013) found a bias effect on plus/minus lists, a result that was not
mirrored in the current study. The arithmetic task was, however,
arguably easier in the current study, and consisted of adding and
subtracting three from the presented number, instead of adding
and subtracting seven as in the Nordin et al. study. The second
hypothesis pertaining to worse performance in the high distress
group is thus partly supported by current results.

Finally, the analyses revealed that the high distress group
regarded the blank exposure as more intense than the low dis-
tressed group did. This may be seen as a higher false alarm rate
in distressed individuals, parallel to that found in persons scor-
ing high on somatization (Brown et al., 2012). Positive bias was
also associated with higher intensity ratings of blanks, compared
with the negative bias case. It is possible that this effect is due
to the instructions, i.e., that the positive information referred to
n-butanol as having a stimulating effect which may have been
interpreted as being more intense. Moreover, there was a ten-
dency of the positively biased group rating the blanks as more
pleasant than did the negatively biased group, at least before the
participants were exposed. Pleasantness is also the dimension that
Knasko (1992) was able to manipulate by biased information
during sham exposure.

Although investigated in a relatively small convenience sam-
ple calling for future replications, the tentative conclusion of
this study is that traits, in this case self-reported distress, affects
the reactions to low-level chemical exposure in terms of valence
ratings, perceived symptoms and performance on a demand-
ing cognitive task. Situational factors, i.e., health-risk perception
interact with distress when making judgments of the intensity of
the exposure. Relatively distressed individuals do not habituate
in terms of intensity judgments when receiving negative informa-
tion about an exposure, whereas relatively non-distressed individ-
uals do. Generally, the lack of habituation in the distressed group
could be seen as the first signs of the vicious cycle of responses
that lead to the development of medically unexplained illnesses
(Richardson and Engel, 2004; Deary et al., 2007; McEwen, 2007;
Ganzel et al., 2010). Applied to e.g., occupational settings, the
results could imply that individuals with normal sensory func-
tioning, exposed to the same levels of ambient chemicals will over
time differ significantly regarding how they experience their sur-
roundings. A relatively non-distressed person will get used to the
exposure. A relatively (albeit non-pathologically) distressed indi-
vidual will perceive it as strong and unpleasant, as eliciting symp-
toms and affecting performance, especially if receiving negative
information.
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Food neophobia, that is the reluctance to try novel foods, is an attitude that dramatically
affects human feeding behavior in many different aspects among which food preferences
and food choices appear to be the most thoroughly considered. This attitude has an
important evolutionary meaning since it protects the individual from ingesting potentially
dangerous substances. On the other hand, it fosters an avoidance behavior that can extend
even toward useful food elements. A strong link exists between food neophobia and both
the variety in one person’s diet and previous exposures to different foods. In this review,
the more recent findings about food neophobia will be concisely described. Given the
suggested connection between the exposure to different foods and food neophobia, this
review will focus on the relation between this attitude and human chemosensory abilities.
Olfaction, in particular, is a sensory modality that has a central role in flavor perception and
in food preference acquisition. Therefore, the latest evidences about its relation with food
neophobia will be discussed along with the applied and cognitive implications.

Keywords: food neophobia, olfaction, food exposure, odor identification, explorative behavior

INTRODUCTION
Human feeding behavior is guided by a number of different
factors relating to the properties of both food product and indi-
vidual. The intrinsic sensory properties of food are fundamental
in modulating the experience the individual has while approach-
ing and consuming the product (Desor et al., 1975). On the
other hand, the physiological state of the organism (e.g., hunger;
Rolls, 2012) promotes or inhibits food research and consump-
tion (Small et al., 2001; Albrecht et al., 2009; Fernandez et al.,
2013). Another extremely important aspect is represented by the
cognitive and motivational factors of the individual (Assanand
et al., 1998), among which the tendency to avoid foods never
encountered before (known as food neophobia; Pliner and Hob-
den, 1992) is receiving increased attention. The rationale behind
this is the existence of a strong connection between new food
avoidance with the successive development of unhealthy eating
habits (e.g., assuming too much fats or sugars), that can have seri-
ous negative consequences on diet balancing or on body weight
(e.g., obesity; Capiola and Raudenbush, 2012). Therefore, the
purpose of this review is to provide an up-to-date overview of
the findings in food neophobia investigation and in the study of
its relationship with chemosensory perception, focusing on odor
perception.

ATTITUDES TOWARD FOOD: THE CASE OF FOOD NEOPHOBIA
Among the psychological factors modulating an individual’s rela-
tionship with food, the systematic reluctance to try novel or
unknown foods (i.e., food neophobia; Pliner and Hobden, 1992)
appears to play a critical role in the development of possible eating
disorders (see Benton, 2004). From an adaptive point of view, food
neophobia protects an organism (animal or human being) from
ingesting potentially dangerous foods. This mechanism has a cost,
though, represented by the risk of avoiding even highly nutritious
foods. The balance an organism should find between these two

opposite pressures is known as the “omnivore’s dilemma” (Rozin
and Vollmecke, 1986). Since the late 1960s, a large body of research
has been produced on this behavior in animals (see e.g., Rozin,
1968; Roberts and Cheney, 1974; Mitchell et al., 1975), whilst food
neophobia in humans has only been extensively investigated in the
last two decades (for an earlier review, see Frank and Raudenbush,
1998).

In order to try and quantify this in human beings, over the
years a number questionnaires have been developed such as the
“Food Attitude Survey” (FAS; Frank and van der Klaauw, 1994;
see also Frank and Raudenbush, 1998; Raudenbush et al., 1998),
but it is with the publication of the “Food Neophobia Scale” (FNS;
Pliner and Hobden, 1992) that a systematic way of studying food
neophobia initiated. This scale has been successfully used to pre-
dict people’s attitude toward new foods and the expected liking of
food products, and has been adapted for children administration
(“Children Food Neophobia Scale”, CFNS; Pliner, 1994). It has
also been translated into different languages and cultures (e.g., for
Italian, see Demattè et al., 2013; for Spanish, see Fernández-Ruiz
et al., 2013; for Chilean, see Schnettler et al., 2013; for Finnish, see
Tuorila et al., 2001; for Japanese, see Yamada et al., 2012). Recently,
the FNS has also been adapted to the fruit and vegetable domain
(“Fruit and Vegetable Neophobia Instrument”, FVNI; Hollar et al.,
2013).

The strength of the FNS lies in the speed at which the question-
naire can be administered, by means of both paper and pencil and
computerized tests, and in its repeatedly proven internal consis-
tency (Pliner and Hobden, 1992; Tuorila et al., 1994; Raudenbush
et al., 1998). A disadvantage of the scale is that, despite the increas-
ing number of studies performed, a common reliable methodology
to use to categorize people as a function of the degree of neopho-
bia is still not available (Meiselman et al., 2010). The FNS can
be used to determine neophobia classes by using one standard
deviation from the group mean as the splitting criterion (Pliner
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and Hobden, 1992; Falciglia et al., 2000; Tuorila et al., 2001), by
median split (Mustonen et al., 2012; Raudenbush and Capiola,
2012; Yamada et al., 2012), or else by tertiles split (Raudenbush
et al., 2003; Tuorila and Mustonen,2010; Capiola and Raudenbush,
2012; Fernández-Ruiz et al., 2013). Additional new approaches
have also been tested recently, for example the segmentation based
on Principal Component Analysis (PCA; Demattè et al., 2013;
Fernández-Ruiz et al., 2013).

FOOD NEOPHOBIA AND INDIVIDUAL FACTORS
A large number of individual factors have shown to be con-
nected to the degree of food neophobia. Knaapila et al. (2011)
reported that (especially in women) this attitude appears to be
strongly genetically determined. The results of the studies con-
ducted so far on gender differences are still quite inconclusive:
Some authors have found that women are more neophobic than
men (Frank and van der Klaauw, 1994), some authors described
instead the contrary (Tuorila et al., 2001), whilst some others
failed to find any differences at all (Flight et al., 2003; Nordin
et al., 2004; Meiselman et al., 2010; Demattè et al., 2013). A clearer
link has instead been described between food neophobia and age.
Avoidance behavior of unfamiliar foods would appear and reach
its maximum between 2 and 6 years of age (Raudenbush et al.,
1998; Blissett and Fogel, 2013), starting from toddlers’ develop-
mental phase of increased physical and motor skills when they
gain potential access to a larger number of (possibly danger-
ous) food substances (Benton, 2004). From late childhood, the
levels of neophobia gradually decrease until adulthood, when
this tendency would reach its minimum level (Fernández-Ruiz
et al., 2013; Schnettler et al., 2013). With aging, food neophobia
levels slowly start to rise again (Tuorila et al., 2001), protecting
the weaker elderly organism from potential poisoning (Dovey
et al., 2008). From a more psychological perspective, studies
have highlighted that neophobic people would be less prone to
look for strong emotions and adventures (Otis, 1984), more
anxious (Dovey et al., 2008), and less open (Knaapila et al.,
2011).

FEEDING BEHAVIOR AND THE ROLE OF OLFACTION
Olfaction plays a crucial role in human life. It has special con-
nections to those areas in the brain involved in the processing
and encoding of emotions and memories (Royet et al., 2003),
thus it is extremely relevant in human social interaction (see
e.g.; Herz and Inzlicht, 2002; Schaal et al., 2004; Demattè et al.,
2007). Its importance extends also to the production of adaptive
behaviors in response to the environmental stimulations. Olfac-
tion works with the double function of alerting the organism
for potentially dangerous elements present in the environment
and recognizing foods useful for survival (Prescott, 1999). It is
extremely influential on feeding as it represents a basic piece of
flavor perception (Small et al., 1997; Prescott, 2012). As a mat-
ter of fact, flavor perception (that is the multisensory experience
par excellence; Small, 2012), can be disrupted by a simple cold.
While perception of the different tastes remains unaltered allow-
ing sweetness to emerge from a candy, the information about
the peach flavor of that candy gets lost in the air flow that can-
not reach the olfactory epithelium. Therefore, odors appear to

be crucial when it comes to the sensory evaluation of a food
(Yeomans, 2006).

The investigation of chemosensory functions in eating behav-
ior has mainly taken into account the possible differences
in odor functions of patients suffering from eating disorders
(e.g., anorexia) and control participants. The results described so
far are not always consistent as different groups of people and
different methods have been used. For instance, a study reported
that people suffering from anorexia nervosa (Roessner et al., 2005)
had higher olfactory thresholds and poorer discrimination abilities
(but preserved odor identification performance; see also Kopala
et al., 1995) than controls. On the contrary in a more recent work,
anorectic patients showed to have impaired odor identification
abilities (Rapps et al., 2010) with preserved olfactory thresholds.
Additionally, there exist other studies targeting obese participants
while focusing on taste perception rather than on olfaction. Some
of the basic tastes (e.g., salty) seem to have significantly higher
thresholds in obese than control participants (Overberg et al.,
2012), even though others failed to show any variations (for a
review, see Donaldson et al., 2009). However, for odors, there is still
no evidence of the existence of reliable differences in perception
in obese patients.

A different area of investigation in the field of feeding consid-
ers instead the existence of differences in the hedonic evaluation
of target stimuli. The evidences indicate that people suffering
from anorexia consistently perceive both odors and tastes as
less pleasant than control participants (Simon et al., 1993; Jiang
et al., 2010). Obese people instead do not seem to show any
consistent variations in the hedonic evaluation of chemosen-
sory stimuli (Thompson et al., 1977; Malcolm et al., 1980; though
see Drewnowski et al., 1985). A significant difference seems to
emerge when looking at the rewarding value of such stimuli
during real food consumption. As a matter of fact in a fMRI
study, a group of obese girls showed, during both food con-
sumption and anticipation of intake, more neuronal activity than
controls in those areas of the brain deputed to the encoding of
reward (e.g., insula; Stice et al., 2008). This suggests that cog-
nitive and motivational aspects might have a stronger influence
on people suffering from eating disorders than purely perceptual
mechanisms.

FOOD NEOPHOBIA, TASTE, AND OLFACTION
While a number of investigations have been made on the exis-
tence of systematic links between individual factors (psychological,
demographical, etc.) and levels of food neophobia, others have
turned their attention toward the role of sensory functions. For
instance starting from the observation that neophobic children
mainly refuse fruit and vegetables rather than other food cate-
gories (Wardle and Cooke, 2008), Coulthard and Blissett (2009)
hypothesized that the rationale behind that could be a higher
sensitivity to taste, and to bitter in particular. Using indirect mea-
surements (i.e., parental proxy questionnaires), they highlighted
that high taste sensitivity negatively correlated with the amount
and variety of consumed fruit and vegetables and with the levels
of food neophobia. Adults tested for their sensitivity to phenylth-
iocarbamide (PTC) or quinine hemisulfate (i.e., bitter substances)
revealed though not to differ as a function of their attitude toward
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novel foods (Frank and van der Klaauw, 1994). Willingness to
try unfamiliar foods, rather than having direct effects on sensory
perception, influenced the hedonic evaluation of a series of food-
related and food-unrelated odors. Almost all odors were judged
as being less pleasant and less intense by people reluctant to try
new foods supporting the notion of an important role of olfaction
in food preferences and eating behavior. Interestingly, neophobic
people tend to use smaller sniff magnitudes than non-neophobics,
as measured during an odor detection task (Raudenbush et al.,
1998), and this has been interpreted as an index of an attempt made
by neophobics to avoid any possible bad odor-related experiences
(Prescott et al., 2010). This would be consistent with the hypoth-
esis that food neophobia might result from the anticipation of a
possible negative outcome produced by tasting the unknown prod-
uct (Pliner et al., 1993). During uncertain conditions in particular
(i.e., when the information available is very scant), neophobics
expect to like an unfamiliar food significantly less than neophilics.
Compared to this latter group, neophobics appear to feel more
uncertain about the identity of the unknown product. They are
also less willing to try unfamiliar foods even when a future hypo-
thetical situation is considered (Tuorila et al., 1994; see also Frank
and Raudenbush, 1998).

Active exploration of the environment through sniffing is
reckoned to be a key factor for odor detection. Frasnelli et al.
(2009) described that the ability to localize a pure odorant (that
is an odor that does not stimulate the trigeminal system, such
as the rose-like odor of phenyl ethyl alcohol) by discriminat-
ing the stimulated nostril (right vs. left) varies as a function of
the stimulus being actively sniffed or passively perceived (i.e.,
mechanically delivered into the nostrils). Tourbier and Doty
(2007), instead, demonstrated that sniff magnitude correlates
with human olfactory abilities as measured by the University of
Pennsylvania Smell Identification Test (UPSIT; Doty et al., 1984),
with participants having a sense of smell in the normal range
showing smaller magnitude sniffs than anosmic participants. In
addition interestingly, these authors highlighted that the sniff
magnitude ratio is strongly modulated by the hedonic value of
the perceived odor (i.e., it decreases when malodor rather than
a pleasant odor is used; see also Djordjevic et al., 2008), which
suggests a possible important role of expectancy in olfactory
behavior that would be mediated by the hedonic dimension of
odors.

Odor identification seems to be positively linked to the
degree of experience one person has of the olfactory world
(Lehrner and Walla, 2002; see also de Wijk and Cain, 1994a;
Cain et al., 1995; Lehrner et al., 1999). de Wijk and Cain,
(1994b) for instance described that odor identification ability
varies according to age, being poor in childhood and improv-
ing until adulthood (Cain et al., 1995). This improvement in
the odor identification ability is suggested to occur through-
out the whole life-span and is dependent on a learning effect
induced by a repeated exposure to the different odors. Fol-
lowing this logic, Demattè et al. (2013) recently formulated
the hypothesis that the scant exploratory behavior described
in food neophobics (Raudenbush et al., 1998) could also affect
the ability of finding the right name for an odor. There-
fore, a group of adult volunteers were asked to identify a

series of common odors and the results revealed that neo-
phobic people were significantly worse in the identification
task than non-neophobic participants. A connection thus does
seem to exist between the personal attitude toward unknown
foods (as measured by the FNS) and the ability to name com-
mon odors. This relation would be mediated by the different
degree of exposure a person has to different odors during
life. Interestingly consistently with this, familiarity appears to
have an important role in different aspects of olfactory per-
ception (for a recent review on olfactory expertise, see Royet
et al., 2013). An odor never encountered before is usually
evaluated as being less pleasant than a more familiar odor
(Delplanque et al., 2008), while repeated exposure to an odor
appears to lower the threshold for its detection (Dalton et al.,
2002).

THE MEDIATION OF EXPOSURE
The existence of an extremely powerful connection between food
neophobia and both the variety in a person’s diet and the repeated
exposure to food products has been repeatedly demonstrated (for
an earlier review, see Frank and Raudenbush, 1998; see also Pliner
et al., 1993; Birch et al., 1998). In adults, diet variety plays a signifi-
cant impact, as demonstrated by the negative correlation observed
between the levels of food neophobia and the levels of both edu-
cation and socio-economical status (Flight et al., 2003; Meiselman
et al., 2010). This effect appears to be directly related to the fre-
quency with which one person experiences different kinds of
foods during everyday life (Knaapila et al., 2011). In particular,
an increase in the exposure to new food has been proven to reduce
general food neophobia levels (Pliner et al., 1993; Birch et al., 1998;
Mustonen et al., 2012).

The effects of exposure to different foods on the attitude toward
food choices have received special attention in the field of chil-
dren’s eating behavior (Benton, 2004; Wardle and Cooke, 2008;
Raudenbush and Capiola, 2012). A crucial impact of parental
behavior on the development of preferences and aversions has
been highlighted, both during the weaning phase and later during
childhood, and even during a child’s prenatal life (Benton, 2004;
Wardle and Cooke, 2008; Beauchamp and Mennella, 2011). Regu-
lar pre-exposure to anise flavor through mothers’ diet has shown
to be effective in inducing a preference for anise odor in newborn
babies (Schaal et al., 2000). Some preferences are innate in nature,
for example bitterness aversion or sweetness preference (Mennella
et al., 2005; though see Desor et al., 1975), nevertheless prenatal life
has been shown to have an impact also on later food preferences,
showing the importance of mothers’ diet quality during gestation
(Trout and Wetzel-Effinger, 2012).

Food experience in the first period after birth is critical in
the learning of food likes and dislikes, as such experiences are
considered to drive the following development and expression of
human behavior toward food (Beauchamp and Mennella, 2009).
Sullivan et al. (1991) for instance have described that 1 day after
birth, newborns can already learn to associate pairs of simul-
taneous olfactory and tactile stimuli, showing a conditioned
response for the single conditioned odor experienced before.
Later on during weaning, the repeated exposure to a food dra-
matically influences its acceptance (Nicklaus, 2011). This seems
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to be true if the food is actually tasted, as mere visual expo-
sure is not sufficient to shape that preference. Other studies
have highlighted the importance of parental eating style, that
can influence children’s food preferences by determining the
ease with which they have access to a sufficiently varied diet
(Finistrella et al., 2012) and by means of the powerful mecha-
nism of parental modeling (Benton, 2004; Wardle and Cooke,
2008). In this view, it is not surprising that children’s prefer-
ences strongly correlates with those of their mothers (Howard
et al., 2012).

CONCLUSION
Food preferences and aversions are mediated by the chemosen-
sory system, which underlies flavor perception (Frank and van der
Klaauw, 1994). The mechanism through which food likes and
dislikes are learned and modulated is represented by repeated
exposure, but only if it includes actual tasting (Benton, 2004;
Wardle and Cooke, 2008). Food neophobia appears to be an
extremely complex attitude, its strength fluctuates during life-
span and is modulated by a number of different factors (Otis,
1984; Frank and Raudenbush, 1998; Howard et al., 2012). An
individual’s diet quality is strongly influenced by the attitude
toward food (and novel food in particular) and it has a dra-
matic impact on her/his health and well-being (Falciglia et al.,
2000; Capiola and Raudenbush, 2012). Therefore, an increase in
the understanding of the mechanisms underlying food neophobia
acquisition and modulation appears to be a critical issue for future
investigations.
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Why we like or dislike certain products may be better captured by physiological and
behavioral measures of the autonomic nervous system (ANS) than by conscious or
classical sensory tests. Responses to pleasant and unpleasant food odors presented
in varying concentrations were assessed continuously using facial expressions and
responses of the ANS. Results of 26 young and healthy female participants showed that
the unpleasant fish odor triggered higher heart rates and skin conductance responses,
lower skin temperature, fewer neutral facial expressions and more disgusted and
angry expressions (p < 0.05). Neutral facial expressions differentiated between odors
within 100 ms, after the start of the odor presentation followed by expressions of
disgust (180 ms), anger (500 ms), surprised (580 ms), sadness (820 ms), scared (1020 ms),
and happy (1780 ms) (all p-values < 0.05). Heart rate differentiated between odors
after 400 ms, whereas skin conductance responses differentiated between odors after
3920 ms. At shorter intervals (between 520 and 1000 ms and between 2690 and 3880 ms)
skin temperature for fish was higher than that for orange, but became considerable lower
after 5440 ms. This temporal unfolding of emotions in reactions to odors, as seen in facial
expressions and physiological measurements supports sequential appraisal theories.

Keywords: skin conductance, skin temperature, heart rate, ANS responses, odor, valence, concentration, facial

expressions

INTRODUCTION
Up to 80% of all new food products fail in the marketplace,
despite the fact that they are typically subjected to a large number
of sensory and consumer tests before their market introduc-
tion (Crawford, 1977). This suggests that the “standard” sensory
and consumer tests, which typically include sensory analytical
profiling and liking tests, have a low predictive validity with
respect to general product performance. Possibly, consumer food
choice outside the laboratory may be less based on cognitive
information processing and rational reasoning, and more on
unarticulated/unconscious motives and associations (Wansink,
2004). Reasons for likes or dislikes of specific foods are typi-
cally difficult to articulate but may determine much of our food
choice. Unarticulated/unconscious motives and associations are
not very well captured by traditional tests based on conscious cog-
nitive processes, and may be better captured by physiological and
behavioral measures (e.g., facial expressions) of the autonomic
nervous system (ANS) which do not require conscious processes
(Greenwald, 2009).

Physiological measures have been used extensively to cap-
ture responses of the ANS to various types of stimuli such as
film clips, personalized recall of specific situations, and odors.
In a previous study, Alaoui-Ismaïli et al. (1997) related vari-
ous autonomic parameters to the pleasantness of five odorants,
and found that unpleasant odors were associated with increased
heart rate (HR) and longer skin conductance responses (SCR)
compared to pleasant odors. Bensafi et al. (2002) related ANS

measures to rated pleasantness, arousal, intensity, and familiar-
ity for a set of six odorants and found that their results could
be explained by two main factors: pleasantness, inversely related
to HR (similar to Alaoui-Ismaïli et al., 1997) and arousal, posi-
tively related to skin conductance and rated intensity. Delplanque
et al. (2009) found stronger SCR and higher HR for unpleasant
compared to pleasant odors. They also established that HR differ-
ences between pleasant and unpleasant odors occurred relatively
late in the deceleration phase, approximately 5–8 s after odor pre-
sentation. Considerable faster odor-specific responses were found
for facial expressions; facial muscle activity associated with posi-
tive and negative facial expressions showed different activities for
pleasant and unpleasant odors as soon as 400–500 ms after odor
presentation (Delplanque et al., 2009).

Facial expressions have also been used extensively by others
to measure emotional responses to food-related stimuli. Well-
known are the positive facial expressions of new-borns toward
liked (sweet) and the negative expressions toward disliked (bit-
ter) basic tastes, extensively documented by Steiner (1973). More
recently, an automated tool, FaceReader, has been developed and
used to analyze more diverse, universal facial expressions. Using
different food stimuli, it was found that happy expressions were
not systematically related to liking scores, in contrast to neutral,
angry, and disgusted expressions (Danner et al., 2014), and that
stronger facial expressions to disliked foods compared to liked
foods were already detected at the first visual encounter with the
food (De Wijk et al., 2012).
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The dynamic features over time of physiological responses and
facial expressions have typical been outside the scope of most
studies, even though they play a key role in several modern the-
ories on emotion, the so-called componential appraisal models
(see Ellsworth and Scherer, 2003 for an overview). The models
assume that the elicitation and the differentiation of emotions are
determined by appraisals, the continuous, recursive evaluations of
events, Delplanque et al. (2009) investigated the appraisal of odor
novelty and pleasantness and consequent emotional responses by
measuring facial muscle activity and HR. They demonstrated that
odors were detected as novel or familiar before being evaluated
as pleasant or unpleasant (Distel et al., 1991; Royet et al., 1999).
In addition, their results also argued in favor of a dynamic con-
struction of facial expressions providing support for sequential
appraisal theories (Ellsworth and Scherer, 2003). For example,
early reactions, such as raising the eyebrows and opening the eyes,
were related to the detection of a novel or unexpected stimu-
lus, which is associated with increased alertness and attention.
After this novelty detection, assessment of pleasantness may lead
to avoidance when the stimulus is aversive or threatening, or
approach when a pleasant response is activated.

The present study will expand on previous studies by using
(food) odors delivered by an olfactometer, offering a high degree
of control over timing and concentrations, and by incorporat-
ing additional ANS measures [skin temperature (ST)] and other
types of facial expressions. Similar to Delplanque et al. (2009)
the present study will also focus on the temporal development
of each measure instead of the more commonly used time-
averaged means (e.g., De Wijk et al., 2012; Danner et al., 2014).
Physiological responses and facial expressions will be measured
continuously and analyses will be based on time-averaged means
(similar to most of the previous studies) as well as on their
temporal development. It is hypothesized that the results based
on time-averaged means will replicate the findings of similar
studies by others, i.e., higher HR and skin conductance, lower
ST and more negative facial expressions after exposure to the
unpleasant odor compared to exposure to the pleasant odor. It
is further hypothesized that ANS responses are slower than facial
expressions, but that both follow sequential appraisal processes of
evaluating the stimuli.

MATERIALS AND METHODS
PARTICIPANTS
Twenty-six young healthy female participants (mean age: 22.6 ±
1.5 years, range: 20–25 years, 18.5 < BMI < 25 kg/m2) were
recruited from the subject pool of Food and Biobased Research,
part of Wageningen University and Research Center. Participants
self-reported their BMI and if they had actual/previous history of
smell or taste disorders known to affect chemosensory function.
Detailed information regarding the experiment was given and an
informed consent form was signed by all participants prior to test-
ing. The study was approved by the Medical Ethical Committee of
the Wageningen University.

ODOR STIMULI AND PRESENTATION
As described elsewhere (He et al., under review), two food odors
were selected on the basis of their relatively negative (fish odor)

or positive (orange odor) valence (Boesveldt et al., 2010). The
orange (cold-pressed Californian orange oil, Sigma Aldrich, St.
Louis, MO, USA) and fish (Fish flavor oil, Givaudan Inc., Geneva,
Switzerland) odors were diluted with mineral oil (to 70%, v/v)
and 1,2-propanediol (to 27%, v/v), respectively. With a dynamic
olfactometer based on air-dilution (OM2s, Burghart instruments,
Wedel, Germany), each odor was delivered in three different con-
centrations (low, medium, or high), correspondingly perceived at
different intensities in a pilot study. The olfactometer allows the
presentation of odorous stimuli within a continuous humidified
(80%) and warmed (37◦C) airstream of 8 L/min, which does not
alter the mechanical or thermal conditions at the nasal mucosa
(Kobal and Hummel, 1988). These stimuli were delivered through
a nosepiece for 1 s with an inter stimulus interval of 60 s. Each
block of six stimuli (i.e., orange odor in three concentrations and
fish odor in three concentrations) was randomized and presented
five times, for a total of 30 stimuli.

PROCEDURE
The experimental sessions took place in the physiological labo-
ratory of the Restaurant of the Future located in Wageningen,
the Netherlands. The experiment leader explained the experi-
ment to the participant, allowed ample time for questions and
asked the participant to sign the inform consent form (which
they had received by e-mail prior to the experimental session)
after which the electrodes were placed. Participants were seated
in a comfortable chair, fitted with the olfactometer nosepiece,
and oriented toward an adjustable computer monitor set with a
webcam at eye-level (1 m viewing distance). They were asked to
look directly toward the camera while receiving the odor stimu-
lus to ensure recognition by the FaceReader software. Each trial
started with an auditory attention signal to remind the partic-
ipant to pay attention to the upcoming odor. The pleasantness
and intensity of each odor was rated subsequently on a paper
questionnaire 10 s after stimulation. The procedure is also shown
schematically in Figure 1. The whole experiment lasted 45 min in
total. Photograph 1 shows the set-up as used in this study.

MEASUREMENTS
Physiological ANS measures
Physiological measures included:

1. Skin conductance response (SCR) measured in µSiemens with
electrodes placed on the palm of the non-dominant hand of
the participant.

2. Heart rate (HR) measured in beats per minute with electrodes
placed on the chest.

3. Skin temperature (ST) measured in degrees Celsius with an
electrode placed on the palm of the non-dominant hand of
the participant.

The physiological data were collected at 200 Hz via a MindWare
Acquisition data acquisition system (MindWare Technologies,
Inc.) with separate filter settings for the electrocardiogram, fin-
ger temperature and electrodermal (SCR) activity. Filter settings
were low-pass 0.5 Hz, high-pass 45 Hz for HR frequency, low-pass
1 Hz, high-pass 45 Hz for SCR, and low-pass 10 Hz, high-pass
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FIGURE 1 | Schematical representation of the experimental procedure followed during one experimental session.

Photograph 1 | Set-up used in this study showing the participant and

the experimenter, the arm of the olfactometer for odor presentation,

and the monitor used for instructions with a camera used for facial

expressions.

45 Hz for ST. Electrodes were used with a surface of 4.1 cm2 and
filled with 1% Chloride wet gel. Signals were transferred to the
Acquisition Unit (16-bit A/D conversion) and stored on computer
hard disk (sampling rate 500 Hz/s). Electrocardiographic R waves
were detected offline, and intervals between heartbeats were con-
verted to HR, expressed in beats per minute (BPM). SCR activity
was recorded (high-pass filter: 0.025 Hz.) by the constant voltage
method (0.5 V). The signal was amplified by 1000 and low-pass
filtered (30 Hz).

Facial expressions
Facial expressions were automatically analyzed using FaceReader
software version 4.0 (Noldus Information Technology B.V.).
FaceReader works in three steps: (1) face finding, (2) face mod-
eling, and (3) face classification. During face finding an accurate
position of the face is found using the Active Template Method.
During modeling, the Active Appearance Model is used to syn-
thesize an artificial face model, which describes the location of
491 key points as well as the texture of the face. The actual
classification of the facial expressions is done by training an
artificial neural network as training material nearly 2000 man-
ually annotated images were used. The network was trained to
classify the six basic or universal emotions described by Ekman
(1992): happy, sad, angry, surprised, scared, and disgusted and

a neutral state. FaceReader analyzed the facial expressions on
a frame-by-frame basis, i.e., at 25 Hz. Previous studies showed
that FaceReader results corresponded between 71% (angry) to
99% (neutral) of all cases, with an average of 87%, with results
from human observers (Terzis et al., 2012). FaceReader happi-
ness scores correlated significantly (r = 0.79) with objectively
measured activity in the zygomaticus supercilli or cheek mus-
cle, a muscle that is activated during expressions of happiness
(D’Arcey et al., 2012). A more detailed description of the sci-
ence behind FaceReader can be found at: http://info.noldus.com/
free-white-paper-on-facereader-methodology/.

Ratings of pleasantness and intensity
A visual analog scale of 10 cm was used to rate pleasantness
and intensity after each odor presentation, ranging from “not
perceivable” (left-hand end = 0 cm) to “extremely strong” (right-
hand end = 10 cm), or from “very unpleasant” (left) to “neu-
tral” (middle of the scale = 5 cm) to “very pleasant” (right).
In this study, orange odors were rated more pleasant [F(1, 25) =
99.86, p < 0.001] and less intense [F(1, 25) = 17.27, p < 0.001]
than fish odors by the participants (see Table 1). Furthermore,
odor intensity increased with concentration [F(2, 50) = 47.15,
p < 0.001].

DATA ANALYSIS
The processed images with the facial expressions were combined
with raw physiological data in Observer XT 10.5 software (Noldus
Information Technology) for further analyses. The moments that
odors were presented to the participants were marked automat-
ically using the “trigger-out” signal from the olfactometer that
signals the start of each odor presentation. The physiological mea-
sures SCR, HR, and ST were analyzed per odor presentation. The
video images of the facial expressions were processed per odor
presentation with FaceReader 4.0 software (Noldus Information
Technology). Due to a technical malfunction, absolute ST val-
ues were not recorded, but the results can still be used to assess
changes over time in ST per odor presentation. Results from some
participants had to be removed from the analysis due to a large
number of artifacts. The number of participants that is included
in the analysis is 21 (HR), 22 (skin conductance and ST), and 24
(facial expressions).

Two types of statistical analyses were used: one based on
post-odor time-averaged responses to verify systematic effects of
odor and concentration, and one based on pre- and post-odor
time-series of responses to verify the post-odor time at which
responses become odor-specific. Details of each type of analysis
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Table 1 | Average ratings (0−10, with standard deviation) of fish and orange odors diluted to different concentrations.

Odor Concentration Air-diluted to (%) Intensity Pleasantness

Mean SD Mean SD

Fish (27% v/v) Low 10 6.2 1.9 1.5 1.3

Medium 25 6.7 1.6 1.5 1.3

High 50 7.1 1.7 1.3 1.1

Orange (70% v/v) Low 50 4.8 1.7 6.4 1.1

Medium 80 6.0 1.7 5.6 1.6

High 100 6.6 1.7 5.4 1.3

Ratings were made on a visual analog scale of 10 cm length. For intensity, 0 indicates “not perceivable” and 10 indicates “extremely strong”; For pleasantness, 0

indicates “very unpleasant,” 5 indicates “neutral,” and 10 indicates “very pleasant.”

are given below. In addition, correlational analysis was used to
verify systematic associations between measures.

1. Repeated measures ANOVAs (IBM SPSS Statistics 19.0, IBM
Corporation, Armonk, USA) were conducted on post-odor
time-averaged facial expressions, ANS responses with odor
and concentration as within-subject variables. A p-value of
0.05 was considered significant.

2. To verify the time at which time-series ANS responses and
facial expressions become odor-specific (i.e., differ signifi-
cantly between odors), absolute deltas between orange and
fish odors were calculated together with the standard devi-
ations for the 2.5 s interval preceding odor presentation to
establish a pre-odor baseline. Subsequently, post-odor times
were identified at which the absolute delta between the odors
exceeded the pre-odor average plus three times the pre-odor
standard deviation.

RESULTS
EFFECTS OF ODOR AND CONCENTRATION
Physiological measures
Time-averaged means for HR [F(1, 20) = 18.7, p < 0.001] and
skin conductance [F(1, 21) = 6.3, p < 0.05] were significantly
higher for the unpleasant fish odor compared to the pleas-
ant orange odor (Figures 2A,B). Skin temperature did not vary
systematically with odor [F(1, 21) = 2.0, n.s.; Figure 2C]. Heart
rate also increased systematically with concentration [F(2, 40) =
5.3, p < 0.01]. Concentration did not affect skin conductance
[F(1, 21) = 0.6, n.s.] or ST F(1, 21) = 0.9, n.s.).

Facial expressions
Time-averaged means of facial expressions to the fish compared
to the orange odor were significantly less neutral [F(1, 23) =
21.25, p < 0.001; Figure 2D] and more disgusted [F(1, 23) =
9.63, p < 0.01], and angry [F(1,23) = 4.00, p < 0.05]. Moreover,
facial expressions intensified at higher concentrations resulting,
depending on the odor, in weaker neutral expressions [odor
by concentration effect: F(2, 46) = 3.25, p < 0.05] and stronger
scared expressions [odor by concentration effect: F(2, 46) = 3.51,
p < 0.05].

Associations between physiological measures, facial expres-
sions, and ratings are summarized by correlational analysis

based on 24 stimuli (two odors × three concentrations × four
replicates) averaged across participants (Table 2).

TIME-SERIES RESPONSES: WHEN DO RESPONSES BECOME ODOR
SPECIFIC?
Physiological measures
Prior to the odor presentation, but after the warning signal is
given, ANS measures show gradual changes that are independent
of the odor valence whereby skin conductance and HR gradually
increase and ST gradually decreases (Figure 3). Skin conductance
continues to increase for seconds after odor presentation inde-
pendent of the specific odor. After approximately 3 s, SCR for
orange decreases whereas that for fish continues to increase. The
difference in SCR becomes significant after 3920 ms (Figure 3B
and Table 3). Heart rate for the unpleasant fish odor increases
almost instantaneously after the odor is presented whereas HR for
the pleasant orange odor shows much smaller effects (Figure 3A
and Table 3). The difference in HR response between the odors
becomes significant after 400 ms. Skin temperature follows a dif-
ferent, irregular pattern with higher temperatures for fish odor
at shorter intervals (between 520 and 1000 ms and between 2690
and 3880 ms) and lower temperature at longer intervals (after
5440 ms) (Figure 3C and Table 3) compared to orange odor.

Facial expressions
Neutral expressions become odor-specific after less than 100 ms.
Disgusted expressions take approximately another 100 ms to
become odor-specific. Angry, surprised, sad, and scared become
after 500–1000 ms odor-specific, whereas happy expression
become odor-specific after more than 1700 ms (Figure 4 and
Table 3). Table 3 summarizes the times at which ANS responses
and facial expressions significantly differentiate between the
unpleasant fish and pleasant orange odor.

DISCUSSION
Human responses to pleasant and unpleasant food odors pre-
sented in varying concentrations were assessed with facial expres-
sions and responses of the ANS. Analysis were carried out on
results with and without averaging over time, and showed partly
overlapping and partly different results.

ANOVAs on time-averaged results showed that the unpleasant
fish odor triggered higher HR and SCR, lower ST, fewer neu-
tral facial expressions and more disgusted and angry expressions
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FIGURE 2 | Effects of odor and concentration on (A) skin conductance responses, (B) heart rate, (C) skin temperature, and (D) neutral facial

expressions (averaged across time and bars indicate standard errors).

Table 2 | Pearson correlation coefficients between facial expressions, ratings and physiological measures for 24 stimuli averaged across

participants.

Facial expressions Ratings Physiological measures
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te
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H
R

S
C

R

ST

Facial expressions Angry 1 ,49 ,61* −,65* 0.07 ,50 −0.36 −,71* ,49 ,61* −0.09 0.02

Disgusted 1 ,40 −,78* ,48 ,57* −,59* −,71* ,56* ,61* 0.04 −0.02

Happy 1 −,52* −0.04 0.31 −0.18 −,55* ,57* ,50 −0.21 0.12

Neutral 1 −,43 −,58* ,48 ,83* −,55* −,73* 0.15 0.19

Sad 1 ,43 −0.33 −,41 ,41 ,45 ,56* −0.23

Scared 1 −0.23 −,61* ,52* ,50 0.06 −0.10

Surprised 1 ,65* −0.35 −,62* −0.22 −0.03

Ratings Pleasantness 1 −,61* −,93* −0.08 0.21

Intensity 1 ,67* 0.07 0.17

Physiological measures HR 1 0.23 −0.16

SCR 1 0.11

ST 1

*Correlation is significant at the 0.005 level (2-tailed).

compared to the pleasant orange odor. Overall, our results were
similar to the ones found in studies by others for HR (Alaoui-
Ismaïli et al., 1997; Bensafi et al., 2002; Delplanque et al., 2009),
skin conductance (Alaoui-Ismaïli et al., 1997; Delplanque et al.,
2009), and ST (see Köster, 2009), indicating that these averaged

physiological measurements are mainly responsive to the valence
of a stimulus, and less to intensity, whereas facial expressions
appear to demonstrate more concentration-specific effects.

Correlational analyses based on time-averaged results shows
positive associations between odor liking and neutral/surprised
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FIGURE 3 | Effects of odor (averaged across concentrations) on (A) heart rate, (B) skin conductance, and (C) skin temperature. Absolute skin

temperatures are incorrect due to a technical malfunction.

Table 3 | Intervals in ms following odor presentation at which

responses become odor-specific.

Measures Odor-specific time (ms)

Facial expressions Neutral <100-end

Happy 1780-end

Sad 820-end

Angry 500-end

Surprised 580-end

Scared 1020-end

Disgusted 180-end

ANS responses HR 400-end

SCR 3920-end

ST 520–1000

2640–3880

5440-end

facial expressions, and negative associations between odor lik-
ing and all other facial expressions, including happiness. Negative
associations between odor liking and happy facial expressions
have also been reported previously by others (Zeinstra et al.,
2009; Danner et al., 2014; He et al., under review) suggesting
that happy expressions cannot discriminate liked or disliked foods
implicitly. Facial expressions of happiness are rarely displayed
when one is alone and social interactions are absent suggesting
that these expressions serve a social function (see also Gilbert
et al., 1987 and Parkinson, 2005). The fact that they did occur
in this study in the presence of experimental staff suggests that
the happy facial expressions may serve some kind of social sig-
naling function, e.g., to signal the staff that one is OK despite the
previous display of negative expressions associated with disliked
odors.

When results are not averaged across time, analyses demon-
strate that facial expressions and physiological responses become
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FIGURE 4 | Sequential unfolding of differences in facial expressions

between the unpleasant fish odor and the pleasant orange odors for

seven emotional facial expressions over time following the odor

presentation.

rapidly odor-specific and are dynamic in nature. Responses such
as skin conductance already start before the actual odor pre-
sentation These responses are obviously odor non-specific and
probably reflect anticipatory processes, Almost immediately after
the onset of the odor presentation, neutral facial expressions
decrease followed after 100 ms by an increase in facial expressions
of disgust. Within 400 ms HR for the unpleasant odor increase
(similar to rapid acceleration in HR observed for negative emo-
tions by Levenson, 1988), ST briefly increases, followed between
500 and 1000 ms by facial expressions of angry, surprised, sad, and
scared, and after 1700 ms by happy expressions. During all this
time, skin conductance gradually increases for both odors until
approximately 3 s when skin conductance for the pleasant odor
starts to decrease whereas that for the unpleasant odor contin-
ues to increase. Finally, after more than 4 s, skin conductance for
the unpleasant odor decreases together with ST for the unpleas-
ant odor. Combined these time-related results show that most
facial expressions and physiological responses are fast reacting
and odor-specific.

Our results correspond well with those found in previous
studies; Delplanque et al. (2009) found odor-specific activities in
two types of facial muscle activities 400–500 ms after odor pre-
sentation, which coincides approximately with sad, angry, and
surprised expressions in the present study. These values also con-
cur with the values found for other stimulus modalities such as
vision; Dimberg et al. (2002) found facial responses to positive or
negative visual stimuli after approximately 400–500 ms. In addi-
tion, we found other expressions that were triggered even faster,
such as disgust, or slower, such as happy.

Response times for HR and for most of the facial expressions
are well within 1 s after the odor is presented, and are often shorter
than for example response time for odor detection (approxi-
mately 800 ms, De Wijk, 1989) or response time to decide whether
or not an odor is more pleasant than a previous one (approx-
imately 850 ms, Olofsson et al., 2012), where conscious action
is needed. These differences in timing are possibly related to
automated vs. conscious processes in the central nervous system.

Facial expressions and ANS responses probably reflect automated
processing of the central nervous system (see Dimberg et al.,
2002 for automated processes and facial expressions), whereas
decisions regarding detection and pleasantness/unpleasantness
require also time-consuming conscious processing. The fact that
automated emotional odor-response times may be as fast as
response times in the visual domain despite the relatively slow
peripheral and peri-peripheral processing of odors may reflect
the anatomical overlap between CNS structures involved in olfac-
tion and emotions; the peripheral and central olfactory system
are only separated by one relay (glomerulus of the olfactory bulb)
after the odor interacts with the primary olfactory neurons. Next,
olfactory information is conducted to other olfactory structures,
some of which are also involved in emotions (hippocampus,
anterior cingulate cortex, orbitofrontal cortex and parts of the
amygdala and insula Lundström et al., 2011; Soudry et al., 2011).
Given the close correspondence of CNS structures involved in
olfaction and emotions and the fact that these structures are acti-
vated simultaneously to when information becomes available for
conscious, higher order cognitive processing in the cortex, it is no
longer surprising that automated emotional odor response times
are often faster than odor response times that involve conscious
processing.

Combined the time-series responses found in this study show
that most facial expressions and physiological responses are fast
reacting and odor-specific. Moreover, different facial expressions
and physiological measures develop at their own specific rate over
time. Consequently, responses to the same stimulus may produce
very different patterns of results depending on the time at which
they are assessed. For example, fast responses around 500 ms,
may be dominated by negative facial expressions such as disgust,
increased HR and increased ST, whereas slower responses may be
dominated by positive facial expressions, lower HR and decreased
ST. The fast responses may be automated reflexes to novel and
potentially dangerous stimuli, as observed by Delplanque et al.
(2009), whereas the later responses may reflect a conscious pro-
cessing of a sequence of different emotions, each resulting from a
different appraisal of the stimulus by the observer (e.g., Ellsworth
and Scherer, 2003). Results from the same laboratory indicate that
conscious evaluative ratings of participants are associated with
ANS responses and facial expressions between one and three sec-
onds after stimulation (He et al., under review). This supports the
notion that the fast responses, with response times of less than
one second, are automated and relatively independent of evalua-
tive ratings, whereas slower responses reflect conscious processing
that form the basis for evaluative ratings and facial expressions of
happiness for communicative purposes.

The present study has its obvious limitations; only a small
number of odors were investigated, and their effects were inves-
tigated under controlled laboratory conditions with female par-
ticipants. Nevertheless, the results may have some implications
for consumer behavior in the real world. For example, visi-
tors to supermarkets may have approximately 45 min to select
their weekly groceries from up to 30,000 products. This task
becomes even more daunting considering the fact that many of
these selections are not planned but made in the supermarket.
Given this abundance of choices consumers need a fast and partly
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automated selection mechanism that combines affect, appraisal,
action readiness and autonomic arousal. This fast selection mech-
anism may be based on fast and probably automated ANS
responses and facial expressions similar to the ones found in
the present study. These fast responses may not only be trig-
gered by odors, but also product packages and brand names. To
explore real-life applications, future studies will measure ANS
responses and facial expressions in relation to consumer choice
behavior. Initially, consumer behavior will be assessed in the semi-
real-life test environment of a virtual supermarket, followed by
real-life assessment in an actual supermarket. Such studies will
allow a proper evaluation of ANS measures and facial expressions
as tools for marketing (research) because their associations with
consumer product interactions and purchasing behaviors will be
tested directly.

In summary, physiological and facial responses to odors prove
to be fast and dynamic and the balance between these responses is
continuously changing depending on their timing. This changing
balance may reflect different sequential appraisals of emotions.
This study along with other recent studies (e.g., Delplanque et al.,
2009) shows the necessity of taking the time dimension into
account and future studies should further explore the relation
between dynamic responses and appraisals.
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Effects of smells on stress have been demonstrated in animals and humans, suggesting
that inhaling certain odorants may counteract the negative effects of stress. Because stress
plays a key role in cerebral aging, the present study set out to examine whether positive
odor effects on perceived stress can be achieved in elderly individuals. To this end, two
groups of aged individuals (n = 36 women, aged from 55 to 65 years), were tested. The
first group was exposed for 5 days to a pleasant and, by end of exposure, familiar odor
(“exposure odor”), whereas the other was exposed to a non-scented control stimulus.
Stress and mood states were assessed before and after the 5-day odor exposure period.
Psychophysiological markers were also assessed at the end of exposure, in response to the
“exposure odor” and to a “new odor.” Results revealed that stress on this second exposure
was decreased and zygomatic electromyogram activity was increased specifically in the
group previously exposed to the odor (p < 0.05). Taken as a whole, these findings offer a
new look at the relationship between perceived stress, olfaction and normal aging, opening
up new research perspectives on the effect of olfaction on quality of life and well-being in
aged individuals.

Keywords: olfaction, exposure, stress, mood, physiology, aging

INTRODUCTION
In daily life, odors influence behavior and affective states: toxic
substances are avoided thanks to the sense of smell, whereas smells
are prominent keys to the hedonic pleasure provided by food or
perfumes. The relationships between olfaction and affects have
been extensively studied in the last decade. This recent research
showed that the effects of odors on affective behavior are partly
predisposed (Khan et al., 2007; Mandairon et al., 2009; Poncelet
et al., 2010b; Joussain et al., 2011; Zarzo, 2011), but are also tuned
by learning mechanisms, whether associative learning or mere
exposure (Cain and Johnson, 1978; Rouby et al., 2009b; Poncelet
et al., 2010a). These affective states influence behavior and mood to
the extent that 12 days’ exposure to pleasant odors improved mood
in females at midlife, opening new perspectives on the beneficial
effect of odor exposure during normal aging (Schiffman et al.,
1995). These effects were documented by Schiffman et al. (1995)
for specific mood states (tension and depression), and very little is
known about odor effects on other individual psychological and
physiological responses such as stress. The aim of the present study
was to test the effect of odor exposure on perceived stress during
normal aging.

Studying the effect of odors on stress during normal aging
would be particularly valuable because stress plays a key role in
brain aging: reduced resilience in response to changes produced
by exposure to a chronic stressor could explain some of the mor-
phological, hormonal and behavioral changes observed in the aged
brain (Garrido, 2011). Moreover, focusing on older people is of
interest because, despite age-related loss of olfactory function in
terms of detection, discrimination, pleasantness and identifica-
tion (Doty, 1989; Hummel et al., 2007; Joussain et al., 2013), the

subjective importance of olfaction remains unchanged (Croy et al.,
2010).

Positive effects of odorants on stress were demonstrated in rats
and mice and also in young adult humans (Fukada et al., 2007;
Oka et al., 2008; Ito et al., 2009; Nikaido and Nakashima, 2009;
Mezzacappa et al., 2010), suggesting that inhaling certain odor-
ants may counteract the negative effects of stress. The present
study tested the general hypothesis that odor exposure decreases
stress in aged individuals. Women around the menopause in
particular were chosen because changes around the menopause
induce both physiological and social stress, added to aging effects
as such [see (Pouliot et al., 2008)]. A second reason for lim-
iting the study to women was that choosing female subjects
also allowed the olfactory exposure procedure to be hidden
inside an everyday activity that is far more frequent in women:
a skin care routine. Finally, because stress is a multidimen-
sional state including psychological and physiological compo-
nents, both perceived stress and peripheral nervous system activity
[heart rate, respiration and facial electromyogram (EMG)] were
recorded.

Participants were randomly assigned to either a “test group,”
in which the odorized source object consisted of scented cosmetic
creams, or a“control group”in which similar but unscented creams
were used. Participants were not aware of this difference and no
mention was made of the presence of a perfume. They were tested
in two separate sessions. In the first session, on arrival in the
laboratory they were asked to complete a subjective questionnaire
comprising perceived stress and mood items. They were then given
the cosmetics, and the procedure to be followed during a week of
application was explained to them. After 5-days’ exposure, they
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came back to the lab for a second session and completed the sub-
jective questionnaire again. Afterward, a within-subject design was
used such that each subject (in either group) was tested with the
“exposure-odor” (which had been present in the cosmetic cream
of the “test group” but not in that of the controls) and a “new-
odor” (not present in either of the cosmetics) while physiological
parameters were recorded.

Specific hypotheses were that: (i) odor exposure should
decrease stress and modulate mood (increase positive mood and
decrease negative mood); (ii) odor exposure should reduce the
physiological response associated with stressful situations or aver-
sive events (decrease heart rate and respiratory rhythm) and
increase physiological response to positive affects [increase zygo-
matic activity, since a positive correlation between the activity of
this facial muscle and sensorial pleasure was observed in past stud-
ies (Lang et al., 1993; Sloan et al., 2002)]; and (iii) the odor used in
the exposure procedure should become more pleasant and more
familiar in the “test group”.

MATERIALS AND METHODS
SUBJECTS
Forty-eight women aged between 55 and 65 years participated in
the experiment after giving informed consent to procedures that
had been approved by the Lyon Committee for the Protection of
Human Subjects and conducted in accordance with the Declara-
tion of Helsinki. They were screened for history of neurological
disease or injury and of nasal insult. They were randomly assigned
to either a “test group” in which the effect of an odorized stimu-
lus (exposure-odor) was evaluated, or a “control group” using the
same (but unscented) stimulus. Only 36 of the original 48 sub-
jects (17 from the test group and 19 from the control group) could
be analyzed, due to missing questionnaire data and/or problems
in recording physiological data. The two groups did not differ in
age [mean+/−SEM: test group, 58.6+/−0.9 years; control group,
59.8+/−0.7 years; F(1,34) = 1.255, p > 0.05]. It is noteworthy
that all the women reported menopausal symptoms but none
were currently under hormonal replacement therapy. Menopausal
age did not differ between groups [mean+/−SEM: test group,
7.3+/−1.3 years; control group, 9.2+/−0.7 years; F(1,34) = 1.873,
p > 0.05].

Because anhedonia may influence hedonic perception of odors
(Pouliot et al., 2008), the anhedonia level of each woman was
assessed on the Physical Anhedonia Scale (Chapman et al., 1976),
a 61-item true/false inventory. Anhedonia is measured from asser-
tions about stimuli and situations which are socially recognized
as pleasant. Thus, the anhedonia scale measures disagreement
with the positive semantic encoding of sensory experience, or
how much subjects distance themselves from positive emotional
stimuli. The questionnaire shows significant reliability and has
been validated in previous non-olfactory studies (Loas et al., 1996;
Dubal et al., 2000). Possible scores range from 0 to 61 (a low
score corresponding to a low degree of anhedonia). Anhedonia
scores did not differ between the two groups [mean+/−SEM: test
group, 13.5+/−1.4; control group, 14.5+/−1.5; F(1,34) = 0.251,
p > 0.05], Finally, subjects’ olfactory performance was estimated
on the ETOC (Thomas-Danguin et al., 2003). The ETOC com-
prises 16 blocks of four flasks. Only one flask per block contains

an odorant. For each block, participants are asked firstly to detect
which flask contains an odorant and secondly to identify the
detected smell. Identification is assessed by a multiple-choice pro-
cedure in which participants must select the correct descriptor out
of four. Detection scores range from 0 to 16 and are an indicator of
sensitivity; identification scores also range from 0 to 16, but only
odors that have been correctly detected are taken into account, thus
reducing the probability of fortuitous correct identification. Nei-
ther detection [mean+/−SEM: test group, 14.9+/−0.4; control
group, 14.5+/−0.3; F(1,34) = 0.627, p > 0.05] nor identification
scores [mean+/−SEM: test group, 12.8+/−0.4; control group,
11.9+/−0.4; F(1,34) = 1.959, p > 0.05] differed between groups.

PROCEDURE
Participants were tested in two separate sessions. In the first ses-
sion, on arrival in the laboratory they were asked to complete
a subjective questionnaire combining perceived stress assessment
and positive and negative mood items. Practically, they were asked
to rate what degree of stress they perceived on a single 9-point
visual scale from 1 (“not at all stressed”) to 9 (“very strongly
stressed”). In addition, they were asked to rate how strongly they
were experiencing each of a number of positive (amused, calm,
confident, content, happy, interested) and negative emotional
states (afraid, angry, annoyed, anxious, bored, contemptuous,
disgusted, sad), using the same 9-point scales from 1 (“not at
all amused,” etc.) to 9 (“very strongly amused,” etc.). “Sexually
aroused” was also added as an item and used as a descriptor. This
questionnaire was validated in previous olfactory studies (Bensafi
et al., 2003, 2004).

The procedure to be followed during the week of exposure was
then detailed. Practically, they were first given two cosmetic creams
(one for the face and one for the body). They were explained
that the main aim of the study was to assess the impact of these
creams on mood and emotion. They were instructed to use the
creams each morning for 5 days; they were not allowed to use their
normal scented cosmetics during that week and were restricted to
non-perfumed toiletries during the course of the study. They were
not asked to assess any physical or sensory attributes of the creams.
However, they were asked to assess their mood (on the subjective
questionnaire used in the first session) every morning before and
after application of the cosmetics. Participants who did not fill in
all questionnaires during the 5 days were excluded from analysis.
In the test group, the cosmetics were odorized with a pleasant floral
odor (“exposure odor”: citrus, resinous notes, Symrise®), but were
non-odorized in the control group. It is noteworthy here that the
cover story was exactly the same in both groups: the smell of the
cosmetics was never mentioned in any instructions, whichever the
group.®

After the week of exposure, subjects came back to the lab
for a second session and completed the subjective question-
naire again. A within-subject design was then implemented
such that each subject (in either group) was tested with the
“exposure odor” (that had been present in the test group’s but
not the control group’s cosmetics) and another pleasant flo-
ral odor (“new odor”: green, woody notes, Firmenich®) while
physiological parameters were recorded. It is noteworthy that
both, the “exposure odor” and the “new odor” were selected
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because they were a priori pleasant and included olfactory notes
used in perfumery (e.g., floral, citrus, resinous, green, woody
notes).

All testing was performed in a ventilated room designed specifi-
cally for olfactory experiments. The experimenter fitted the subject
with the peripheral nervous system recording and odor diffusion
equipment. Once peripheral nervous system measurements sta-
bilized, recording was initiated to obtain a psychophysiological
baseline. The two odor conditions (“exposure odor” and “new
odor”) were presented randomly (i.e., individual order for each
subject) via an olfactometer (Rouby et al., 2009a). There was no
verbal interaction between investigator and subject during the
recording session and participants were asked to relax as much
as possible. At the end of the session, they were asked to rate the
intensity, familiarity, and pleasantness of both odors on a scale
from 1 (not at all intense, pleasant, familiar) to 9 (very intense,
pleasant, familiar).

ODOR DIFFUSION AND OLFACTOMETRY
Pure air was delivered by a compressor and cleaned by an active
carbon filter, then carried to the olfactometer input line (6 mm
diameter, 5 m length tube). A manometer allowed selection of
air input pressure. The air then entered two channels: (1) the
air-carrier channel and (2) the odorized channels (one chan-
nel per odorant). Each odorized channel contained a glass tube
with polypropylene marbles, in which one of the two odorants
was adsorbed. Thus, at the exit from each channel, an electric
valve could be programmed closed or open in order to deter-
mine which odorant would be pushed into the airflow, and for
how long. This allowed opening/closure of each valve, and thus
stimulus duration (60 s, two presentations of each odor), to
be controlled. The interstimulus interval (ISI) was between 60
and 120 s. Odor concentration was 0.5% vol/vol in the cosmetic
creams, and a similar perceived intensity was set for the smell
diffused from the olfactometer. Carrier airflow was constant, at
1,500 ml/min, and the flow rate of each electric valve was set
at 100 ml/min; output odorous air was led through a 4 mm
tube (20 cm length) into the nasal mask; both nostrils were
stimulated.

The ventilated and refreshed experimental room comprised
two spaces: one for the experimenter and one for the subject.
The experimenter’s space contained the computer controlling
the olfactometer’s physiological parameters; the subject’s space
included the output part of the olfactometer and a computer
screen and mouse to read instructions and give responses after
the session.

PHYSIOLOGICAL PARAMETERS
In previous studies, olfactory compounds induced psychophysi-
ological responses related to changes in electrodermal response,
systolic blood pressure, EMG, respiration, and finger pulse rate
(Alaoui-Ismaili et al., 1997a,b; Bensafi et al., 2002; Delplanque
et al., 2009; Croy et al., 2013). In the present study, psychophys-
iological effects were measured on three parameters that were
simultaneously and continuously recorded and displayed during
the experiment: facial zygomatic EMG, Finger pulse frequency

(FPF) and respiratory rate (RR). Electrodermal response magni-
tude was not used, because it is highly variable in the elderly,
some aged subjects showing great variation and others no signif-
icant response (Abriat et al., 2007). All parameters were sampled
and recorded at 32 Hz. Data were converted and amplified via
a 8-channel Procomp+ amplifier (Thought Technology, Mon-
treal, QC, Canada), and displayed, stored, reduced and analyzed
off-line.

Facial EMG, expressed in microvolts (μV), was measured using
miniature Ag/AgCl electrodes (diameter, 0.8 cm) placed on the
zygomatic muscle after cleaning the skin with alcohol. The elec-
trodes were filled with electrode paste and attached with adhesive
disks. EMG activity was measured on a PROCOMP+ ampli-
fier (Thought Technology), with band pass filtered from 20 to
1,000 Hz. Data were reduced to EMG area under the curve, calcu-
lated during a time window of 10 s after odor diffusion. This time
window was chosen to limit analysis to facial mimics induced by
the olfactory stimuli.

Changes in abdominal circumference with respiration were
measured using a respiratory belt transducer (100 cm rest length,
10 cm maximum elongation, 3.5 cm width), responding linearly
to changes in length. Data were reduced to RR, calculated during
both 60-s periods of odor diffusion.

Finger pulse frequency was measured using a photoplethysmo-
graphic probe (3.2 cm/1.8 cm, LED type photodetector) placed
on the thumb of the non-dominant (i.e., left) hand. Data were
reduced to pulse rate in beats per minute (BPM).

DATA ANALYSIS
Stress and mood data were analyzed in two ways. First, they
were expressed as differences in rating between sessions 1 and
2 (session 2 minus session 1: “long-term effect” analysis). Sec-
ond, stress and mood data during the week of application
were expressed as differences in rating before and after daily
use of cosmetics (after minus before: “application effect” anal-
ysis) and averaged across the 5 days. In both analyzes, stress
and mood data were compared on one-way ANOVA, with
group (“test group” vs. “control group”) as between-subjects
factor.

Physiological data compared on ANOVA for each physiological
parameter, with condition (“exposure odor” and “new odor”) and
time (“first presentation” and “second presentation”) as within-
subject factors and group (“test group” vs. “control group”)
as between-subjects factor. For physiological data, if significant
“group”∗”condition” or “group”∗”condition”∗”time” interactions
were observed, the analysis was followed by paired comparisons
(without setting corrections for multiple comparison, since the
hypotheses were specific).

RESULTS
EFFECTS ON STRESS AND MOOD
During the week of application, a significant effect of group on
mood was observed: negative mood decreased in the test group
compared to the control group [F(1,34) = 5.036, p = 0.03].
This effect was accompanied by an effect on stress: perceived
stress decreased in the test group compared to the control group
[F(1,34) = 4.018, p = 0.05]. No effect of group was observed
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for positive mood [F(1,34) = 0.584, p > 0.05] or sexual arousal
[F(1,34) = 1.718, p > 0.05] (Figure 1A; Table 1).

After the week of exposure, the group effect for stress was
replicated [F(1,34) = 5.040, p = 0.03]: the test group felt less
stress than the control group. However, no significant differences
between groups were observed for sexual arousal [F(1,34) = 0.497,
p > 0.05], negative mood [F(1,34) = 1.534, p > 0.05] or positive
mood [F(1,34) = 0.461, p > 0.05] (Figure 1B; Table 2).

EFFECTS ON PERIPHERAL NERVOUS SYSTEM ACTIVITY
Finger pulse frequency showed a significant effect of time
[F(1,34) = 5.455, p = 0.0256] reflecting a general decrease of FPF
from the first presentation (mean+/−SEM: 67.85+/−1.922) to
the second presentation (mean+/−SEM: 66.79 +/−1.81). How-
ever, no significant effects of group [F(1,34) = 0.089, p > 0.05] and
odor [F(1,34) = 1.161, p > 0.05] and no significant odor∗group
or odor∗group∗time interactions were observed (Figure 2B). RR
showed no significant effect of group [F(1,34) = 4.021, p > 0.05],
odor [F(1,34) = 1.321, p > 0.05] and time [F(1,34) = 0.322,

FIGURE 1 | Effects on mood, sexual arousal, and stress. (A) During the
week of application, negative mood and stress decreased significantly (*) in
the test group vs. the control group. Stress decreased significantly (*) in the
test group vs. the control group at end of the week of application (long-term
changes, B). NM, PM, SA: respectively, negative mood, positive mood and
sexual arousal. *p < 0.05. Data are expressed as means and SEM.

Table 1 | Mood, sexual arousal, and stress changes (mean and SEM)

during the week of application (after vs. before the daily application

of the odorized cosmetics (test group) and non-odorized cosmetics

(control group).

Test group Control group

Mean SEM Mean SEM

Negative mood −0.26 0.11 0.00 0.05

Positive mood 0.28 0.15 0.16 0.07

Sexual arousal 0.40 0.20 0.13 0.08

Stress −0.54 0.16 −0.09 0.16

Table 2 | Mood, sexual arousal, and stress changes (mean and SEM)

between the second session and the first session in the test group

and the control group.

Test group Control group

Mean SEM Mean SEM

Negative mood 0.07 0.21 0.80 0.52

Positive mood 0.23 0.52 0.64 0.34

Sexual arousal 0.59 0.31 1.00 0.48

Stress −0.94 0.50 0.95 0.66

p > 0.05], and no significant odor∗group or odor∗group∗time
interaction (Figures 2A,B; Table 3).

For EMG, however, a significant odor*group interaction
[F(1,34) = 16.555, p = 0.0003], but no significant group
[F(1,34) = 0.823, p > 0.05], odor [F(1,34) = 2.744, p > 0.05]
or time [F(1,34) = 0.757, p > 0.05] effect, was observed:
EMG activity was greater for the exposure odor than for the
new odor in the test group (p = 0.003) but not in the con-
trol group (p > 0.05; Figure 2C; Table 3). It is noteworthy
here that these EMG effects were accompanied by perceptual
differences in each group: (i) in the test group, the exposure
odor was perceived as more pleasant (p = 0.042), more famil-
iar (p = 0.041) but not more intense (p > 0.05) than the new
odor, (ii) and as more familiar (p = 0.010), but not more pleas-
ant (p > 0.05) and more intense (p > 0.05) in the control group
(Table 4).

DISCUSSION
The present study tested the hypothesis that regular exposure
to an odor in a natural setting decreases stress and modulates
peripheral nervous system response in aged women. Daily olfac-
tory exposure did indeed modify perceived stress: compared to
controls, test group subjects showed decreased negative mood
and stress during the week of regular exposure. Although the
effect on mood was not confirmed one week later, the stress
effect persisted at the second session: the test group showed
less stress than the control group after the week of exposure.
These findings are in line with animal and human studies show-
ing an influence of odors on stress: for example, “green odors”
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FIGURE 2 | Effects on Finger Pulse (A), Respiration (B), and EMG activity

(C). Zygomatic EMG increased significantly (*) in response to the exposure
odor vs. the new odor in the test group but not in the control group. Finger

pulse and respiration activities did not change as a function of odor type
(exposure odor vs. new odor) in the test group or the control group.
*p < 0.05. Data are expressed as means and SEM.

Table 3 | Physiological responses to the exposure odor and the new

odor (mean and SEM of EMG area under the curve, Respiratory rate

or RR and Finger pulse frequency or FPF) in the test group and the

control group.

Test group Control group

Mean SEM Mean SEM

EMG “Exposure odor” 1555.31 220.43 1200.19 103.11

“New odor” 1350.77 204.93 1284.55 131.01

RR “Exposure odor” 14.56 1.17 16.72 0.69

“New odor” 13.62 0.85 16.55 0.86

FPR “Exposure odor” 67.62 2.92 66.78 2.54

“New odor” 68.21 2.89 67.05 2.47

Table 4 | Intensity, pleasantness, and familiarity ratings (mean and

SEM) of the exposure odor and the new odor in the test group and

the control group.

Test group Control group

Mean SEM Mean SEM

Intensity “Exposure odor” 5.94 0.42 6.84 0.38

“New odor” 4.88 0.51 6.32 0.50

Pleasantness “Exposure odor” 6.53 0.34 6.58 0.33

“New odor” 5.41 0.43 6.05 0.44

Familiarity “Exposure odor” 6.35 0.49 7.03 0.30

“New odor” 4.79 0.59 5.47 0.61

have been shown to exert anxiolytic and stress-reducing effects
in human subjects (Oka et al., 2008) and also to alleviate stress-
induced cardiovascular, hormonal, and behavioral responses in
rats (Ito et al., 2009; Nikaido and Nakashima, 2009). Similar
effects were recently reported for coconut (Mezzacappa et al.,
2010) and rose odors (Fukada et al., 2007). Because stress plays

a key role in brain aging, not only exercise but also environ-
mental stimulation can contribute to protecting the aging brain
against stressors (Garrido, 2011). In line with this, animal and
human studies (van Praag et al., 2000; Mahncke et al., 2006) sug-
gest that there is significant benefit in repeatedly exposing human
subjects to sensory cues. The present study extended these find-
ings to olfaction on the one hand and perceived stress on the
other.

Interestingly, the observed modulation of stress was accompa-
nied by modified psychophysiological patterns: following stimula-
tion with the test odor (unlike the control odor), zygomatic EMG
activity increased in the test group but not in the control group.
This effect on facial EMG activity was associated with a modula-
tion of odor hedonic response: the exposure odor was perceived as
more pleasant than the new odor in the test group but not in the
control group, in agreement with the literature on exposure effects
in the visual domain (Monahan et al., 2000). It is noteworthy that
our study was conducted in women, with results in line with data
showing that, in terms of emotional response to odors, women
report more frequent evocations of emotional memories by odors
and stronger feelings of happiness, sadness and well-being, and
reduced stress as a consequence of smelling odors (Martin et al.,
2001).

Another result of interest was the greater familiarity of the expo-
sure odor compared to the control odor in both groups. Although
it was expected that the exposure odor would be rated as more
familiar than the control odor in the test group, this was not
assumed for the control group. This reflects the fact that, over-
all, the exposure odor was perceived as more familiar, raising the
question as to whether the present effect on stress and physiology
could be obtained with an unfamiliar odor. This greater familiarity
does not, however, weaken the strength of our finding, but leads
us to consider the exposure odor as being a familiar odor. In sum,
the present study suggests that stress (and at least negative mood
during the week of exposure) and physiology in elderly people can
be influenced by repeated exposure to a pleasant and familiar odor
in a natural setting.

That a pleasant familiar odor influenced stress and physiologi-
cal response in aged women is a novel finding. The question arises
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as to the route by which this effect is produced. One possibility
would involve a direct effect on neural activity in the substrates
of mood and stress, but mediated by the olfactory system. Such a
path may reflect a privileged relationship between the neural sub-
strates of olfaction and regions of the brain involved in affective
processing (Gottfried et al., 2002; Anderson et al., 2003; Rolls et al.,
2003; Bensafi et al., 2012).

The present study thus provides the first evidence for an influ-
ence of exposure to a familiar odor on perceived stress and facial
electromyographic activity in aged women in a natural setting. It
is important to mention here that other sensory influences may
have accompanied the effect of odor exposure. Indeed, an associa-
tive learning linking the exposure odor with a supposedly pleasant
touch (tactile stimulation during application of body and facial
cosmetics) may have occurred. This possibility is not unlikely since
our ecological situation was multimodal, involving olfactory but
also visual and tactile stimuli. In such natural settings, it is not
easy to isolate the specific influence of touch and smell on stress,
and physiology. However, our data shows that the same situation
without smell (e.g., control group), did not impact stress and phys-
iology, reflecting that the smell used was a prominent driver of the
observed effect.

Besides the above, another question that may be raised con-
cerns potential inter-group differences in individual factors such
as age, impaired sensory pleasure or hormonal status. Olfactory
function is known to be impaired with age (Doty, 1989; Hum-
mel et al., 2007), and odor hedonic perception was also found to
be modified in aged people (Joussain et al., 2013). However, this
possibility is ruled out in the present case by the fact that the two
groups of aged women did not differ in mean chronological age or
anhedonia level. Moreover, although we cannot confirm that the
hormonal status of the women in the two groups was equivalent, as
we did not measure it, no women in either group were taking hor-
monal replacement therapy and there was no difference in mean
menopausal age.

In conclusion, notwithstanding the above reserves, the present
study offers new insight into the effect of exposure to a famil-
iar pleasant odor on perceived stress and physiology. The effects
observed here cannot be explained adequately by age, menopausal
age or differential impairment of sensory pleasure. The present
study demonstrates for the first time that a 1-week odor exposure
procedure in an ecological setting can modulate stress, and opens
up new research perspectives on the effect of olfaction on quality
of life and well-being.
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Under normal everyday conditions, senses all work together to create experiences
that fill a typical person’s life. Unfortunately for behavioral and cognitive researchers
who investigate such experiences, standard laboratory tests are usually conducted in
a nondescript room in front of a computer screen. They are very far from replicating
the complexity of real world experiences. Recently, immersive virtual reality (IVR)
environments became promising methods to immerse people into an almost real
environment that involves more senses. IVR environments provide many similarities to
the complexity of the real world and at the same time allow experimenters to constrain
experimental parameters to obtain empirical data. This can eventually lead to better
treatment options and/or new mechanistic hypotheses. The idea that increasing sensory
modalities improve the realism of IVR environments has been empirically supported,
but the senses used did not usually include olfaction. In this technology report, we will
present an odor delivery system applied to a state-of-the-art IVR technology. The platform
provides a three-dimensional, immersive, and fully interactive visualization environment
called “Brain and Behavioral Laboratory—Immersive System” (BBL-IS). The solution we
propose can reliably deliver various complex scents during different virtual scenarios, at a
precise time and space and without contamination of the environment. The main features
of this platform are: (i) the limited cross-contamination between odorant streams with
a fast odor delivery (< 500 ms), (ii) the ease of use and control, and (iii) the possibility
to synchronize the delivery of the odorant with pictures, videos or sounds. How this
unique technology could be used to investigate typical research questions in olfaction
(e.g., emotional elicitation, memory encoding or attentional capture by scents) will also be
addressed.

Keywords: virtual reality, olfactory display, olfactometer, emotion, scent

INTRODUCTION
The replication of everyday life environments in laboratory
experiments is crucial in behavioral sciences because it directly
improves the ecological validity of the results, especially when
subtle and complex interactions are concerned (Spooner and
Pachana, 2006). For instance, in affective sciences, many the-
ories postulate that the elicitation and the differentiation of
emotions are determined by continuous and recursive evalua-
tions of events (see Ellsworth and Scherer, 2003 for an overview
on appraisal models of emotions). Evaluation of the environ-
ment through smell, taste, sight, hearing, touch, temperature,
and balance perception contributes to the extraordinary change-
ability and the high degree of qualitative differentiation of
emotional experiences, as well as individual differences in emo-
tional reactions. Consequently, being able to simulate a rich
environment is a key point to investigate a large variety of

affective behaviors. However, standard laboratory tests in humans
are typically conducted in nondescript rooms in front of two-
dimensional environments displayed on flat computer screens
and are very far from replicating the complexity of real world
experiences.

Advances in Immersive Virtual Reality (IVR) technologies
have recently opened a new range of possibilities in empiri-
cal research. IVR technologies provide virtual environments that
mimic the complexity of the real world and at the same time grant
scientists with many control and monitoring capabilities. It has
become a promising framework to immerse people into a close-
to-reality environment that involves more human senses. The
capacity to completely control the environment fulfills the exper-
imental criteria required in many behavioral sciences. Owing to
the latest advancement in computer technologies, the subject’s
immersion in a three-dimensional (3D) experimental scenario is

www.frontiersin.org July 2014 | Volume 5 | Article 736 | 119

http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/about
http://www.frontiersin.org/Psychology
http://www.frontiersin.org/journal/10.3389/fpsyg.2014.00736/abstract
http://community.frontiersin.org/people/u/118258
http://community.frontiersin.org/people/u/121285
http://community.frontiersin.org/people/u/169170
http://community.frontiersin.org/people/u/2622
http://community.frontiersin.org/people/u/16002
mailto:sylvain.delplanque@unige.ch
http://www.frontiersin.org
http://www.frontiersin.org/Cognitive_Science/archive


Ischer et al. Scents in immersive virtual worlds

constantly improved. Consequently, the “sense of presence”1 that
leads to a direct engagement from the subject in interactivity
with the 3D world is increasing. These close-to-reality experiences
could possess a considerable potential in research, either to obtain
better treatment options for people showing behavioral and cog-
nitive deficits or to investigate fundamental hypotheses.

To date, real everyday life auditory and visual perceptions can
be almost perfectly replicated in IVR environments. Since senses
work together to create the overall sensory experience, increasing
the quality of the represented environment as well as implement-
ing more senses remain worth pursuing (Nakamoto et al., 2008).
This idea has already been empirically supported (Dinh et al.,
1999), but it almost never includes chemoperception (Craig et al.,
2009). Because olfaction is more complex to implement and con-
trol, its uses in IVR environments remain more the exception than
the rule.

Several attempts have been made to implement controlled
scent delivery systems (olfactory display 2, OD) in virtual real-
ity environments (e.g., Richard et al., 2006). For instance, Tortell
et al. (2007) used a system able to deliver four different odor-
ants by evaporation of different chemical compounds presented
on scented collars. With this methodology, the authors brought
experimental elements showing that presentation of scents is a
promising method by which a user’s attention is devoted to the
IVR environment exploration, heightening their sense of pres-
ence. However, to obtain a reliable and controlled olfactory stim-
ulation, the OD should satisfy very important constraints, such
as being able to produce reproducible releases of various kinds
of compounds over multiple trials, without contamination from
one trial to the other, at known time, localization and strength,
and without additional noise or tactile stimulations in the nose.

So far, standard olfactory delivery systems do not propose a
rich repertoire of compounds, which limits the variety and the
subtlety of situations the participant can be exposed to. In order to
avoid this issue, available systems (Yamanaka et al., 2002; Weiling
et al., 2010) create blends of odors by mixing basic predefined sets
of odors. Albeit ingenious, these solutions cannot propose a rich
variety of realistic odors that are often composed of thousands
of different molecules. Exception to this olfactory poverty exists.
For example, Sezille et al. (2013) developed a portable OD dedi-
cated to fMRI experiments, which satisfies most of the constraints
described above and can deliver up to 15 odorants. Nakamoto and
Minh (2007) designed an OD which can deliver up to 30 odorants
at constant flow rate. In this configuration, the main tubes mani-
fold (along with the bank of odorants) and the solenoid valves are
attached together. As the noise of the solenoid valves could give
clues to the participant about the delivery of odorants, this solu-
tion requires using long distance common odorant-bearing tubes

1The sense of presence is defined by the fact that participants forget that their
perception is mediated by technology. Main criteria for a good sense of pres-
ence are; a) the sensation of being in a real place (place illusion) and b) the
illusion that the scenario being depicted is actually occurring (plausibility
illusion; Slater, 2009).
2In describing our apparatus, we will use the term “OD”, defined as “. . . a
collection of hardware, software, and chemicals that can be used to present olfac-
tory information to the virtual environment participant” (Barfield and Danas,
1995).

or wearing additional headphones. These constraints increase the
risks of contamination of one odorant by remaining traces of the
preceding one (i.e., cross-contamination) or the weight and the
number of apparatuses users should wear. Since unencumbering
systems are important in IVR, Yanagida et al. (2004) proposed
an OD that does not require the user to attach anything on the
head. The main device involves an “air cannon” which projects
scented air puffs near the user’s nose. In order not to deflect the
trajectory of the scented air puff, ventilation and air extraction
are not integrated in the display. Unfortunately, this technical
solution increases the likelihood of odor contamination in the
ambient air. Users had to limit the use of this display with four
low-concentrated scents delivered with short emissions, which
could thus sometimes be undetectable to users. Furthermore, a
contamination between odorant sources in the “air cannon” at
continuous use compromised the reproducible releases of various
kinds of compounds over multiple trials. Sato et al. (2009) showed
that synchronizing the delivery of odors with the user’s breathing
pattern could prevent ambient contamination. However, the dis-
advantage of the setup is that users have to stay still and close
to the fixed OD, which largely complicates its implementation in
IVR environments where head movements, at least, should not be
restricted. Yamada et al. (2006) developed another miniaturized
system to be worn by the participant in an outdoor environ-
ment. This OD can deliver 3 different odors at different strengths
according to a virtual “odor field,” but the variation of the odor-
ant’s strength is mainly controlled by an increase of the airflow.
The main disadvantage associated with such a design is the pos-
sible changes in tactile sensations in the nose (due to airflow
fluctuations) that are irrelevant to the odorant perception. Lastly,
latencies between the order to deliver an odorant and its effective
delivery to the nose (see also Narumi et al., 2011 for another head
mounted OD) are often not strictly controlled or reported (Brkic
et al., 2009; Ramic-Brkic and Chalmers, 2010) and it appears very
difficult to rapidly and dynamically adjust the amount/intensity
of odor according to the recipients’ needs.

In this technology report, we will present an odor delivery
solution applied to a state-of-the-art IVR technology that pro-
vides a 3D, immersive, and fully interactive visualization environ-
ment called BBL-IS (Brain and Behavior Laboratory—Immersive
System). After exposing the basic principles of the system, we will
present several studies that demonstrate its efficiency to deliver a
large number of different odorants in the virtual environment:
(i) in total safety for the subjects, (ii) reliably and in a repro-
ducible manner, at a low and constant flow rate among subjects
and without other perceptible changes (i.e., noise or tactile), (iii)
with a limited cross-contamination between odorant streams, and
(iv) with an easily and controllable interface. How this unique
technology could be used to investigate typical research ques-
tions in olfaction (e.g., emotional elicitation, memory encoding
or attentional capture by scents) will also be addressed.

MATERIALS AND METHODS
THE OLFACTORY DISPLAY
Design
The OD is based on a series of 32 computer-controlled solenoid
valves. A schematic diagram of the OD is presented in Figure 1.
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FIGURE 1 | Schematic diagram of the OD. For clarity reasons, channels 3 to 27 are not represented.

Individual solenoid valves are numerated from 1 to 28, the four
remaining valves being attributed to air delivery during inter-
stimulus intervals (ISI), and CO2 at different concentrations (not
described in this report).

The OD is connected to the medical air supply of the build-
ing (an internal compressor is also available) and is filtered using
charcoal filters. Thus, no extraneous odorant or particle can con-
taminate the airstream that enters in the main flow meter, which
can be manually adjusted according to the experimental design.
Then, the air is distributed to different solenoid valves. Opening
and closure of the valves are rapidly controlled via a relay con-
troller card (National Control Device®, ProXR RS-232 E3C). The
control of the card is performed via a custom-developed library
that can be run by various software (e.g., Eprime®, Matlab® and
Unity®). In the non-active state, the inter-stimuli interval (ISI) air
valves are open so that clean air is delivered to the nose. During
odor delivering, ISI valves are automatically switched off and
the corresponding odor valves are switched on. Consequently,
manipulation and control are simple, even with up to 28 differ-
ent odors. Each channel’s flow rate can be manually regulated
by limiters and is usually fixed around 1 l.min−1. This low-
intensity airflow simplifies the system because it is no longer
necessary to humidify or to heat the air for participants’ com-
fort (e.g., Lorig et al., 1999). Since both ISI and odorant flows
are setup to the same level, the flow rate perceived in the nose
remains constant (see below for an empirical demonstration);
only the noise coming from the valves might give external clues
about the olfactory stimulation. In order to avoid this issue, the
airstream controller is situated outside the experiment room (see
Figure 2).

Airflows leaving the airstream controller are conveyed through
small diameter polyurethane plastic tubes (inside diameter:

2.5 mm) of equal length to ensure accurate timing of odorant
delivery. They reach the bank of odorants made up of custom-
made glass vials positioned on the top of the IVR system via
custom-made support (see Figure 2). Odorant vials in this design
are made of small glass cylinders (22 mm of diameter × 120 mm
high). Odorants are placed inside each vial using pen’s tam-
pon (Burghart® GmbH) filled with different quantities of pure
odorants or odorants dissolved in solvents (e.g., propylene glycol
or mineral oil). Odorant molecules evaporate in the vial, cre-
ating a headspace of constant volume. The availability of many
glass vials allows the use of the same molecule at many dif-
ferent concentrations or many different molecules at a known
concentration. This design also intends to mimic a natural envi-
ronment in which different odors are present separately or as a
combination.

Glass vials are positioned as close as possible to the partici-
pants’ nose (Figure 2) in order to reduce the cross-contamination
between odorants. The proximity between the nose and the
odorants, associated with the small diameter of the tubes con-
nected to the air stream controller allow the rapid delivery of
odorant molecules into the participants’ nose within a short
delay (as empirically demonstrated below). All tubes (PTFE) are
gathered using Y push-in fittings (Festo®) and the final deliv-
ery piece is a light and easy replaceable nasal cannula directly
positioned at the entrance of the nostrils. This light device
tends to be unnoticed by users after a few minutes and delivers
small quantities of odorant directly into the nose, minimizing
the pollution of the ambient air. Cannulas’ prongs are sized
so as not to obstruct the nose, allowing the subject to breathe
normally.

In order to avoid olfactory contamination of the room
by the odorant releases, a first air-extractor (125 m3.h−1, not
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FIGURE 2 | Schematized illustration of the OD integrated in the BBL-IS.

represented in Figure 2) is located on the ceiling of the room and
guarantees a global air renewal. A second air-extraction system is
positioned close to the participants’ head without hindering their
movements. This module is composed of a collector shaped as a
flattened cone (diameter 50 cm) linked to the global air extrac-
tion system of the building (125 m3.h−1). Room temperature is
regulated around 22◦C.

To summarize and as illustrated in Figure 2, the OD setup
comprises four parts: the bank of odorant located in the BBL-IS
as close as possible to the user; the air stream controller placed
in an adjacent room to the BBL-IS; the tubes connecting the air
stream controller to the bank of odorants and then to the nose of
the participants; and the odor extraction module located above
the BBL-IS.

We set up the olfactory device to be safe and comfortable
for the subjects, to deliver air with or without odorants at a
constant rate in a reliable and reproducible manner. The switch
between odors and inter-stimulus air should be almost instan-
taneous without other perceptible stimuli. We tried to reduce
cross-contamination between odorant streams and odorant con-
tamination of the experimental room. Our OD is also set up to
deliver various and easily changeable odorants in a controllable
and easy way. To demonstrate that we reached those objectives,
we present a couple of validation studies (see section Performance
Tests) after introducing the immersive environment.

THE “BBL-IS” SYSTEM
The IVR system, which provides a 3D, immersive and fully inter-
active visualization environment, is installed in the Brain and
Behavior Laboratory (BBL) of Geneva. This system, called BBL-IS
(BBL-Immersive System http://bbl.unige.ch/ResearchModules/
BBL-IS.html) is shaped as a room-sized cube, using four walls
as screens on which images are projected by several synchronized
video projectors (see Figure 3).

Technical specification
The BBL-IS has 4 sides presenting seamless and perspective
coherent 3D images for user wearing IVR glasses (Figure 3).
Seven video projectors (Digital Projections®, TITAN QUAD 3D
WUXGA) project high-resolution images (1920∗1200 pixels) at
120 frames per second. Projection is performed on the four
acrylic coated screens (DaLite®, 2.8 m wide and 2.4 m high)
with a high contrast ratio and brightness (1600 cd.m−2 per
screen). An optical motion tracking system composed of eight
infrared cameras (Vicon®, Bonita 3) is used to capture the
participant movements. These movements’ parameters are inte-
grated in the virtual scenario to create a fully interactive envi-
ronment. In our configuration, an infrared reflective sensor is
positioned on the virtual reality glasses to mimic the position
of the nose. This position will be recorded on line and used
to trigger the odorant delivery. The environment rendering is
provided by a cluster of workstations. Further technical informa-
tion is available at http://bbl.unige.ch/ResearchModules/BBL-IS.

html.
This platform allows researchers to benefit from the

state-of-the-art in virtual reality for creating and using
immersive scenarios. More particularly, fully controlled
manipulations of visual, auditory and olfactory stimula-
tions coupled with the possibilities to track eyes, head and
body movements of one participant allow scientists to inves-
tigate complex behaviors and emotional responses in realistic
scenes.

INTEGRATION OF THE OLFACTORY DEVICE
Control of odorant delivery
The control of the OD can be performed manually via a sim-
ple software or computer-controlled via a custom made software
toolkit (Geneva Virtual Reality Elements, GeVRE). The latter
brings IVR related features to existing interactive 3D software,
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FIGURE 3 | Schematic representation of the “BBL-IS” system.

mainly in Unity3D®3. GeVRE extends the capabilities of classical
3D software by adding the features needed to build and run IVR
environments (e.g., displaying synchronized images with per-
ceivable depth, allowing cluster computing, adjusting the images
perspective to the user’s point of view, integrating various devices
such as position tracker, haptic devices, joystick, etc.). GeVRE
also provides modules for scientific studies, like event coding to
synchronize external recording devices, accurate binocular gaze
data recording and OD control functions. More importantly for
our purpose, GeVRE allows researchers to use Unity3D® to build
a complex virtual environment comprising smells. The basic
principle is as follows: the researcher defines olfactory sources
that possess different parameters such as the odorant type, the
shape and size of olfactory volumes, and their position. All those
features are defined directly using the interface of Unity3D®
(Figure 4). This option makes the control of the OD easy and
flexible.

More precisely, the experimenter specifies the attributes of the
world that permit the definition of the complex olfactory envi-
ronment: (1) the object that represents the nose for the system
and that is tracked on line via the motion tracking system, (2) the
type of odorant (up to 28 possibilities), (3) the position and the
shape of the olfactory volume (i.e., from spheres to complex geo-
metric figures), and (4) the behavior of the olfactory source (e.g.,
transient or permanent delivery, moving source).

After the communication between the OD and GeVRE has
been established, an odorant is triggered according to the user’s
nose position estimated from the BBL-IS tracking system. When
the nose enters one of the olfactory volumes defined by the
user, the command is sent to the OD to deliver the correspond-
ing odor. Multiple olfactory volumes can be used on the same
object to create an odor gradient and recreate a natural scene (see
Figure 5).

A custom-made dynamic link library, which provides prede-
fined functions to send activation or deactivation commands for
a specific odorant to the relay controller card, achieves the com-
munication. One of the advantages of this GeVRE toolkit is its
modular design allowing to implement another OD with ease
(more information are available upon request).

3www.Unity3D.com.

PERFORMANCE TESTS
The objective of this report is to present an OD solution that is
efficient to reliably deliver a large number of different odorants
in the IVR environment in a reproducible manner, at a low and
constant flow rate among all subjects, without other perceptible
changes (i.e., noise or tactile) and without cumbersome appa-
ratus attached to the participant. The following sections present
results of different tests performed on the OD to demonstrate its
efficiency to reliably deliver odors in the BBL-IS.

GAS DETECTOR ANALYSES
The extremity of the OD was connected to a photo-ionization
detector (miniPID 200B, Aurora scientific inc.) which monitors
concentration changes of an input gas or vapor across time, at
a millisecond resolution. The output (in Volts) is proportional
to the concentration of sampled compounds and was recorded
for offline analyses using Biopac® system with a sampling rate of
1000 Hz. Five blocks of fifty odor pulses (classical shampoo fra-
grance diluted in dipropylene glycol at 10%, flow rate 1 l.min−1)
were triggered with a constant inter stimulus interval (ISI) of
5 s. Within each block, the duration of pulses was constant and
increases by 250 ms steps, beginning at 1000 ms up to 2000 ms.
Those durations were chosen as they could be used inside a
unique inspiration phase. Within each block and for each pulse,
the latency of the response onset as well as the maximum of
concentration changes and its latency were extracted with the
Acknowledge® software (Biopac® System). The averaged (across
the 50 trials) output responses are presented in Figure 6.

Latency calculation
Latency between the command to deliver the odorant and the
actual delivery at the nostrils level is a key aspect of every OD. If
the participants realize that the olfactory scenario being depicted
is not actually occurring, they will lose the sense of presence. As
participants’ movements in the direction of an olfactory source
can be unpredictable, the latency must be as short as possible.
The concentration of the compound starts increasing at latencies
varying from 433 to 455 ms after the valve was opened, reach-
ing its maximum between 1500 and 1748 ms, depending on pulse
duration. The biggest onset latency fluctuation between differ-
ent pulse durations represents a time variation of around 5% of
the mean. Ninety-five percent of onset latencies values are situ-
ated within an averaged time margin of ± 6.36% of the mean
onset value. These analyses demonstrated that, despite the 13 m
length of the tubing part and the passage of the air through the
glass vials, the system is able to deliver the compounds as early
as 440 ms after the triggering command. Even for long aperture
durations with a short ISI (5 s) the maximum of concentration
is reached during the first 2 s for this particular compound. In
sum, the OD is fast enough to provide a puff within a unique
inspiration phase.

Concentrations reliability
We also measured the maximum amplitude of the gas detector
output signal (i.e., the maximal concentration) of the compound
for each of the 50 pulses. Gas sensor output values as a function
of the pulse duration are represented in Figure 7.
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FIGURE 4 | Screenshot of the Unity3D editor while building a virtual kitchen with odorant objects (e.g., tea, cheese etc.) and 3D olfactory volumes (in

red and yellow).

FIGURE 5 | Schema of the control protocol.

FIGURE 6 | Averaged gas detector response changes across all 50

pulses (ISI = 5 s) for each pulse duration condition.

For a given pulse duration, the reproducibility of odor delivery
across the successive pulses was very satisfying. Ninety-five per-
cent of maximum amplitude values are situated within an average
margin of ± 4.82% of the mean maximum value. The measures

FIGURE 7 | Gas sensor output values for each of the 50 pulses as a

function of the pulse duration.

also revealed a decrease in maximum concentration available as
a function of the increase in duration of valve aperture. This
relation is represented in Figure 8. The high quadratic regression
coefficient indicates that maximum concentration tends to stabi-
lize as the aperture time increases. These changes in concentration
as a function of aperture duration are linked to the fixed ISI we
employed. Indeed, the longer the aperture duration, the longer
the time needed to recover the initial headspace.

To address this issue, we performed a supplementary test
during which we measured gas detector output values during
sequences of 10 pulses of another odorant (apple aroma B diluted
in dipropylene glycol at 20%, 1000 ms duration). Eight sequences
with fixed ISI of 2, 4, 6, 8, 10, 12, 14, and 16 s were launched.
Each new sequence was separated from the preceding one by
2 min to allow the recovery of the headspace. We then measured
the maximum amplitude of the gas detector output signal dur-
ing the odorant delivery. Then, for each pulse, we calculated the
percentage of change according to the maximum amplitude of
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FIGURE 8 | Mean gas sensor maximum amplitude values as a function

of the duration of valve aperture. Error bars indicates the 95%
confidence interval. The quadratic correlation coefficient is also indicated.

the first pulse of the sequence. In Figure 9, we then reported
those percentages of change as a function of the pulse num-
ber and the ISI. This graph reveals that the shorter the ISI,
the stronger the initial reduction in maximal signal output. For
instance, 2 s ISI leads to a reduction of more than 60% in quan-
tity of compounds after four pulses. Fortunately, those conditions
are unlikely to occur in a virtual environment since it requires
the participants to cross the same olfactory area every 2 s four
consecutive times. Concentration reliability if far better for ISI
superior to 8 s and stabilizes around 70% of the maximum quan-
tity of compound after 5 pulses. For ISI equal or superior to 8 s
and for less than 5 consecutive pulses, the quantity of compound
delivered is around 90% of the quantity of the first pulse. This
latter condition will constitute the majority of the situations par-
ticipants will be exposed to inside the virtual environment. So
as suspected, the number and the interval between consecutive
pulses of odorant can have an impact on the quantity of prod-
uct released. Consequently, the time the individual will spend
sampling the odorant, the number of samples and the interval
between consecutive samples will clearly affect the quantity of
compound he will be exposed to. All those variables should be
recorded to perform appropriate statistical corrections if needed.

Cross-contamination test
Another key issue in olfactory displays fabrication is to mini-
mize cross-contamination. Cross-contamination corresponds to
the contamination of one odorant by remaining traces of the pre-
ceding one. This cross-contamination depends on the compound
properties (i.e., volatility, interaction with tubing material) and
the ability of the system to evacuate remaining odorant molecule
during the ISI. Observed gas detector values at the closure of
the valves seem to reach their pre-aperture values after a delay
of around 500 ms (see Figure 6). This descriptive result suggests
that any other odorant delivered after this recovery period is
unlikely to be contaminated by the preceding odorant. To inves-
tigate this point more thoroughly, we measured the gas detector
output values for 15 different odors (see Figure 10 for the name of

FIGURE 9 | Percentage of gas detector output changes as a function of

the pulse number and the ISI.

the odorants). Each odorant was delivered 10 times at 1 l.min−1

flow rate for 2 s with an ISI duration of 4 s. Gas sensor output
values obtained for one sequence of 15 odorants delivery are
represented in Figure 10. The gas detector output values aver-
aged 500 ms before each valve aperture were used as baselines for
each trial. For each odorants, we averaged the gas detector val-
ues within successive 500 ms periods across the 10 trials during
the 3 s following valve aperture. The resulting gas detector mean
values averaged across odorants are represented in Figure 11.
Non-parametric tests (Sign Test) were used on those averaged
values to statistically compare each of the 6 periods to the base-
line. To address the problem of multiple comparisons, we applied
the Bonferroni correction to all analyses (for n = 6 comparisons,
the new significance level is set to 0.05/n = 0.0083). Results indi-
cated that the mean gas detector values were significantly different
from the baseline for 0.5 to 1 s, 1 to 1.5 s, and 1.5 to 2 s peri-
ods (all Zs = 3.61; ps < 0.001). Gas detector values obtained just
before and just after the delivery of the odorant are not signifi-
cantly different from baseline values (see Figure 11). This result
indicates that the level of ionization obtained just after the deliv-
ery of the molecules is similar to the level before, rendering the
cross-contamination highly unlikely. However, since cross con-
tamination could depend on many other factors like the valves’
aperture time, this test should be systematically performed before
any new experiment.

PSYCHOPHYSICS OF FLOW DETECTION
The objective of this test was to investigate whether participants
were able to detect flow changes potentially occurring during
odor delivery at 1 l.min−1. Indeed, when an odor is delivered,
the OD switches from the inter-stimulus airflow to the odor flow.
This change could produce differences in the net flow that may
create a perceptible tactile stimulation in the nose. In order to
control this potential problem, we performed a supplementary
flow detection task.

Procedure
Twelve volunteers (29.8 ± 6.8 years old; 5 females, 7 males)
performed the detection task. When requested, they had to
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FIGURE 10 | Gas sensor output values obtained for one sequence of 15 different odorants delivery.

FIGURE 11 | Mean gas detector output values for the six 500 ms

periods and the baseline. ns, non-significant, ∗∗∗ = p < 0.001

concentrate on any sensation that they could perceive in their
nose while they were connected to the OD receiving the different
stimulations (airflow fixed at 1 l.min−1). After each trial, partici-
pants had to report to the experimenter whether they perceive any
change in their nose sensations. They were presented with three
kinds of trials: (1) no change at all, (2) opening of a valve with the
same airflow as the ISI airflow for 1 s or (3) opening of one valve
with the pure odorant (orange aroma) for 1 s. The task comprised
a total of 10 trials per condition presented at random.

Analysis
For each individual, we calculated a sensitivity measure (d′) based
on hit rate and false alarm rate. A hit was recorded when the
opening of a valve occurred and was detected by the participant, a
false alarm was recorded when no change occurred but was falsely
detected by the participant as such. The greater the participants
discrimination abilities, the higher the d′ values (zero meaning
no discrimination).

Results
The mean d′ calculated for each condition (odorant and
no-odorant vial) is presented in Figure 12. In the no-odorant

FIGURE 12 | Mean d′ (± SD) in the two conditions.

condition, d′ did not differ from zero (Test of means against ref-
erence constant, t-value = −1.45; df = 11; p = 0.18). This result
indicates that participants were not able to perceive a change dur-
ing valve switching. By contrast, when the odorant is added in the
flow, participants clearly detect a difference (test of means against
zero, t-value = 10.81; df = 11; p < 0.001). This psychophysical
experiment shows that under the normal condition of use (ISI
airflow similar to odor airflow), participants should only detect
changes in the nose due to odorants.

SPATIALIZED DETECTION TEST
At the perceptive level, cross-contamination results in the per-
ception of a mixed odor while different odorants are actually
delivered at separate moments in time. To investigate whether
the present OD suffers from cross-contamination at a percep-
tive level, we developed an olfactory two-alternative forced-choice
task (2AFC). Since the originality of our platform is to be able
to spot odor sources in 3D environments, we focused on con-
sequences of cross-contamination on the ability to discriminate
odor sources in space. We aim at testing whether different virtual
olfactory objects can be rapidly and accurately distinguished from
one another, even if they are close in the virtual space as could be
real olfactory sources. This distinction can be really impaired if
there is cross-contamination in the OD.
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Procedure
Nine healthy volunteers (31.6 ± 4.3 years old; 5 females, 4 males)
participated in the test. After being connected to the OD via the
cannula, they were immersed into a simple dark immersive virtual
environment made of a floor composed of a white grid pattern (a
video presenting the test in the BBL-IS is presented at http://www.

affective-sciences.org/virolfac). Two virtual white spheres with a
radius of 50 mm, and respective center points located at 150 mm
distance from each other were presented in the virtual environ-
ment. Those olfactory virtual spheres were thus separated in space
by only 50 mm. Participants move into the virtual world to reach
the spheres and were requested to smell each sphere rapidly and
to determine which one contained a randomly assigned target
odorant. The two odors (orange and soap-like) were randomly
assigned across the trials. Each odorant was delivered for 500 ms.
Participants had to select the correct sphere with a remote con-
trol. After each trial (n = 8), participants had to wait 20 s before
another couple of spheres appears in the virtual world.

Results
The binomial distribution is used to set our criteria for the cor-
rect odor detection; specifically, the minimum numbers of correct
judgments to establish significance for the 2AFC test (one-tailed,
α < 0.05, probability of guessing p = 1.2) is calculated. For n = 8
tests, the minimum numbers of correct judgments is seven. Six
participants obtained eight correct answers and three partici-
pants seven correct answers. All participants could discriminate
the target odor above chance. In total, the percentage of correct
response was 95.83% (± 6.25). For indicative purposes, we also
calculated the time elapsing between the samplings of the two
spheres. Participants spent on average 6.48 s (± 2.28) to smell
the two spheres. All the participants reported noticeable and clear
perception of the two odorants.

Conclusion
This psychophysical test reveals that participants accurately dis-
tinguish two different olfactory objects separated in space by only
50 mm. Participants performance and subjective reports indicate
that cross-contamination is very unlikely to occur with this olfac-
tory design. However, as the cross-contamination is also depen-
dent on the molecules used, this should be formally measured
before each experiment.

DISCUSSION
The objective of this report was to present an olfactory display
connected to an IVR system that is efficient to deliver a large
number of different odorants in the virtual environment: (i) at
a low and constant flow rate among subjects and without other
perceptible changes (i.e., noise or tactile sensations), (ii) with
limited cross-contamination between odorant streams, and (iii)
with an easily and controllable interface. The platform, combin-
ing a new state-of-the-art BBL-IS system and a high-performance
OD, offers excellent characteristics for researchers in behavioral
sciences. As demonstrated by the different tests we performed,
the OD rapidly (∼ 440 ms) releases various kinds of compounds
(up to 28) over multiple trials, with almost no contamination
from one trial to the other, at known timings, localization and

strength, and without noticeable supplementary noise or tactile
stimulations in the nose. By being shorter than the inspira-
tion and the expiration phases, those latencies would allow to
synchronize the odorant delivery and the participant breathing
pattern.

Several caveats and limitations of this olfactory platform need
to be mentioned. The first important limitation of the system is its
cost. The availability of such IVR environment is far from being
worldwide. Only few research centers are equipped, increasing
the difficulty to reproduce the results and potentially decreasing
the scope of the conclusions. One can only hope that the cur-
rent and future technological advances in this domain will allow
easier and less expensive immersive virtual environment imple-
mentation in many different laboratories. A second important
point is that it remains unclear whereas such complex experi-
mental settings will really help researchers to answer fundamental
and/or applied questions, when compared to classical experi-
mental setups. Although a benefit is clearly expected, further
quantitative and qualitative studies will be needed to directly
compare those two situations. A third limit worth mentioning
is that the reliability of the OD we present in this report is
highly dependent on factors that are modified as a function of the
research question and the experimental procedure. For instance,
increasing odorants’ concentration and the number of olfactory
sources in the virtual environment will increase the likelihood of
cross-contamination. This should be controlled with gas detector
analyses as well as psychophysical tests before each new exper-
iment. Moreover, we demonstrated that concentration release
is dependent on the duration of the stimulation, the number
of successive presentations of the same odorant and the inter-
val between those presentations. Since in most virtual reality
applications, participants’ sampling behavior will condition those
parameters, it will thus be necessary to measure them during the
experiment.

Being able to provide visual, auditory and olfactory stimu-
lations in a fully controllable and close to reality environment
should allow researchers to study complex and multisensory
interactions. For instance, a key research question in olfactory
literature remains how and to what extent chemosensory prefer-
ences can be modulated. It is now well accepted that needs, goals,
values, learning and exposure deeply influence odorant percep-
tion and preferences (see Coppin and Sander, 2011 for a recent
review). Future studies could be conducted in the immersive vir-
tual environment to investigate more thoroughly the role of the
perceptual changes as well as social interactions on odors eval-
uation or emotional reaction. The richness and the closeness to
reality quality of the environment should help researchers to bet-
ter understand how the different senses work together to elicit
subtle, personal and variable emotional reactions or to shape
implicit or explicit olfactory memories. All those research ques-
tions can be addressed simultaneously at the cognitive, behavioral
and physiological level. For instance, the platform can easily
integrate and be synchronized with wireless psychophysiological
recording systems. In addition to the recording of the breathing
pattern that is so important in olfaction research, several periph-
eral psychophysiological measures (e.g., electromyography, elec-
trocardiography, electrodermal activity, skin temperature) can be
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recorded and analyzed off line or even used in real-time to modify
virtual world. Associated with covert behavioral responses like
action tendencies, investigation times, eye position and also par-
ticipant’s overt subjective responses, this platform constitutes a
unique opportunity to study complex, multi-level phenomena
like emotions.

In addition to the fundamental research questions that could
potentially be addressed with such platforms, immersive reality
olfactory environments offer a potentially very power tool for
clinical applications. For instance, promising virtual reality ther-
apy exists to reduce pain and anxiety of burn victims (Morris
et al., 2009), to help restoring memory deficits in people with
acquired brain injury (Yip and Man, 2013) or to enhance behav-
ioral treatments of compulsive eating related disorders (Cesa
et al., 2013). Using the powerful effect of odors on moods and
emotions (Schiffman et al., 1995; Rétiveau et al., 2004) dur-
ing those virtual therapies could increase their efficiency. Other
authors have already stressed how useful could be the inclusion of
olfaction in immersive virtual environment for virtual therapy in
post-traumatic stress disorder resulting from military assault or
combat (Pair et al., 2006).

Virtual reality environments coupled with olfactory displays
could foster new researches in development departments of many
companies worldwide and revolutionize many steps of a product
design. For instance, sensory research departments of fragrances
and flavors aim at providing products that people prefer, and at
understanding how emotions are elicited and measured. Given
that direct product experience is generally the optimal method
for consumers to learn about products, looking for verisimilitude
in sensory research is a key objective. Mimicking normal every-
day conditions in a controlled virtual environment could increase
understanding how the senses work together to create the over-
all product experience including emotional experience that fills a
typical person’s life.

The replication of everyday life environments in laboratory
experiments is crucial in behavioral sciences because it directly
improves the ecological validity of the results, especially when
complex interactions are concerned. Virtual reality environments
provide both the complexity of the real world that could elicit
vivid human experiences and the control of the experimental
variables that is a prerequisite to produce reliable conclusions
in behavioral research. In that sense, every attempt to include
the olfactory modality in virtual environments should be actively
fostered.
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Olfactory perception appears to be linked to personality traits. This study aimed to
determine whether personality traits influence human attitudes toward sense of smell.Two-
hundred participants’ attitudes toward their senses of smell and their personality traits were
measured using two self-administered questionnaires: the Importance of Olfaction Ques-
tionnaire and the Eysenck Personality Questionnaire-Revised. Demographics and olfactory
function were also assessed using a self-administered questionnaire. Gender-induced
differences were present in attitudes toward sense of smell. Women participants were
more dependent than men participants on olfactory cues for daily decision-making. In
addition, as participants evaluated their own olfactory functions more positively, they
relied more on olfactory information in everyday life. To determine a relationship between
personality traits and attitudes toward sense of smell, Spearman partial correlation analyses
were conducted, with controlling the factors that might influence attitudes with respect
to sense of smell (i.e., gender and self-awareness of olfactory function) as covariates.
Participants who scored high on the lie-scale (i.e., socially desirable and faking good),
tended to use olfactory cues for daily decision-making related both to social communication
and product purchase. In conclusion, our findings demonstrate a significant association
between personality traits and attitudes toward sense of smell.

Keywords: attitude toward sense of smell, personality traits, gender, the Eysenck Personality

Questionnaire-Revised, lie-scale

INTRODUCTION
Despite its important role, relatively little attention has been
paid to the sense of smell compared to other senses (e.g., vision
and hearing). The sense of smell is mainly associated with eat-
ing behavior, awareness of environmental hazard, and social
communication (for a review, see Stevenson, 2010). Olfactory
function influences appetite (De Jong et al., 1999), food perception
and palatability (Aschenbrenner et al., 2008; Seo and Hummel,
2009; Novakova et al., 2012; Schubert et al., 2012), and food-
related social behavior (Aschenbrenner et al., 2008). For example,
people with olfactory impairment appear to be more exposed
to risks of unbalanced nutritional status (Duffy et al., 1995;
Schiffman and Graham, 2000) and poor food intake (Aschen-
brenner et al., 2008), although these findings have not been
consistently observed in previous studies (De Jong et al., 1999;
Schubert et al., 2012; Smoliner et al., 2013). In addition, a sense
of smell can detect not only microbial risks such as feces,
decay, and spoilage (Stevenson, 2010), but also non-microbial
threats such as gas leaks and smoke (Miwa et al., 2001; Santos
et al., 2004; Croy et al., 2012). Finally, the major histocompat-
ibility complex (MHC) genotype and body odors can play a
critical role in mate selection, not only by avoiding inbreed-
ing, but also by detecting fit partners (Wedekind et al., 1995;
Gangestad and Thornhill, 1998; Herz and Inzlicht, 2002; Croy
et al., 2013; for a review, see Yamazaki and Beauchamp, 2007;
Stevenson, 2010). For example, women students rated body
odors of T-shirts worn by men different from themselves with

respect to MHC alleles significantly more pleasant than body
odors of T-shirts worn by men with similar MHC alleles
(Wedekind et al., 1995). Olfactory signals can also deliver indi-
vidual identity (Olsson et al., 2006; Lundström et al., 2008),
emotional states (Chen and Haviland-Jones, 2000; Prehn-
Kristensen et al., 2009; Croy et al., 2011a), age-related infor-
mation (Mitro et al., 2012), and sexual interests (Croy et al.,
2013). Croy et al. (2013) demonstrated an interesting relation-
ship between sense of smell and sexual relationships in people
diagnosed with isolated congenital anosmia. Men born without
a sense of smell reported significantly fewer sexual relation-
ships compared to age-matched healthy men. Also, women born
without a sense of smell appeared to feel less secure about
sexual partnership compared to healthy women in a control
group.

Although the sense of smell plays a significant role in mod-
ulating eating behavior, hazard detection, and social com-
munication (Stevenson, 2010), people’s attitudes toward sense
of smell vary as a function of olfactory performance (Fras-
nelli and Hummel, 2005; Shu et al., 2011), gender (Frasnelli
and Hummel, 2005; Ferdenzi et al., 2008; Havlicek et al., 2008;
Croy et al., 2010; Seo et al., 2011), and culture (Schleidt et al., 1981;
Schaal et al., 1997; Ferdenzi et al., 2008; Seo et al., 2011). For exam-
ple, patients with olfactory impairments tend to complain more
strongly about their decreased quality of life than people with
normal olfactory function (Frasnelli and Hummel, 2005). Further-
more, women patients consider olfactory impairment-decreased
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quality of life more negatively than do men patients (Frasnelli and
Hummel, 2005). Gender-induced difference in attitudes toward
olfaction is also observed in people with a normal sense of smell
(Ferdenzi et al., 2008; Havlicek et al., 2008; Croy et al., 2010).
It seems that women are more attentive than men to olfactory
cues (Ferdenzi et al., 2008; Havlicek et al., 2008; Croy et al., 2010;
Seo et al., 2011).

Personality is another potential factor in modulating olfactory
perception (Koelega, 1970, 1994; Filsinger et al., 1987; Pause et al.,
1998; Larsson et al., 2000; Chen and Dalton, 2005; Havlíček et al.,
2012; La Buissonnière-Ariza et al., 2013). Earlier research demon-
strated plausible relationships between olfactory sensitivity and
personality traits such as extraversion/introversion; the results,
however, are controversial. Koelega (1970) reported that olfactory
sensitivity was positively correlated with degree of extraversion
but not with degree of neuroticism. In contrast, another study
by Herberner et al. (1989) demonstrated that, in comparison
to extremely sociable participants, extremely shy participants
were significantly more sensitive to odors. Furthermore, sev-
eral studies reported no significant relationship between olfactory
sensitivity and extraversion/introversion (Filsinger et al., 1987;
Koelega, 1994; Pause et al., 1998; Larsson et al., 2000; Havlíček
et al., 2012). Pause et al. (1998) found that neuroticism, when
compared to extraversion, has a stronger impact in determina-
tion of olfactory sensitivity. Havlíček et al. (2012) also reported
that olfactory sensitivity correlated with neuroticism, but not
with other personality traits such as extraversion, openness, and
agreeability (but see also Croy et al., 2011b). In addition, per-
sonality traits may alter a participant’s ability to identify odors
(Larsson et al., 2000; Havlíček et al., 2012). For example, partici-
pants who scored high in neuroticism (i.e., more emotional and
anxious) identified odors more correctly (Larsson et al., 2000).
In contrast, participants with high degrees of impulsiveness and
assertiveness identified odors less correctly (Larsson et al., 2000).
A recent study conducted by Havlíček et al. (2012) found a signifi-
cant correlation between participants’ anxiety traits (a neuroticism
facet) and their ability to discriminate odors. That is, as partici-
pants were more anxious, they discriminated odors more correctly.
Finally, personality modulates participants’ reaction speed with
respect to olfactory cues (Chen and Dalton, 2005). Chen and Dal-
ton (2005) demonstrated that both neurotic and anxious men
detected pleasant/unpleasant odors more quickly than emotion-
ally neutral odors, while stable and calm men detected both odors
equally quickly (i.e., no significant differences in reaction time to
both pleasant/unpleasant and neutral odors). In a more recent
study, La Buissonnière-Ariza et al. (2013) compared response
times of both high- and low-trait anxiety adults to pleasant- and
unpleasant-smelling food odors (i.e., strawberry and fish odors,
respectively). Similarly to previous findings of Chen and Dalton
(2005), they found that, regardless of whether odors were pleas-
ant or unpleasant, highly anxious individuals detected odors more
quickly than did less anxious ones.

Likewise, earlier studies have highlighted the modulatory
effects of personality traits on olfactory perceptions such as odor
sensitivity, discrimination, and identification. In addition, pre-
vious research has demonstrated that people’s attitudes toward
sense of smell can vary as a function of olfactory performance

(Frasnelli and Hummel, 2005; Shu et al., 2011). Given the two ideas
that (1) personality traits influence olfactory performance and (2)
olfactory performance appears to be closely related to attitudes
toward olfaction, we hypothesized that personality traits could be
related to attitudes toward sense of smell. Up to now, little has been
known about a potential connection between personality traits and
attitudes toward sense of smell. To build on previous findings, this
study has aimed to determine whether human attitudes toward
sense of smell can be related to personality traits.

MATERIALS AND METHODS
This study was conducted in conformance with the Declaration
of Helsinki for studies on human subjects. The protocol was
approved by the University Institutional Review Board of the
University of Arkansas (Fayetteville, AR, USA).

PARTICIPANTS
A total number of 207 volunteers (73 men and 134 women) rep-
resenting an age range of 18–73 years [mean age ± standard
deviation (SD) = 39 ± 14 years] took part in this study. Data
from seven volunteers (four men and three women) who had
either clinical histories of major diseases (e.g., diabetes and cancer)
or olfactory impairment were discarded. The olfactory impair-
ment was determined based on results obtained through a“Sniffin’
Sticks” screening test (Burghart Instruments, Wedel, Germany; for
details, see Hummel et al., 2001). Accordingly, data from a total of
200 respondents (69 men and 131 women) were analyzed. Table 1
shows the demographic details of the respondents. The exper-
imental procedure was thoroughly explained to all participants
and a written informed consent was obtained from each prior to
participation.

QUESTIONNAIRES
Participants’ attitudes toward sense of smell, personality traits,
and their demographics and self-ratings with respect to olfactory
function were measured using self-administered questionnaires.

Attitudes toward sense of smell
To assess participants’ attitudes toward sense of smell, we used
the “Importance of Olfaction Questionnaire” (IOQ) designed by
Croy et al. (2010). The IOQ includes three subscales: “association,”
“application,” and “consequence.” Each subscale is in turn com-
posed of six questions to be answered with a 4-point category
scale (1 = I totally disagree to 4 = I totally agree). The association-
subscale indicates emotion, memory, and episode triggered by
a sense of smell. The application-subscale reflects the extent to
which people use sense of smell in their daily activities. Finally, the
consequence-subscale reflects the extent to which people rely on
sense of smell for daily decision-making. The additional subscale
of “aggravation” developed for clinical applications (Croy et al.,
2010) was not used because this study was designed for a general
population.

Personality
Participants’ personality traits were assessed using the “Eysenck
Personality Questionnaire-Revised” (EPQ-R; Eysenck et al., 1985).
The EPQ-R, a 48-question self-reporting questionnaire, exam-
ines four major dimensions of personality trait: “psychoticism”
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Table 1 | Participants’ demographic profiles and self-ratings of

olfactory function.

(N = 200)

Categories Subcategories Frequency %

Gender Men 69 34.5

Women 131 65.5

Age group 18–24 years 27 13.5

25–44 years 107 53.5

45–64 years 59 29.5

65 years and over 7 3.5

Body mass index Underweight (less than 18.5) 6 3.0

Normal weight (18.5–24.9) 77 38.5

Overweight (25.0–29.9) 46 23.0

Obese (more than 30.0) 70 35.0

Ethnicity

background

Caucasian 193 96.5

African-American 1 0.5

Asian 6 3.0

Annual household

income

Under $15,000 29 14.5

$15,000 to $34,999 46 23.0

$35,000 to $54,999 36 18.0

$55,000 to $74,999 31 15.5

$75,000 to $94,999 27 13.5

More than $95,000 31 15.5

Education level High school 62 31.0

2-year college 28 14.0

4-year college 62 31.0

Graduate school 48 24.0

Self-ratings of

olfactory function

Very bad 2 1.0

Bad 0 0.0

Moderate 15 7.5

Good 106 53.0

Very good 77 38.5

(P: 12 questions), “extraversion” (E: 12 questions), “neuroti-
cism” (N: 12 questions), and “lie-scale” (L: 12 questions). The
psychoticism-subscale assesses behavior patterns used to charac-
terize psychotic individuals or psychoses (Eysenck, 1997; Weiner
and Craighead, 2010). The extraversion-subscale measures the
extent to which individuals are sociable and active (Eysenck, 1997;
Weiner and Craighead, 2010). The neuroticism-subscale assesses
the extent to which individuals are predisposed to experience
negative emotion (Eysenck, 1997; Weiner and Craighead, 2010).
Finally, the lie-scale subscale reflects individuals’ socially con-
forming behaviors or their tendency to “fake good” (Weiner and
Craighead, 2010).

Demographics and self-ratings of olfactory function
Participants’ demographics, such as gender, age, height, weight,
ethnic background, annual household income, and education
level, were assessed through a self-administered questionnaire.

Table 1 shows the participants’ demographic profiles. In addition,
participants were asked to evaluate their own olfactory functions
on a 5-point Likert scale ranging from 1 (very bad) to 5 (very
good).

DATA ANALYSIS
Data analysis was conducted using SPSS 21.0 for WindowsTM

(IBM SPSS Inc., Chicago, IL, USA). Not all participants answered
all questions (i.e., several participants did not complete all sub-
scales; one for the association-subscale, two for the consequence-
subscale, and two for the lie-scale subscale). Because the Shapiro–
Wilk test (Shapiro and Wilk, 1965) revealed that the IOQ
and the EPQ-R data were not normally distributed (Table 2),
non-parametric statistical methods were used for data analysis.
Mann–Whitney and Kruskal–Wallis tests were used to determine
whether participants’ attitudes toward sense of smell varied as a
function of demographic variables like gender, age, body mass
index, annual household income, and education level. Spearman
correlation coefficients were used to determine whether attitudes
toward sense of smell were related to self-ratings of olfactory func-
tion. A relationship between participants’ personality traits and
their attitudes toward sense of smell can be mediated by other fac-
tors that may possibly influence attitudes toward sense of smell,
i.e., demographics and self-ratings of olfactory function (Croy
et al., 2010; Seo et al., 2011). Therefore, to determine whether there
is a relationship between personality traits and attitudes toward
sense of smell, we used partial Spearman correlation analyses with
treating potential factors to affect attitudes toward sense of smell
as covariates. Calculating multiple correlations between person-
ality traits and attitudes toward sense of smell can increase the
risk of a type I error. That is, multiple correlation tests increase
the probability of erroneously rejecting even one of the true null
hypotheses (i.e., correlation coefficient is 0) when there is no sig-
nificant correlation (Benjamini and Hochberg, 1995; Curtin and
Schulz, 1998; Benjamini and Yekutieli, 2001). To avoid the risk
of multiple correlation tests, the level of statistical significance of
correlation coefficients was adjusted using Bonferroni’s correction
(Curtin and Schulz, 1998). To keep the overall level of significance
at 5% in this study, the level of significance for each correlation was
divided by 12 (i.e., 4 dimensions of the EPQ-R by 3 subscales of
the IOQ); the adjusted level of significance was set at P < 0.0042.

RESULTS
Table 2 presents the results of descriptive analysis for personal-
ity traits (EPQ-R) and attitudes toward sense of smell (IOQ). As
previously mentioned, the data of the IOQ and the EPQ-R were
not normally distributed (Table 2), so non-parametric statistical
methods were used for data analysis. Before examining the rela-
tionship between participants’personality traits and their attitudes
toward sense of smell, potential factors that might possibly medi-
ate the relationship, i.e., demographics and self-ratings of olfactory
function, were determined.

INFLUENCES OF DEMOGRAPHICS ON ATTITUDES TOWARD SENSE OF
SMELL
Mann–Whitney U-tests revealed that women participants used
olfactory cues for daily decision-making more often than men
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Table 2 | Descriptive analysis results for ratings of personality traits and attitudes toward sense of smell.

(N = 200 A)

Mean Median Standard deviation Skewness Kurtosis Normality of dataB

Attitudes toward sense of smellC

Association 19.0 19.0 2.4 −0.5 0.5 W = 0.97 (P < 0.001)

Application 17.6 18.0 2.9 −0.3 0.0 W = 0.98 (P = 0.012)

Consequence 17.4 18.0 2.6 −0.4 0.4 W = 0.98 (P = 0.001)

Personality traitsD

Psychoticism 1.8 2.0 1.5 1.0 2.4 W = 0.89 (P < 0.001)

Extraversion 8.0 9.0 3.6 −0.6 −0.8 W = 0.90 (P < 0.001)

Neuroticism 4.5 4.5 3.2 0.3 −1.0 W = 0.95 (P < 0.001)

Lie-scale 4.7 4.0 2.6 0.3 −0.7 W = 0.95 (P < 0.001)

ANot all participants answered all questions (i.e., several participants did not complete all subscales; one for the association-subscale, two for the consequence-
subscale, and two for the lie-scale subscale).
BNormality of data was determined by Shapiro–Wilk test (Shapiro and Wilk, 1965).
CAttitudes toward sense of smell were assessed by the Importance of Olfaction Questionnaire (IOQ; Croy et al., 2010).
DPersonality traits were assessed by the Eysenck Personality Questionnaire-Revised (EPQ-R; Eysenck et al., 1985).

participants (P < 0.001), as shown in Figure 1. However,
there was no significant gender-induced difference in the rat-
ings of association-subscale (P = 0.15) and application-subscale
(P = 0.23).

The Kruskal–Wallis tests found that the ratings of three sub-
scales (i.e., “association,” “application,” and “consequence”) in the
IOQ were not significantly different as a function of age groups
(P > 0.05), body mass index (P > 0.05), education level (P > 0.05),
and annual household income (P > 0.05).

RELATIONSHIPS BETWEEN SELF-RATINGS OF OLFACTORY FUNCTION
AND ATTITUDES TOWARD A SENSE OF SMELL
Spearman correlation analyses showed that participants’ self-
ratings of olfactory function were positively correlated with the

FIGURE 1 | Gender differences in the attitudes toward sense of smell.

Mann–Whitney U -tests revealed that women participants rated
consequence-subscale of the IOQ (Importance of Olfaction Questionnaire)
significantly higher than men participants. The asterisks (***) indicate
significance at P < 0.001. Error bars represent standard error of the means.

ratings of application-subscale (ρ200 = 0.17, P = 0.02) and
consequence-subscale (ρ198 = 0.15, P = 0.03). For example, when
participants judged their olfactory function to be more positive,
they more frequently used their sense of smell in everyday life and
for daily decision-making. Additionally, the self-ratings of olfac-
tory function showed a marginally significant correlation with the
ratings of association-subscale (ρ199 = 0.14, P = 0.05).

RELATIONSHIPS BETWEEN PERSONALITY TRAITS AND ATTITUDES
TOWARD A SENSE OF SMELL
As previously mentioned, we controlled potential factors that
might mediate the relationship between personality traits and atti-
tudes toward sense of smell. Based on these above results, partici-
pants’gender and self-ratings of olfactory function were controlled
in determining the relationship between their personality traits
and attitudes toward sense of smell.

Table 3 shows partial Spearman’s correlation coefficients (ρ)
for the relationships between personality traits and attitudes
toward a sense of smell. The ratings of consequence-subscale
of the IOQ significantly correlated with the lie-scale scores
at the Bonferroni-adjusted level of significance (ρ191 = 0.21,
P = 0.0038). In other words, as participants showed socially con-
forming behaviors (e.g., fake good), they were more dependent on
olfactory cues for daily decision-making.

However, no other significant relationships among individ-
ual ratings of the IOQ and the EPQ-R were found at the
Bonferroni-adjusted level of significance (P > 0.0042).

DISCUSSION
INFLUENCES OF DEMOGRAPHICS ON THE ATTITUDES TOWARD A
SENSE OF SMELL
The current study shows gender-induced differences in attitudes
toward sense of smell; compared to men, women participants
reported that they use olfactory cues more often for daily decision-
making. Although the gender difference was not apparent in all
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Table 3 | Partial Spearman correlation coefficients for the relationships between personality traits and attitudes toward sense of smell A.

(N = 200)

Attitudes toward sense of smellB

Association Application Consequence

Personality traitsC Psychoticism ρ191 = −0.06N .S. ρ191 = −0.01N .S. ρ191 = −0.001N .S.

Extraversion ρ191 = 0.10N .S. ρ191 = 0.05N .S. ρ191 = −0.08N .S.

Neuroticism ρ191 = 0.11N .S. ρ191 = −0.01N .S. ρ191 = 0.03N .S.

Lie-scale ρ191 = −0.02N .S. ρ191 = 0.09N .S. ρ191 = 0.21*

AWhen determining correlation between a dimension of the EPQ-R and a subscale of the IOQ, participants’ gender and self-ratings of olfactory function were treated
as covariates.

BAttitudes toward sense of smell were assessed by the Importance of Olfaction Questionnaire (IOQ; Croy et al., 2010).
C Personality traits were assessed by the Eysenck Personality Questionnaire-Revised (EPQ-R; Eysenck et al., 1985).
The level of significance for each correlation coefficient was adjusted using Bonferroni’s correction (Curtin and Schulz, 1998).
The N.S. indicates no significance at P < 0.0042.
The asterisk (*) indicates significance at P < 0.0042.

three subscales, our results are in agreement with earlier stud-
ies using the IOQ (Croy et al., 2010; Seo et al., 2011). Similarly,
Croy et al. (2010) reported that the gender difference was obtained
in the consequence-subscale, but not in the association- and
application-subscales. More recently, Seo et al. (2011) reported
that more women than men in four different regions: Mexico,
Germany, Czech, and Korea, have attentive and positive attitudes
toward sense of smell. For mate selection, men usually consider
women’s visual appearance most important, while women tend
to evaluate men’s body odors in determining superiority (Herz
and Inzlicht, 2002; Havlicek et al., 2008). There are three possi-
ble explanations for gender-related differences in attitudes toward
sense of smell. First, women’s superior olfactory performance (e.g.,
odor sensitivity, discrimination, identification; Doty et al., 1984;
Hummel et al., 2007) may lead them to be more attentive and
reactive to olfactory cues (Croy et al., 2010). Second, the prox-
emics theory of Hall (1966) might account for gender-induced
attitudes toward sense of smell. Hall (1963) argued that people
can establish interpersonal distances in eight different dimensions,
including olfactory code. Generally, women stay closer to each
other (i.e., smaller interpersonal distance) than men, which may
provide them with more chances for judging other peoples’ body
odors, identities, and emotional states (Seo et al., 2011). Finally, it
should be noted that women participants in this study tended to
be more neurotic and emotional than men participants (Mann–
Whitney U-tests, P < 0.001). Considering the significant influence
of neuroticism not only on olfactory performance, but also on atti-
tudes toward sense of smell, women’s higher scores in neuroticism
might result in more attentive attitudes to olfactory cues. How-
ever, because no significant correlation was found between ratings
of neuroticism and the consequence-subscale exhibiting gender
differences, further study should be conducted to support this
assertion.

RELATIONSHIPS BETWEEN SELF-RATINGS OF OLFACTORY FUNCTION
AND ATTITUDES TOWARD SENSE OF SMELL
In this study, participants who judged their olfactory function
more positively relied on olfactory cues in daily decision-making.

These results are consistent with previous findings demonstrating
a positive correlation between self-rating of olfactory sensitivity
and general attitudes toward sense of smell (Seo et al., 2011).
Self-assessment of olfactory function seems to be related to self-
rating of nasal patency (Landis et al., 2003) or odor annoyance
(Knaapila et al., 2008) rather than to olfactory perceptions such
as odor sensitivity and discrimination (Landis et al., 2003). This
result reflects the fact that individuals regarding their olfactory
function more positively tend to be more attentive and reactive to
the sense of smell regardless of olfactory sensitivity.

RELATIONSHIPS BETWEEN PERSONALITY TRAITS AND ATTITUDES
TOWARD SENSE OF SMELL
The above results demonstrate that gender and self-ratings of
olfactory function may be associated with attitudes toward sense
of smell. Therefore, factors such as gender and self-ratings of
olfactory function were controlled as covariates when determining
relationships between personality traits and attitudes toward sense
of smell.

Previous research has focused on the idea that personality traits
influence olfactory perceptions such as odor sensitivity (Koel-
ega, 1970, 1994; Filsinger et al., 1987; Pause et al., 1998; Larsson
et al., 2000; Croy et al., 2011b; Havlíček et al., 2012), odor intensity
(Chen and Dalton, 2005), odor discrimination (Havlíček et al.,
2012), odor identification (Larsson et al., 2000), and odor reac-
tion time (Chen and Dalton, 2005; La Buissonnière-Ariza et al.,
2013). Specifically, as people are more neurotic and anxious, they
show better performance in detection (Pause et al., 1998; Chen and
Dalton, 2005; Havlíček et al., 2012; La Buissonnière-Ariza et al.,
2013), discrimination (Havlíček et al., 2012), and identification
(Larsson et al., 2000) of olfactory cues. Based on previous research,
it was expected that participants who scoring high in neuroti-
cism (i.e., more anxious and emotional) would be prone to have
more memory, episode, and emotion triggered by olfactory cues.
According to Eysenck’s (1967) hypothesis, it is assumed that indi-
viduals high in neuroticism are more sensitive to emotional cues,
especially aversive and negative stimuli, and this may be related
to greater activation of the limbic system. Spearman correlation
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analysis showed that the scores of neuroticism-subscale signifi-
cantly correlated with ratings of association-subscale of the IOQ
at P < 0.05, but the significant relationship was not obtained at
the Bonferroni-adjusted level of significance used in this study
(P < 0.0042).

The lie-scale of the EPQ-R was designed to measure the ten-
dency of respondents to lie or to fake effectively, thereby reflecting
their acquiescence or conformity to social rules and pressures
(Powell, 1977; Francis and Pearson, 1983). Interestingly, the cur-
rent study demonstrated that participants scoring high in the
lie-scale also showed high ratings in the consequence-subscale
of the IOQ. In other words, individuals more constrained by
social desirability (e.g., faking good) appear to rely more on olfac-
tory cues when making daily-life decisions. A number of studies
have elucidated that sense of smell is closely related to social
communication and behavior (Wedekind et al., 1995; Ganges-
tad and Thornhill, 1998; Chen and Haviland-Jones, 2000; Herz
and Inzlicht, 2002; Olsson et al., 2006; Yamazaki and Beauchamp,
2007; Lundström et al.,2008; Prehn-Kristensen et al., 2009; Steven-
son, 2010; Croy et al., 2011a, 2013; Mitro et al., 2012). Olfactory
cues such as body odors reflect emotional state (Prehn-Kristensen
et al., 2009; Croy et al., 2011a), individual identity (Olsson et al.,
2006; Lundström et al., 2008), and sexual interests (Wedekind
et al., 1995; Gangestad and Thornhill, 1998; Herz and Inzlicht,
2002; Croy et al., 2013; for review, see Yamazaki and Beauchamp,
2007; Stevenson, 2010). Olsson et al. (2006) asked participants to
sniff the contents of five zip-lock bags containing both T-shirts
worn by themselves, their friends, two strangers of opposite sex,
and unworn T-shirts. They were then asked to identify the two
shirts worn by themselves and their friends. Participants were
able to determine not only their own T-shirts (51.6%), but also
the T-shirts worn by their friends (38.7%). In addition, it is
known that many people have the ability to recognize others’
emotional states such as happiness, fear, and anxiety (Chen and
Haviland-Jones, 2000; Prehn-Kristensen et al., 2009) by smelling
their body odors. A functional brain-imaging study demonstrated
that body odors related to anxiety (produced during academic
examination), in contrast to control group body odors (pro-
duced during bicycling), activated brain areas associated with the
processing of social-anxiety information (e.g., fusiform gyrus)
and the regulation of empathic feelings (e.g., insula, cingulate
cortex, and precuneus). These findings reflect the fact that olfac-
tory signals can play a key role in social communication in our
society. Accordingly, it is thought that individuals more con-
strained by social desirability (i.e., high scores in lie-scale of the
EPQ-R) tend to pay more attention to their own body odors,
the better to provide positive and favorable impressions to oth-
ers. In addition, they appear to judge other people’s identities,
emotions, and personalities based on their body odors. In a
similar vein, Croy et al. (2011b) demonstrated that agreeable
participants, who tend to have greater concern for social har-
mony and cooperative nature (Rothmann and Coetzer, 2003),
have higher sensitivities to odors. Furthermore, several stud-
ies have found that individuals with social deficits (e.g., autism
and schizophrenia) have lower olfactory performances in areas
like odor sensitivity (Dudova et al., 2011) and odor identifica-
tion (Malaspina and Coleman, 2003). These findings support

possible associations of social desirability (herein, lie-scale) not
with only olfactory perceptions, but also with attitudes toward
olfaction.

A plausible explanation for the relationship between smelling
behavior and personality traits, especially social desirability, can
be found in a neuroanatomical convergence of olfactory and emo-
tional information in the limbic system, orbitofrontal cortex,
insula, and anterior cingulate cortex (for a review, see Soudry
et al., 2011). Functional brain-imaging studies have revealed that
the limbic and paralimbic areas are involved in regulation of emo-
tional and social desirability (Haas et al., 2010; Boehme et al.,
2013) as well as in the processing of odor valence, odor mem-
ory, and odor-induced emotion (for review, see Gottfried, 2006;
Soudry et al., 2011). Based on neuroanatomical convergence, it
is to be expected that individuals who are faking good are vul-
nerable to emotional olfactory signals, possibly leading them
to rely on olfactory cues for social communication and daily
decision-making.

Since this research is a questionnaire-based study, a phe-
nomenon known as the “extreme response style” (Hamilton,
1968; Greenleaf, 1992) should be noted. In other words, in
questionnaire-based studies, regardless of specific item content,
up to 30% of respondents are likely to consistently favor extreme
response categories (Eid and Rauber, 2000; Austin et al., 2006;
Naemi et al., 2009). Previous studies demonstrated that women
and younger respondents tend to prefer extreme response cat-
egories compared to men and older respondents (Austin et al.,
2006). In addition, respondents who scored high on extraversion
and conscientiousness are likely to show a preference for extreme
response categories (Austin et al., 2006). Because an extreme
response style might result in a correlation between the ratings, the
outcomes must be carefully interpreted. As seen in Table 2, both
ratings of the EPQ-R and IOQ were highly skewed and, due to
their non-normal distributions, non-parametric statistical meth-
ods were employed in this study, which might reduce the plausible
overestimation caused by an extreme response style.

In summary, our findings provide empirical evidence that
personality traits are related to attitudes toward sense of smell.
Specifically, people constrained by social desirability (e.g., fake
good) relied more on a sense of smell for daily decision-making.
These findings provide better understanding of how personality
traits are related to peoples’ attitudes toward sense of smell.
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Major depressive disorder (MDD) occurs with a high prevalence among mental illnesses.
MDD patients experience sadness and hopelessness, with blunted affective reactivity.
However, such depressive episodes are also key symptoms in other depressive disorders,
like Bipolar Disorder (BPD) or Seasonal Affective Disorder (SAD). Moreover, depressive
symptoms can also be found in healthy individuals, but are experienced as less severe
or for a shorter duration than in patients. Here, it is aimed to summarize studies
investigating odor perception in depression, including depressive states in healthy
individuals and patient populations. Odor perception in depression has been assessed
with psychophysical methods (olfactory sensitivity, odor identification, and discrimination),
and odor ratings (intensity, emotional valence, familiarity). In addition, some studies
investigated affective reactions to odors, and physiological and anatomical correlates
of odor perception in depression. The summary reveals that MDD is associated with
reduced olfactory sensitivity. However, odor identification and discrimination scores seem
to be unaffected by depression. The reduced olfactory sensitivity might be associated
with a reduced ability to encode olfactory information and a reduced volume of the
olfactory bulb. While similar processes seem to occur in healthy individuals experiencing
depressive states, they have not been observed in BPD or SAD patients. However, in
order to conclude that the reduced olfactory sensitivity is directly linked to depression, it is
suggested that studies should implement control measures of cognitive performances or
perceptual abilities in other stimulus modalities. It is concluded that the reduced olfactory
performance in MDD patients seems to be disorder-, modality-, and test-specific, and that
the application of an appropriate olfactory and cognitive test-battery might be highly useful
in the differential diagnosis of MDD.

Keywords: major depression, sadness, odor perception, olfactory sensitivity, bipolar disorder, emotion

INTRODUCTION
Everybody knows the feeling of sadness as a transient mood state.
Sadness is considered to be one of six basic emotions, all of
which being experienced in healthy humans independent of cul-
ture (anger, disgust, fear, happiness, sadness, and surprise; Ekman
and Davidson, 1994). Several brain areas involved in cerebral pro-
cessing of these emotions are described (Panksepp, 2011; LeDoux,
2012), with sad states being regulated most prominently by the
anterior cingulate cortex and the dorsomedial prefrontal cortex
(Murphy et al., 2003). But what kind of feelings and behavior
differentiate the normal experience of transient sadness from an
affective state of depression? The clinical categories and diagnostic
criteria for mood and other mental disorders can be assessed via
the diagnostic and statistical manual of mental disorders (DSM-5,
American Psychiatric Association, APA, 2013).

Whereas in former times (DSM IV; APA, 2000) depression
belonged to the category of affective disorders that included
unipolar and bipolar depressive disorders, in the present view
both disorders are clearly separated from each other (DSM-5,
APA, 2013). Among the unipolar depressive disorders, the two
most prevalent disorders are Major Depressive Disorder (MDD)

and Dysthymia. Both of them share the key symptoms of a
depressed mood and a loss of interest or pleasure. However, MDD
patients strongly suffer from the depressive mood during at least
a 2-weeks period, while in Dysthymia patients, the depressive
mood is less severe but lasts at least for 2 years. Bipolar disor-
ders (BPDs) on the other hand, differ from unipolar depressive
disorders in the experience of manic (Bipolar Disorder I, BPD I)
or hypomanic episodes (Bipolar Disorder II, BPD II), states of
abnormally elevated physical or mental activity, usually accom-
panied by an inflated self-esteem. In BPD patients, the manic
phases often alternate with depressive episodes. Both, BPD and
MDD, can occur with a seasonal pattern, with depressive episodes
regularly reoccurring during fall or winter time.

MDD as well as BPD are described to include one or more
major depressive episodes. Therefore, the occurrence of an
episode of major depression is not a diagnostic category by itself.
The criteria of a major depressive episode are as follows: dur-
ing 2 weeks nearly the whole time, at least five of the following
symptoms have to be present: depressive mood like sadness or
hopelessness, reduced interest in activities, significant loss of
appetite or increased appetite as well as weight loss or weight-gain
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without going on a diet, insomnia or hypersomnia, increased psy-
chomotor agitation or retardation, fatigue, feelings of worthless-
ness, diminished ability to concentrate, and thoughts of suicide.
Regarding these symptoms, MDD and BPD are mood disor-
ders affecting functions of motor behavior, perception, memory,
cognition, and motivation.

Among all mental disorders, MDD occurs with a high preva-
lence. The 12-month prevalence in the United States is approx-
imately 7%, with females experiencing 1.5–3-fold higher rates
than males. With a 12-month prevalence of 0.6%, BPD has a lower
prevalence than MDD (USA, APA, 2013).

There are several theories explaining different aspects of MDD.
Cognitive approaches focus on biased information processing
and dysfunctional beliefs about the self, the outside world and
the future (Beck, 1979). Studies using neuroimaging techniques
show alterations of cerebral blood flow and metabolic differ-
ences between depressed patients and healthy controls in the
amygdala and anatomically related areas of the prefrontal cortex
(see Drevets, 2003). Moreover, it is suggested that dysfunctions
in the serotonin receptor and other monoaminergic systems
could lead to MDD (see Savitz et al., 2009; Savitz and Drevets,
2013). Recently, it has been shown that the deviant serotoner-
gic neurotransmission seems to be responsible for a decoupled
cingulated-amygdala-interaction (Pezawas et al., 2005).

Depressive episodes occurring predominately during a partic-
ular time of the year (e.g., in the fall or winter) have been termed
Seasonal Affective Disorder (SAD). The underlying mechanisms
of SAD, MDD, or BPD are supposed to be different, consider-
ing the improvement of SAD symptoms, but not MDD or BPD
symptoms, through light therapy (exposure to a standard regi-
men of 10,000 lux cool-white fluorescent light, e.g., Eastman et al.,
1998). In SAD, functional deviations within the suprachiasmatic
nucleus of the hypothalamus are described (Krout et al., 2002).
The suprachiasmatic nucleus is a central structure that medi-
ates behavioral responses induced by the change in the length of
daylight.

As mentioned before, alterations of cerebral blood flow and
metabolism in the limbic cingulated cortex and prefrontal cortex
are consistently observed in MDD patients. Within these brain
areas, the amygdala and the ventromedial (orbitofrontal) pre-
frontal cortex seem to be the most affected in MDD patients
(Murray et al., 2011). As well as in emotional processing (LeDoux,
2007), the amygdala is inherently involved in the processing
of odor perception (Soudry et al., 2011) and is part of the
primary olfactory cortex (Carmichael et al., 1994). From the
amygdala olfactory information can be directly transmitted to
the orbitofrontal cortex, which is the main neocortical relay for
olfactory information (Carmichael et al., 1994; Gottfried, 2006).
According to this overlap in odor and emotion processing struc-
tures, affective disorders like MDD should accompany alterations
of olfactory perception.

Human olfaction has been divided into hierarchical orga-
nized levels that are characterized as either primary or secondary.
As described by Martzke et al. (1997), olfactory sensitivity is a
part of a primary and sensory level of stimulus processing in
the olfactory system. However, abilities like olfactory identifica-
tion, discrimination or odor recognition and odor ratings belong

to the secondary and evaluative level of olfaction. The various
functions of the olfactory system are to be assessed by suit-
able methods (Weierstall and Pause, 2012). Most tests for the
assessment of olfactory functions fall into three main classes:
threshold (absolute sensitivity), identification, and discrimina-
tion. Olfactory sensitivity is understood as a measure of the lowest
concentration of a particular olfactory stimulus required to acti-
vate the receptor neurons resulting in the detection of that odor
(Martzke et al., 1997). For the assessment of the odor threshold,
a staircase threshold procedure (Bekesy, 1947; Doty, 1991) has
been developed that can be used with several odors (Doty and
Laing, 2003). This threshold test has been adopted by numerous
laboratories (e.g., Pause et al., 2001; Lötsch et al., 2008).

Odor identification is a measure of an individual’s ability to
perceive and name an odor. Three types are common: first, a sim-
ple naming task, prompting the individual to supply a name for a
given odor; second, a yes-no odor identification test, in which the
participant has to decide whether the odor presented matches a
given verbal label or not; or third, a multiple choice odor identifi-
cation test, with a list of odor names provided for each stimulus.
The 40-item, multiple choice University of Pennsylvania Smell
Identification Test (UPSIT) is widely used to assess identification
performance (Doty et al., 1984b). In the UPSIT, the participant
has to choose the odor quality of a given odor out of four ver-
bal descriptors. An odor identification test is also included in
the Sniffin’ Sticks test battery (Hummel et al., 2007), which is
constructed similar to the UPSIT but contains 16 items only.

Odor discrimination is defined as a measure of an individual’s
ability to differentiate between a set of odors. The most simple
form is to state whether two odors are the same or different.
However, common tasks involve participants picking out the odd
odor out of a series of odors, all of which identical except for
one. The only commercially available odor discrimination test is
included in the Sniffin’ Sticks (Hummel et al., 2007). It comprises
16 items, of which participants are required to choose the odd
stimulus out of three given odors.

Psychological attributes of odors are assessed mainly with
regard to their intensity, hedonic aspects (pleasantness and
unpleasantness) or familiarity. Rating scales can be used to esti-
mate the relative amount of a psychological attribute perceived by
an individual. According to Doty and Laing (2003) in chemosen-
sory assessment, two types are popular: category scales, and
analog scales. Using category scales, the relative amount of a
sensation is signified by indicating which of a series of discrete
categories best describes the sensation. Using visual analog scales,
the strength of the sensation is indicated by placing a mark along
a line that might have descriptors (termed anchors) located at
its extremes (e.g., very weak—very strong). Contrary to olfac-
tory sensitivity, odor evaluations are suprathreshold procedures
mostly and therefore part of the secondary cognitive evaluative
level of the olfactory processing system. For some odors, pleas-
antness and intensity are closely related psychological dimensions
and negatively correlated (Doty, 1975).

In the following review, psychophysical and neurophysiologi-
cal findings of olfactory performances (sensitivity, identification,
discrimination, and odor ratings) in depressed patients (MDD,
BPD, SAD) and in healthy individuals experiencing only some
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depressive symptoms or a transient state of sad mood will be
summarized. By expanding this review to healthy people and
including the recent literature, this review will add on existing
summaries on olfaction and depression (Settle and Amsterdam,
1991; Serby et al., 1992; Atanasova et al., 2008; Burón and
Bulbena, 2013).

METHODS
Literature research was based on PubMed (National Center for
Biotechnology Information, Bethesda, MDUSA). Only studies
investigating distinct groups of MDD, BPD, or SAD patients were
included. Mixed samples consisting of BPD and MDD patients
in one group or different psychiatric patients in one group were
excluded. Further, only publications on chemical perception of
standard odors were taken into account. Publications regarding
the perception of body odors were not considered, because body
odors might be processed by different systems than the olfactory
system (Pause, 2012). As it was aimed to focus on the distinct
emotional experience of sadness, studies examining olfaction in
personality disorders were excluded from the literature search.
Finally, effects of odors on mood or therapeutic effect of odors
were not considered.

FINDINGS ON OLFACTORY FUNCTION IN DEPRESSION
Research on olfactory dysfunction in patients with depressive
disorders mainly focused on psychophysical assessment of olfac-
tory perception. Particularly, olfactory sensitivity, identification
and odor ratings including evaluations of odor characteristics
like pleasantness, unpleasantness, intensity or familiarity were
investigated. To a lesser extent, patients with depressive disorders
have been examined with reference to psychophysiological and
neuroanatomical aspects of odor perception, like chemosensory
event-related potentials (CSERPs, Pause et al., 2003) or the vol-
ume of the olfactory bulb (Negoias et al., 2010). In the following
sections, we will review the psychophysics, psychophysiology, and
neuroanatomy of olfactory perception in patients with depressive
disorders.

OLFACTORY SENSITIVITY IN DEPRESSIVE DISORDERS
Almost all studies regarding olfactory acuity in MDD indicate
that olfactory sensitivity is reduced (corresponding to elevated
detection thresholds) in patients, as compared to healthy con-
trols (Table 1). Pause et al. (2001) examined olfactory sensitivity
in medicated patients with acute MDD. The Beck’s depression
score (BDI; Beck et al., 1961) was 28.5 ± 11.4 in the patient
group. Olfactory thresholds for eugenol (clove-like odor) and
phenyl-ethylalcohol (PEA, rose-like odor) were determined using
a two-alternative staircase detection procedure (Bekesy, 1947;
Doty, 1991). The study showed reduced olfactory sensitivity in
MDD patients compared to healthy controls. Similarly, Thomas
et al. (2002) reported slightly (p < 0.10) elevated thresholds in
a sample of 16 unselected depressives without comorbidity and
with a mean BDI-Score of 23.8 ± 9.5. In line with these studies,
Lombion-Pouthier et al. (2006) reported sensitivity impairments
in patients with severe depression (without any comorbidity) and
a BDI-Score of 23.8 ± 5.7. Olfactory perception was assessed by
means of the Test Olfactif. The Test Olfactif evaluates olfactory

sensitivity using L-carvone and tetrahydrothiopene (forced choice
procedure for 5 successive concentrations). Odor detection and
identification performance are examined with a panel of 16 odors.
Participants have to choose the odor bottle out of four bottles
(detection task) and they are asked to choose the correct odor
label among a list of four labels (indentification task). Negoias
et al. (2010) also showed sensitivity impairments in MDD patients
[comorbidities (somatoform disorders, posttraumatic stress dis-
order and anxiety disorders) were accepted for inclusion] with a
mean BDI-Score of 29.7 ± 10.8. All participants were screened for
possible cognitive impairments by the mini mental state examina-
tion (MMSE, Folstein et al., 1975) and olfactory thresholds were
assessed by the Sniffin’ Sticks (Hummel et al., 2007) with PEA in
16 dilutions.

Two studies investigated whether the reduced olfactory sensi-
tivity is directly related to the depressive disorder or secondary
to the effects of antidepressant drugs. Serby et al. (1990, 1992)
examined a sample of 9 MDD patients with a mean Hamilton-
Depression-Score (HAM-D; Hamilton, 1960) of 19.9 ± 1.6 under
no antidepressant medication. They found a slightly (p < 0.10)
reduced olfactory sensitivity (elevated olfactory thresholds) to
geraniol in patients with MDD compared to healthy controls.
Pause et al. (2005) investigated 11 antidepressant drug-free MDD
patients. They found significantly elevated olfactory thresholds
(PEA and menthol) in patients with moderate MDD (BDI-Score
= 17.7 ± 6.9). These results support the conclusion that the
decline in olfactory sensitivity in MDD is directly related to the
disorder and not mediated by psychiatric treatment.

Gross-Isseroff et al. (1994) investigated olfactory thresholds
(androstenone and isoamylacetate) in 9 MDD patients, three
times during the course of their psychiatric treatment (HAM-D-
Score: Day 0: 24.1 ± 1.2, Day 21: 11.7 ± 1.1 and Day 42: 6.4 ±
0.6). They observed a significant increase in olfactory sensitivity
(only isoamylacetate) in MDD patients 6 weeks after initiation
of antidepressant drug treatment. This finding is in line with the
results from Pause et al. (2001) who showed that after success-
ful medical treatment, sensitivity impairments in MDD patients
were reduced. Further, Pause et al. (2001, 2005) and Negoias
et al. (2010) reported a significant negative correlation between
olfactory sensitivity and the severity of depression.

To our knowledge, only one study did not find any alter-
ations of olfactory thresholds in MDD patients (Swiecicki et al.,
2009). In this patient group, the mean HAM-D-Score was 15.2 ±
1.6 and the mean BDI-Score was 27.2 ± 2.8; olfactory thresh-
olds were assessed using the Sniffin’ Sticks (n-butanol). Only
non-demented (MMSE-score > 24) patients without another
psychiatric disorder were included. However, according to the
authors, in many of the depressed patients, pharmacotherapy
had led to improvement in depressive symptomatology before
inclusion to the study. Hence, in line with the findings of Gross-
Isseroff et al. (1994) and Pause et al. (2001) successful psychiatric
treatment in MDD seems to renormalize olfactory performance.

While the vast majority of studies have investigated odor per-
ception in MDD patients, few studies have examined olfactory
sensitivity in related depressive disorders. Swiecicki et al. (2009)
reported no differences of olfactory thresholds in patients with
BPD, suggesting that sensory aspects of olfactory function cannot
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Table 1 | Summary of studies of olfactory sensitivity in affective disorders.

Study Number of participants

(f/m) and diagnosis

Mean age ± SD Severity-scores Odorants and test

method

Olfactory

sensitivity

Gross-Isseroff et al.,
1994

C: 9 (8/1)
P: 9 (8/1); MDD

C: 49,11 ± 4.82
P: 49.00 ± 4.56

P: 24.11 ± 1.17
(Day 0),
11.67 ± 1.13 (Day 21),
6.44 ± 0.58 (Day 42,
HAM-D)

Androstenone,
isoamyl acetate,
three way forced
choice ascending
method

Day 0 and Day 21:
P = C,
Day 42: P > C
(isoamyl acetate)

Krüger et al., 2006 BPD + ETE: 7 (1/6)
BPD – ETE: 9 (5/4)

BPD + ETE:
33.9 ± 10.7
BPD – ETE:
46.1 ± 11.6

BPD + ETE:
0.8 ± 1 (HAM-D)
0.8 ± 1.2 (SRMI)
BPD – ETE:
0.4 ± 0.7 (HAM-D)
1.4 ± 1 (SRMI)

PEA, Sniffin’ Sticks BPD + ETE >

BPD – ETE

Lombion-Pouthier
et al., 2006

C: 58 (36/22)
P: 49 (35/14);
MDD

C: 38.4 ± 13.96
P: 43.4 ± 17.54

P: 23.75 ± 5.74 (BDI) L-carvone,
tetrahydrothiopene,
Test Olfactif

P < C

Negoias et al., 2010 C: 21 (15/6)
P: 21 (17/4);
MDD

C: 39.62 ± 11.39
P: 36.86 ± 10.13

P: 29.67 ± 10.84 (BDI) PEA, Sniffin’ Sticks,
laterized

P < C

Pause et al., 2001 1. Session:
C: 24 (15/9)
P: 24 (15/9); MDD
2. Session:
C: 18 (13/5)
P: 18 (13/5);
MDD in remission

C: 44.2 ± 12.6
P: 48.4 ± 13.2

C: 46.6 ± 12.8
P: 47.9 ± 13.4

C: 4.8 ± 2.5 (BDI)
P: 28.5 ± 11.4 (BDI)

C: 4.6 ± 3.4 (BDI)
P: 11.5 ± 7.1 (BDI)

PEA, eugenol,
2alt.-staircase

PEA, eugenol,
2alt.-staircase

P < C

P = C

Pause et al., 2005 C: 11 (6/5)
P: 11 (7/4);
MDD (drug-free)

C: 33.0 ± 8.6
P: 32.7 ± 5.5

C: 2.1 ± 2.3 (BDI)
P: 17.7 ± 6.9 (BDI)

PEA, menthol,
2alt.-staircase

P < C

Postolache et al.,
1999

C: 24 (17/7)
P: 24 (17/7); SAD

C: 42.1 ± 11.8
P: 42.8 ± 9.7

/ PEA, 2alt.-staircase P (SAD) = C

Postolache et al.,
2002

C: 16 (9/7)
P: 14(7/7); SAD

C: 39.0 ± 10.8
P: 42.3 ± 11.5

/ PEA, 2alt.-staircase P (SAD) > C

Serby et al., 1990,
1992

C: 9 (/)
P: 9 (0/9); MDD
(drug free)

C: 50 – 59
P: 50 – 59

P: 19.9 ± 1.6 (HAM-D) Geraniol,
forced-choice
ascending method

P < C (p < 0.1)

Swiecicki et al., 2009 C: 30 (20/10)
P: 46 (RDD:
20, BPD: 21)

C: 35.4 ± 2.1
RDD: 35.7 ± 2.3
BPD: 39.6 ± 2.5

C: 0.5 ± 0.3 (HAM-D), 1.9
± 0.5 (BDI)
RDD: 15.2 ± 1.6 (HAM-D),
27.2 ± 2.8 (BDI);
BPD: 14.1 ± 1.0 (HAM-D),
23.2 ± 1.8 (BDI)

n-butanol, Sniffin’
Sticks

RDD = BP = C

Thomas et al., 2002 C: 24
P: 16
(unselected depressed with
major depressive episode)

/ 23.8 ± 9.5 (BDI) / P < C (p < 0.1)

f, female; m, male; C, controls; P, patients; MDD, major depressive disorder; HAM-D, Hamilton Depression Rating-Scale; =, no difference between groups; P > C,

patients performed better than controls; P < C, patients performed worse than controls; BPD + ETE, bipolar disorder with event triggered episodes; BPD – ETE,

bipolar disorder without event triggered episodes; SRMI, Self-Report Manic Inventory; PEA, phenyl-ethylalcohol; BDI, Beck’s Depression Inventory; 2alt.-staircase,

two-alternative staircase detection procedure; SAD, Seasonal affective disorder; RDD, unipolar recurrent depressive disorder; BPD, bipolar disorder; /, no information

available.
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serve as a reliable indicator of patients’ polarity. Contrasting BPD
patients with and without a history of event-triggered episodes,
Krüger et al. (2006) showed in a pilot study that olfactory sen-
sitivity (as assessed by the Sniffin’ Sticks) was higher in patients
vulnerable to emotional stress (with event-triggered episodes,
n = 7) than in patients without event-triggered episodes (n = 9).
A healthy control group did not exist in this study.

To our knowledge, there are only two studies on olfactory
performance and SAD, however, with conflicting results. In one
study, Postolache et al. (1999) found no differences in olfac-
tory thresholds between patients (SAD without comorbidity) and
healthy controls or between patients before and after light treat-
ment (exposure to a standard regimen of 10,000 lux cool-white
fluorescent light therapy for 45 min twice daily). In the other
study, Postolache et al. (2002) observed lower olfactory detection
thresholds (a higher olfactory acuity) in SAD patients compared
to controls regardless of season.

In summary, the presented evidence shows that olfactory sen-
sitivity is reduced in MDD. The olfactory impairment is directly
related to the affective state and is not affected by anti-depressive
medication. Furthermore, the decline in sensitivity is related to
the severity of MDD. After successful treatment the olfactory dys-
function in MDD patients disappears. Importantly, the decline
in olfactory sensitivity seems to be specifically related to MDD,
and has not been observed in other depressive disorders like BPD
or SAD. The disorder specificity indicates that the reduced olfac-
tory sensitivity is not caused by a general cognitive decline in
depressive disorders. However, only one study controlled cog-
nitive performances in MDD patients (Negoias et al., 2010).
Therefore, olfactory threshold measurements seem to serve as
a differential diagnostic tool and a reduced olfactory sensitivity
might play a role as a marker of MDD.

OLFACTORY IDENTIFICATION AND DISCRIMINATION ABILITIES IN
DEPRESSIVE DISORDERS
Odor identification
Most studies examining olfactory identification abilities in
depressive patients have not found differences compared to
healthy controls (Table 2). Using the UPSIT, Amsterdam et al.
(1987) found no impairments of odor identification ability in a
sample of MDD patients with HAM-D-Scores ranging from 18
to 37. Kopala et al. (1994) and Warner et al. (1990) replicated
these results, also measuring olfactory identification ability by the
UPSIT in MDD patients (Warner et al., 1990), or patients expe-
riencing a major depressive episode (Kopala et al., 1994). They
gave no information about the severity of depression. Pause et al.
(2003) asked 20 MDD patients (mean BDI-Score = 26.4 ± 9.3)
and 20 healthy controls (mean BDI-Score = 3.2 ± 3.2) to identify
the odors of PEA and isobutyraldehyde, presented via an olfac-
tometer. It was shown that the identification rates were similar in
patients and controls. Assessing patients with severe depression
(mean BDI-Score = 23.8 ± 5.7), Lombion-Pouthier et al. (2006)
found identification scores, as indicated by the Test Olfactif, to be
similar to those in the control group. In line with these results,
Swiecicki et al. (2009) reported no alteration of olfactory identi-
fication ability, measured by the Sniffin’ Sticks in MDD patients.
The mean HAM-D-Score was 15.2 ± 1.6 and the mean BDI-Score

was 27.2 ± 2.8 in the patient group. Using the Sniffin Sticks
as well, Negoias et al. (2010) showed no differences in olfactory
identification ability between healthy controls and MDD patients
(mean BDI-Score = 29.7 ± 10.8, ranging from 11 to 51). Another
study (Naudin et al., 2012) evaluated psychiatric patients dur-
ing acute episodes of depression and 6 weeks after antidepressant
treatment against healthy controls. On the identification task,
participants had to identify single odors (n = 8) from a list of
four descriptors. Regarding the participants’ odor identification
performances, there was no significant difference among the three
groups, considering all odors or each odor independently.

In three studies MDD patients’ identification performance
was compared to the identification performance in patients with
Alzheimer’s dementia (AD). Solomon et al. (1998) and McCaffrey
et al. (2000) applied the Pocket Smell Test, a three-item short
version of the UPSIT to 20 MDD and 20 AD patients. In the
latter study the patients’ cognitive status was assessed by the
MMSE, revealing cognitive impairments in AD patients but not
in MDD patients. The authors found that depressive patients
scored significantly better on the identification test than AD
patients, thereby, resembling the performance of healthy controls.
Pentzek et al. (2007) investigated odor identification performance
by means of the Sniffin’ Sticks in 20 AD patients, 20 MDD patients
and 30 healthy controls. Whereas MDD patients did not differ
from healthy participants in their cognitive status (evaluated by
the German version of the Alzheimer’s disease assessment scale;
Ihl and Weyer, 1993), AD patients showed a significant cogni-
tive decline compared to the two other groups. With respect
to the odor identification test, AD patients performed signifi-
cantly worse than MDD patients and the control group, whereas
MDD patients and healthy controls did not differ in their odor
identification ability.

Few studies have shown reduced olfactory identification abil-
ity in depressed patients. First, Serby et al. (1990, 1992) reported
odor identification deficits in patients with MDD (mean HAM-
D-Score of 19.9 ± 1.6) using the UPSIT. However, the same
authors employed the yes-no identification task and did not show
differences between MDD patients and controls. In the yes-no
identification task, odors were presented in similar quality pairs
(e.g., lemon and orange) and participants were asked to decide,
whether the presented odor matched a given verbal label. As
compared to the UPSIT, the yes-no identification task might be
easier to perform, requiring less cognitive resources. The authors
hypothesized that the differences between UPSIT and yes-no per-
formance in depressive patients may be a function of task-specific
difficulty, suggesting that the reduced identification performance
in MDD might be due to general deficits in cognitive demanding
tasks. Assessing odor identification performance by the Sniffin’
Sticks in a sample of MDD patients during a depressive episode
and in a remitted state, Clepce et al. (2010) showed a significant
reduced odor identification score only during the depressive state.
In line with Serby et al. (1992), Clepce et al. (2010) attributed the
poor identification performance in MDD patients to strong gen-
eral cognitive impairments. Zucco and Bollini (2011) investigated
olfactory identification and olfactory recognition performance in
patients with mild MDD and in patients with severe MDD as well
as in healthy controls. On the identification task, participants had
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Table 2 | Summary of studies of olfactory identification in affective disorders.

Study Number of

participants (f/m) and

diagnosis

Mean age ± SD Severity-scores Odors and test

method

Olfactory

identification

Amsterdam et al.,
1987

C: 51 (34/17)
P: 51 (34/17);
MDD/BPD II

C: /
P: m: 49 ± 14
f: 43 ± 13

P: 18 – 37 (HAM-D) UPSIT P = C

Clepce et al., 2010 C: 37 (21/16)
P: 37 (21/16);
MDD

C: /
P:
m: 48.31 ± 11.95
f: 47.52 ± 11.33

/ (BDI and SHAPS) Sniffin’ sticks P < C (acute MDD)
P = C (in remission)

Cumming et al., 2011 C: 22 (11/11)
P: 20 (10/10);
BPD

C: 35.5 ± 9.8
P: 34.6 ± 11.3

P: 16.3 ± 9.5 (BPRS)
9.9 ± 8.0 (YMRS)
12.0 ± 8.2 (HAM-D)

UPSIT BPD < C

Kopala et al., 1994 C: 77 (47/30)
P: 21 (13/8); MDD

C: 32.5 ± 11.1
P: 37.0 ± 9.6

/ UPSIT P = C

Krüger et al., 2006 BPD + ETE: 7 (1/6)
BPD – ETE: 9 (5/4)

BPD + ETE:
33.9 ± 10.7
BPD – ETE:
46.1 ± 11.6

BPD + ETE:
0.8 ± 1 (HAM-D)
0.8 ± 1.2 (SRMI)
BPD – ETE:
0.4 ± 0.7 (HAM-D)
1.4 ± 1 (SRMI)

Sniffin’ sticks BPD + ETE =
BPD – ETE

Lombion-Pouthier
et al., 2006

C: 58 (36/22)
P: 49 (35/14); MDD

C: 38.4 ± 13.96
P: 43.4 ± 17.54

P: 23.75 ± 5.74 (BDI) Test olfactif P = C

McCaffrey et al.,
2000

AD: 20 (13/7)
MDD: 20 (11/9)

AD: 74.15 ± 7.86
MDD: 67.55 ± 7.29

AD: 20.85 ± 5.22
(MMSE)
MDD: 28.6 ± 1.54
(MMSE)

Pocket smell test MDD > AD

Naudin et al., 2012 C: 54 (36/18)
P: 18 (12/16); MDD

C: 49.5 ± 12.5
P: 50.1 ± 13.3

C: 2.33 ± 2.3 (MADRS)
P (acute MDD):
35.1 ± 4.5
(MADRS)
P (clinically improved):
9.1 ± 5.6
(MADRS)

Identification of odors
(n = 8) from a list of
four descriptors

P(acute MDD) =
P(clinically
improved) = C

Negoias et al., 2010 C: 21 (15/6)
P: 21 (17/4);
MDD

C: 39.62 ± 11.39
P: 36.86 ± 10.13

P: 29.67 ± 10.84 (BDI) Sniffin’ sticks P = C

Oren et al., 1995 C: 21 (16/5)
P: 21 (16/5); SAD

C: 38 ± 9
P: 38 ± 9

P: 29 ± 6
(HAM-D,SAD-Version)

UPSIT P (SAD) = C

Pause et al., 2003 C: 22 (14/8)
P: 22 (14/8);
MDD

C: 48.4 ± 11.9
P: 47.2 ± 10

C: 3.6 ± 3.2 (BDI);
2.6 ± 3.5 (HAM-D)
P: 25.7 ± 9.4 (BDI),
21.8 ±8.9 (HAM-D)

PEA, isobutyraldehyde,
identification of odors
from a set of three
odors

P = C

Pentzek et al., 2007 C: 30 (24/6)
P: AD: 20 (15/5)
MDD 20 (15/5)

C: 77.07 ± 6.81
AD: 75.95 ± 9.09
MDD: 73.45 ± 5.61

C: 4.5 ± 3.34 (HAM-D),
8.83 ± 3.02 (ADAS-cog);
AD: 5.1 ± 4.72 (HAM-D),
25.05 ± 7.57 (ADAS-cog);
MDD: 19.05 ± 7.57
(HAM-D), 9.4 ± 3.22
(ADAS-cog)

Sniffin’ sticks A < C
A < MDD
MDD = C

(Continued)
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Table 2 | Continued

Study Number of

participants (f/m) and

diagnosis

Mean age ± SD Severity-scores Odors and test

method

Olfactory

identification

Postolache et al.,
1999

C: 24 (17/7)
P: 24 (17/7); SAD

C: 42.1 ± 11.8
P: 42.8 ± 9.7

/ UPSIT P = C

Serby et al., 1990,
1992

C: 9 (/)
P: 9 (0/9) MDD

C: 50 – 59
P: 50 – 59

P: 19.9 ± 1.6 (HAM-D) UPSIT;
Yes/No task

UPSIT: P < C
Yes/No task: P = C

Solomon et al., 1998 AD: 20 (12/8)
MDD: 20 (13/7)

AD: 74.5 ± 7.77
MDD: 69.4 ± 7.69

/ Pocket smell test MDD > AD

Swiecicki et al., 2009 C: 30 (20/10)
P: 46 (RDD:
20, BPD: 21)

C: 35.4 ± 2.1
RDD: 35.7 ± 2.3
BPD: 39.6 ± 2.5

C: 0.5 ± 0.3 (HAM-D),
1.9 ± 0.5 (BDI)
RDD: 15.2 ±
1.6 (HAM-D), 27.2 ± 2.8
(BDI);
BPD: 14.1 ± 1.0
(HAM-D), 23.2 ± 1.8
(BDI)

Sniffin’ sticks RDD = BPD = C

Warner et al., 1990 C: 8
P: 6;
MDD

C: 32 (20 – 44)
P: 37 (28 – 50)

/ UPSIT P = C

Zucco and Bollini,
2011

C: 12 (6/6)
P: 12 (6/6) Mild MDD;
12 (6/6) Severe MDD

C: 39.8 ± 7.1
P: Mild MDD: 41.3 ± 6.4
Severe MDD: 41.9 ± 6.2

/ Identification of odors
(n = 10) from a list of
four descriptors

Severe MDD <

Mild MDD = C

f, female; m, male; C, controls; P, patients; MDD, major depressive disorder; BPD II, bipolar disorder II; HAM-D, Hamilton Depression Rating-Scale; UPSIT, University

of Pennsylvania Smell Identification Test; =, no difference between groups; P < C: patients performed worse than controls; P > C patients performed better than

controls; BDI, Beck’s Depression Inventory; SHAPS, Snaith-Hamilton-pleasure-scale; BPRS, Brief Psychiatric Rating Scale; YMRS, Young Mania Rating Scale; BPD

+ ETE, bipolar disorder with event triggered episodes; BPD – ETE, bipolar disorder without event triggered episodes; SRMI, Self-Report Manic Inventory; AD,

Alzheimer’s dementia; MMSE, Mini-Mental State Exam; PEA, Phenyl-ethylalcohol; MADRS, Montgomery-Asberg Depression Rating Scale; SAD, seasonal Affective

Disorder;ADAS-cog, Alzheimer’s disease Assessment Scale; RDD, unipolar recurrent depressive disorder; BPD, bipolar disorder; /, no information available.

to smell an odor randomly selected from a set of 10 (aniseed,
cinnamon, coffee, garlic, ink, lavender, marsala liquor, mint,
petrol, and shoe-polish cream) and had to identify the correct
label for each odor (four-alternative-forced choice). The study
revealed significantly worse identification performance in the
severe MDD group compared to both the mild MDD group and
the healthy control group. In addition, olfactory identification
performance was significantly correlated with olfactory recogni-
tion performance. The authors concluded that the results indicate
the suitability of olfactory identification tasks for the assessment
of cognitive decline in MDD.

Few studies have examined olfactory identification perfor-
mance in other depressive disorders than MDD. Oren et al. (1995)
examined the odor identification performance (UPSIT) in 21
medication-free patients with SAD, and found that the patients
scored as high as the 21 healthy controls. Postolache et al. (1999)
applied the UPSIT to 24 SAD patients and 24 matched controls.
Even though the UPSIT score did not significantly differ between
patients and controls, a negative correlation between the UPSIT
score and the score for typical depressive syndromes emerged in
depressed patients. This correlation was only observed for right
nostril stimulation, but not for left nostril stimulation.

Krüger et al. (2006) examined BPD patients with (n = 7) and
without (n = 9) event triggered episodes. Odor identification
performance was assessed by the Sniffin’ Sticks and no differences
between groups were observed. Swiecicki et al. (2009) investi-
gated olfactory identification performance in 21 BPD patients,
using the Sniffin’ Sticks, and found no olfactory alterations in the
patient group, as compared to healthy controls. A more recent
study with 20 BPD patients (without comorbidity; Cumming
et al., 2011) observed lower odor identification scores (UPSIT)
in BPD patients than in healthy controls. However, the olfactory
deficit in the BPD group was significantly less pronounced than in
a group of Schizophrenia patients. In this study, participants with
IQs < 75 were excluded (evaluated by the Wechsler abbreviated
scale of intelligence; Wechsler, 1999).

Summarizing odor identification performances in MDD
patients, most studies indicate that patients do not differ from
healthy controls. In line with this conclusion, MDD patients have
been found to perform significantly better on olfactory identi-
fication tasks than AD patients. Few studies reporting reduced
olfactory identification scores in MDD point to the possibility
that a general cognitive decline in severe depression affects higher
order odor processing, such as odor identification. As in MDD,
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odor identification deficits seem neither to be pronounced in SAD
nor in BPD.

Odor discrimination
To our knowledge, so far, only one study has investigated odor dis-
crimination ability in MDD patients (Table 3). Using the Sniffin’
Sticks Negoias et al. (2010) reported no differences in olfac-
tory discrimination performance between MDD patients and
healthy controls. The mean BDI-Score was 29.7 ± 10.8. Odor
discrimination performance in BPD was investigated by Krüger
et al. (2006). They reported that 7 BPD patients with an event-
triggered episode did not differ from 9 BPD patients without
event-triggered episodes in their ability to discriminate odors.

ODOR RATINGS IN DEPRESSIVE DISORDERS
In the following, studies assessing the intensity, emotionality
(hedonic profile), and familiarity of odors in depressive disorders
will be reviewed.

Intensity ratings
Most studies observed intensity ratings of odors not to be altered
with MDD (Table 4). In a study by Pause et al. (2001) medi-
cated MDD patients (mean BDI-Score: 28.5 ± 11.4) gave intensity
ratings of ten odors using a 7-point scale ranging from 0 to 6.
Compared to 24 healthy controls (mean BDI-Score: 4.8 ± 2.5),
there were no differences of odor intensity ratings. After success-
ful treatment, 18 MDD patients (mean BDI-Score: 11.5 ± 7.1)
and 18 healthy controls were tested again and also showed no
differences in intensity ratings. In an unselected sample of 16
patients with an MDD-episode (no diagnosis of the disorder, the
episode was related to), Thomas et al. (2002) did not show any
differences of odor intensity evaluations compared to a control
sample of 24 participants. To obtain ratings of six odors an analog
scale was used, grading from 1 (minimal intensity) to 5 (maxi-
mal intensity). Testing 5 patients with a MDD-episode in stable
remission and 5 controls a second time, Thomas et al. (2002)
also reported no group differences. In a study by Pause et al.
(2003) 20 MDD patients (mean BDI-Score = 26.4 ± 9.3) and
20 healthy controls (mean BDI-Score = 3.2 ± 3.2) were asked

to judge the intensity of PEA and isobutyraldehyde (7-point scale
ranging from 0 to 6). No differences between patients and con-
trols were observed. Pause et al. (2005) examined odor intensity
ratings in 11 psychotropic non-medicated MDD patients (mean
BDI-Score: 17.7 ± 6.9) and 11 control participants. They used a
20 cm analog scale, ranging from not intense at all to extremely
intense, to observe the ratings of two odors (PEA and menthol).
Groups did not differ with respect to their odor intensity ratings.
In a sample of 49 MDD patients (mean BDI-Score: 23.8 ± 5.7),
Lombion-Pouthier et al. (2006) also observed similar intensity
ratings compared to 58 healthy individuals. Intensity analog scales
grading from 0 (low intensity) to 10 (high intensity) were used
in order to investigate ratings of 16 odors. Clepce et al. (2010)
also reported no differences of odor intensity estimations in 37
MDD patients and 37 healthy controls either in an acute MDD
or a remission state of MDD. By means of a 200 mm visual ana-
log scale ranging from 0 (very low intensity) and 200 (very high
intensity) participants were asked to rate the intensity of the 16
Sniffin Sticks odors.

In studies by Atanasova et al. (2010) and Naudin et al. (2012)
participants’ task was to evaluate the intensity of a pleasant odor
and an unpleasant odor that were presented in three different con-
centrations. Vanillin and butyric acid (Atanasova et al., 2010) as
well as PEA and isovaleric acid (Naudin et al., 2012) were used
to evaluate the odor intensity, either by means of a magnitude
estimate method (Atanasova et al., 2010) or by a 10 cm analog
scale, labeled at each end (very low intensity/very high intensity;
Naudin et al., 2012). Both studies revealed that MDD patients
perceived the unpleasant odor as significantly more intense than
the control group. Furthermore, Atanasova et al. (2010) reported
the perception of the pleasant odor by the MDD patients as less
intense compared to the healthy individuals. After 6 weeks of
treatment, Naudin et al. (2012) observed similar odor intensity
ratings between MDD patients and healthy controls. It was sug-
gested that presented results might indicate an olfactory anhedo-
nia for pleasant odors and an olfactory alliesthesia for unpleasant
odors.

In one study, odor intensity ratings of MDD patients (mean
BDI score = 22.9 ± 9.0) were compared to odor intensity ratings

Table 3 | Summary of studies of olfactory discrimination in affective disorders.

Study Number of

participants (f/m)

and diagnosis

Mean age ± SD Severity-scores Odors and test

method

Olfactory

discrimination

Krüger et al., 2006 BPD + ETE: 7 (1/6)
BPD – ETE: 9 (5/4)

BPD + ETE:
33.9 ± 10.7
BPD – ETE:
46.1 ± 11.6

BPD + ETE:
0.8 ± 1 (HAM-D)
0.8 + 1.2 (SRMI)
BPD – ETE:
0.4 ± 0.7 (HAM-D)
1.4 ± 1 (SRMI)

Sniffin’ Sticks BPD + ETE =
BPD – ETE

Negoias et al., 2010 C: 21 (15/6)
P: 21 (17/4); MDD

C: 39.62 ± 11.39
P: 36.86 ± 10.13

P: 29.67 ± 10.84
(BDI)

Sniffin’ Sticks P = C

f, female; m, male; C, controls; P, patients; BPD + ETE, bipolar disorder with event triggered episodes; BPD – ETE, bipolar disorder without event triggered episodes;

HAM-D, Hamilton Depression Rating-Scale; SRMI: Self-Report Manic Inventory; =, no difference between groups; MDD, major depressive disorder; BDI, Beck’s

Depression Inventory.
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Table 4 | Summary of studies of odor intensity ratings in affective disorders.

Study Number of

participants (f/m) and

diagnosis

Mean age ± SD Severity-scores Odors and test

method

Olfactory intensity

rating

Atanasova et al.,
2010

C: 30 (12/18)
P: 30 (12/18);
MDD

C: 33.4 ± 9.9
P: 34.6 ±11.1

C: 2 ± 2.1 (MADRS)
P: 36.3 ± 6.3
(MADRS)

6 olfactory stimuli,
prepared from vanillin
(pleasant) and butyric
acid (unpleasant) in
different concentrations
magnitude estimate
method

Vanillin (three
concentrations)/pleasant:
P < C
Butyric acid (three con-
centrations)/unpleasant:
P > C

Clepce et al., 2010 C: 37 (21/16)
P: 37 (21/16);
MDD

C: /
P:
m: 48.31 ± 11.95
f: 47.52 ± 11.33

/: (BDI and SHAPS) 16 odors of the sniffin’
sticks, visual analog
scale

P = C (in acute MDD and
in remission)

Lombion-Pouthier
et al., 2006

C: 58 (36/22)
P: 49 (35/14);
MDD

C: 38.4 ± 13.96
P: 43.4 ± 17.54

P: 23.75 ± 5.74 (BDI) Test olfactif;
rating scale

P = C

Naudin et al., 2012 C: 54 (36/18)
P: 18 (12/16);
MDD

C: 49.5 ± 12.5
P: 50.1 ± 13.3

C: 2.33 ± 2.3
(MADRS)
P (acute MDD):
35.1 ± 4.5
(MADRS)
P (clinically
improved):
9.1 ± 5.6
(MADRS)

Isovaleric acid, PEA;
rating scale

2-phenylethanol: acute
MDD = clinically
improved = C
Isovaleric acid: acute
MDD > C;
clinically improved = C

Pause et al., 2001 1. Session:
C: 24 (15/9)
P: 24 (15/9);
MDD
2. Session:
C: 18 (13/5)
P: 18 (13/5);
MDD in remission

C: 44.2 ± 12.6
P: 48.4 ± 13.2

C: 46.6 ± 12.8
P: 47.9 ± 13.4

C: 4.8 ± 2.5 (BDI)
P: 28.5 ± 11.4 (BDI)

C: 4.6 ± 3.4 (BDI)
P: 11.5 ± 7.1 (BDI)

10 odors;
rating scale

10 odors;
rating scale

P = C

P = C

Pause et al., 2003 C: 22 (14/8)
P: 22 (14/8);
MDD

C: 48.4 ± 11.9
P: 47.2 ± 10

C: 3.6 ± 3.2 (BDI),
2.6 ± 3.5 (HAM-D)
P: 25.7 ± 9.4 (BDI),
21.8 ±8.9 (HAM-D)

PEA, isobutyraldehyde,
linear scale

P = C

Pause et al., 2005 C: 11 (6/5)
P: 11 (7/4);
MDD (drug-free)

C: 33.0 ± 8.6
P: 32.7 ± 5.5

C: 2.1 ± 2.3 (BDI)
P: 17.7 ± 6.9 (BDI)

PEA, menthol;
visual analog scale

P = C

Pause et al., 2008 MDD: 9 (0/9)
SZ: 9 (0/9)

MDD: 55.1 ± 4.5
SZ: 33.4 ± 7.9

SZ: 31.9 ± 7.1 (BPRS)
MDD: 22.9 ± 9
(BDI);
40.3 ± 16.4 (HAM-D)

PEA, isobutyraldehyde,
linear scale

SZ = MDD

Thomas et al., 2002 C: 24
P: 16
(unselected depressed
with major depressive
episode)

/ 23.8 ± 9.5 (BDI) 8 odors, rating scale P = C

f, female; m, male; C, controls; P, patients; MDD, major depressive disorder; MADRS, Montgomery-Asberg Depression Rating Scale; SHAPS, Snaith-Hamilton-

pleasure-scale; PEA, phenyl-ethylalcohol; P < C, patients rated odors less intense; P > C patients rated odors more intense; =, no difference between groups; BDI,

Beck’s Depression Inventory; SZ, Schizophrenia patients; BPRS, Brief Psychiatric Rating Scale; /, no information available.
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of schizophrenia patients (range of intensity ratings: 0 to 6; Pause
et al., 2008). Intensity ratings did not differ between patient
groups.

In summary, the results of most studies regarding odor inten-
sity ratings in MDD showed evaluations of odor intensity to
be unaffected by MDD. However, intensity ratings for highly
pleasant or unpleasant odors might be changed in patients expe-
riencing major depressive episodes.

Hedonic ratings
In a study by Pause et al. (2001) valence ratings of ten odors were
investigated in MDD patients in an acute state of MDD (mean
BDI score: 28.5 ± 11.4) and in a remission state after successful
medical treatment (mean BDI score: 11.5 ± 7.1; see Table 5 for
a summary of results regarding hedonic ratings). To assess rat-
ings of odor pleasantness a 7-point scale ranging from −3 to +3
was used. Valence ratings of nine out of the ten odors were sim-
ilar in acute state MDD patients and healthy controls. However,
citral was perceived as significantly more pleasant by depressive
patients. After medical treatment, MDD patients and healthy con-
trols gave similar ratings to all odors. As citral has been discussed
to have relaxing and anti-depressant properties, the authors sug-
gested that citral might be perceived as more distinct by depressed
patients than by healthy controls. The finding that MDD patients
rated the hedonic tone of odors similarly to healthy controls was
confirmed in three other studies: Assessing perceived odor pleas-
antness of seven odors in a sample of unselected MDD patients
in an acute state and in a stable remission state, Thomas et al.
(2002) also reported no differences between the patients’ group
and the control group. In order to assess hedonic evaluations ana-
log scales were used ranging from −5 (maximal unpleasant) to +5
(maximal pleasant). Pause et al. (2003) asked 20 MDD patients
(mean BDI-Score = 26.4 ± 9.3) and 20 healthy controls (mean
BDI-Score = 3.2 ± 3.2) to judge the emotional valence of PEA
and isobutyraldehyde (7-point scale: −3 to +3). It was shown
that the hedonic judgments were similar in patients and con-
trols. Swiecicki et al. (2009) reported that MDD patients (mean
BDI score: 27.2 ± 2.8, mean HAM-D score: 15.2 ± 1.5) evalu-
ated the pleasantness of 16 odors similar to healthy participants.
The participants’ task was to rate each odor of the Sniffin’ Sticks
identification test as pleasant, unpleasant or neutral.

Similiar to the finding that certain odors (like citral; Pause
et al., 2001) may be perceived as more pleasant in MDD patients,
Lombion-Pouthier et al. (2006) observed that MDD patients
(mean BDI score: 23.75 ± 5.7) evaluated pleasant odors as more
pleasant than healthy individuals. Participants gave ratings of
13 pleasant odors using analog scales graduated from 0 (dis-
pleasure) to 10 (pleasure). Another study by Pause et al. (2005)
found that drug free MDD patients (mean BDI score: 17.7 ± 6.9)
were inclined (p < 0.10) to rate odors (PEA and menthol) as less
unpleasant than healthy controls (mean BDI score: 2.1 ± 2.3).

However, other studies found depressive patients to rather
evaluate odors as more unpleasantness than more pleasant, sug-
gesting that the occurrence of anhedonia in MDD might affect
hedonic ratings. Clepce et al. (2010) assessed BDI-Scores as well
as Snaith-Hamilton-Pleasure-Scale (SHAPS; Franz et al., 2005)
scores. MDD patients (acute and remitted state) and healthy

controls rated the pleasantness of the 16 odors of the Sniffin’
Sticks using 200 mm visual analog scales ranging from −100
(unpleasantness) to +100 (pleasantness). The study revealed a
significant correlation between anhedonia and hedonic estimates
during the acute episode of MDD, demonstrating that high
depression scores are related to low hedonic estimates of odors.

Atanasova et al. (2010) examined hedonic odor ratings
in MDD patients with a mean score of 36.3 ± 6.3 on
the Montgomery-Asberg Depression rating scale (MADRS;
Montgomery and Asberg, 1979). On a 10 cm analog scale (highly
unpleasant/highly pleasant) participants were asked to rate the
perceived pleasantness of vanillin (representing a pleasant odor),
and butyric acid (representing an unpleasant odor), and binary
mixtures of both odors, all in three different concentrations.
The study revealed that depressed patients perceived unpleasant
odors as significantly more unpleasant than controls. Atanasova
et al. interpreted this result as an indicator for olfactory negative
alliesthesia in MDD.

Naudin et al. (2012) aimed at determining whether olfac-
tory impairments are state or trait markers of a major depressive
episode. They evaluated depressed patients during acute episodes
of depression (mean MADRS = 35.1 ± 4.5) and 6 weeks after
antidepressant treatment (mean MADRS = 9.1 ± 5.6) against
healthy controls (mean MADRS = 2.3 ± 2.3). Hedonic ratings
of eight odors (four unpleasant odors, four pleasant odors) were
assessed using a 10 cm analog scale (highly unpleasant/highly
pleasant). During their acute phase, MDD patients rated five out
of the eight odors as less pleasant as controls. The deviant pleas-
antness ratings were rather observed for pleasant and unpleasant
odors than for neutral odors. However, after initiation of psychi-
atric treatment, only two out of eight odors were still judged as
less pleasant by depressive patients.

There are only a few studies available that contrast odor hedo-
nics in MDD patients to another psychiatric population. Pause
et al. (2008) found no differences in odor valence ratings between
MDD patients (mean BDI score: 22.9 ± 9.0; mean HAM-D
score: 40.3 ± 16.4) and schizophrenia patients. In this study,
valence ratings (7-point scale: −3 to +3) were obtained for PEA
and isobutyraldehyde. Swiecicki et al. (2009) reported that MDD
patients (mean BDI score: 27.2 ± 2.8, mean HAM-D score: 15.2 ±
1.5) rated fewer olfactory stimuli as pleasant compared to a BPD
group (mean BDI score: 23.2 ± 1.8, mean HAM-D score: 14.1
± 1.0). Participants were to rate each of the 16 odors of the
Sniffin’ Sticks identification test as pleasant, unpleasant or neu-
tral. Similar to the outcome that BPD patients seem to judge odors
as more pleasant than a comparable patient group, Cumming
et al. (2011) found that patients with BPD rated odors (40 odors
corresponding to the UPSIT items) as significantly more pleas-
ant than healthy controls. The ratings were judged on a five-point
scale (−2 to +2).

In conclusion, odor hedonics are not consistently changed in
depressive patients (Table 5). Two studies point to the possibil-
ity that MDD patients judge certain odors to be more pleasant
than healthy controls (Pause et al., 2001; Lombion-Pouthier et al.,
2006). However, the majority of studies found MDD patients
to judge the emotional valence of odors either in a normal
range or as less positive than healthy controls. This effect has
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Table 5 | Summary of studies of hedonic odor ratings in affective disorders.

Study Number of participants

(f/m) and diagnosis

Mean age ± SD Severity-scores Odors and test

method

Hedonic odor rating

Atanasova et al.,
2010

C: 30 (12/18)
P: 30 (12/18);
MDD

C: 33.4 ± 9.9
P: 34.6 ±11.1

C: 2 ± 2.1 (MADRS)
P: 36.3 ± 6.3 (MADRS)

15 olfactory stimuli,
prepared from
vanillin (pleasant) and
butyric acid
(unpleasant) in
different
concentrations and
their mixtures;
linear scale

Patients rated
unpleasant odors as
significantly more
unpleasant than
controls;
9 out of 15 stimuli
were rated as less
pleasant by patients

Clepce et al., 2010 C: 37 (21/16)
P: 37 (21/16);
MDD

C: /
P:
m: 48.31 ± 11.95
f: 47.52 ± 11.33

/: (BDI and SHAPS) 16 odors of the
sniffin’ sticks, visual
analog scale

P = C (in acute MDD
and in remission);
significant
interrelation
between anhedonia
and hedonic
estimates during an
acute MDD episode

Cumming et al., 2011 C: 22 (11/11)
P: 20 (10/10) BPD

C: 35.5 ± 9.8
P: 34.6 ± 11.3

C: /
P: 16.3 ± 9.5 (BPRS)
9.9 ± 8.0 (YMRS)
12.0 ± 8.2 (HAM-D)

Odors of the UPSIT;
likert like scale

BPD patients rated
odors as more
pleasant than
controls

Lombion-Pouthier
et al., 2006

C: 58 (36/22)
P: 49 (35/14);
MDD

C: 38.4 ± 13.96
P: 43.4 ± 17.54

P: 23.75 ± 5.74 (BDI) Test olfactif;
rating scale

Patients
over-evaluate the
pleasantness of
pleasant odors

Naudin et al., 2012 C: 54 (36/18)
P: 18 (12/16);
MDD

C: 49.5 ± 12.5
P: 50.1 ± 13.3

C: 2.33 ± 2.3
(MADRS)
P (acute MDD):
35.1 ± 4.5
(MADRS)
P (clinically improved):
9.1 ± 5.6
(MADRS)

8 odors, linear scale Acute MDD: P rated
5 odors as less
pleasant, Clinically
improved: two odors
were rated to be less
pleasant by the
patients

Pause et al., 2001 1. Session:
C: 24 (15/9)
P: 24 (15/9);
MDD
2. Session:
C: 18 (13/5)
P: 18 (13/5);
MDD in remission

C: 44.2 ± 12.6
P: 48.4 ± 13.2

C: 46.6 ± 12.8
P: 47.9 ± 13.4

C: 4.8 ± 2.5 (BDI)
P: 28.5 ± 11.4 (BDI)

C: 4.6 ± 3.4 (BDI)
P: 11.5 ± 7.1 (BDI)

10 odors;
rating scale

10 odors;
rating scale

9 odors:P = C;
citral was rated to be
more pleasant by the
patients
P = C

Pause et al., 2003 C: 22 (14/8)
P: 22 (14/8);
MDD

C: 48.4 ± 11.9
P: 47.2 ± 10

C: 3.6 ± 3.2 (BDI);
2.6 ± 3.5 (HAM-D)
P: 25.7 ± 9.4 (BDI),
21.8 ± 8.9 (HAM-D)

PEA,
isobutyraldehyde,
linear scale

P = C

Pause et al., 2005 C: 11 (6/5)
P: 11 (7/4);
MDD (drug-free)

C: 33.0 ± 8.6
P: 32.7 ± 5.5

C: 2.1 ± 2.3 (BDI)
P: 17.7 ± 6.9 (BDI)

PEA, menthol;
visual analog scale

Patients tended
(p < 0.1) to rate
odors as less
unpleasant than
controls

(Continued)
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Table 5 | Continued

Study Number of participants

(f/m) and diagnosis

Mean age ± SD Severity-scores Odors and test

method

Hedonic odor rating

Pause et al., 2008 MDD: 9 (0/9)
SZ: 9 (0/9)

MDD: 55.1 ± 4.5
SZ: 33.4 ± 7.9

SZ: 31.9 ± 7.1 (BPRS)
MDD: 22.9 ± 9 (BDI);
40.3 ± 16.4 (HAM-D)

PEA,
isobutyraldehyde,
linear scale

SZ = MDD

Swiecicki et al., 2009 C: 30 (20/10)
P: 46
(RDD: 20, BPD: 21)

C: 35.4 ± 2.1
RDD: 35.7 ± 2.3,
BPD: 39.6 ± 2.5

C: 0.5 ± 0.3 (HAM-D),
1.9 ± 0.5 (BDI);
RDD: 15.2 ± 1.6
(HAM-D), 27.2 ± 2.8
(BDI);
BPD: 14.1 ± 1.0
(HAM-D), 23.2 ± 1.8
(BDI)

Odors of the sniffin’
sticks

RDD and BPD = C;
RDD patients rated
less olfactory stimuli
as pleasant as
compared to BPD
patients

Thomas et al., 2002 C: 24
P: 16
(unselected depressed
with major depressive
episode)

/ 23.8 ± 9.5 (BDI) 8 odors, rating scale P = C

f, female; m, male; C, controls; P, patients; MDD, major depressive disorder; MADRS: Montgomery asberg depression rating scale; BDI: Beck’s depression inventory;

SHAPS, Snaith-Hamilton-pleasure-scale; BPD: bipolar disorder; BPRS, Brief Psychiatric Rating Scale; YMRS, Young Mania Rating Scale; HAM-D: Hamilton depression

scale; =, no difference between groups; UPSIT, University of Pennsylvania Smell Identification Test; PEA, phenyl-ethylalcohol; SZ, Schizophrenia; RDD, recurrent

depressive disorder; /, no information available.

been observed for standard test odors and especially for emo-
tionally negative odors (Atanasova et al., 2010). The hypothesis
that depressive patients perceive the hedonic profile of emotion-
ally negative odors as more intense than healthy individuals is
supported by the finding that MDD patients report a higher
physiological arousal in response to emotionally negative odors
than healthy controls (Pause et al., 2000). The findings in MDD
patients cannot be generalized to BPD patients, who seem to
perceive odors as more pleasant than healthy controls.

Familiarity ratings
To our knowledge, there are only four studies concerning ratings
of odor familiarity in MDD patients (Table 6). There are no stud-
ies with respect to familiarity ratings in BPD or SAD. Thomas
et al. (2002) found slight differences between a sample of 16 uns-
elected patients suffering from an acute MDD-episode without
comorbidity and 24 healthy controls. Familiarity ratings of odors
(dried fish, parmesan cheese, gyran, alpha-methylnaphtylketone,
coffee, and vanilla) were assessed by means of visual analog
scales ranging from −5 (most unfamiliar) to +5 (most famil-
iar). Depressed patients tended to rate vanilla (p = 0.051) and
dried fish (p = 0.099) to be less common than healthy controls.
Five MDD patients in a stable remission state of MDD were
retested. Compared to 5 retested controls, patients rated odor
familiarity in a similar way. Pause et al. (2005) examined 11
antidepressant drug-free MDD patients (mean BDI-Score: 17.7
± 6.9) and 11 controls (mean-BDI-Score: 2.1 ± 2.3). To assess
odor familiarity ratings, they used visual analog scales (anchor:
familiar—unfamiliar) and presented PEA and menthol as odors.
Groups did not differ in familiarity ratings of either PEA or

menthol. Atanasova et al. (2010) assessed odor familiarity rat-
ings in 30 MDD patients (mean MADRS-Score: 36.3 ± 6.3) and
30 healthy controls. They used a 10 cm analog scale, labeled at
each end (unfamiliar odor and very unfamiliar odor), for ratings
of vanillin and butyric acid. They found no differences between
groups for either odor in familiarity evaluations. Naudin et al.
(2012) examined odor familiarity ratings in 18 MDD patients and
a control group (n = 54). They used analog scales for the ratings
and assessed ratings again after MDD patients in remission. For
all odors, except vanillin, the authors reported no group differ-
ences in odor familiarity ratings. Vanillin was evaluated as less
familiar by MDD patients and patients in remission as compared
to healthy controls.

In sum, ratings of odor familiarity do not seem to be strongly
altered in MDD.

AFFECTIVE REACTIONS TO OLFACTORY STIMULI IN MDD
Only two studies investigated emotional reactivity or affective
states after odor exposure. Steiner et al. (1993) investigated
valence ratings and facial expressive features (assessed by observer
ratings with regard to the quality, strength and duration of facial
expressions) in 21 MDD patients as an indicator for affective reac-
tions to olfactory stimuli (rose oil and amyl acetate representing
pleasant odors and butyric acid and methyl mercaptan represent-
ing unpleasant stimuli). The patient sample was found to display
reduced facial expressions while presenting pleasant odors and
to show reduced durations of facial expressions in response to
either pleasant or unpleasant odors. That was contrary to the
valence ratings that did not differ between patients and healthy
controls.
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In another study by Pause et al. (2000), affective reactions to
olfactory and visual stimuli (emotional scenes) were assessed in
26 MDD patients (mean BDI-Score: 29.4 ± 11.4) and 26 healthy
controls (mean BDI-Score: 4.7 ± 2.5). Participants were to
describe their emotional reaction to 10 odors (pleasant, unpleas-
ant and neutral) and 20 pictures on three dimensions (valence,
arousal, and dominance) by means of the self-assessment-
manikin (Bradley and Lang, 1994). The study revealed higher
arousal in MDD patients while presenting negative stimuli for all
stimulus modalities.

In sum, both studies indicate that emotional reactions to odors
are altered in MDD patients, irrespective of odor evaluation
strategies. However, elevated affective reactions to emotionally
negative odors do not seem to be modality-specific.

PSYCHOPHYSIOLOGY AND NEUROANATOMY OF OLFACTION IN MDD
The data presented in the previous section indicate that olfactory
sensitivity is reduced in depressed patients. Therefore, and fol-
lowing the annotations by Martzke et al. (1997), odor perception
in depression seems to be altered on an early sensory process-
ing level. Other perceptual performances, like odor identification

and discrimination, do not seem to be strongly altered in MDD
patients, indicating that the cognitive-evaluative level of olfactory
processing is not impaired in depression.

By means of event-related potential (ERP) analysis, Pause et al.
(2003) investigated olfactory, visual, and emotional stimulus pro-
cessing in MDD patients and in healthy controls. Patients were
examined at the beginning of their therapy and after success-
ful medical treatment. Pause and colleagues focused on whether
olfactory function in depression is disturbed in a modality-
specific manner. Within the ERP, early and late potentials were
analyzed. While early potentials, such as the P2, are related to
early pre-attentive stimulus encoding, late potentials, such as the
P3 and the late positive Slow Wave (pSW), are rather related to
late evaluative stimulus processing. The study revealed that MDD
patients responded to odors with reduced early (P2) and late
(P3-1) potential amplitudes. In response to colors, and emotional
slides they showed reduced late potential amplitudes only (colors:
P3 and pSW; emotional slides: pSW). After successful psychi-
atric treatment, the event-related potentials to either stimuli did
not differ between groups. The authors discuss the reduction
of the early potential amplitudes of the chemosensory ERP in

Table 6 | Summary of studies of odor familiarity ratings in affective disorders.

Study Number of participants

(f/m) and diagnosis

Mean age ± SD Severity-scores Odors and test

method

Odor familiarity

rating

Atanasova et al.,
2010

C: 30 (12/18)
P: 30 (12/18);
MDD

C: 33.4 ± 9.9
P: 34.6 ±11.1

C: 2 ± 2.1 (MADRS)
P: 36.3 ± 6.3 (MADRS)

15 olfactory stimuli,
prepared from
vanillin (pleasant) and
butyric acid
(unpleasant) in
different
concentrations and
their mixtures;
linear scale

Vanillin and butyric
acid: P = C

Naudin et al., 2012 C: 54 (36/18)
P: 18 (12/16);
MDD

C: 49.5 ± 12.5
P: 50.1 ± 13.3

C: 2.33 ± 2.3
(MADRS)
P (acute MDD):
35.1 ± 4.5
(MADRS)
P (clinically improved):
9.1 ± 5.6
(MADRS)

8 odors 7 odors:
P = C;
vanillin: P < C

Pause et al., 2005 C: 11 (6/5)
P: 11 (7/4);
MDD (drug-free)

C: 33.0 ± 8.6
P: 32.7 ± 5.5

C: 2.1 ± 2.3 (BDI);
P: 17.7 ± 6.9 (BDI)

PEA, menthol;
visual analog scale

P = C

Thomas et al., 2002 C: 24
P: 16
(unselected depressed
with major depressive
episode) and 5 retested
patients in stable
remission

/ 23.8 ± 9.5 (BDI) 8 odors, rating scale Vanilla: P < C,
(p = 0.051);
dried fish: P < C
(p = 0.099);
patients in stable
remission = C

f, female; m, male; C, controls; P, patients; MDD, major depressive disorder; MADRS, Montgomery-Asberg Depression Rating Scale; PEA, phenyl-ethylalcohol; =,

no difference between groups; P < C, patients rated odors less intense; BDI, Beck’s Depression Inventory; /, no information available.
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MDD patients to reflect a modality-specific reduction in the abil-
ity to encode basic olfactory information on an early level of
sensory processing. This interpretation is in line with the data
demonstrating a reduced olfactory sensitivity in MDD patients.
However, the reduction of the late positive potentials in response
to colored and emotional slides might have been related to the
non-modality specific effect of a reduced late evaluative stimulus
processing in MDD patients.

In another ERP study, Pause et al. (2008) contrasted olfac-
tory and visual stimulus (colored slides) processing in 9 MDD
patients and 9 Schizophrenia patients (all males). In response to
odors (PEA and isobutyraldahyde), MDD patients showed longer
latencies of all ERP components than Schizophrenia patients.
Additionally, the amplitude of the pSW in response to colors was
larger in MDD patients than in Schizophrenia patients. These
results indicate that the reduced olfactory processing capacities
(as shown in longer latencies or reduced amplitudes) in MDD
patients are modality-specific and prominent in comparison to
healthy individuals and also in comparison to other psychiatric
patient groups.

Negoias et al. (2010) assessed olfactory function and the vol-
ume of the olfactory bulb (OB) in patients with acute MDD.
Participants underwent measures of odor threshold, discrimina-
tion and identification using the Sniffin’ Sticks test battery in a
lateralized fashion. OB volumes were calculated by manual seg-
mentation of acquired T2-weighted coronal slices according to a
standardized protocol. The study revealed that MDD patients had
a significantly lower olfactory sensitivity and smaller OB volumes
as compared to healthy controls. There were no group differences
for olfactory discrimination and identification scores. A signifi-
cant correlation between OB volumes and odor thresholds was
observed for the left nostril: the lower the olfactory sensitivity, the
smaller the OB volume. Additionally, Negoias et al. (2010) found
a significant negative correlation between olfactory bulb volume
and depression scores (BDI).

In sum, the data indicate that olfactory stimulus process-
ing is altered on an early sensory processing level in patients
with acute severe MDD. This olfactory dysfunction seems to be
modality- and disorder-specific. Furthermore, the reduced capac-
ity to encode olfactory information in MDD seems to be accom-
panied by higher olfactory thresholds and smaller OB volumes.
Whether or not olfaction is impaired on the later cognitive-
evaluative level seems to depend on the progress of general
cognitive decline during depressive episodes, but seems not to be
depend on the stimulus modality.

OLFACTORY PERFORMANCE IN HEALTHY INDIVIDUALS WITH
DEPRESSIVE SYMPTOMS
In the following section, studies will be outlined, which investi-
gated healthy individuals scoring high on some depressive symp-
toms but not fulfilling the diagnostic criteria for MDD or any
other psychiatric disorder.

Satoh et al. (1996) examined odor ratings in Japanese elderly
participants (mean age in men: 73.2 ± 6.0; in women: 72.4 ± 5.9).
Odor ratings were obtained for the 40 odor items of the UPSIT.
As a main result, it was found that elderly men with increased
depression scores (assessed by the self-rating depression scale;

Zung, 1965) rated odors to be weaker than their non-depressive
counterparts.

In another study (Economou, 2003) smell identification per-
formance (UPSIT) was investigated in elderly Greek people,
ranging in age from 49 to 88 years. Correlations between the
UPSIT and the BDI-II score were not significant, suggesting
that in elderly healthy individuals, a small number of depressive
symptoms does not affect odor identification.

Olfactory discrimination scores were assessed in young adults
(mean age: 19.3 ± 1.6) by Goel and Grasso (2004). The olfactory
discrimination test included 7 items and was based on five dif-
ferent blends of commercially available lavender oil. Participants
were to indicate, whether a certain blend was the same, stronger,
or weaker than another blend, briefly presented before. All par-
ticipants rated their depressive symptoms on the BDI man-
ual. Whereas overall olfactory performance was not related to
the BDI score, participants with higher BDI scores solved two
out of the seven items better than participants with a lower
BDI score.

Pollatos et al. (2007a) examined 48 participants who reported
a small number of depressive symptoms (BDI score < 10).
Olfactory sensitivity and discrimination performance were
assessed by means of Sniffin’ Sticks (odor for the threshold
test: n-butanol). Concerning olfactory sensitivity, the degree of
depressive symptoms was inversely correlated to the olfactory
threshold score: The higher the number of depressive symptoms
the lower the olfactory sensitivity. However, olfactory discrimi-
nation performance was not related to the degree of depressive
symptoms. These results correspond to data of studies concerning
olfactory sensitivity in patients with MDD that reported elevated
thresholds in MDD patients.

Pouliot et al. (2008) investigated the relation between olfactory
perception (odor detection, identification and ratings of odor
pleasantness and intensity) in 32 healthy menopausal women.
Anhedonia, one symptom frequently occurring in MDD, was
assessed by the Physical Anhedonia Scale (Chapman et al., 1976).
Women below or equaling the median anhedonia score of 14 were
classified as low-anhedonic and women with a higher anhedo-
nia score than 14 were assigned to the high-anhedonia group.
Participants underwent the European test of olfactory capabil-
ities (ETOC; Thomas-Danguin et al., 2003). The test consists
of an odor detection task and an odor identification task using
a panel of 16 odors. Firstly, Participants are asked to detect
the odor bottle out of four bottles (three bottles that are not
holding any odor) and, secondly, to identify the detected odor
by choosing a label out of four given labels. Olfactory perfor-
mances of detection (an indicator of olfactory sensitivity) and
identification are integrated in one olfactory performance score.
Additionally, in the study by Pouliot et al. (2008) pleasantness
and intensity of the ETOC-odors were rated by the partici-
pants on a 9 point scale. Pouliot et al. (2008) reported that
high-anhedonic menopausal women had a worse olfactory func-
tion than women with a lower anhedonia score. Women in
the low anhedonia group rated more odors as pleasant and as
neutral than as unpleasant. Moreover, it was observed that the
anhedonia score correlated negatively with the perceived odor
pleasantness.
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Conflicting results were obtained in a study conducted by
Scinska et al. (2008). In a sample of non-clinical older adults
(mean age: 63.0 ± 1.1), the relation between depressive symptoms
and olfactory performance (odor detection thresholds and odor
identification ability) was investigated. Depression scores were
assessed by the Geriatric Depression Scale (GDS; Yesavage, 1988).
Depending on the GDS-Score, participants were classified as
depressed (GDS-Score > 5) or as non-depressed (GDS-Score <

5). In order to assess olfactory performance, Sniffin’ Sticks were
used and the odor for the threshold test was n-butanol. The study
revealed that depressive symptoms were not related to any mea-
surement of olfactory performance. However, the authors found
that age was significantly correlated with both olfactory measures;
as expected older participants performed worse on the olfactory
tests.

In sum, three out of six studies (Satoh et al., 1996; Pollatos
et al., 2007a; Pouliot et al., 2008) reveal that the experience
of depressive symptoms in healthy individuals affects olfactory
performances. All of these studies found scores of odor sen-
sitivity (as assessed by intensity ratings, odor detection per-
formances and threshold tests) to be reduced in individu-
als with depressive symptoms. However, two studies investi-
gated odor perception (identification and sensitivity) in older
adults and failed to establish a relation between olfaction and
depression scores (Economou, 2003; Scinska et al., 2008). As
olfactory functions have been repeatedly reported to decline
with age (e.g., Doty et al., 1984a; Hummel et al., 2007), in
these two studies, effects of age might have overshadowed
effects of depression, resulting in overall low olfactory per-
formances, which are unlikely to be further reduced by psy-
chiatric symptoms. In addition, one study (Goel and Grasso,
2004) indicated that olfactory discrimination performance for
certain odors might even be increased during depressive mood
states.

OLFACTORY PERFORMANCE IN HEALTHY INDIVIDUALS WITH
TRANSIENTLY EXPERIENCED DEPRESSION-LIKE FEELINGS
To our knowledge, there are only two studies investigating odor
perception in healthy participants who transiently experience
depression-like feelings.

Laudien et al. (2006) considered symptoms of learned helpless-
ness as a mood state similar to symptoms occurring in depression.
The term “helplessness” has been adopted to denote a negative
emotion, which is characterized by lack of control, significant
negative expectancies for the future and deterioration of cogni-
tive performance (e.g., Hiroto and Seligman, 1975). By means
of ERP analysis, olfactory and auditory stimulus processing was
investigated in healthy individuals who transiently experienced
helplessness or were in a neutral mood state. In order to induce
helplessness, participants were exposed to uncontrollable fail-
ure in an unsolvable face-classification task. Odors (PEA and
menthol) were presented by an olfactometer. While experienc-
ing helplessness, participants’ responses to odorous stimuli were
attenuated at an early processing stage: the amplitudes of P2 and
P3-1 were smaller and the latencies of N1, P2 and P3-1 were
longer. Effects were only shown for the olfactory modality and
not for the auditory modality. Results indicate that the CSERP

displays transient mood effects, resembling the CSERP effects in
MDD patients (Pause et al., 2003).

Pollatos et al. (2007b) investigated olfactory sensitivity and
olfactory discrimination ability by Sniffin’ Sticks (odor for the
threshold test: n-butanol) as well as perceived pleasantness and
intensity of n-butanol by a 9 point scale in 32 healthy partic-
ipants. Prior to the olfactory testing, participants underwent a
procedure of emotion induction by presenting pleasant, unpleas-
ant and neutral pictures from the IAPS (International Affective
Picture System; the center for the study of emotion and attention).
Results show that olfactory sensitivity was decreased after presen-
tation of unpleasant pictures, and only in male participants were
olfactory thresholds increased after viewing pleasant pictures as
well. Olfactory discrimination ability did not show any alterations
in dependence of the emotional state condition. The authors con-
cluded that negative emotional experience is accompanied by a
reduced olfactory sensitivity. They suggested that, in addition,
odor perception in men is strongly interfered with arousing states.

The studies by Laudien et al. (2006) and Pollatos et al.
(2007b) show that even transient experiences of negative mood
or helplessness affect odor perception at a sensory level. As in
depressive patients, threshold values are increased during nega-
tive mood states, but tests involving cognitive performance, like
odor discrimination, are not affected by a transient mood decline
(Pollatos et al., 2007b). Moreover, as in depressive patients, central
nervous processing of odors in helpless individuals is attenuated
at an early processing stage, related to stimulus encoding, but
unchanged at a late processing stage, related to cognitive odor
evaluation.

DISCUSSION
METHODOLOGICAL CONSIDERATIONS ON OLFACTORY ASSESSMENT
AND THEIR IMPLICATIONS FOR STUDY DIFFERENCES
Obviously, measuring olfaction in patients with depressive dis-
orders needs to be reliable and valid. Thus, olfaction as well as
depression should be assessed with unambiguous measurements.

Measuring olfaction requires the standardization of context
variables inherently linked to the chemical senses. Temperature
and air humidity are factors that can alter the evaporation rate
of odors (Mozell et al., 1986) and should thus be controlled in
tests on olfactory performance. Most volatile chemicals stimu-
late the olfactory as well as the trigeminal nerve. Stimulating
the trigeminal nerve produces stinging, burning, tickling, warm,
or cold sensations. Regarding olfactory acuity, odors that only
stimulate the olfactory nerve (nervus olfactorius) should be used
in olfactory testing. Odors, for example n-butanol, which do
not exclusively stimulate the first cranial nerve (nervus olfacto-
rius), can also produce sensations in anosmic individuals. PEA
or vanillin may be more suitable in olfactory acuity assessment
because they seem to be nearly pure olfactory stimulants (Doty
et al., 1978). Further, it should be considered whether partici-
pants should take a natural sniff in the olfactory test procedure.
Berglund et al. (1986) and Laing (1983) showed that olfactory
threshold assessment using an external constant airflow pro-
duced more elevated thresholds than olfactory assessment with
natural sniffing. In addition, sniffing seems to be necessary for
the neuronal priming of odor processing within the olfactory
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bulb (Gerkin et al., 2013). Several procedures have been pub-
lished which have been used in the measurement of olfactory
performance (e.g., number of items, ascending or descending
stimulus presentation in threshold tests). These test characteris-
tics have been reviewed elsewhere (Doty, 2006, 2007). In general,
implementing a standard test procedure, comparable between
different studies, seems to be advantageous. Besides olfaction-
specific requirements, performance testing relies on general test
characteristics. For example, in olfactory testing the item diffi-
culty is rarely considered. However, in olfaction, easy items (tasks,
which are easy to solve in the general population) may be useful
in testing relatively strong deficits in elderly individuals or neu-
rologic or psychiatric patients, while difficult items (tasks, which
are difficult to solve in the general population) seem to be more
suitable in measuring performance differences in healthy young
individuals (Weierstall and Pause, 2012).

As already mentioned, functions of human olfaction can
be characterized as either primary (olfactory sensitivity) or
secondary (olfactory identification, discrimination or recogni-
tion). The distinction of human olfaction as either primary
or secondary indicates that one single test of olfactory perfor-
mance might not be a sufficient marker of olfactory functioning
(Martzke et al., 1997). However, olfactory sensitivity performance
can be altered by centrally mediated events known as top-down
processing, and furthermore, the interpretation of secondary
olfactory functions (e.g., identification or discrimination) is con-
tingent upon available data about the intactness of the primary
sensory systems (e.g., intact olfactory acuity). Many studies of
olfactory performance do not regard the necessity to obtain mea-
sures on primary and secondary olfactory functions in order to
judge olfactory abilities in patients.

Besides psychophysical test procedures, electrophysiological
measures, like CSERPs, are promising tools aiding to differen-
tiate primary from secondary odor processing. Research on the
relation between olfaction and depression, has demonstrated that
early sensory odor processing is attenuated in MDD patients
and in healthy individuals experiencing helplessness, while late
evaluative odor processing is not affected (or only affected in
a modality non-specific manner). These findings correspond to
studies showing that olfactory sensitivity is reduced in MDD
patients, while odor discrimination and odor identification often
remains unaffected.

Similar to the considerations on the tests of olfaction, also the
tests of depression need to be appropriate. Thus, in patient stud-
ies, it is required to assess the distinct type of depressive disorder
and the severity of the depressive symptoms. While most stud-
ies include measures of symptom severity (e.g., HAM-D, or BDI),
some studies lack a precise diagnosis of the depressive symptoms.
Major depressive episodes might occur in MDD, in BPD, in SAD
or mood disorders, which are due to other medical conditions
(e.g., multiple sclerosis, stroke, hypothyroidism). However, the
foregone summary reveals that there are disorder specific alter-
ations of olfactory perception. Therefore, in depression research,
it is a prerequisite to specify the differential diagnosis.

A general cognitive decline that occurs during a depressive
episode has been suggested to be the underlying process of
impaired olfactory identification ability showed by some studies

that examined MDD patients. However, cognitive impairments
should be considered in olfactory testing in general. For exam-
ple, memory, attention, executive functions, or language deficits
can affect olfactory identification or discrimination performance.
The amount of influence by these factors is partly task-dependent:
whereas olfactory discrimination tests vary with the amount of
attentional resources and working memory performance, olfac-
tory identification tasks, vary with language skills, semantic mem-
ory, and executive functions (Doty and Laing, 2003; Schubert
et al., 2013; Zucco et al., 2014). Furthermore, the familiarity of an
odor can lead to increased discrimination performance (Rabin,
1988). However, olfactory sensitivity seems to be rather unaf-
fected by cognitive factors. According to Hedner et al. (2010) cog-
nitive factors like executive functioning, semantic memory, and
episodic memory are unrelated to odor threshold scores. Thus,
in order to make sure that alterations in olfactory perception
are directly related to the disorder (and it’s specific neurological
underpinnings) and not secondary to cognitive or motivational
deficits, appropriate control conditions need to be implemented.
Such control conditions should consist of cognitive tests (most
importantly assessing short-term memory, and attentional capac-
ities) or control tests which assess perceptional performances in
other modalities than olfaction (Pause et al., 2003).

In summary, there are some methodological considerations
which should be taken into account in investigating olfactory per-
formance in depressive disorders. The considerations refer to the
kind of olfactory test, which might be most suitable and to the
precise measurement of the kind of depressive disorder. To con-
trol influences of cognitive or motivational factors on olfactory
performance (especially odor identification and odor discrimina-
tion), cognitive functioning should be evaluated. As summarized
above, the alterations in olfactory performances are specific to
the depressive disorder (e.g., MDD or BPD), therefore, direct
comparisons of sensory performances between and within psy-
chiatric populations are recommended (see e.g., Pentzek et al.,
2007; Pause et al., 2008).

GENERAL IMPLICATIONS
The literature on olfaction in depressive disorders and healthy
people experiencing a negative mood state has been summarized.
Regarding olfactory sensitivity in MDD, almost all studies show
elevated olfactory thresholds in patients as compared to healthy
controls. The olfactory impairments can be observed whether or
not patients are treated with antidepressants, indicating that the
reduced odor sensitivity is directly related to the depressive dis-
order. Furthermore, the sensitivity impairments disappear with
successful treatment of MDD. Accordingly, two studies reveal that
severity of MDD and reduced olfactory sensitivity are signifi-
cantly correlated. The decline in olfactory sensitivity seems to be
specific for MDD and has not been observed in BPD or SAD.

Olfactory identification ability in MDD was found to be unaf-
fected in most of the studies. However, some studies found
reduced odor identification performances in patients with severe
MDD. It is likely that the worse odor identification performance
in these MDD patients is due to a general cognitive deficit, which
accompanies severe depressive symptoms. Due to the limited evi-
dence, the degree of olfactory identification performance in BPD
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and SAD remains unclear. There is only one study (Negoias et al.,
2010) investigating discrimination ability in MDD, revealing no
differences between patients and control group.

Evaluations of odor characteristics are assessed with regard to
intensity, hedonic aspects or familiarity. Odor intensity ratings
seem to be unaffected by MDD. However, intensity ratings for
highly pleasant or unpleasant odors might be changed in MDD
patients. Most studies reveal the emotional valence of odors to be
rated in a normal range or as less positive in MDD patients as
compared to healthy participants. This is in line with the findings
that MDD patients report a higher arousal in response to emo-
tionally negative odors than healthy participants. In contrast to
MDD patients, BPD patients seem to judge odors as emotionally
more positive than healthy controls. Familiarity ratings seem not
to be altered in MDD.

Regarding the psychophysiology of olfaction, early potential
amplitudes of the CSERP in MDD patients are reduced in a
modality-specific manner. Further, regarding the neuroanatomy
of olfaction in MDD, patients showed smaller OB volumes com-
pared to healthy controls and reduced olfactory sensitivity was
negatively correlated with the OB volume. Both findings indi-
cate that odor perception in MDD is altered at an early sensory
processing level.

Similar to depressive patients, healthy individuals with depres-
sive symptoms as well as individuals experiencing a transient neg-
ative mood seem to show a reduced olfactory sensitivity, whereas
odor identification or discrimination appears to be unchanged.
In addition, early sensory odor processing, as indexed by CSERP
analysis is attenuated in MDD patients as well as in healthy
individuals experiencing helplessness. These findings indicate
that similar neurophysiological processes appear to modulate the
effects of negative mood or depression on the olfactory system.

Altogether, reviewed data show that odor perception in MDD
and healthy but sad individuals is altered on an early sensory
processing level. Alterations of olfaction on a later cognitive-
evaluative level seem to vary with the magnitude of a general
cognitive impairment during depressive episodes. These findings
have practical and theoretical implications: First, as even healthy
individuals experiencing sad mood show reduced olfactory per-
formances it is highly probable that alterations in odor perception
precede the manifestation of a depressive disorder. Therefore,
olfactory tests could be useful to be added to the early diagnosis
of depressive symptoms during the development of a depressive
disorder. Furthermore, as the reduced olfactory performance in
MDD patients seems to be disorder-, modality-, and test-specific,
the application of an appropriate olfactory and cognitive test-
battery might be highly useful in the differential diagnosis of
MDD (as compared to other disorders which also include the
manifestation of depressive episodes).

Second, it is likely that structures of the primary olfactory cor-
tex are affected during depressive experiences. Primary cortical
processing structures of the olfactory system are the OB and its
direct project areas (the anterior olfactory nucleus, the piriform
cortex, the anterior cortical nucleus of the amygdala, the peri-
amygdaloid cortex and the anteromediate part of the entorhinal
cortex). The amygdala, especially the anterior cortical nucleus,
receives direct information from the OB (see Carmichael and
Price, 1994; Cleland and Linster, 2003).

Rats with excised OBs (OB rats) are proposed to be an animal
model of depression. It is observed that OB rats show behav-
ioral, neurotransmitter, immune and endocrine changes similar
to patients with depression. Additionally, behavioral changes in
the OB rat can be treated by antidepressants given chronically
(Richardson, 1991). Regarding behavioral changes, OB rats show
increased locomotor activity in a novel environment, impaired
spatial learning and taste aversion learning. In addition, they show
increased reactivity to stressors, which is related to higher levels
of adrenocorticotrophic hormone (see Kelly et al., 1997; Harkin
et al., 2003). The alterations of the physiology and behavior after
bulbectomy are not caused by the loss of smell, as peripherally
induced anosmia does not generate depression like symptoms
(Song and Leonard, 2005). It is suggested that the bulbectomy
disrupts the limbic circuit responsible for flexible modulating of
behavior. Probably most important, after bulbectomy the tonic
inhibition of amygdala activity through the OB is reduced, result-
ing in a dysinhibition of the amygdala (McNish and Davis, 1997;
Harkin et al., 2003). The amygdala is basically involved in the pro-
cessing of emotional signals of threat and fear (LeDoux, 2007),
and further plays a central role in the physiopathology of depres-
sive disorders (Hamilton et al., 2012). Processing negative stimuli
is accompanied by hyperactivity of the amygdala (see Soudry
et al., 2011). Following these considerations, reduced olfactory
sensitivity might be due to dysfunctions of the OB in depressive
patients (Lu and Slotnick, 1998) and additionally, an impaired
OB can cause an intensified experience of sadness and fear via
disinhibition of the amygdala (Pause et al., 2001).

Individuals experiencing depression show a loss of interest or
pleasure in nearly all activities and describe their mood to be
sad, hopeless or discouraged. Their emotional experience is gen-
erally blunted, involving reduced experiences of positive as well as
of negative emotions. Here, we conclude that the reduced emo-
tionality during depressive states is accompanied by a reduced
olfactory experience. It is hypothesized that similar neuronal net-
works are responsible for the attenuated olfactory and emotional
experience. The olfactory environment is usually low in distinc-
tiveness and in general only few smells reach our awareness.
Therefore, it has been postulated that, in everyday life, olfaction is
a rather implicit sense (Köster, 2002). Considering, that a reduced
olfactory sensitivity contributes to a still lesser experience of envi-
ronmental smells, leads to the assumption that sadness might not
only to isolate individuals in terms of their emotional belonging-
ness, but also might isolate them with regard to reduced sensory
(olfactory) experiences.
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Fragrances, such as plant odors, have been shown to evoke autonomic response patterns
associated with Ekman’s (Ekman et al., 1983) basic emotions happiness, surprise, anger,
fear, sadness, and disgust. Inducing positive emotions by odors in highly frequented public
spaces could serve to improve the quality of life in urban environments. Thus, the present
study evaluated the potency of ambient odors connoted with an urban environment to
evoke basic emotions on an autonomic and cognitive response level. Synthetic mixtures
representing the odors of disinfectant, candles/bees wax, summer air, burnt smell, vomit
and musty smell as well as odorless water as a control were presented five times in
random order to 30 healthy, non-smoking human subjects with intact sense of smell.
Skin temperature, skin conductance, breathing rate, forearm muscle activity, blink rate,
and heart rate were recorded simultaneously. Subjects rated the odors in terms of
pleasantness, intensity and familiarity and gave verbal labels to each odor as well as
cognitive associations with the basic emotions. The results showed that the amplitude
of the skin conductance response (SCR) varied as a function of odor presentation. Burnt
smell and vomit elicited significantly higher electrodermal responses than summer air.
Also, a negative correlation was revealed between the amplitude of the SCR and hedonic
odor valence indicating that the magnitude of the electrodermal response increased with
odor unpleasantness. The analysis of the cognitive associations between odors and basic
emotions showed that candles/bees wax and summer air were specifically associated
with happiness whereas burnt smell and vomit were uniquely associated with disgust.
Our findings suggest that city odors may evoke specific cognitive associations of basic
emotions and that autonomic activity elicited by such odors is related to odor hedonics.

Keywords: city odors, basic emotions, autonomic nervous system, hedonic valence, odor intensity

INTRODUCTION
In urban environments both residents and visitors are sur-
rounded by a multitude of odors which, along with visual, acous-
tic and haptic sensations, accompany and shape their individual
perceptual experiences. These contextual stimuli are believed to
be encoded in episodic memory along with an event and with the
emotions experienced at that event and can serve as triggers for
the retrieval of event details, such as the experienced emotions, on
subsequent encounters (Jellinek, 1997; Chu and Downes, 2000).
A number of laboratory studies have shown that highly emo-
tional stimuli are more efficient triggers of episodic memory than
emotionally neutral ones (Koenig and Mecklinger, 2008) and that
odors are such highly emotional cues (Chu and Downes, 2002;
Goddard et al., 2005; Willander and Larsson, 2007). Particularly
in big cities the olfactory environment might have great impact
on the experience of public spaces of both inhabitants and visi-
tors. For instance, feelings of pleasure might be experienced in the
vicinity of a bakery emitting the smell of freshly baked bread or
in a public garden with fragrant flowers (Weber and Heuberger,
2008). By contrast, negative emotions might be elicited in places
where people crowd together in confined spaces, such as public
transport, or in other places that are experienced as constricted,

smelly, and unpleasant. To counteract such possible negative
experiences efforts are being made to increase the pleasantness of
the urban olfactory environment (Hosey, 2013). Although induc-
ing positive emotions in highly frequented public spaces could
be a simple and efficient means to improve the quality of life in
urban environments no research exists to date that addresses this
question.

One way to assess the potency of sensory stimuli to induce
affective reactions is to measure self-reported emotions together
with associated changes in autonomic nervous system (ANS)
activity. Although the debate is still ongoing as to whether
or not emotion-specific autonomic activity exists (see Kreibig,
2010 for an up-to-date review) and many studies have failed to
reveal such specificity (Aue and Scherer, 2008), a considerable
number of reports exists in favor of the hypothesis of emotion-
specific physiological activity (Friedman, 2010; Stephens et al.,
2010). The issue of specific physiological patterns is intrinsically
linked with the concept of basic emotions, i.e., a limited num-
ber of primary affective states which are generated universally
and prototypically in response to environmental demands and
may be regarded as discrete points in dimensional affective space
(Christie and Friedman, 2004). The discussion about unique
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autonomic response patterns allowing to distinguish between
these basic emotions has received great support by the studies
of Ekman et al. (1983) in which six basic emotions, i.e., happi-
ness, surprise, anger, fear, sadness and disgust, were evoked by
generating directed emotion-prototypical facial expressions, and
by reliving an emotional experience. The authors reported that
they were able to differentiate between positive and negative emo-
tions as well as among negative emotions based on a decision tree
that took into account changes in heart rate and skin tempera-
ture. More recent investigations have demonstrated that viewing
these emotion-prototypic facial expressions (Collet et al., 1997)
as well as viewing emotional film clips and listening to emo-
tional music (Christie and Friedman, 2004; Etzel et al., 2006) may
induce emotion specific autonomic response patterns. Also, stim-
uli from the gustatory domain (Rousmans et al., 2000) have been
found to induce emotional states with distinguishable autonomic
patterns.

In regard to olfaction, several investigations have revealed
emotion-specific ANS response patterns (Alaoui-Ismaili et al.,
1997a,b; Robin et al., 1999; Vernet-Maury et al., 1999; Bensafi
et al., 2002b; Moller and Dijksterhuis, 2003). However, compar-
isons between verbal reports and physiological activity of the
elicited emotions often showed a mismatch between these two
response systems and the valence of the odor evoked affective
reaction seems to be associated with the hedonic valence of the
odor (Brauchli et al., 1995; Bensafi et al., 2002a; Delplanque et al.,
2008; Weber and Heuberger, 2008). Alaoui-Ismaili et al. (1997a)
were able to link both verbal responses and psychophysiologi-
cal correlates of Ekman’s basic emotions to a number of odors
that differed in hedonic quality. In this study, they presented
vanillin and menthol which were rated as pleasant and methyl
methacrylate and propionic acid which were rated as unpleas-
ant to 44 healthy students and recorded several electrodermal and
cardio-respiratory parameters. In addition, subjects had to indi-
cate which of the six basic emotions was evoked by each of these
odors. The authors reported that the pleasant odors evoked hap-
piness and surprise regarding both verbal reports and autonomic
response patterns. The unpleasant odors, however, evoked dis-
gust as the verbal response but anger as the autonomic response.
Another study by the same group with a different set of odor-
ants confirmed the association between the hedonic valence of
the odors and the emotion specific autonomic response pat-
terns (Alaoui-Ismaili et al., 1997b). In regard to the relationship
between hedonic odor rating and the valence of the evoked emo-
tion, an interesting finding was reported by Robin et al. (1999).
Based on the observation that eugenol is contained in many mate-
rials used in restorative dental treatments (Sarrami et al., 2002),
these authors compared basic emotions elicited by eugenol odor
in fearful and non-fearful dental care subjects and reported that
such prior experience with the odor modulated both the hedonic
evaluation of the odor and the emotional response, i.e., in non-
fearful subjects eugenol odor was rated as pleasant and evoked
positive emotions, i.e., happiness and surprise, while in fearful
participants the odor was rated as unpleasant and evoked negative
emotions, i.e., fear, anger, and disgust.

In regard to verbal reports of odor induced affective reac-
tions, a study by Bensafi et al. (2002b) in 12 healthy participants

with 12 different food odors ranging from very pleasant to very
unpleasant showed that from seven emotional terms “joy” and
“disgust” were chosen more often than the other emotion terms.
In addition, facial EMG activity differentiated between these two
emotions. An explanation for these findings can be found in the
results of Chrea et al. (2009) who argued that the small num-
ber of basic emotions may be insufficient and inappropriate to
describe the multitude of emotional states which can be elicited
by olfactory stimuli and that olfaction-specific dimensions were
better suited to account for verbal descriptions of odor induced
feelings (Delplanque et al., 2012). These authors presented a 6
to 7-factorial model that describes the semantic space of affec-
tive verbal responses to odors and showed that four of these
dimensions which were related to disgust, happiness/well-being,
sensuality/desire, and energy were shared by different cultures
(Ferdenzi et al., 2011, 2013).

Concentrating on verbal reports of basic emotions triggered
by olfactory cues Croy et al. (2011) took a different approach and
came to slightly different conclusions. Instead of presenting pre-
selected odors, they interviewed 119 healthy subjects about free
associations between odors and each of the six basic emotions. As
a control they asked another 97 participants about their associa-
tions of the basic emotions with pictures. The results of this study
showed that the vast majority of subjects were able to report an
odor that elicited happiness or disgust. Olfactory cues associated
with anxiety were reported by 75% of the participants. In con-
trast, only 50% of the subjects were able to identify an olfactory
elicitor for sadness and anger (Croy et al., 2011). The authors con-
cluded that only a limited number of emotions, i.e., happiness,
anxiety, and disgust, can be elicited verbally by olfactory cues.

The present study aimed to evaluate whether affective
responses are evoked by ambient odors connoted with the City
of Vienna. Specifically, we tested whether such odors elicit emo-
tion specific autonomic response patterns and verbal associations
with the basic emotions. Notwithstanding the above mentioned
findings on the olfactory semantic space (Ferdenzi et al., 2011,
2013) we favored a discrete (basic) emotions model over a
two-dimensional (valence-by-arousal) approach as a theoretical
framework for our study. According to Levenson (2003) the for-
mer allows for more finely tuned responses than the latter not
only at the physiological but also at the endocrine, cognitive, and
behavioral level. In our view, this constitutes a functional advan-
tage in the case of olfactory triggered emotions. For example,
consider disgust and fear. Both emotions possess high negative
valence, are highly arousing, and are associated with withdrawal
behavior (Christie and Friedman, 2004). However, while disgust
is associated with objects that are potentially harmful after inges-
tion (such as spoiled food because it may be toxic), or direct skin
contact (such as excrement because it may carry germs), fearful
stimuli, such as fire or an aggressor, are threatening because they
may inflict severe injuries. Thus, one could generalize that dis-
gusting stimuli convey a threat to the body interior while fearful
stimuli impose a threat to the outside of the body. In regard to the
responses, disgust eliciting stimuli require bodily reactions that
help to remove the threat from the organism, such as vomiting
(Croy et al., 2013). Fearful stimuli, on the other hand, should ini-
tiate behavior that mobilizes enough energy to remove oneself
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from the source of danger. Responding in the one or the other
way of course requires a completely different sort of prepara-
tion, also in the ANS (Levenson, 2003). Olfaction is a proximal
sense, and once an odor can be perceived its source is quite close.
Consequently, the appropriate response, disgust and regurgita-
tion or fear and flight in this example, must be induced quickly.
Therefore, in response to odors we think that unique physiologi-
cal patterns as predicted by the basic emotions model have greater
adaptive value than adopting mere approach-avoidance behavior
as the dimensional model would predict.

In order to increase the emotional valence of the odorous stim-
uli we combined the experimental approach reported by Croy
et al. (2011) with that of other studies, i.e., rather than select-
ing odors on a random basis we first conducted semi-structured
interviews in a larger sample of Viennese residents (N = 50)
(Weber and Heuberger, 2011). Specifically, we asked them to
think of and narrate to the experimenter an experience in the City
of Vienna which involved one of the six basic emotions. Subjects
were free to decide in how much detail they wanted to describe
the experience. Then, they had to name at least one odor that was
associated with this memory. In addition, the participants rated
how emotional and how vivid the memory was, how brought back
in time they felt when they thought of the odor, and how specific
the odor was for the memory. For each basic emotion the same
questions were asked. To identify olfactory stimuli that were spe-
cific for a given basic emotion the count of each nominated odor
was assessed for each basic emotion. While in this study odor
associated memories were reported for each of the basic emo-
tions, the interviews demonstrated that only a very small number
of the reported odors were specific for a particular basic emotion,
such as “vomit” for disgust. Thus, to obtain the (potentially) full
range of odor evoked basic emotions we decided to select odors
that were specific in regard to their emotional impact even though
they were reported by only a small number of participants in the
preceding interviews. The next task in the stimulus selection pro-
cess consisted of “translating” the odor names into “perfumes”
that involved a manageable number of chemical constituents but
would still be clearly recognizable by the tested sample. Thus, we
identified the character impact compounds of the selected odors
and created synthetic mixtures that best represented their olfac-
tory properties. We limited the number of constituents to three.
Several challenges had to be met during this step. For instance, in
the case of “burnt smell” and “candles” a character impact com-
pound (prop-2-enal, also known as acrolein) could not be used
due to its toxicity. To circumvent this issue, we decided to use
other non-toxic chemicals with appropriate olfactory properties
(see Table 1). In the case of “summer air” the search for suitable
character impact compounds did not yield satisfactory results due
to the ambiguity of the odor concept so that we decided to choose
a green note reminiscent of leaves and grass. We considered this
to be the best choice because one of the most frequented places in
Vienna during summer time is the so-called “Donauinsel,” a man-
made island at the Danube River that is vegetated with meadows
and trees. Ultimately, we were interested in the question whether
the emotional valence of the selected odors would transfer to
another sample of subjects, i.e., whether the chosen odor rep-
resentations would elicit the same basic emotions in a different

sample of subjects. In our view this would constitute a basic pre-
requisite for the creation of olfactory environments which elicit
distinct emotional states.

MATERIALS AND METHODS
ETHICS STATEMENT
The study was performed in accordance with the Declaration
of Helsinki on Biomedical Research Involving Human Subjects
and with the guidelines of the Institutional Review Board at the
University of Vienna. All participants provided written informed
consent, received financial compensation for their time commit-
ment, and were free to withdraw from the study at any time.

OLFACTORY SCREENING
In a first step, the olfactory acuity of the subjects who enrolled
for the study was determined using the odor discrimination
and identification tests from the Sniffing Sticks olfactory test
battery (Hummel et al., 1997). The discrimination test con-
sisted of odor triplets, of which two fragrances were identical
distractors and one was the target that smelled different from
the distractors. Each subject was required to identify the target
odor. The criterion for inclusion in the subsequent psychophys-
iological study was the correct identification of 11 (out of 16)
triplets. In the odor identification test, each subject had to sam-
ple a target odor and pick the correct odor name among four
written alternatives. The criterion for inclusion in the subse-
quent psychophysiological study was the correct identification
of at least 13 (out of 16) odors. Only participants who suc-
cessfully identified and discriminated the presented odors were
tested in the main study, i.e., the psychophysiological measure-
ments, which was conducted on a different day than the olfactory
screening.

SUBJECTS
In total, 30 healthy and neurologically inconspicuous individu-
als (15 males) between the age of 18 and 34 (mean age 24 ± 4
years) participated in the main study. All participants had nor-
mal blood pressure, no history of olfactory deficits, allergies to
fragrances, or neurological diseases. None of the women were
pregnant and all participants were non-smokers. All subjects
were Viennese residents and recruited by advertisement at the
University of Vienna. They received financial compensation for
their time commitment.

OLFACTORY STIMULI
The olfactory stimuli used in the main study were synthetic mix-
tures representing the odors of warm summer air, candles/bees
wax, disinfectant, burnt smell, musty smell, and vomit. The num-
ber of components in each mixture was limited to three. Odorless
water was used as a control. For each odor, the chemical com-
position and association with the basic emotions is given in
Table 1.

EXPERIMENTAL DESIGN AND PROCEDURES
The psychophysiological study took place in a temperature con-
trolled and well ventilated room at the Department of Clinical
Pharmacy and Diagnostics at the University of Vienna. The
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Table 1 | Chemical composition, concentration of constituents, and association with the basic emotions for all olfactory stimuli.

Odor Components Basic emotion

Summer air Leaf alcohol (Z-hex-3-en-1-ol) (0.1% v/v in PG) Happiness

Candles (bees wax) Methyl 2-phenylacetate (0.5% v/v in PG) Surprise

Disinfectant Isopropyl alcohol (propan-2-ol) (50% v/v in PG) Fear

Burnt smell Guaiacol (2-methoxyphenol) (10% v/v in PG) Anger

Musty smell (±)-geosmin [(4R,4aR,8aS)-4,8a-dimethyl-1,2,3,4,5,6,7,8-octahydronaphthalen-4a-ol] (0.01% m/V in
MeOH/EtOH 96%, 9 pt), green pea pyrazine [2-methoxy-3,5 or 6-(propan-2-yl)pyrazine] (0.1% v/v in
EtOH 96%, 1 pt)

Sadness

Vomit Butanoic acid (10% v/v in PG, 2 pt), isovaleric acid (3-methylbutanoic acid) (10% v/v in PG, 7 pt), hydrochloric
acid (36% v/v, 1 pt)

Disgust

EtOH, ethanol; MeOH, methanol; PG, propylene glycol (propane-1,2-diol); m/v, mass per volume; v/v, volume per volume; pt, parts.

participants were seated in a comfortable chair and their non-
dominant hand was placed on a soft pillow.

Skin conductance, forearm muscle activity, eye-blink rate,
skin temperature, as well as breathing and heart rate were mea-
sured simultaneously and in real-time via MP100WSW hard-
ware (Biopac Systems, Inc., Santa Barbara, California, USA) and
AcqKnowledge® software (V 3.9.0.17, © 1992–2007, BIOPAC
Systems, Inc., Santa Barbara, California, USA) with a sampling
rate of 1000 Hz. All signals were filtered by means of hardware-
based filters included in the amplifiers. Skin conductance was
recorded using a GSR100B amplifier and 6 mm inner diame-
ter Ag/AgCl finger electrodes (TSD203) via the constant voltage
(0.5 V) technique. Electrodes were filled with conductive gel and
placed on the second phalanx of the middle and the index fin-
ger of the non-dominant hand with non-caustic adhesive tape.
Electrode positioning was in compliance with traditional rec-
ommendations (Fowles et al., 1981). The signal was low pass
filtered at 1 Hz. Surface electromyogram (EMG) was recorded
with a EMG100B amplifier, Ag/AgCl surface electrodes (EL208S),
and adhesive disks (ADD208). Electromyographic activity was
recorded by placing two electrodes, which were filled with con-
ductive gel, over the forearm flexors of the non-dominant hand
as suggested by Cacioppo et al. (1990). The raw EMG signal
was band pass filtered (1–500 Hz), with a notch filter centered
at 50 Hz, and converted to an average root-mean-square (rms)
signal (time constant 500 ms, baseline removal). Eye-blinks were
recorded by means of a EOG100B amplifier, Ag/AgCl surface elec-
trodes (EL208S), and adhesive disks (ADD204). Two electrodes,
which were filled with conductive gel, were placed over the left
orbicularis oculi muscle on a vertical line (Stern et al., 2001). The
signal was low pass filtered at 35 Hz and a 50 Hz notch filter was
employed. ST was measured using a SKT100B amplifier and a fast
response thermistor (TSD202A). The sensor was placed on the
middle of the back of the non-dominant hand with non-caustic
adhesive tape. The signal was low pass filtered at 1 Hz. Heart rate
was measured via a ECG100C amplifier and Ag/AgCl surface elec-
trodes (Skintact®, T601, Leonard Lang GmbH, Austria). The ECG
signal was band pass filtered (0.05–35 Hz), with a 50 Hz notch fil-
ter. Heart rate was detected from the ECG via an integrated rate
detector (peak interval window 40–180 bpm, noise rejection 5%
of peak) and sampled at 250 Hz. Breathing was recorded via a
RSP100C amplifier and a breathing belt (BIOPACTSD201) with

an integrated electrical sensor. The belt was placed below the
sternum and above the ECG electrodes. Any change in the belt’s
length was recorded by the electric sensor. The signal was low pass
filtered at 10 Hz.

To each subject, the six olfactory stimuli and odorless water as
a control stimulus were presented on sniffing stripes (Primavera
Life GmbH, Germany) by one of two experimenters. 5 ml of each
liquid stimulus were filled into 20 ml screw-cap brown glass vials
coded by a number from 1 to 7. Stimulus concentration was kept
constant by dipping the sniffing stripe into the vial until it reached
the ground. To prevent the adulteration of the experimental stim-
uli with odors stemming from the hand of the experimenter, the
experimenter wore cotton gloves. The stimuli were presented in
randomized order. Each stimulus was presented 5 times. Stimulus
presentation was synchronized with inspiration via the observa-
tion of the respiration channel and was marked in the recording
by means of a hand switch. At the onset of inspiration the experi-
menter held a sniffing stripe soaked with the appropriate stimulus
approximately 2 cm under the nostrils of the subject. Each stim-
ulus presentation lasted for one breathing cycle. Subjects were
instructed to breathe normally whether or not a stimulus was
presented. The interstimulus interval was 2 min. Each stripe was
used only once and discarded into a sealed container after use.
The average duration of the experiment was 80 min. There was a
10 min baseline phase before the first odor presentation to ensure
that all ANS parameters returned to their baseline levels before
the first odor presentation took place.

After the psychophysiological measurements were finished, all
participants completed a set of different questions. They had the
opportunity to smell each of the odors again before giving their
answers to the questions. The participants were asked to produce
a verbal label for each odor. Using Likert scales they were then
required to indicate the strength (1 = “very weak” and 10 = “very
strong”) of the association with each of the six basic emotions
(i.e., happiness, surprise, anger, fear, sadness, and disgust). For a
given odor, the emotion that received the highest rating was given
one point, whereas all other emotions received zero points. If for a
given odor two or more emotions received equal ratings, then one
point was assigned to the category “no or unspecific association.”
Likert scales were also used to acquire data about the intensity of
the odors (1 = “very weak” and 10 = “very strong”), the valence
of the odors (1 = “very unpleasant” and 10 = “very pleasant”)
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and the familiarity of the odors (1 = “very unfamiliar” and
10 = “very familiar”).

DATA ANALYSIS
All recordings were edited offline for movement, breathing or
electronic artefacts. No additional offline filtering was applied to
the data. Since emotional reactions are quickly unfolding phasic
events, a time window of 10 s post-stimulus was chosen (Ekman,
1992). The mean for each parameter was calculated across tri-
als for each of the seven odor conditions. Only the first four
blocks were included in the data analysis, since the participants
showed signs of fatigue in the last (fifth) block due to the overall
length of the experiment. Changes in muscle tension (rms EMG),
number of eye-blinks, ST, number of breaths and heart rate were
expressed as the difference between the respective mean of the
prestimulus (10 s) and the post-stimulus (10 s) time interval. The
change in heart rate variability (HRV) was calculated as the differ-
ence between the standard deviation (SD) of the heart rate before
(10 s) and after (10 s) stimulus onset. The amplitude as well as the
latency and the recovery time of the skin conductance response
(SCR) were analyzed separately. The time window for the latency
response was 1–4 s after stimulus onset. The criterion for a SCR to
be included in the analysis was 0.05 μS/cm2 (Boucsein, 1988). In
order to be able to compare the SCR amplitudes (SCR-a) across
subjects, each amplitude value in a given odor condition was
divided by the corresponding maximum value across all trials
(Schandry, 1989).

STATISTICAL ANALYSIS
To evaluate the impact of the different odor stimuli One-Way
repeated measures ANOVAs with the within-subjects factor
“odor” were conducted for each of the psychophysiological
parameters and for each of the odor ratings (i.e., intensity,
valence, and familiarity). Degrees of freedom were adjusted via
the Greenhouse-Geisser method. Post-hoc pairwise comparisons
were calculated using Bonferroni corrected P-values to control for
alpha inflation. Two-sided Pearson product-moment correlations
were calculated to identify potential relationships between the
ANS parameters and the different odor ratings as well as between
the odor ratings themselves. These analyses were conducted with
the data of 16 subjects. For 14 subjects the data was not sufficient
(in most cases due to SCRs that did not meet the amplitude or
temporal criteria) to allow for further analyses.

The association between each odor and the six basic emotions
was analyzed using a Pearson’s χ2 test (N = 30). The observed
associations were compared to hypothetical associations based on
our previous findings (Weber and Heuberger, 2011).

RESULTS
AUTONOMIC NERVOUS SYSTEM PARAMETERS
The amplitude of the skin conductance responses (SCR-a) varied
significantly with the presented olfactory stimulus. A One-Way
repeated measures ANOVA with the within-subjects factor “odor”
revealed a significant main effect for the factor “odor” [F(6, 90) =
7.579, P = 0.000]. Mean values of SCR-a are depicted in Figure 1.
Post-hoc pairwise comparisons showed that the unpleasant odor
“vomit” elicited significantly larger responses than all other odors

FIGURE 1 | Mean values (and s.e.m.) of the amplitude of the skin

conductance response (SCR) to all olfactory stimuli. ∗∗Differs
significantly (P < 0.005) from “vomit,” †differs significantly (P < 0.05) from
“burnt smell.”

(“disinfectant”: P = 0.002, “candles”: P = 0.004, “summer air”:
P = 0.001, and “musty smell”: P = 0.002) except “burnt smell”
and odorless water (i.e., the control stimulus). We also found a
significant difference between “summer air” and “burnt smell”
(P = 0.022) and between “burnt smell and “musty smell” (P =
0.031). In addition, there was a significant negative correlation
between SCR-a and the odor valence ratings (N = 7, r = −0.927,
P = 0.003; Figure 2), i.e., the amplitude of the SCR decreased
with the perceived pleasantness of a fragrance. This correla-
tion was unaffected by either intensity (N = 7, r = −0.962, P =
0.002) or familiarity ratings (N = 7, r = −0.951, P = 0.003) as
revealed by partial correlation analyses. The correlation between
SCR-a and perceived intensity was marginally significant only
after controlling for the perceived pleasantness of the odors
(N = 7, r = −0.768, P = 0.074) and significant after controlling
for ratings of familiarity (N = 7, r = −0.823, P = 0.044) indi-
cating that SCR-a increased with the perceived intensity of an
odor. There was no significant correlation between SCR-a and
familiarity (P > 0.1).

The latency and the half recovery time of the skin conduc-
tance response were analyzed using One-Way repeated measures
ANOVAs with the within-subjects factor “odor” but no signifi-
cant main effects were found (all P > 0.1; mean values and s.e.m.
of the latency and half recovery time of the SCR are given in
Table S1 in the supplementary material). Neither the correlation
analyses between the subjective odor ratings (i.e., perceived odor
pleasantness, intensity, and familiarity) and the latency of the SCR
nor those between the subjective odor ratings and the half recov-
ery time of the SCR revealed any significant relationships (all
P > 0.1).

Changes in heart rate variability (HRV) in response to the dif-
ferent olfactory stimuli were analyzed using a One-Way repeated
measures ANOVA with the within-subjects factor “odor.” The
analysis revealed no significant effects (P > 0.1; mean val-
ues and s.e.m. of the HRV changes are given in Table S1 in
the supplementary material). The correlation analysis, however,
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showed a significant negative correlation between HRV changes
and the odor intensity ratings (N = 7, r = −0.763, P = 0.046;
Figure 3A). This correlation remained significant after control-
ling for the ratings of familiarity (N = 7, r = −0.905, P = 0.013)
but disappeared after controlling for their perceived pleasant-
ness (P > 0.1). The correlation between HRV changes and the
odor valence ratings was also significant (N = 7, r = 0.843, P =
0.017; Figure 3B). This correlation remained significant after
controlling for the perceived familiarity of the odors (N = 7, r =
0.846, P = 0.034), but disappeared after controlling for their per-
ceived intensity (P > 0.1). The correlation between HRV changes
and the familiarity ratings revealed no significant relationship
(P > 0.1).

Skin temperature (ST) responses to the olfactory stimuli did
not change depending on the different olfactory stimuli. A

FIGURE 2 | Correlation between the amplitude of the skin conductance

response (SCR) to the olfactory stimuli and perceived odor

pleasantness. S, Summer air; C, Candles; D, Disinfectant; B, Burnt smell;
M, Musty smell; V, Vomit; Co, Control.

FIGURE 3 | Correlation between heart rate variability in response to

the olfactory stimuli and perceived odor intensity (A) and

pleasantness (B), respectively. S, Summer air; C, Candles; D, Disinfectant;
B, Burnt smell; M, Musty smell; V, Vomit; Co, Control.

One-Way repeated measures ANOVA with the within-subjects
factor “odor” did not yield a significant main effect for this fac-
tor [F(6, 90) = 2.664, P = 0.068; mean values and s.e.m. of the
ST changes are given in Table S1 in the supplementary material].
A significant negative correlation was revealed between the ST
responses and the odor familiarity ratings (N = 7, r = −0.697,
P = 0.041; Figure 4).

Number of breaths, heart rate, number of eye-blinks and forearm
muscle activity did not vary dependent on the presented olfactory
stimuli. Neither the One-Way repeated measures ANOVAs with
the within-subjects factor “odor” nor the correlation analyses
(with the valence, intensity, and familiarity ratings) revealed a sig-
nificant result (all P > 0.1; mean values and s.e.m. of the changes
of number of breaths, heart rate, number of eye-blinks, and fore-
arm muscle activity are given in Table S1 in the supplementary
material).

VALENCE, INTENSITY, AND FAMILIARITY RATINGS
Figures 5–7 show the mean values of the valence, intensity,
and familiarity ratings, respectively. With respect to the valence
ratings, a One-Way repeated measures ANOVA revealed a signif-
icant main effect for the within-subjects factor “odor” [F(6, 90) =
6.440, P < 0.001]. The highest valence rating was observed for
“summer air,” whereas the lowest rating was recorded for “vomit.”
Post-hoc pairwise comparisons revealed significant differences
between “burnt smell” and “summer air” (P = 0.012), “burnt
smell” and “musty smell” (P = 0.016) and “burnt smell” and
odorless water (P = 0.019) as well as between “vomit” and “disin-
fectant” (P = 0.032), “vomit” and “summer air” (P = 0.004) and
“vomit” and odorless water (P = 0.008).

For the intensity ratings the One-Way ANOVA showed a
significant main effect for the within-subjects factor “odor”
[F(6, 90) = 66.308, P < 0.001]. The lowest intensity rating was

FIGURE 4 | Correlation between the skin temperature response to the

olfactory stimuli and perceived odor familiarity. S, Summer air; C,
Candles; D, Disinfectant; B, Burnt smell; M, Musty smell; V, Vomit; Co,
Control.
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FIGURE 5 | Mean values (and s.e.m.) of the ratings of odor valence.
∗∗Differs significantly (P < 0.01) from “vomit,” ∗differs significantly
(P < 0.05) from “vomit,” †differs significantly (P < 0.05) from “burnt smell.”

FIGURE 6 | Mean values (and s.e.m.) of the ratings of odor intensity.
∗∗Differs significantly (P < 0.01) from control, †††differs significantly
(P < 0.001) from “summer air,” ‡‡differs significantly (P < 0.01) from
“candles.”

observed for the control stimulus (i.e., odorless water). Post-hoc
pairwise comparisons revealed significant differences between
odorless water and all other fragrances (“disinfectant”: P = 0.000,
“candles”: P = 0.000, “summer air”: P = 0.003, “burnt smell”:
P = 0.000, “vomit”: P = 0.000, and “musty smell”: P = 0.000).
“Summer air” also had a very low intensity rating and showed sig-
nificant differences to “disinfectant” (P = 0.000), “burnt smell”
(P = 0.000), “vomit” (P = 0.000), and “musty smell” (P =
0.000). “Summer air” further showed a marginally significant dif-
ference to “candles” (P = 0.051). The fragrance “candles” showed
significant differences in intensity to “burnt smell” (P = 0.003)
and “vomit” (P = 0.009).

With respect to the familiarity ratings the One-Way ANOVA
also revealed a significant main effect for the within-subjects

FIGURE 7 | Mean values (and s.e.m.) of the ratings of odor familiarity.
∗Differs significantly (P < 0.05) from control, ∗∗differs significantly
(P < 0.01) from control, ∗∗∗differs significantly (P < 0.001) from control,
†differs significantly (P < 0.05) from “disinfectant,” ††differs significantly
(P < 0.01) from “disinfectant.”

factor “odor” [F(6, 90) = 13.627, P = 0.000]. The lowest famil-
iarity rating was observed for the control stimulus (i.e., odorless
water). Post-hoc pairwise comparisons showed significant dif-
ferences between odorless water and all other fragrances (“dis-
infectant”: P = 0.000, “candles”: P = 0.007, “summer air”: P =
0.015, “burnt smell”: P = 0.014, “vomit”: P = 0.012, and “musty
smell”: P = 0.000). “Disinfectant” received a very high familiar-
ity rating and showed significant differences to “candles” (P =
0.009), “summer air” (P = 0.005), “burnt smell” (P = 0.003),
and “vomit” (P = 0.014).

The correlation analysis showed a marginally significant neg-
ative correlation between the odor valence and intensity ratings
(N = 7, r = −0.723, P = 0.067; Figure 8A). When this correla-
tion was controlled for familiarity, it became highly significant
(N = 7, r = −0.951, P = 0.004). Furthermore, a marginally sig-
nificant, positive correlation between the intensity and familiarity
ratings (N = 7, r = 0.719, P = 0.068; Figure 8B) was revealed.
After controlling for the valence ratings, this correlation also
became highly significant (N = 7, r = 0.950, P = 0.004). Finally,
a partial positive correlation between the odor valence and
familiarity ratings (controlled for intensity) was found (N = 7,
r = 0.895, P = 0.016; uncontrolled r = −0.090, P = 0.847).

VERBAL LABELS
Table 2 shows the verbal descriptions of the olfactory stimuli
given by the participants. In general, only about 25–50% of the
subjects were able to put a name to the odors that were presented
throughout the psychophysiological recordings even though the
stimuli were presented again during the rating procedure. The
only exception was “disinfectant” which was labeled by 24 out of
30 participants (80%). With respect to the labels, it is obvious that
“disinfectant,” “burnt smell,” “musty smell,” “vomit” and the con-
trol odor were described quite accurately, whereas “summer air”
and “candles” were never labeled correctly. However, in the case of
“summer air” which was represented by the so called leaf alcohol
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the verbal labels demonstrate that subjects identified the “green”
note of the fragrance that reminds of leaves and freshly cut grass.

COGNITIVE ASSOCIATION BETWEEN OLFACTORY STIMULI AND BASIC
EMOTIONS
The χ2 test revealed that the odors “candles” (χ2 = 31.6, P =
0.000) and “summer air” (χ2 = 17.2, P = 0.001) were both asso-
ciated specifically with the basic emotion “happiness,” whereas
“vomit” (χ2 = 33.2, P = 0.000) and “burnt smell” (χ2 = 12.0,
P = 0.017) were both associated specifically with the basic emo-
tion “disgust.” The odors “disinfectant” und “musty smell” were
not specifically related to a single basic emotion (P > 0.1). It is
important to note that the control stimulus (i.e., odorless water)
was specifically associated with no basic emotion (χ2 = 62.8,
P = 0.000). Thus, four odors could be associated with a single
basic emotion in this study, but only two of these odors (“vomit”

FIGURE 8 | Correlation between ratings of odor intensity and odor

valence (A) and odor intensity and odor familiarity (B). S, Summer air;
C, Candles; D, Disinfectant; B, Burnt smell; M, Musty smell; V, Vomit; Co,
Control.

Table 2 | Number of participants (N = 30) who named the olfactory

stimuli and verbal labels (with number of nominations) for all odors.

Odor No. Verbal labels

Summer air 14 Flowers/flower water/flowery meadow (8),
conifer/fir tree (3), grass/grass clippings (3),
lettuce (1), tomato (1)

Candles 8 Flowers/lilac/rose/cedar wood (6), banana (1),
solvent (1)

Disinfectant 24 Disinfectant (13), alcohol/ethanol/isopropanol/
solvent (11), doctor’s office (2)

Burnt smell 13 Burnt smell/smoke/fire/lit match (6), wood/
forest (4), leather (3), rubber (1), salami (1),
dentist’s office (1)

Musty smell 18 Soil/compost (8), musty/putrid/cellar (5), beet/
carrot/asparagus/radish/red cabbage (6), flower
(1), tires (1)

Vomit 12 Vomit/gastric acid/fermented/vinegar (5),
peach/red currant/fruity (3), mold/organic waste
(2), chewing gum (1), sweat (1), valerian (1)

Water (control) 7 Water (3), lotion with unobtrusive smell (1), no
odor (1), paper (1), rose (1)

and “summer air”) could be associated with the hypothetical basic
emotion (see Table 3).

DISCUSSION
In the present study, we aimed to evaluate the emotional potency
and distinctiveness of six odors that were connoted with the olfac-
tory environment of the City of Vienna. Based on earlier reports
on the induction of discrete emotions by odors (e.g., Alaoui-
Ismaili et al., 1997a; Robin et al., 1999; Vernet-Maury et al., 1999)
we hypothesized that urban odors elicit emotional responses that
can be distinguished by physiological activity. Since the study of
Robin et al. (1999) showed that the emotional response toward
an odor is shaped by prior subjective experience, we sought to
account for this finding when selecting the odors for the current
investigation by taking into account autobiographical factors.

AUTONOMIC NERVOUS SYSTEM PARAMETERS AND SUBJECTIVE
ODOR RATINGS
Our data did not show any emotion specific autonomic response
patterns as a result of the olfactory stimulation. Although the
parameters chosen in this study resemble those in the investiga-
tion of Ekman et al. (1983) and have also been used by others to
detect emotion-specific autonomic activity in response to sensory
stimuli (for details see Kreibig, 2010), our array of parameters
differs from that of Alaoui-Ismaili et al. (1997a) in their olfac-
tory studies. Thus, we may have failed to choose the appropriate
set of physiological endpoints to detect olfactory induced emo-
tions. This seems plausible as a recent investigation (Croy et al.,
2013) demonstrated that systolic blood pressure responses dif-
fered depending on the sensory channel used to induce disgust.
With regard to individual autonomic parameters, we found that
the amplitude of the SCR varied as a function of odor presen-
tation. In addition, hedonic odor valence was negatively corre-
lated with the amplitude of the SCR. Thus, our results indicate
that electrodermal activity differentiates between pleasant and
unpleasant odors. These observations are in line with previous
findings of Delplanque et al. (2009) but in contrast with the find-
ings of Moller and Dijksterhuis (2003), who found no evidence
for a relationship between odor pleasantness and the amplitude

Table 3 | Association (number of nominations) of the olfactory stimuli

with the basic emotions.

Odor Hap Sur Fea Ang Sad Dis Uns

Summer air 16* 4 0 0 0 1 9

Candles 16* 3 1 0 1 5 4

Disinfectant 8 3 3 1 3 6 6

Burnt smell 3 7 3 0 0 13* 4

Musty smell 7 7 0 0 0 11 5

Vomit 1 4 0 0 0 21* 4

Water (Control) 4 1 0 1 1 2 21*

Numbers in bold indicate a match between the hypothetical and the observed

association. Hap, happiness; Sur, surprise; Fea, fear; Ang, anger; Sad, sadness;

Dis, disgust; Uns, no or unspecific association.
*Indicates that the verbal association was emotion-specific.
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of the SCR using four iso-intense non-trigeminal odors. Bensafi
et al. (2002a) reported a marginal correlation between electroder-
mal activity and odor intensity which was also revealed in our
study. The magnitude of the electrodermal response is believed
to reflect the activation level of the sympathetic branch of the
ANS (Critchley, 2002; Sequeira et al., 2009). Since hedonic odor
valence and odor intensity ratings were strongly correlated in our
study, we cannot fully rule out the possibility that the effect on
electrodermal activity was driven by odor intensity or potential
differences in the trigeminal activity of the odors.

In regard to cardiovascular activity, we found that HRV
decreased as the fragrances were rated more intense and less
pleasant. Similar relationships between heart rate variations and
subjective ratings of odor pleasantness have been described by
Bensafi et al. (2002a). Aue and Scherer (2008) reported smaller
changes in heart rate in response to unpleasant as opposed to
pleasant pictures. HRV has been linked with regulated emotional
responding, and reduced overall, and parasympathetically medi-
ated HRV has been observed in several forms of anxiety and
depression (Appelhans and Luecken, 2006). Thus, our results
could probably be interpreted in terms of diminished regulated
emotional responding accompanying negative emotional states
such as fear and sadness as the olfactory stimuli were perceived
as more intense and less pleasant. An alternative explanation is
that odors which were rated high in intensity and low in pleasant-
ness induced sympathetic activation (Inoue et al., 2003) resulting
in reduced HRV.

With respect to the ratings of perceived odor pleasantness,
intensity, and familiarity, the results of the present study showed
that the unpleasant odors “vomit” and “burnt smell” differed sig-
nificantly from the pleasant fragrance “summer air” and from the
control odor. Regarding intensity, all odors differed significantly
from the weak odor “summer air” and from the control odor.
Finally, “candles” rated intermediate in intensity differed from
the very strong odors “vomit” and “burnt smell.” The analyses of
the familiarity ratings showed that both the most familiar odor,
i.e., “disinfectant,” as well as the least familiar control odor dif-
fered significantly from all other odors. The correlation between
the change in ST and the odor familiarity ratings indicated that
ST decreased with increasing odor familiarity. To the best of our
knowledge such a relationship has never been observed before
and more research is needed to interpret this finding.

VERBAL LABELS AND COGNITIVE ASSOCIATIONS
The analyses of the verbal responses showed that only 25–50% of
the participants could produce a label for the presented odors.
In addition, some odors were harder to name than others. In
particular, verbal descriptions for “disinfectant,” “burnt smell,”
“musty smell,” “vomit,” and the control odor were accurate in
most cases, whereas none of the subjects used the labels “sum-
mer air” and “candles” for the respective fragrances. Difficulties
in odor naming are a common finding (Cain, 1979) and are par-
ticularly relevant in verbal odor identification tasks. To account
for this general deficit odor identification is often facilitated in
such tasks by offering a number of alternatives from which the
correct label must be chosen. As we were interested in free associ-
ations rather than correct identification in this study we decided

against the use of verbal cues. The odor naming deficit is often
observed even for very familiar odors (Olofsson et al., 2013). In
the present study, however, the number of label use seemed to go
hand in hand with the familiarity ratings. “Disinfectant” which
received the highest familiarity rating was named by 80% of the
participants and was followed in terms of labeling by several odors
with similar familiarity ratings. The control odor which was rated
least familiar also had the lowest count of labels used.

In regard to the verbal associations between the odors and the
basic emotions it is obvious that fragrances with high pleasantness
and low intensity ratings were associated with happiness, whereas
those with low pleasantness and high intensity ratings were asso-
ciated with disgust. Similar observations have also been made in
the visual (Barrett and Niedenthal, 2004) and in the olfactory
domain (Alaoui-Ismaili et al., 1997a; Robin et al., 1999; Weber
and Heuberger, 2011). Levenson stated that when sensory stimuli
are used for emotion induction subjects “report feeling emotions
that [. . . ] represent their judgments of the emotional qualities of
the stimuli” rather than experiencing emotions (Levenson, 2003,
p. 217). However, with the current experimental paradigm we
can neither confirm nor reject this argument. We found that
only four out of six odors, i.e., “summer air,” “candles,” “burnt
smell,” and “vomit” were uniquely assigned to a single basic emo-
tion. Moreover, only two of the six emotions, i.e., happiness
and disgust, were specifically associated with an odor. The latter
finding is in line with previous observations on the relationship
between basic emotions and verbal associations (Alaoui-Ismaili
et al., 1997a; Bensafi et al., 2002b; Croy et al., 2011) and can be
explained by the results of Chrea et al. (2009) and Delplanque
et al. (2012). Nevertheless, the practical constraints in the odor
selection process that have been outlined in the Introduction may
also have contributed to these results.

In conclusion, our results suggest that urban odors may evoke
specific cognitive concepts of basic emotions. Moreover, both
autonomic activity and cognitive associations elicited by such
odors seem to be related to odor hedonics and odor strength
without being necessarily emotion specific. Our findings might
be relevant in the field of urban design in that they underscore the
emotional potency of odors connoted with an urban environment
while at the same time they discourage ambitions to deliberately
induce specific affective states utilizing ambient odors in public
spaces.
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Odors can enrich the perception of our environment and are commonly used to attract
people in marketing situations. However, the perception of an odor changes over
repetitions. This study investigated whether repetitive exposition to olfactory stimuli leads
to a change in the perceived pleasantness (“liking”) or in the wish to be further exposed
to the same olfactory stimulus (“wanting”), and whether these two mechanisms show
gender differences. Three different pleasant odors were each repeatedly presented for 40
times in random order with a mean inter-stimulus interval of 18 s. Eighteen participants
rated both “liking” and “wanting” for each of the 120 olfactory stimuli. Wanting ratings
decreased significantly over repetitions in women and men, with a steeper decrease
for men during the initial trials before plateauing. In contrast, liking ratings decreased
significantly over repetitions only in men, with a steeper decrease after the initial ratings,
but not in women. Additionally, women scored higher in a questionnaire on reward
responsiveness than men. We conclude that positive evaluation (liking) and the wish
to experience more of the same (wanting) are different concepts even in the domain
of olfaction. The persistence of perceived pleasantness in women may be due to the
attribution of a greater subjective value to odors.

Keywords: wanting, liking, odor, pleasantness, gender, smells, odors

INTRODUCTION
The sense of smell plays an important role in everyday life. As
olfactory stimuli signal the presence of food and threat, amongst
other things, they affect our behavior and subsequent actions
(Gottfried et al., 2002). Odors can induce subjective feelings of
pleasure and make us come back for more. It has been sug-
gested that these two aspects, the experienced pleasantness of
a stimulus and the motivation to obtain the stimulus, repre-
sent two separate and independent aspects (Berridge, 2009) that
have to be differentiated from each other. For example, a strong
urge to obtain a certain pleasant sensory stimulus may not nec-
essarily mean that one subsequently enjoys its consumption.
These two aspects have been termed “liking” and “wanting”
(Berridge, 2009) and are thought to be mediated by different
brain substrates. Indeed, pharmacological manipulations of these
brain areas can alter “wanting” without affecting “liking” and
vice versa (Berridge, 1996, 2009; Berridge et al., 2009). There
is a rich body of literature on liking and wanting relating to
food (Berridge, 1996, 2009; Berridge et al., 2009; Berridge and
Robinson, 2011) and to the effects of drugs (Wise, 1980, 1996;
Koob, 1992; Harriet, 1996; Spanagel and Weiss, 1999; Kelley
and Berridge, 2002). However, a whole range of other stim-
uli can also cause positive hedonic experiences, such as odors
(Gottfried and Wilson, 2011; Rolls, 2014), pleasant touch (Kida
and Shinohara, 2013a,b; Rolls, 2014), social connection (Morelli
et al., 2014), and music (Menon and Levitin, 2005; Montag
et al., 2011; Salimpoor et al., 2013), to only name a few. It is
as yet unknown whether the differentiation into wanting and

liking also applies to these other types of stimuli, for example,
odors.

The subjective value of odors may also be processed differently
depending on gender. Although men and women have been
reported to have similar sensory abilities when detecting and dis-
criminating odors (Oberg et al., 2002), there are studies showing a
female advantage for familiarity and recognition of odors (Brand
and Millot, 2001), remembering (Klukty, 1990; Oberg et al., 2002)
and identifying odors (Doty et al., 1985; Ferdenzi et al., 2013).
Women were also found to more easily associate an odor with a
term, pointing at better semantic abilities linked to odors (see also
Ferdenzi et al., 2013). However, because of their enhanced associ-
ation ability, it is likely that women’s superiority in these olfactory
tasks is due to cognitive rather than sensory factors.

A further aspect of olfaction in which men and women seem
to differ is the impact of the sense of smell in everyday life. This is
suggested by responses in a questionnaire evaluating the subjec-
tive importance of the sense of smell (Croy et al., 2010), in which
women were found to attribute a higher importance to olfaction
than men did. In the same way, a different study reported a higher
interest in the sense of smell for women than for men (Seo et al.,
2011). This larger interest or importance can be expected to lead
to gender differences in pleasantness ratings.

Furthermore, wanting and liking may change with repeated
exposure. The intensity and perception of odors has been found
to change due to habituation and potential desensitization pro-
cesses (Andersson et al., 2013). However, changes in the subjective
value of an odor may be independent of habituation. For example,
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it has been reported that the perceived pleasantness (“liking”) of
pleasant odors was maintained over repetitions, whereas the per-
ceived unpleasantness of malodors decreased (Croy et al., 2013b).
To prevent habituation, these authors used effect of habituation a
long inter-stimulus interval of 22 s. Applying 96 olfactory stimuli
in a row, they found no signs of habituation for pleasant odors as
measured by intensity ratings and evoked potentials (Croy et al.,
2013b).

The potential persistence of the experienced pleasantness of
odors is relevant for marketing situations. Odors are not only
ubiquitous in shops and restaurants, but are also used for shop
design (Soars, 2009). The perception of diffused pleasant odors
has been shown to contribute to a positive evaluation of a
mall environment, and indirectly to a product’s quality (Chebat
and Michon, 2003). When pleasant odors were used, shop-
pers perceived the time spent in a store as shorter, and their
overall perception of the environment, their purchase intention,
and the likelihood to revisit the store were improved, irrespec-
tive of the nature and the intensity of the odor (Spangenberg
et al., 1996). Another study demonstrated that lavender odor
diffused in a restaurant, compared to a non-smell condition,
increased the duration of stay for customers and the amount
purchased (Gueguen and Petr, 2006). Finally, a study conducted
in a real-life situation (a shopping mall), showed that odors
positively influenced shoppers’ perceptions, but only when the
shop was neither crowded nor empty (Michon et al., 2005).
Thus, if the perceived pleasantness of an odor would remain
constant over repetitions, perfuming shops could be consid-
ered as a selling strategy to keep customers longer inside a
shop.

The present study aimed to investigate whether “want-
ing” and “liking” of odors develop differently over repetitions.
Furthermore, we expected that gender influences the wanting and
liking of odors, because women have been reported to attribute
greater importance to the sense of smell than men do.

METHODS
PARTICIPANTS
In total, 18 subjects, aged between 20 and 36 years (M = 27,
SD = 3.8) were recruited, 9 of them were men and 9 of them
were women. The majority of the participants were students;
some of them had already taken part in a previous, but unrelated
experiment on touch perception. The participants were asked
not to join the experiment if they were suffering from a cold, in
order to avoid reduced olfactory performance. All the participants
signed an informed consent form and received a compensation
for participating in the study (200 SEK per hour).

The study was approved by the ethics committee of the
University of Gothenburg.

MATERIALS
The odor stimuli were delivered in opaque glass bottles (50 ml
capacity) containing odorant diluted in propylene glycol (Sigma
Aldrich, Steinheim, Germany).

A first pre-test served to establish concentrations that were
equal in subjective intensity. The pre-test and its results are
described in the following paragraph.

The sample consisted of 18 students (16 females, 2 males), aged
between 19 and 42 years (M = 28, SD = 6.91), none of which
participated in the later experiment. Four different odors were
presented at 3 different levels of concentration. These odors were
ready-made perfume mixtures (Firmenich, Kerpen, Germany)
smelling of flowers (diluted to 1.8, 5.5, 16.6%), aloe (diluted
to 0.49, 0.96, 1.8%), vanilla (diluted to 0.5, 0.96, 1.8%), and
coconut (diluted to 1.8, 5.5, 16.6%). Two further odors not rel-
evant for the present study were presented in 4 different levels
of concentration. Thus, 20 different stimuli resulted which were
presented in random order. Pleasantness and intensity were rated
on an 11-point scale, pleasantness: −5 (extremely unpleasant)
to 5 (extremely pleasant); intensity: 0 (not intense at all) to 10
(extremely intense). The mean ratings for all participants were
then submitted to two separate repeated-measures ANOVAs with
the factors concentration (low, middle, high) and odor (flower,
aloe, vanilla, coconut). Based on these results, those concen-
trations were selected that were found to differ in perceived
pleasantness, but not in intensity (for mean rating values, see
Table 1). This was the case for coconut (16.6%), vanilla (0.9%),
aloe (0.49%), and flowers (5.5%). Pairwise comparisons with
Bonferroni-corrections showed that vanilla was perceived as less
pleasant than both flowers (p < 0.01) and aloe (p < 0.05). Aloe
was also perceived as more pleasant than coconut (p < 0.05).
For the subsequent experiment, we decided to use the odors
coconut, aloe and flowers, since these three were on average
clearly experienced as pleasant, as compared to vanilla.

Experimental setting and procedure
Prior to the experiment, normal olfactory function was ascer-
tained with the use of the “Sniffin’ Sticks” odor identification
test (Burghart Instruments, Wedel, Germany) (Kobal et al., 1996).
The maximal score to obtain in this test is 16. In the present
study, subjects were included when they had at least 10 correct
answers. The probability of having 10 or more answers right by
pure chance is 0.16%. All the subjects attained this criterion.

The participants were asked to sit on a comfortable chair and
to make their ratings on an iPad (Apple Inc., Cupertino, USA),
which was connected to a PC via iDisplay (SHAPE, Stuttgart,
Germany). The participants wore headphones in order to be able
to better concentrate on their sense of smell and not to be dis-
tracted. Subjects were instructed to smell the three odors flowers,
aloe and coconut, in the concentrations established in the pre-test
and grade their pleasantness on the iPad in front of them. The
odors were contained in opaque glass bottles that were labeled
X, Y, Z. Subjects were told to breathe deeply during the break
between the different smells. Odor presentation was randomized

Table 1 | Mean pleasantness ratings and standard deviations in

parentheses for concentrations similar in perceived intensity, but

differing in perceived pleasantness.

Coconut Vanilla Aloe Flowers

(16.6%) (0.9%) (0.49%) (5.5%)

Intensity 5.78 (1.99) 5.56 (1.76) 5.83 (2.01) 5.39 (3.15)

Pleasantness 1.33 (2.09) −0.17 (2.15) 2.94 (1.11) 2.11 (1.68)
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within 40 triplets (each triplet consisting of aloe, flowers, and
coconut). Thus, each odor was presented 40 times, resulting in
120 trials. The whole session lasted about 36 min.

Odor presentation was guided by a computerized experimen-
tal protocol (programmed in MATLAB, Mathworks, Natick, MA)
visible only to the experimenter. It showed a count-down to
present the odor to the subject at the right time, the type of
odor to administer (X, Y, Z) and the subsequent one. The aver-
age of the inter-stimulus interval between the presentations of
each odor was 18.27 s, thus, 15 s plus the reaction times for lik-
ing and wanting. A count-down was shown on the screen. The
experimenter sat next to the subject and opened the bottle indi-
cated by the program 8 s after the count-down started. The odor
was held directly under the subject’s nostrils for 3 s. During the
remaining 4 s the subjects waited for the rating scale to appear. We
chose a duration of 4 s so that the subjects had time to think about
which rating to give. The experimental procedure is illustrated in
Figure 1.

The ratings were made on a visual analog scale (VAS) pro-
grammed in MATLAB and displayed on the iPad. Two different
VAS were displayed after each other. In the first, subjects were
asked to answer the question “How pleasant was the smell?” This
scale had the endpoints “not at all pleasant” and “very pleasant,”
and was intended to measure the concept of “liking.” In the sec-
ond VAS, subjects were asked to answer the question “How much
do you want to smell this again?” This scale had the end points
“not at all” and “very much,” and was intended to measure the
concept of “wanting.” Each VAS scale disappeared as soon as the
subject had given the rating, or otherwise after 5 s.

Prior to the experiment, at least 4 practice trials without expo-
sition to odors were done so that the subjects got familiar with
making the ratings on the iPad. In the main experiment, none of
the participants exhibited problems with the ratings scales.

Questionnaires
Immediately after each experiment, subjects filled in two dif-
ferent questionnaires assessing several hedonic subjective fea-
tures, administered in English. These questionnaires were the
“BIS/BAS” Scale (Carver and White, 1994) and the “TEPS” (Gard,
2006).

The BIS/BAS Scale (“Behavioral Inhibition and Activation
Systems” Scale) (Carver and White, 1994) is a 24-items question-
naire on a 4-point Likert scale (from 1 = “very true for me” to

4 = “very false for me”) that measures approach behavior (BAS)
and avoidance/withdrawal (BIS). High BAS is generally associated
with high positive affect in response to reward, while high BIS is
associated with high negative affect in response to punishment
(Gray and McNaughton, 1982).

The TEPS (“Temporal Experience of Pleasure Scale”) (Gard,
2006) is a measure specifically designed to capture the individual
trait dispositions in both Anticipatory and Consummatory expe-
riences of pleasure. Specifically, the Anticipatory scale is related
to reward responsiveness and imagery, while the Consummatory
scale is related to openness to different experiences, and appreci-
ation of positive stimuli. It contains 18 statements about different
hedonic situations that may occur in everyday life and it is mea-
sured on a 6-point Likert scale (from 1 = “very false for me” to 6
= “very true for me”).

For both questionnaires, participants were instructed that
there were no right or wrong responses, but subjective ones
related to each person’s own experiences.

STATISTICAL ANALYSIS
All statistical analyses were made using SPSS Statistics version 21
(IBM, Chicago, USA). There were no specific hypotheses about
how liking and wanting or sex may differentially affect the evalu-
ation of the three odors. Therefore, the three odors were collapsed
for the analyses.

Odor identification performance
The olfactory identification scores were compared between men
and women using an independent samples t-test.

Analysis of change of ratings over time
First, it was investigated whether ratings could be predicted from
the number of repetitions. This analysis was done separately for
men and women. To this aim, linear regression analyses were
performed on the single trial data with “liking” as the outcome
variable and the number of repetitions per smell as the predic-
tor. Subsequently, an analogous analysis was performed for the
wanting ratings. For men, two piecewise linear regressions were
performed separately for the ratings of the initial 4 trials and
the remaining trials. This choice was made because the want-
ing ratings of men showed a steep decrease in the first trials
before plateauing. For reasons of consistence, the same analysis
was performed for the liking ratings.

FIGURE 1 | Timeline of the experimental procedure. One trial consisted of the presentation of one smell and 2 subsequent rating scales (for explanation,
see text).
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Comparison of men and women
In order to determine whether the number of repetitions was a
stronger predictor of the liking ratings for males than for females,
a further linear regression analysis was performed with the sin-
gle trials. In this analysis the regression coefficients of men and
women were directly compared. We generated a dummy vari-
able that was coded 1 for female and 0 for male (variable name
“female”), one variable that contained the product of female and
the liking ratings (variable name “femlike”), and a further vari-
able that contained the product of female and the wanting ratings
(variable name “femwant”). Then, “female,” “femlike,” and the
liking ratings were used as predictors in the regression equa-
tion. In this way, the term “femlike” tests the null-hypothesis
that the regression coefficients for females are the same as for
men. The regression coefficients of men and women were com-
pared twice, first between the women’s slope for all trials and the
men’s slope for the first 4 trials (1–4), then between the women’s
slope for all trials and the men’s slope for the remaining trials
(5–40).

The same analysis was performed for wanting ratings, in order
to compare the ratings between men and women. In this analysis,
“female,” “femwant,” and the wanting ratings were used as predic-
tors. Similar to the analysis of liking, the regression coefficients of
men and women were compared twice, first between the women’s
slope for all trials and the men’s slope for the first 4 trials (1–4),
then between the women’s slope for all trials and the men’s slope
for the remaining trials (5–40).

Whereas the regression analyses give information about the
steepness of the change of ratings over time, they do not
inform about the absolute rating values, i.e., whether an odor
is rated as very pleasant or less pleasant in the beginning.
To determine potential differences in these ratings, the sec-
ond rating was selected for each subject and separately for
wanting and liking ratings. The second rating was preferred to
the first, because it was considered to be more reliable. The
first rating may to a larger extent be influenced by novelty
of the task. Also, the standard deviation of the very first rat-
ing appeared to be much higher than the standard deviation
of the second rating. Moreover, despite the practice trials, sub-
jects sometimes missed the first rating when the experiment
started. Therefore, the second rating was used instead of the
first.

The second rating was then submitted to a 2 × 2 repeated
measures ANOVA with “evaluated aspect” (and the levels liking
and wanting) as within-subjects factor and “sex” as between-
subjects factor. Greenhouse-Geisser correction was used to adjust
for violations of sphericity.

Questionnaires analyses
In order to determine whether there were any gender differ-
ences in the questionnaires results, a One-Way ANOVA between
the scores of the questionnaires scales was computed. Level of
significance was set to p < 0.05 for all analyses.

Spearman’s correlations were computed separately for liking
and wanting between the regression slopes, the second rating and
the scores of the questionnaires scales. This procedure was done
separately for men and women.

RESULTS
ODOR IDENTIFICATION PERFORMANCE
Women had a higher sniffing sticks score than men, obtain-
ing a mean sniffing sticks’ score of 13.6 (SD = 1.4) and 12.6
(SD = 1.9), respectively. However, the difference between men
and women was not significant (t = −1.27; p = 0.221).

ANALYSIS OF CHANGE OF RATINGS OVER TIME
On average, subjects missed answering 1.3 liking ratings and 1.9
wanting ratings within 120 trials.

The liking ratings of women did not decrease with the number
of repetitions (t = −1.52, SE = 0.01, R = 0.05, Beta = −0.05,
B = −0.01, p = 0.128) (Figure 2). The liking ratings of men did
not decrease significantly in trials 1–4 (t = −0.66, SE = 0.71,
Beta = −0.11, B = −0.47, p = 0.516), but in the subsequent
trials 5–40 (t = −6.43, SE = 0.01, Beta = −0.20, B = −0.04,
p < 0.001). Thus, the liking ratings of men decreased significantly
over repetitions from the 5th trial and could be predicted from
the number of repetitions, whereas they maintained constant in
women.

The wanting ratings of women decreased with the number
of repetitions (t = −3.26, SE = 0.01, R = 0.10, Beta = −0.10,
B = −0.02, p = 0.001). The wanting ratings of men decreased
in trials 1–4 (t = −3.19, SE = 0.17, Beta = −0.30, B = −0.54,
p = 0.002), but not in the trials 5–40 (t = −1.34, SE = 0.01,
Beta = −0.04, B = −0.01, p = 0.182). Thus, after an initial steep
decrease, wanting ratings maintained constant over repetitions.

COMPARISON OF MEN AND WOMEN
Regarding gender differences, women’s liking rating slopes did not
significantly differ from that of men for trials 1–4 (t = −1.53,
SE = 0.01, Beta = −0.05, B = −0.01, p = 0.127). Therefore, in
the beginning of the experiment, liking ratings showed a simi-
lar pattern over repetitions for both sexes. However, liking ratings
differed significantly between men and women in trials 5–40
(t = 4.08, SE = 0.01, Beta = 0.20, B = 0.03, p < 0.001). Thus,
as the stimulation progressed, liking decreased more in men than
in women, and the number of repetitions was a stronger predictor
for liking in men than in women (Figure 2).

For the wanting ratings, men and women also showed different
results, but in the opposite direction than for the liking rat-
ings. The slope of women differed significantly from that of men
for the trials 1–4 (t = 2.37, SE = 0.22, Beta = 2.60, B = 0.52,
p = 0.018); decreasing at a steeper rate in men than women,

FIGURE 2 | Mean liking ratings of men (left) and women (right) across

the number of repetitions.
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but not for the trials 5–40 (t = −1.41, SE = 0.01, Beta = −0.08,
B = −0.01, p = 0.159). Thus, after the first fast decrease in men,
the wanting ratings showed a similar pattern over repetitions for
both sexes (see Figure 3, for all trials).

The comparison of the second wanting and liking ratings
showed a main effect with tendency toward significance of “eval-
uated aspects” [F(1, 16) = 3.55; p = 0.078] but neither a signif-
icant main effect of “sex” [F(1, 16) = 0.02; p = 0.881], nor a
significant interaction between these two factors [F(1, 16) = 0.22;
p = 0.648]. This means that the second liking rating was slightly
higher than the second wanting rating in both men and women
(compare Table 2).

QUESTIONNAIRES ANALYSES
Significant sex differences were found for BAS Reward
Responsiveness [One-Way ANOVA: F(1, 16) = 8.33, p = 0.011]
and BIS [F(1, 16) = 9.45, p = 0.007] (compare Table 2). Women
were found to be more sensitive to reward than men and also to
be more oriented toward avoidance or withdrawal from negative
stimuli.

No significant correlations were found between the second
ratings and the slopes, neither for liking nor for wanting.

Correlations with the questionnaires scales, performed sepa-
rately for men and women, showed significant correlations for
both sexes (Table 3). In men, the slopes of the liking ratings
1–4 and BAS Reward Responsiveness (r = −0.68, p = 0.043)
were significantly negatively correlated, as were the slopes 5–40
with BAS Reward Responsiveness (r = −0.72, p = 0.029), BIS
(r = −0.71, p = 0.034) and TEPS Anticipatory scale (r = −0.82,
p = 0.007). This means that the steeper the slope, the smaller
men’s reward responsiveness and reward anticipation. The slopes

FIGURE 3 | Mean wanting ratings men (left) and women (right) across

the number of repetitions.

Table 2 | Mean values and standard deviations (SD) for questionnaire

scales and ratings.

Men Women

Mean SD Mean SD

Liking ratings 4.76 2.39 6.22 1.98

Wanting ratings 4.10 2.06 5.14 2.53

BAS reward responsiveness 3.27 0.24 3.60 0.24

BIS 2.71 0.53 3.38 0.38

Initial liking ratings 6.28 2.00 6.69 1.67

Initial wanting ratings 5.66 1.91 6.24 2.17

1–4 of the wanting ratings were also negatively correlated with the
BIS (r = −0.79, p = 0.012).

In women, no correlation between any slope and a ques-
tionnaire score was observed. However, women’s second liking
rating and the TEPS Anticipatory (r = 0.74, p = 0.023) and
Consummatory (r = 0.78, p = 0.014) scales were significantly
positively correlated. That means, the more women were
reward-responsive, open to different experiences and appreciated
positive stimuli, the higher their pleasantness ratings were at the
beginning of the experiment. Moreover, in women, there were
two significant positive correlations between the second wanting
ratings and the TEPS Anticipatory (r = 0.71, p = 0.031) and
Consummatory (r = 0.77, p = 0.016) scales: the more women
were reward-responsive, open to different experiences and
appreciating positive stimuli, the higher their wanting ratings
were at the beginning.

DISCUSSION
It has been suggested that “liking,” the actual affective or hedo-
nic experience, differs from “wanting,” the motivation or urge
to make such experiences (Berridge and Robinson, 2003). The
present study aimed to determine whether such a difference could
also be observed for olfactory stimuli, i.e., pleasant odors. In addi-
tion, we were interested in whether there are potential gender
differences in the appreciation of pleasant odors over repetitions.

Our results suggest that wanting and liking are different con-
cepts also in the domain of olfaction. Firstly, at the first contact
with the olfactory stimulus, the degree of pleasantness is eval-
uated slightly higher than the willingness to be exposed further
to it. More importantly, liking and wanting changed differently
over time. Women “liked,” i.e., continued to find the odors pleas-
ant during the entire experiment, although they did not wish
(“want”) to smell the odors again after a while. Thus, liking per-
sisted in women even after 120 odor presentations in total (40
repetitions per odor), but wanting decreased.

Differently to women, men’s liking decreased only slightly dur-
ing the first 4 expositions, but more steeply afterwards. This fast
decrease in liking after the first 4 trials in men was related to both
reward responsiveness and reward anticipation. The steeper the
slope with which ratings decreased, the less the individual was
responsive to reward. Wanting, in contrast, decreased steeply dur-
ing the first 4 expositions, but to a much lesser extent for the
remaining trials. Thus for men, the very initial ratings are enough
in order not to want being exposed to the same olfactory stimu-
lation again, while afterwards the ratings are still maintained low
but constant. Altogether, wanting and liking developed differently
across repetitions in both men and women.

DIFFERENCES BETWEEN MEN AND WOMEN
In addition to these differences between wanting and liking that
were observed in both men and women, there were also sex differ-
ences for liking and wanting. Women showed a smaller decrease
in liking over repetitions than men. This may be due to the
fact that smells are more important for women than for men
(Croy et al., 2010), or to the fact that women are more inter-
ested in odors than men (Seo et al., 2011). This may be related
to the finding that women’s second liking and wanting ratings
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Table 3 | Correlations between ratings and questionnaires.

Men (N = 9)

Second liking Slope liking

1–4

Slope liking

5–40

Second

wanting

Slope wanting

1–4

Slope wanting

5–40

BAS drive r = −0.01,
p = 0.983

r = 0.15,
p = 0.695

r = −0.14,
p = 0.719

r = 0.23,
p = 0.560

r = −0.07,
p = 0.862

r = −0.01,
p = 0.974

BAS Fun Seeking r = −0.08,
p = 0.841

r = 0.47,
p = 0.199

r = 0.02,
p = 0.964

r = −0.09,
p = 0.822

r = −0.15,
p = 0.702

r = 0.51,
p = 0.161

BAS reward responsiveness r = 0.34,
p = 0.369

r = −0.68,
p = 0.043

r = −0.72,
p = 0.029

r = −0.09,
p = 0.814

r = −0.62,
p = 0.075

r = −0.32,
p = 0.400

BIS r = 0.34,
p = 0.370

r = −0.62,
p = 0.074

r = −0.71,
p = 0.034

r = −0.12,
p = 0.751

r = −0.79,
p = 0.012

r = −0.19,
p = 0.620

TEPS anticipatory r = 0.22,
p = 0.574

r = −0.41,
p = 0.273

r = −0.82,
p = 0.007

r = −0.01,
p = 0.974

r = −0.41,
p = 0.271

r = −0.27,
p = 0.491

TEPS consummatory r = −0.23,
p = 0.544

r = 0.47,
p = 0.203

r = 0.11,
p = 0.788

r = −0.26,
p = 0.498

r = 0.45,
p = 0.220

r = −0.02,
p = 0.966

Women (N = 9)

Second liking Slope liking Second

wanting

Slope wanting

BAS drive r = 0.09,
p = 0.811

r = 0.02,
p = 0.965

r = −0.06,
p = 0.879

r = −0.55,
p = 0.129

BAS fun seeking r = 0.16,
p = 0.690

r = −0.44,
p = 0.238

r = −0.04,
p = 0.930

r = −0.07,
p = 0.859

BAS reward responsiveness r = −0.10,
p = 0.793

r = 0.44,
p = 0.232

r = −0.06,
p = 0.878

r = −0.03,
p = 0.947

BIS r = −0.15,
p = 0.699

r = 0.26,
p = 0.507

r = −0.04,
p = 0.915

r = 0.41,
p = 0.279

TEPS anticipatory r = 0.74,
p = 0.023

r = −0.44,
p = 0.241

r = 0.71,
p = 0.031

r = −0.25,
p = 0.509

TEPS consummatory r = 0.78,
p = 0.014

r = −0.26,
p = 0.500

r = 0.77,
p = 0.016

r = −0.04,
p = 0.921

were significantly correlated to anticipatory and consummatory
experiences of pleasure in the current study. We speculate that,
when approaching pleasant odors, the anticipatory pleasure of
those women who are more reward sensitive may have led to
high expectations, thus, high initial liking and wanting ratings,
and to their constant maintenance over repetitions. However,
replications with a larger number of subjects would be required.

It has also been suggested that women are more attentive to
odors than men from an early age (Ferdenzi et al., 2008), and that
women evaluate odors as more important than men, for exam-
ple when selecting a potential partner (Herz and Inzlicht, 2002).
Moreover, hormonal factors associated with gender differences
may also modulate the perceived pleasantness of odors (Rouby
et al., 2009).

Women and men also differed regarding wanting. Wanting is
conceptualized as the consequence of a process that assigns value
to perceptual events (Berridge and Robinson, 2003). During this
process, sensory and cognitive information is transformed into
attractive and desirable entities. The fact that liking changed in a
different way for men and women may indicate that the repeated
stimulation leads to different hedonic experiences in women and
men, but only after relatively long periods of time. Indeed, at the

very beginning of the stimulation, both men and women liked
the odors to the same degree, whereas after a short while only the
men did not like the odors anymore. On the contrary, wanting
was processed differently only at the beginning of the stimula-
tion, with men showing a sort of “instantaneous rejection” which
settled down afterwards, while women showed a more constant
decrease. Thus, after the initial ratings, men and women behaved
in the same way: they did not wish to smell the odors again and
this feeling maintained constant until the end of the experiment.
These results support the idea that liking and wanting are two
related but different concepts which also act differently between
sexes. In an applied context, women may continue to experience
the repeated exposure to a perfume in odorized shop as pleasant.
In the same way, the repeated smell of a perfume may decrease
the wish to buy it, and this may take much less time in men than
women, both because men start experiencing the smell as less and
less pleasant already after the very first expositions and because
they would avoid to smell it again already after a short while.

In addition to the small sample size, the present study is lim-
ited by the lack of an intensity measure which makes it difficult
to estimate the influence of habituation. However, we assume
that habituation was unlikely to induce the observed variation of

Frontiers in Psychology | Cognitive Science May 2014 | Volume 5 | Article 526 | 174

http://www.frontiersin.org/Cognitive_Science
http://www.frontiersin.org/Cognitive_Science
http://www.frontiersin.org/Cognitive_Science/archive


Triscoli et al. Liking and wanting pleasant odors

pleasantness, since we had an ISI of 18 s, and long ISIs have pre-
viously been found to prevent habituation (Croy et al., 2013a).
Moreover, the different odors were always presented alternat-
ingly, thereby further disrupting a possible process of habituation.
Moreover, habituation does not imply that perception disappears.
If an odor would not be detectable (perceivable) anymore, its
rated pleasantness should be at around 0, which is the neutral
baseline. This was not the case in the present study, which suggests
that the change in pleasantness ratings cannot solely be attributed
to a decrease in detectability.

Finally, the constant order of the “liking” and “wanting” scales
may have induced effects of the first on the second evaluation.
Nevertheless, the ratings for liking and wanting were significantly
different. Thus, even though we cannot exclude an influence of
the liking ratings on the wanting ratings, we still found evi-
dence for the two concepts being different, even in the domain
of olfaction.

Summing up, the experienced pleasantness for olfactory stim-
uli showed a steeper decrease over repetitions for men than
women. Further studies should investigate whether liking and
wanting also differ in other sensory modalities than taste and
smell, and possibly also between men and women.
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Many women report a heightened sense of smell during pregnancy. Accounts of these
anecdotes have existed for over 100 years, but scientific evidence has been sparse
and inconclusive. In this review, I examine the literature on olfactory perception during
pregnancy including measures of self-report, olfactory thresholds, odor identification,
intensity and hedonic ratings, and disgust. Support for a general decrease in olfactory
thresholds (increase in sensitivity) is generally lacking.There is limited evidence that some
suprathreshold measures of olfactory perception, such as hedonic ratings of odors, are
affected by pregnancy, but these effects are idiosyncratic. In this review, I explore the
hypotheses that have been put forth to explain changes in olfactory perception during
pregnancy and provide suggestions for further research.
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INTRODUCTION
Anecdotal reports of heightened sense of smell during preg-
nancy are common, and the majority of pregnant women report
increased olfactory sensitivity (Nordin et al., 2004; Cameron,
2007, 2014). However, the scientific literature on this topic is
rather limited and inconclusive. Heightened sense of smell in
pregnancy is an important topic because it has been hypoth-
esized to be a trigger for nausea and vomiting (Erick, 1995;
Heinrichs, 2002) and an evolutionary mechanism has been pro-
posed – namely that increased olfactory sensitivity protects the
developing embryo by reducing the likelihood that the mother
will ingest toxins (Steiner, 1922; Profet, 1992). In this review, I
summarize the literature on pregnancy and olfaction in humans
and explore the possible mechanisms that could underlie the
changes women often notice in their perception of odors during
pregnancy.

SELF-REPORTED CHANGE IN SENSE OF SMELL DURING
PREGNANCY
The most consistent source of evidence that the sense of smell of
women changes during pregnancy comes from anecdotal reports
and questionnaire studies. It is clear from perusing websites,
reading popular books on pregnancy, and from discussions with
pregnant women, that something in the perception of odors
changes during pregnancy1. As early as 1895, Zwaardemaker
documented that self-reported hyperosmia is common in preg-
nancy, although he also noted that empirical measurements of
this phenomenon were lacking (Zwaardemaker, 1895). Steiner
(1922) reported that almost all pregnant women report a stronger
sense of smell, usually in the early months of pregnancy and
particularly in the first pregnancy. Henssge (1930) described a

1A sample blog post: . . .But there have been some changes [in pregnancy]. Namely,
smell. I smell everything to an acute degree bordering on insanity. Let me clarify that. I
smell everything bad and it’s making me feel like a crazy woman! I smell garbage, gas,
poo, chickens, old eggs, stinky breath, dirty sheets. But flowers and nice perfume? Nah,
can’t smell that. (From http://www.rurallyscrewed.com).

case study in which a 27-year-old pregnant woman reported
that her olfactory “sensitivity increased” and that odors that
were “normally imperceptible were now unbearable.” Henssge
(1930) indicated, in that report, that he encountered frequent
cases of such “hypersensitivity” in the early phases of pregnancy
and although no psychophysical measurements were made, he
stated that “Beyond doubt, the patients experienced these odors in
response to genuine stimuli which were imperceptible to normal
people” 2.

According to two more recent studies, approximately two-
thirds of pregnant women rate their sense of smell as higher
than normal (Cameron, 2007) or as abnormally sensitive (Nordin
et al., 2004). A third study also found pregnant women to rate
their sense of smell as more sensitive compared to controls, par-
ticularly later in pregnancy and even in the postpartum period
(Ochsenbein-Kölble et al., 2007). Cameron (2007) found that 85%
of pregnant women (n = 60) identified at least one odor to which
they were more sensitive and Nordin et al. (2004) reported that,
relative to non-pregnant women (n = 76), more of the preg-
nant women (n = 144) reported “stronger-than-normal smell
sensation” of particular odors, including cooking odors, cigarette
smoke, spoiled food, perfumes, spices, and coffee. This was
particularly evident early in pregnancy. In a subsequent study
using the Chemical Sensitivity Scale for Sensory Hypersensitiv-
ity (Nordin et al., 2003), Nordin et al. (2007) found self-reported
hyperosmia (defined as “increased odor sensitivity during the past
month compared to what is normal to that individual” p. 340)
in pregnant women (n = 95) to be specific to a set of odors,
such as cigarettes, prepared or spoiled food, coffee, gasoline, and
perfumes.

While the preponderance of self-reports appear to reflect olfac-
tory hypersensitivity, it should be noted that not all studies
have found increased self-reported olfactory hypersensitivity in
pregnancy. In fact, one early case study described a 25-year-old

2All quotes from English translation of the abstract.
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pregnant woman with asthma who complained of experiencing
nearly complete loss of sense of smell (and taste) in early
pregnancy, which resolved later in pregnancy (Schmidt, 1925).
Moreover, Gilbert and Wysocki (1991) noted in a sample of 13,610
pregnant and 277,228 non-pregnant women who were part of
the National Geographic Smell Study, that pregnant women rated
their own sense of smell significantly lower than non-pregnant
women on a 5-point Likert scale. Kölble et al. (2001) reported no
significant difference in self-rated sense of smell between 53 preg-
nant and 59 non-pregnant women. The reason for the disparate
data on self-report is unclear, although it does perhaps reflect the
idiosyncratic nature of olfaction in general and olfaction during
pregnancy in specific.

HYPEROSMIA
Given that olfaction is important for detecting danger and enjoy-
ing food as well as for overall quality of life (Deems et al., 1991;
Miwa et al., 2001; Hummel and Nordin, 2005), much research has
focused on the causes and impact of loss of sense of smell, either
hyposmia or anosmia. Relatively less research has explored height-
ened sense of smell or hyperosmia. But hyperosmia is important
because, even if relatively rare, it is thought to be disruptive to nor-
mal functioning (e.g., Erick, 1995; Heinrichs, 2002; Nordin et al.,
2005).

Hyperosmia refers to the condition in which there is an increase
in olfactory sensitivity. Sensitivity is the inverse of threshold,
which in the case of olfaction refers to the minimum concen-
tration of an odor required for its detection. Therefore, an
increase in olfactory sensitivity is equivalent to a decrease in the
threshold for detection of an odor. Hyperosmia is relatively infre-
quently reported and true cases may be relatively rare. There
are reports based on empirical testing that hyperosmia occurs
in patients with temporal lobe epilepsy (Campanella et al., 1978;
Grant, 2005), Addison’s disease (Henkin and Bartter, 1966), and
migraines (Hirsch, 1992). However, these findings are contro-
versial. For example, West and Doty (1995) pointed out that
there is considerable inconsistency in the epilepsy literature,
Murphy et al. (2003) indicated that replications of the findings
for Addison’s disease have not been forthcoming and Demar-
quay et al. (2006) did not find hypersensitivity in patients with
migraines. Moreover, patients with specific complaints of “chemi-
cal hypersensitivity” have normal olfactory thresholds for those
stimuli that have been assessed, namely phenyl ethyl alcohol
(PEA, a rose odor) and methyl ethyl ketone (a common solvent;
Doty et al., 1988).

It is imperative to stress that most reports of “hyperosmia”
or “olfactory hypersensitivity” are anecdotal and lack empirical
verification. In light of evidence that self-reported chemosen-
sory function can be unreliable (Nordin et al., 1995; Landis et al.,
2003; Soter et al., 2008; Shu et al., 2009) it is important that
olfactory sensitivity be measured in cases of suspected hyperos-
mia. Moreover, what is meant by “heightened sense of smell”
or “heightened sensitivity” in the general public may not cor-
respond to the same phenomenon as the hyperosmia defined
by olfactory scientists. Steiner (1922) wondered whether the
self-reported hypersensitivity might actually be a “subjective”
experience.

HYPEROSMIA IN PREGNANCY?
Given that the self-report data suggest the presence of hyperosmia
in pregnancy, it is important to distinguish between the mea-
sures used to assess olfaction in pregnant women, some of which,
at least on the surface, do not appear to measure sensitivity per
se. In general, it has been assumed that “heightened olfactory
sensitivity” or “hyperosmia” refers to reduced olfactory detection
thresholds, although this, in fact, need not be the case. This section
reviews the literature on olfactory detection and recognition
thresholds.

DETECTION THRESHOLDS
Several studies have examined the effect of pregnancy on olfactory
detection thresholds. Kölble et al. (2001) found no significant dif-
ference in olfactory detection thresholds between non-pregnant
women and women in the first trimester of pregnancy3. Thresh-
olds were measured with the odor n-butanol, which has a
window-cleaner like smell, using a staircase procedure in which
the target odor had to be selected from triplets of stimuli (two
“blanks” and one odorant). Savovic et al. (2002) measured olfac-
tory detection thresholds for six odors, namely anethol (aniseed),
vanillin, PEA, citral, menthol, and pyridine (a fishy odor), in 20
non-pregnant and 20 women in their first trimester of pregnancy
using the Fortunato–Niccolini air-dilution olfactometer (Caruso
et al., 2001). Thresholds were determined by the smallest volume
of air, presented during normal inspiration, that resulted in the
detection of an odor. There were no significant differences between
the detection thresholds of pregnant and non-pregnant women.
Laska et al. (1996) measured olfactory detection thresholds lon-
gitudinally across all three trimesters and found no significant
systematic changes across trimesters, nor between the 20 pregnant
and 20 non-pregnant women, although compared to controls,
pregnant women’s thresholds were significantly higher in the first
trimester and significantly lower in the third trimester. Laska et al.
(1996) also used the odorant n-butanol, but with a single ascend-
ing staircase technique. The finding from Laska et al. (1996) is
consistent with Good et al. (1976) who, in a case study, found
that the number of false alarms (responding that the musk-like
compound Exaltolide was present when it was not) decreased
as the woman came closer to parturition. Therefore, her d′ (a
measure of sensitivity derived from signal detection theory; see
Green and Swets, 1966) was higher in the third than the second
trimester. Ochsenbein-Kölble et al. (2007) also showed that olfac-
tory detection thresholds for n-butanol decreased over the course
of pregnancy in 39 women and were statistically lower in the
last trimester and postpartum than that of 45 non-pregnant con-
trols. While the decrease in detection threshold in late pregnancy
is consistent with Laska et al. (1996) and Good et al. (1976), the
postpartum results are surprising and are not consistent with other
reports in the literature on olfactory thresholds in the postpartum
period (see Recognition Thresholds). More recently, Cameron
(2014) measured detection thresholds for PEA longitudinally
across the three trimesters of pregnancy in 23 women and found

3Sample sizes are reported only once for studies that are discussed in multiple
sections of this review. For example, sample sizes for this study were provided in
Section “Self-reported Change in Sense of Smell During Pregnancy.”
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no significant differences in detection threshold between preg-
nant women and 25 non-pregnant controls. This study employed
the standard 1-up, 2-down staircase method, as described by
Doty (2000).

The only study in the literature that clearly demonstrated a
significant decrease in olfactory detection thresholds in early preg-
nancy was conducted by Luvara and Murizi (1961). For each of
four odors (anise, musk ketone, carnation, and citral), the authors
established detection thresholds using the blast-injection tech-
nique (Elsberg and Levy, 1935). There were 47 women tested in
this study, some of whom were tested twice (in two phases of preg-
nancy or during pregnancy and postpartum). I have plotted the
data, provided only in tabular format in the original article, in
Figure 1. Doty (1976) previously conducted statistical analyses of
these data and reported that all comparisons were significant.

Of particular interest, with respect to the purported heightened
sensitivity in early pregnancy, is that there is a significant differ-
ence in thresholds between the first trimester and the postpartum
period. To my knowledge, this constitutes the only empirical sup-
port in the literature for lower olfactory detection thresholds in
early pregnancy4. However, the blast-injection technique, unlike
other measures of threshold, may reflect changes in nasal engorge-
ment in the later stages of pregnancy (see Pregnancy and the
Nose).

4It is worth noting that two unpublished works (Dastur, 2001; Broman et al., 2003)
found decreased odor thresholds in pregnancy. Dastur (2001) reported, in a doc-
toral dissertation, that detection thresholds for PEA were significantly lower in 19
women tested longitudinally across all trimesters of pregnancy compared to 18
non-pregnant controls and the pregnant women tested in the postpartum period.
Broman et al. (2003), in an abstract reported at the Association for Chemoreception
Sciences, found decreased thresholds for pyridine (a fishy odor) in 30 women in the
second trimester of pregnancy compared to 30 non-pregnant women.

FIGURE 1 | Data from Luvara and Murizi (1961). Threshold (in cubic
centimeter, as measured by the blast injection technique) across pregnancy
trimester and postpartum. There were a total of 47 participants; 14–21 per
session and some participated in more than one session.

It is worthy of note that all of the studies that have measured
olfactory detection thresholds in pregnant women have employed
validated methods for measuring thresholds; these methods are
sensitive to differences in smell function between sexes and age
groups (Doty et al., 1984a) and can identify some clinical popula-
tions, such as patients with Alzheimer’s and Parkinson’s (Doty,
2003). Thus, failure to observe changes in olfactory detection
thresholds in pregnant women is unlikely due to the method
employed. However, some cases of increased sensitivity to odors
have been demonstrated using sensitive signal detection measures.
For example, Doty et al. (1981) used such methods to demon-
strate subtle changes in olfactory sensitivity across the menstrual
cycle. Cameron (2014) adopted the same method as Doty et al.
(1981) to measure olfactory sensitivity in pregnant women. After
the assessment of their olfactory detection threshold, partici-
pants completed an additional 75 signal detection trials, using
an odorant whose concentration was close to the participant’s
own threshold. On each trial two jars were presented – on half
of the trials one of the jars contained the weak PEA odorant (“sig-
nal + noise”) and the other the diluent alone (“noise”) and on
the other half of the trials both jars contained the diluent alone
(“noise”). In this method, hits refer to trials in which the sig-
nal was present and the participant said it was and false alarms
refer to trials in which the signal was not present but the partic-
ipant said it was. Hits and false alarms were used to compute d′
(sensitivity) and c (response bias)5. Cameron (2014) employed
this signal detection paradigm, albeit with a smaller number of
trials than used by Doty et al. (1981), and still found no signif-
icant increase in olfactory sensitivity (i.e., no increase in d′) in
pregnant women. The data suggest that pregnant women exhibit
a more liberal criterion (i.e., made more false alarms) early in
pregnancy, although the difference between pregnant and non-
pregnant women was not statistically significant in this small
sample. A more liberal criterion would be consistent with the
greater number of false alarms reported in Good et al.’s (1976) case
study.

In summary, there is only limited evidence for decreased in
olfactory detection thresholds (hyperosmia) in pregnant women,
even using sensitive measures and despite the self-reported
increase in sensitivity.

RECOGNITION THRESHOLDS
Two studies have measured olfactory recognition thresholds in
pregnant women. Hansen and Glass (1936), using a Zwaarde-
maker olfactometer and a method of ascending limits, tested 22
women and found that recognition sensitivity was lower at the end
of pregnancy compared to two postpartum periods (2–3 days or
2–3 months after delivery) for all three odors tested (rubber, rose
oil, and nitrobenzene (bitter almonds)). I have plotted these data
in Figure 2. Doty (1976) reported that the differences between
the thresholds in the two postpartum periods were not statisti-
cally significant, but that they were both significantly lower than
thresholds at the end of pregnancy.

5Sensitivity (d′) = Z (hit rate) − Z (false alarm rate); response bias (c) = −0.5 [Z
(hit rate) − Z (false alarm rate)].
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FIGURE 2 | Data from Hansen and Glass (1936). Sensitivity (inverse of
threshold) for recognition for each of three odors, plotted for the end of
pregnancy and two postpartum test sessions. Zwaardemaker olfactometer
was used to measure thresholds of 22 participants who were followed
longitudinally.

Noferi and Giudizi (1946) compared recognition thresholds
for a lemon odor using the blast-injection technique in a cross-
sectional study. Figure 3 shows that thresholds were significantly
higher in 15 women in late pregnancy compared to 15 non-
pregnant controls and compared to 15 women who were within

FIGURE 3 | Data from Noferi and Giudizi (1946). Recognition thresholds
for non-pregnant, pregnant, and postpartum women. Blast olfactometer
was used to determine recognition thresholds for lemon. There were 15
participants per group in a cross-sectional design.

2 weeks postpartum (Doty, 1976). Again, this may be due to the
method of testing.

In summary, the data on recognition thresholds suggests that
late pregnancy is a period of low sensitivity (recognition thresh-
olds are high) relative to the postpartum period. These results are
inconsistent with the detection threshold results from Cameron
(2014), Good et al. (1976), and Laska et al. (1996) but are consis-
tent with a more recent report of decreased threshold sensitivity
in the third trimester compared with controls (Ochsenbein-Kölble
et al., 2007, using the same methods as Kölble et al., 2001).

OTHER MEASURES OF SMELL FUNCTION IN PREGNANCY
The inconsistency between the self-reported increased olfac-
tory sensitivity in pregnant women and the lack of evidence of
decreased olfactory (detection or recognition) thresholds begs the
following questions: How is olfactory processing affected by preg-
nancy? Do pregnant women outperform non-pregnant women on
other olfactory tasks, such as odor identification? And do pregnant
women rate the intensity and hedonicity of odors differently than
non-pregnant women? This section reviews the literature on the
effect of pregnancy on several measures of olfaction other than
thresholds.

ODOR IDENTIFICATION
Eight studies have assessed odor identification in pregnant women
(Gilbert and Wysocki, 1991; Laska et al., 1996; Kölble et al.,
2001; Savovic et al., 2002; Swallow et al., 2005a; Cameron, 2007;
Ochsenbein-Kölble et al., 2007; Kim et al., 2011).

Gilbert and Wysocki (1991) compared odor identification in
pregnant and non-pregnant women using six odors – isoamyl
acetate (banana/pear), eugenol (the primary component of clove
oil), rose, a mixture of mercaptans (smell added to natural gas),
galaxolide (musky), and androstenone (musky/urine). Partici-
pants were instructed to scratch and sniff the odor and then to
select one of the following words that best described the odor: no
odor, floral, musky, urine, foul, ink, spicy, woody, fruity, burnt,
sweet, and other. They found no significant general effect of preg-
nancy status on odor identification, except that pregnant women
were able to identify clove significantly more readily. Laska et al.
(1996) examined odor identification for 12 odors: all of the odors
employed by Gilbert and Wysocki (1991) except for the mix-
ture of mercaptans, as well as citronelle nitrile (lemon), peanut
aroma, Chanel No. 5, anethole, linalool (lavender), n-butanol
(described by the authors as oily, alcoholic) and a 12-component
mixture. Participants sniffed the odors presented in squeeze bot-
tles and were instructed to generate a name or attempt to describe
the odor6. Despite different methods, the results were consistent
with Gilbert and Wysocki (1991) in that pregnant women outper-
formed non-pregnant women in identifying eugenol. However,
they were less able to provide appropriate descriptors or accurate
names for peanut, banana, aniseed, and lemon.

Kölble et al. (2001) and Ochsenbein-Kölble et al. (2007) mea-
sured odor identification using the 16-item Sniffin’ Sticks (odors
include orange, peppermint, turpentine, cloves, leather, banana,
garlic, rose, fish, lemon, coffee, anise, cinnamon, liquorice,

6No information is provided in that paper as to how those data were coded.
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apple, and pineapple). Kölble et al. (2001) found that, relative
to controls, women in the first trimester of pregnancy tended
to perform more poorly and Ochsenbein-Kölble et al. (2007)
found no significant change across pregnancy status compared
to controls. No data were presented as to the relative ability
to identify specific odors. Consistent with these studies, Kim
et al. (2011) reported no significant difference between 35 preg-
nant and 40 non-pregnant women using the Korean Version
of the Sniffin’ Sticks (KVSS-II test) and Savovic et al. (2002)
found no significant difference in odor identification perfor-
mance of women in their first trimester compared to controls
using the Fortunato–Niccolini olfactometer. Swallow et al. (2005a)
tested odor identification for six odors (three “safe” – straw-
berry, vanilla, and melon and three “potentially harmful” – coffee,
cabbage, and fish) and found no significant difference in odor
identification among three groups – pregnant women (n = 55),
non-pregnant women (n = 42), and men (n = 48) – except for the
strawberry odor. Non-pregnant women outperformed pregnant
women and men, but correct identification overall for strawberry
was relatively poor and worse than for other odors (Swallow, per-
sonal communication). Finally, Cameron (2007) measured odor
identification in pregnant women (20 in each trimester), 20 non-
pregnant controls and 20 women in the postpartum period on
the 40-item scratch and sniff University of Pennsylvania Smell
Identification Test (UPSIT; Doty et al., 1984b) and found no
overall effect of pregnancy status on odor identification. How-
ever, watermelon was identified significantly better by pregnant
women7.

In summary, odor identification has been explored in pregnant
women using a wide range of odors, with several methods, and in
a number of different cultural contexts. There is no evidence that
pregnant women generally identify odors consistently better than
non-pregnant controls. In fact, some studies have even reported
a tendency for worse performance in pregnancy, at least for some
odors (Laska et al., 1996; Kölble et al., 2001; Swallow et al., 2005a).
Notwithstanding these negative findings, there is evidence that
pregnant women identify some odors better than controls [clove
by Gilbert and Wysocki (1991) and Laska et al. (1996); strawberry
by Swallow et al. (2005a), and watermelon by Cameron (2007)],
suggesting that perhaps there is an improved ability to identify
some odors during pregnancy.

INTENSITY RATINGS
Olfactory perception in pregnant women has also been assessed
by means of odor intensity ratings. Gilbert and Wysocki (1991)
found that two odors (isoamyl acetate and a mixture of mercap-
tans) of six were rated as significantly more intense by pregnant
women compared to controls, but they also found that two other
odors (androstenone and galaxolide) were rated as significantly
less intense by pregnant women compared to controls. Likewise,
Cameron (2007) found that overall there was a trend for preg-
nant women, compared to controls, to rate odors as more intense
in the first trimester (∼75% of odors were rated as slightly more

7Dastur (2001) also found no difference between pregnant and non-pregnant
women in UPSIT performance. Performance by odor was not reported in that
study.

intense by pregnant women), but there was a statistically signif-
icant increase in intensity ratings for only three (leather, lemon,
and natural gas) of 39 UPSIT odors.

Laska et al. (1996) reported that intensity judgments were
relatively stable across test sessions and consistent between preg-
nant and non-pregnant women. Pregnant women rated only
two (galaxolide and androstenone) of 12 odors to be statisti-
cally significantly more intense, but this was not consistent, nor
stable across pregnancy. Kölble et al. (2001) and Ochsenbein-
Kölble et al. (2007) had pregnant women rate the intensity of 10
common odors (deodorant, bacon, clove, cigarette butt, coffee,
androstenone, acetic acid, rum, peanut butter, and chocolate).
There were no statistically significant differences in the intensity
ratings between pregnant women and controls in either study.
Swallow et al. (2005a) found no overall difference between groups
in ratings of odor “strength,” although melon was rated to be sta-
tistically significantly stronger by pregnant women compared to
non-pregnant women and men.

In a questionnaire study, Nordin et al. (2004) found the percent-
ages of “stronger-than-normal sensations” to be high for women
in the first two trimesters of pregnancy for most of the 14 odors
investigated. It must be noted, however, that this was a self-report
measure, and not one based on rating of odors that were being
smelled at the time of testing.

In summary, although overall odor intensity ratings do not
appear to be higher in pregnant than non-pregnant women, there
is some evidence that odor intensity ratings for select odors are
higher in pregnant women than in controls.

HEDONICS
Another metric of olfactory perception that has been employed to
assess the impact of pregnancy on olfaction is hedonic or pleas-
antness ratings of odors. Six studies have examined the rating of
odor hedonics in pregnancy (Gilbert and Wysocki, 1991; Laska
et al., 1996; Kölble et al., 2001; Nordin et al., 2005; Swallow et al.,
2005a; Cameron, 2007; Ochsenbein-Kölble et al., 2007). Gilbert
and Wysocki (1991) reported that half of the odors they tested
(galaxolide, eugenol, and mercaptans) were rated as significantly
less pleasant by pregnant women and Kölble et al. (2001) reported
that pregnant women found cigarettes, coffee, and rum to be
significantly less pleasant than controls, although there were no
differences between the groups for hedonic ratings of other odors.
Ochsenbein-Kölble et al. (2007) reported that, compared to con-
trols, pregnant women rated cloves and coffee to be less pleasant
during pregnancy although the differences in ratings for coffee
were only statistically significant in the first trimester. Cameron
(2007) reported there was a tendency for pregnant women to rate
most odors on the UPSIT as less pleasant than controls. Orange,
grape, and natural gas were rated as significantly less pleasant
by pregnant women compared to controls. Swallow et al. (2005a)
reported that overall pregnant women rated odors to be signifi-
cantly less pleasant than did men but that there were no specific
odors that accounted for the result. Laska et al. (1996) reported
considerable variability in hedonic ratings in pregnant women.
Only peanut was statistically significantly rated to be less pleasant
by pregnant women across all trimesters of pregnancy. There was
no consistent pattern across the remainder of the odors.
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There are relatively few studies that report that pregnant women
rate odors as more pleasant. Compared to the odors that are rated
as less pleasant, there are relatively fewer odors that are rated as
more pleasant, and the results are not consistent across pregnancy.
Gilbert and Wysocki (1991) reported that androstenone was rated
as significantly more pleasant in pregnant women (pregnancy
phase not known). Cameron (2007) reported that only one of
39 odors (fruit punch) was rated to be marginally more pleasant
in the first trimester of pregnancy, and Laska et al. (1996) indicated
that clove, aniseed, and perfume were rated as significantly more
pleasant in some trimesters (this varied with odor). Ochsenbein-
Kölble et al. (2007) found that acetic acid was rated as signifi-
cantly more pleasant during the second and third trimesters of
pregnancy.

In addition to rating pleasantness, some studies have asked
pregnant women to identify odors that they find particularly pleas-
ant or unpleasant. Cameron (2007) reported that 90% of pregnant
women identified odors that they found to be less pleasant. In addi-
tion to a range of food odors (e.g., meat, fish, and eggs), pregnant
women indicated that noxious odors such as cigarettes, fumes,
and garbage were particularly unpleasant. They also reported that
some “social odors,” such as body odor, baby odors, and perfume
and colognes were unpleasant8. Cameron (2007) also reported that
less than half as many odors were identified by pregnant women
as being more pleasant, the vast majority of them being foods (e.g.,
pickles, fruits, and spices). It is worthy of note that Steiner (1922)
quoted several women who cited many of these same items – e.g.,
burnt, spoiled or cooked food, cigarette smoke, and perfume – as
being unpleasant, particularly during the early stages of pregnancy.

It is clear from the above that most studies have demonstrated
changes in odor hedonics during pregnancy, typically resulting in
a reduction in the ratings of pleasantness of odors, although this
depends on odor. Anecdotally, pregnant women indicate that the
hedonics of odors change, specifically that odors smell bad or that
they are particularly aware of foul odors (see text footnote 1).

DISGUST
People’s beliefs about the potential danger of exposure to certain
chemicals and odors may be a factor that contributes to dis-
gust. Rozin and Fallon (1987) defined disgust as “revulsion at the
prospect of oral incorporation of offensive objects. These objects
have contamination properties” (p. 23). To the extent that odors
are related to these “offensive objects,” they could be considered to
be a source of contamination.

The finding that many of the odors that are identified as less
pleasant during pregnancy are food related odors or “noxious”
substances, such as cigarettes and smoke, is consistent with the
idea that these odors could be thought by pregnant women to
be contaminants. Moreover, given that there is a change in odor
hedonics in pregnancy, it seems likely that pregnant women would
score particularly high on a measure of disgust. Fessler et al.

8These data are in accord with a large retrospective self-report study by Cantoni et al.
(1999) that was published only in abstract form. Approximately three-quarters of
women reported that there were odors that smelled less pleasant during pregnancy
(e.g., cigarettes, coffee, meat, food in general, diesel exhaust, and sweat). Less than
a quarter of pregnant women reported that there were odors that smelled more
pleasant (fruits, flowers, woodlands, and perfume).

(2005) administered the Disgust Scale (Haight et al., 1994) to 496
pregnant women and reported that women in the first trimester
scored significantly higher on this scale compared to the last two
trimesters of pregnancy.

CLINICAL OR EVOLUTIONARY RELEVANCE
The consistent finding that pregnancy affects the hedonic valence
of odors and the finding that disgust sensitivity is high, partic-
ularly early in pregnancy, leads to two important clinical and
evolutionary questions: What is the relationship between olfac-
tion and nausea and vomiting? And is there support for the embryo
protective hypothesis?

HYPEROSMIA AND NAUSEA AND VOMITING IN PREGNANCY
Nausea and vomiting (“morning sickness”) afflicts about three-
quarters of pregnant women (e.g., Lacroix et al., 2000; Niebyl,
2010). The idea of a causal link between increased olfactory sen-
sitivity and nausea and vomiting is compelling (e.g., Erick, 1995;
Heinrichs, 2002; Niebyl, 2010). Such a link could be important for
understanding and managing maternal nutritional status, which
has a significant impact on fetal well-being and development.
However, this link depends on a heightened sense of smell, which
has yet to be documented. Nonetheless, Heinrichs (2002) reported
a substantial decrease in reports of incidence of nausea and vom-
iting in pregnant women with congenital anosmia (only one of
nine patients). Moreover, Cantoni et al. (1999) reported that 58%
of 500 women responded that there were odors that caused nausea
during pregnancy and Swallow et al. (2005b) found that, in a sam-
ple of 273 pregnant women, those who were adversely affected by
odors scored higher on a measure of the severity of their nausea
and vomiting. However, Hummel et al. (2002) found no signif-
icant correlation between the incidence of self-reported nausea
and vomiting and performance on olfactory detection threshold,
discrimination nor identification tasks in 53 women in the first
trimester of pregnancy. The authors suggested that nausea and
vomiting may not be strongly tied to basic olfactory function.

Classical conditioning could explain the relationship between
the perception of odors and nausea and vomiting in pregnancy.
Perhaps pregnant women rapidly condition to odors that are
present during a moment of nausea and/or vomiting, as in
the Garcia effect (conditioned taste aversion). Thus, a previ-
ously neutral, conditioned stimulus (an odor) becomes associated
with an unconditioned stimulus (whatever instigated the nau-
sea/vomiting) and the conditioned response of nausea/vomiting
becomes elicited by the conditioned stimulus (the odor). Sub-
sequent exposures to that neutral odor could invoke a rapidly
conditioned response (nausea and vomiting). An important aspect
of this hypothesis is that it does not require hyperosmia. The odor
could be present and perceived at essentially any intensity level.
Note that in a study published only in abstract form, Bartoshuk
and Wolfe (1990) reported conditioned aversion that was induced
by smell, but not by taste.

THE EMBRYO PROTECTIVE HYPOTHESIS
It has been argued that hypersensitivity to odors would provide a
protective function for the embryo by limiting what the mother
ingests, particularly early in pregnancy when the embryo/fetus is
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most vulnerable. This notion was proposed as early as 1922 by
Gabriel Steiner (Steiner, 1922) and elaborated more recently by
Margie Profet (Profet, 1992). The hypothesis is that hyperosmia
in pregnancy leads to nausea and vomiting and that this pro-
vides a protective function for the embryo, inhibiting the pregnant
woman from ingesting teratogens during the phase of pregnancy
when the embryo is most vulnerable (the first trimester).

This hypothesis has two significant limitations. First, the evi-
dence for hyperosmia in pregnancy is weak, as demonstrated
in this review. Thus, whatever changes occur in the olfactory
system during pregnancy, it is does not appear to result in
a generalized lowered detection threshold. Therefore, it seems
unlikely that hyperosmia underlies the nausea and vomiting that
would protect the embryo. Second, two studies have directly
tested this hypothesis and neither one support it. Swallow et al.
(2005a) explored odor ratings of liking, strength, and pleas-
antness for six odors, half of which were considered to be
potentially dangerous. Pregnant women did rate odors as signifi-
cantly less pleasant than non-pregnant women or men. However,
there was no significant interaction between group and type of
odor (safe or potentially harmful), which would have indicated
that pregnant women were more averse to potentially harmful
odors. Likewise, Brown et al. (1997) explored the relationship
between the intake of bitter vegetables and other foods thought
to be harmful (Profet, 1992) and the incidence of nausea and
vomiting in a very large sample (n = 549). There were no sig-
nificant differences in the intake of food thought to be harmful
to the developing embryo between the group who had nau-
sea and/or vomiting in early pregnancy and the group that
did not.

MECHANISMS UNDERLYING CHANGES IN OLFACTION
DURING PREGNANCY
Although the data do not support a general hyperosmia, there does
appear to be a change in the perception of odors during pregnancy.
Several mechanisms have been suggested to account for this result.

HORMONES AND SENSE OF SMELL
Levels of circulating gonadal hormones are often proposed as
an explanation for heightened sense of smell. For example, hor-
mone levels are widely believed to explain sex differences, changes
in olfactory sensitivity across the menstrual cycle and for the
purported changes in olfactory processing in pregnancy (for a
review, see Doty and Cameron, 2009). Although olfactory detec-
tion thresholds are correlated with circulating levels of estrogen
in normally cycling women, thresholds also vary similarly across
the menstrual cycle in women taking oral contraceptives, call-
ing into question whether this relationship is causal (Doty et al.,
1981). Estrogen levels rise throughout pregnancy, reaching their
peak shortly before parturition (Gard, 1998). Thus, one would
predict that smell function should improve across pregnancy if
estrogen, alone, were involved. This is neither what is observed
in measures of olfactory perception, nor what is expected based
on self-report. To the extent that one can rely on self-report,
which indicates the largest changes in odor perception (particu-
larly odor hedonicity) occur early in pregnancy, the changing levels
of the hormone human chorionic gonadotropin (hCG) match the

temporal profile of the self-reported changes (Gard, 1998; Niebyl,
2010; and see Figure 4). Thus, hCG might be considered to be a
candidate underlying changes in olfactory perception, or at least
changes in odor hedonicity. Interestingly, incidents of nausea and
vomiting are also correlated with hCG levels in pregnancy (see
Figure 4).

A potentially related condition to the experience of pregnant
women’s sense of smell and its relationship to hCG comes from
people who are on the controversial hCG hormone diet. Developed
by Simeons in the 1950s and sometimes recommended for treat-
ment of obesity, this extremely low calorie diet (500 calories/day)
is coupled with intramuscular injections of hCG. The hormone
is thought to suppress hunger and allow people to remain on the
diet for over a month. This diet gained popularity in the 1970s and
had a resurgence several years ago. In the United States, the Food
and Drug Administration has warned against the use of this diet
because there are no scientific studies that have verified its effec-
tiveness9 and the Obesity Society recently published a position
statement indicating that they do not condone its use10.

People who are injected with hCG as part of this controversial
diet and women who are injected with hCG for infertility treat-
ment report, anecdotally, that their sense of smell is heightened. A
perusal of blog postings indicates that the sort of self-report of this
experience is very similar to the reports of some pregnant women,
particularly in early pregnancy. For example, several people posted
on HCG DIET INFO FORUMS (August 29, 2010):

. . . about the heightened sense of smell . . . but I couldn’t sleep on my left
side last night because I could smell my husband’s breath and I couldn’t
sleep on my right side because I could smell a sealed bottle of incense I had
in my bedside table’s drawer. It’s ridiculous!!

I thought it was just me with the extra sensitive nose lately. I’ve always
had a good “sniffer” but lately I smell everything!

I feel like a superhero or something with this new sense of smell and it is
making me crazy!

9USA Today, 12/6/2011
10http://www.obesity.org/images/TOSpositionPaperlHCGrxObesityRevised12-
12_-_Final_Approved_1-23-13.pdf.

FIGURE 4 | Human chorionic gonadotropin (hCG) levels (and reports of

nausea and vomiting) as a function of number of weeks of pregnancy.

hCG level peaks during the first trimester. From Niebyl (2010), permission
received.
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These sorts of comments are reminiscent of comments by preg-
nant women, including the one reported at the start of this review1.
Here are two responses to that posting:

I’ve always had a sensitive nose and it was magnified by my pregnancy as
well. Horrible. I sometimes find being out in public overwhelming with
all the perfumes and body odors and whatnot.

My second pregnancy was a[n] olfactory nightmare. The dog stunk to high
heaven, my firstborn was a diaper-wearing terror of wafting fumes, and I
actually woke my husband up from a sound sleep to make him go brush
his teeth in the middle of the night. Really.

To my knowledge, no study has examined smell function in
people on the hCG diet. Moreover, no study has measured hor-
mone levels and smell function concomitantly during pregnancy,
but the evidence so far does not suggest a strong correlation
between estrogen and hyperosmia.

COGNITIVE/ATTENTIONAL MECHANISMS
Another possible explanation for the change in odor perception
during pregnancy is that the effect is a more cognitive (high-
level) than sensory (low-level) one. Such a high-level change
in odor processing would not be expected to result in changes
measured by most standard tests of smell function. Evidence
for a high-level mechanism comes from event-related potential
(ERP) data. Olofsson et al. (2005) measured chemosensory ERPs
in 15 pregnant and 15 non-pregnant women and found no sig-
nificant differences between groups in amplitude nor latency of
N1 and P1 components (which reflect sensory processing), but
rather a tendency for shorter latency and higher amplitude of
the more perceptual/cognitive P3 component in the pregnant
group. This suggests that changes may be observed for more
central levels of olfactory processing. This is consistent with the
results reported above that show that relative to later in preg-
nancy, pregnant women exhibited a more liberal criterion in an
odor detection task using a signal detection paradigm in early
pregnancy (Cameron, 2014).

It is worthy of note that pyridine, which has a trigeminal com-
ponent, was used as the stimulus in Olofsson et al.’s (2005) study
[and in the previously mentioned Broman et al.’s (2003) study
that showed significantly reduced thresholds in pregnancy] and
it has been suggested that perceived hyperosmia may be related
to trigeminal function (Nordin et al., 2005). In addition, pyridine
is an unpleasant odor, which may also have been a factor in the
outcome of these studies.

HYPERREACTIVITY
The cognitive hypothesis is consistent with a hyperreactivity
hypothesis: self-reported olfactory hypersensitivity in pregnant
women could reflect a hyper-awareness of or irritation produced
by many odors. This may be analogous to the literature on hyper-
osmia in migraines, as described by Demarquay et al. (2006) “In
the field of migraine and MCS [multiple chemical sensitivity],
this term [hypersensitivity or hyperacuity] is used in a broader
sense, reflecting the discomfort perceived by the patient as an inap-
propriate and excessive odour-induced response.” (Demarquay
et al., 2006, p. 1128). Steiner (1922) suggested that perhaps the
self-reported increased sensitivity in pregnancy was in fact an emo-
tional reactivity. There is some evidence of this from questionnaire

studies. Nordin et al. (2005, 2007) found that pregnant women,
particularly in the first trimester of pregnancy, score higher on the
Chemical Sensitivity Scale for Sensory Hyperreactivity (Nordin
et al., 2003). This lead the authors to conclude that “pregnant
women to a large degree are affected by odorous/pungent sub-
stances in their daily activities” (Nordin et al., 2007, p. 341). They
also conclude that olfaction is the major contributor to this sen-
sory hyperreactivity, and that this hyperreactivity does not extend
to auditory stimuli.

The general decrease in pleasantness of odors during pregnancy
may result in a change in the awareness of or attention to odors.
Bad smells attract our attention. The awareness that is drawn to
the odors may be incorrectly interpreted by pregnant women as
hyperosmia. This is consistent with the correlation between self-
rating of olfactory function and self-rating of odor annoyance in
a sample of 1311 people (Knaapila et al., 2008).

Such a hyperreactivity or hyperawareness may be under rela-
tively high-level, cognitive control. Dalton (1996) demonstrated
that when participants were exposed to the odor isobornyl acetate
(balsam) and told that the odor was a “natural, healthy extract,”
they adapted to it and rated its perceived intensity to be low and
decreasing across exposure duration. On the other hand, when
participants were exposed to the same odor and told that it was
“potentially hazardous” they became sensitized to it and rated its
perceived intensity to be relatively high, particularly toward the
end of the exposure duration. Interestingly, detection thresholds
remained constant, regardless of the nature of the information
given. Risk perception appears to influence perceived odor inten-
sity. Therefore, one possible explanation of self-reported olfactory
hypersensitivity in pregnant women is that it reflects a hyperreac-
tivity to odors that arises from beliefs about health risks associated
with odors. Interestingly, beliefs about the health risks of exposure
to certain odors may or may not occur at the level of conscious
awareness (Dalton, 2012).

PREGNANCY AND THE NOSE
Although the first trimester appears to be the time during which
the greatest changes in perception of odors occur, some of the
detection and recognition threshold data reported above suggested
impaired olfactory function at the end of pregnancy (Hansen and
Glass, 1936; Noferi and Giudizi, 1946; Luvara and Murizi, 1961;
Ochsenbein-Kölble et al., 2007). This may be accounted for by
peripheral mechanisms. For example, nasal airflow varies as a
function of pregnancy status. As with many tissues of the body
the nose becomes more engorged and “stuffy” during pregnancy
(Bende and Gredmark, 1999; Ellegard and Karlsson, 1999; Philpott
et al., 2004). Nasal congestion occurs in the late stages of pregnancy
and thus airflow is reduced, which reduces the ability to perceive
odors.

SUMMARY AND SUGGESTED FURTHER RESEARCH
In this review, I have described all of the extant data on the effect
of pregnancy on olfaction. There is no evidence for a general
hyperosmia during pregnancy, although it must be noted that
there remains a dearth of conclusive studies on this topic. This is
surprising given the abundant anecdotal evidence. Therefore, it
may be premature to draw strong conclusions.
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Several aspects of olfaction and pregnancy require further
study. Perhaps the central issue for further study is the effect of
odorant-specificity on olfactory perception in pregnant women.
Performance on a range of olfactory tasks depends upon the spe-
cific odors presented. Further research is necessary to explore
this phenomenon in more detail, with carefully selected odors.
First, detection and recognition thresholds and odor identifica-
tion should be measured using a broader range of odors, taking
into consideration the hedonic tone of the odors. Second, given
the substantial individual differences in odor preference, further
research is needed to explore whether there are odors that are
commonly reported to be unpleasant by pregnant women (some
evidence suggests that there are). Third, intensity ratings for a
range of odors at a range of concentrations should be established.
Finally, it is important to distinguish between odors that are purely
olfactory and those that contain a trigeminal component. The dif-
ferences in the processing of pyridine by pregnant women in the
studies by Olofsson et al. (2005) and Broman et al. (2003) suggests
that pregnancy may modify the processing of trigeminal stimuli.
This idea deserves further investigation.

Pregnant women have been tested on both low-level threshold
(detection) tasks and high-level suprathreshold (identification)
olfactory tasks, but further research is needed using both types of
task. It is important to distinguish between sensory and cogni-
tive changes in the olfactory system that may be brought about
by pregnancy. First, odor detection across a range of concen-
trations using the method of constant stimuli would enable
an examination of differences between psychometric functions
(e.g., differences in slopes) of pregnant and non-pregnant women.
Second, suprathreshold measurements, such as cross-modal
matching, could reveal differences that have not been demon-
strated with more common methods of measuring olfactory
perception. Future studies could examine performance on tasks
that require olfactory cognition, such as tests of odor memory or
attention.

Further research is needed to examine the complex relation-
ship between hormones and smell function, particularly with
respect to pregnancy. No study has measured hormone levels
and smell function concomitantly in pregnant women, but the
evidence so far does not suggest a clear and causal relation-
ship between estrogen and hyperosmia given the discrepancy
between the self-reported smell function during early pregnancy
and the relatively lower levels of estrogen at that time in preg-
nancy. hCG is thought to stimulate the production of estrogen
(Niebyl, 2010) and it is possible that there is a complex interaction
among hormones that underlies olfactory perception, particularly
in pregnant women.

It is compelling to suppose that there is a link between odors and
the onset of nausea and vomiting in pregnancy. At present there is
no scientific evidence for a direct link, and yet many women can
identify odors that bring on nausea and vomiting. It is worthy of
note that nausea is correlated with ratings of food disgust (Fessler
et al., 2005) and nausea and vomiting is less common in people
with anosmia or hyposmia than in normosmics. Clearly more
study is needed in this area. A better understanding of the rela-
tionship between olfaction and nausea and vomiting in pregnancy
could help the many women who suffer from these symptoms.
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Studies in non-human mammals have identified olfactory signals as prime mediators of
mother-infant bonding and they have been linked with maternal attitudes and behavior in
our own species as well. However, although the neuronal network processing infant cues
has been studied for visual and auditory signals; to date, no such information exists for
chemosensory signals. We contrasted the cerebral activity underlying the processing of
infant odor properties in 15 women newly given birth for the first time and 15 women
not given birth while smelling the body odor of unfamiliar 2 day-old newborn infants.
Maternal status-dependent activity was demonstrated in the thalamus when exposed to
the body odor of a newly born infant. Subsequent regions of interest analyses indicated
that dopaminergic neostriatal areas are active in maternal-dependent responses. Taken
together, these data suggests that body odors from 2 day-old newborns elicit activation
in reward-related cerebral areas in women, regardless of their maternal status. These
tentative data suggests that certain body odors might act as a catalyst for bonding
mechanisms and highlights the need for future research on odor-dependent mother-infant
bonding using parametric designs controlling for biological saliency and general odor
perception effects.

Keywords: body odor, bonding, fMRI, neonatal, reward

The natural body odor of humans consists of a wide range of
volatile and non-volatile compounds (Zeng et al., 1996) that
carry cues conveying such disparate information as individual,
gender, age, or kin identity (Weisfeld et al., 2003; Lundstrom
et al., 2009; Mitro et al., 2012), physiological, stress, and disease
states (McCulloch et al., 2006), and may direct mate selection
and parental investment (Lundstrom and Jones-Gotman, 2009).
Indeed, most of the information that humans attain by visual and
auditory means are available in chemical signals and, even for
humans, these chemical signals may convey much more informa-
tion and influence behavior in ways that are still not appreciated
(Shepherd, 2011).

Body odors are commonly viewed as a negative and large
amount of financial resources and efforts are daily dedicated
to either hiding or eliminating them (Gilbert and Firestein,
2002). However, it is often forgotten that certain body odors
can also be viewed as immensely positive where one of the
more salient and pleasurable experiences reported is the body
odor originating from a new born child (Schaal et al., 1980).
To date, human mother’s behavioral response to neonatal body

odor is well-established and like other neonatal traits, odors
indeed seem to be particularly salient stimuli to post-parturient
women (Schaal et al., 1980). Reciprocally, infants are highly
reactive to maternal odors (Doucet et al., 2009). Such facts sup-
port the notion that body odors serve as a medium for the
mutual exchange of cues and signals that may influence mother
to infant and infant to mother signaling in a manner previously
demonstrated for visual stimuli (Alley, 1981). However, studies
identifying the neural processing of sensory signals mediating
mother-infant bonding have focused near exclusively on visual
and auditory signals, meaning that very little is known of the
neural processing of bonding cues conveyed via our other senses.
Immediately postpartum, odor-based cues direct the newborn’s
orienting decisions in the environment afforded by the mother’s
body (Schaal et al., 2004). This process is bidirectional and human
adult caretakers experience heightened bonding in response to
infant sensory cues as well as to infant-elicited behavior. This
in turn releases nurturing attitudes and responses, and the cor-
relative neural and neuroendocrine cascades, mainly within the
dopaminergic reward system (Insel and Young, 2001).
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Animal studies have addressed the neural substrates underly-
ing a mother’s responses to her infant’s body odor in non-human
animals (for a detailed review, see: Krasnegor and Bridges, 1990);
however, no such study is at hand for our own species. The main
regulator of reward guided learning in humans is the dopaminer-
gic system (Schultz et al., 1997) with areas within the neostriatum
(caudate nucleus and putamen) seen as regulators of the gradual,
incremental learning of rewarding associations (Knowlton et al.,
1996). Here, we employed functional magnetic resonance imag-
ing (fMRI) to measure mothers brain responses to infants’ body
odors in a first attempt to assess whether infants’ body odors
promotes infant-caretaker bonding, i.e., reward based bond-
ing mechanism, akin to what has been reported in the animal
literature.

Assessing perceptual reward outside animal models is an
inherently difficult task that can only be done by indirect
verbal or psychophysiological measures. Verbal assessment of
the levels of reward associated with viewing or smelling an
infant is difficult and naturally fraught with a societal expec-
tation that bias the individual toward a more positive evalua-
tion than experienced (Callan, 1985). Similarly, assessing reward
associations using psychophysiological measures, such as fMRI,
without a strong theoretical assumption of reward based pro-
cessing is indirect at best and often based on inverse infer-
ence. Therefore, based on the assumption that women newly
given birth for the first time (primiparous) would demon-
strate a stronger reward-oriented response to the body odor
of an infant than women not given birth (nulliparous), we
assessed differences between primiparous and nulliparous women
in their neural processing of body odors from newly born
infants.

MATERIAL AND METHODS
PARTICIPANTS
Thirty healthy right-handed, non-smoking women participated.
Fifteen were nulliparous (age range: 19–26 years; mean ± SD:
22.1 ± 1.9 years) and 15 were primiparous, having given birth 3–
6 weeks prior to scanning (age range: 23–36 years; mean: 28.6 ±
4.1 years). The participating primiparous women were older than
the nulliparous women [independent Student’s t-test, t(28)5.4,
p < 0.01]. The post-parturient women were recruited during
their stay in the maternity at the Department of Gynecology at
University of Dresden Medical School. They had all undergone
a healthy pregnancy and delivered vaginally without compli-
cation. At the time of fMRI scanning and testing for infants’
odor, all of the mothers were breastfeeding. Absence of anosmia
in both groups of women were determined using the “Sniffin’
Sticks” screening set comprising a 12 items odor identification
test (Hummel et al., 2001) and an ear-nose-throat (ENT) exami-
nation. Olfactory identification performance did not significantly
differ between the two groups.

All subjects provided written informed consent for their par-
ticipation prior to testing and all aspects of the study were
approved by the Ethics Committee of the Medical Faculty of the
Technical University of Dresden and performed in accord with the
Declaration of Helsinki on Biomedical Studies Involving Human
Subjects.

ODOR STIMULI AND DELIVERY
Neonatal body odors were collected by means of 100% cotton
undershirts from 18 newly born infants. The infants slept in the
undershirt for the first two nights postpartum at the post-delivery
ward. After being worn, undershirts were immediately placed in
odorless zip-lock plastic bag and frozen at −80◦C for a maximum
of 6 weeks. Deep freezing prevented the percept of the sam-
pled body odors from changing over time. All undershirts were
previously washed with an odorless wash powder using standard-
ized procedures before wearing (Lundstrom et al., 2008). One
hour prior presentation to the participants, the undershirts were
thawed and placed in exposure vessels, so-called “gas washing
bottles” of 250 ml volume (NeoLab, Heidelberg, Germany).

All stimuli were presented birhinally using a custom-built
olfactometer. The olfactometer design was based on the same gen-
eral principle as a previously published air-dilution olfactometer
(for extensive description, cf. Lundstrom et al., 2010) and used
a constant flow of humidified, odorless air (3 l/min) which was
delivered through Teflon tubing terminating in Teflon nose pieces
with inner diameters of 4 mm.

IMAGING DESIGN, PROCEDURES, AND fMRI PARAMETERS
The study was performed using a 1.5 Tesla MR-scanner (Sonata;
Siemens, Erlangen, Germany). For anatomic overlays, a T1-
weighted (turboflash sequence) axial scan with 224 slices, voxel
size of 1.6 × 1.1 × 1.5 mm, a repetition time (TR) of 2130 ms,
echo time (TE) of 3.93 ms was acquired. Acquisition of blood-
oxygen-level dependent (BOLD) signal was performed in the
axial plane (oriented parallel to the planum sphenoidale to min-
imize bone artifacts) using a multi-slice spin-echo echo-planar
imaging (SE-EPI) sequence. Scan parameters included a 64 × 64
matrix, voxel size of 3 × 3× 3.75 mm, TR of 2630 ms, and a TE of
45 ms using a total of 24 slices.

The scanning consisted of two identical runs (Figure 1).
Within each run, participants were exposed to 6 body odor
blocks, each 20 s long, and 6 odorless air blocks, also 20 s of length.
Within each block, the stimulus (either body odor or odorless air)
were delivered for 1 s every 4 s with odorless air in-between. This
intermittent on-off paradigm was employed to reduce potential
adaption and habituation. In reality, in the “odorless air” blocks,
this meant that stimuli shifted between odorless air and odorless
air but which acted as a control for potential tactile activation
due to the weak alteration in airflow when shifting between stim-
uli. Each participant received the body odor originating from two
different newborns in a randomized order. Each run contained
both body odors and the primiparous women were not stimu-
lated with body odor originating from their own infant to prevent
a difference in identification between the two subject groups.

FIGURE 1 | Schematic overview of the olfactory presentation protocol

for the imaging session.
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At the very end of the experiment, one additional run consist-
ing of stimuli unrelated to body odor processing were collected
(not presented here). Odors were presented without a cue and
participants were asked to breathe solely through their mouth
by performing the velopharyngeal closing breathing technique
(Kobal, 1981), a technique that removes sniff related effects and
has been used extensively in previous fMRI and EEG odor stud-
ies (Lundstrom et al., 2006; Frasnelli et al., 2012). Although it
is impossible to completely eliminate the potential influence of
the cognitive awareness of the odor’s identity, subjects were never
informed of the stimulus identity. Following presentation of each
run, subjects rated the average intensity, familiarity, and pleasant-
ness of the stimuli on an 11-point category scales (Intensity and
Familiarity: 10 = very intense/very familiar; 0 = odorless/very
unfamiliar; Pleasantness: +5 = very pleasant; 0 = neutral; −5 =
very unpleasant). In subsequent analyses, the pleasantness scale
was converted into a positive scale with −5 being indicated by 0
and +5 by 10.

ANALYSES AND DATA REDUCTION
Neuroimaging data were pre- and post-processed using SPM5
(Wellcome Department of Cognitive Neurology, London, UK,
implemented in Matlab 7.1; MathWorks, Inc., Natick, MA, USA).
Functional data were realigned, motion corrected, re-sliced,
and coregistered to the individual T1 volume by means of
segmentation fitting. Analyses were done on spatially normalized
(stereotactically transformed into MNI ICBM152-space) and
smoothed images (8 mm full width at half maximum (FWHM)
Gaussian kernel) with a final voxel size of 3 × 3× 3 mm. In this
first level analysis, condition-specific beta values (parameter
estimates) were estimated for both the body odor condition and
odorless air condition on an individual level by entering the two
runs as separate sessions and using the full 20 s blocks as event
of interest for each condition. We then contrasted body odor
condition vs. odorless air by the using the estimated movement
parameters, obtained from the motion correction step described
above, as regressors of no interest and filtered with high-pass
filter (cut-off of 128 s).

At the group level, we assessed potential cerebral differences
between primiparous and nulliparous in processing of newborns
body odor, including age as a variable of no interest in all analyses
to remove age-differences, in three ways. We first assessed differ-
ences between the two groups using a between-group t-contrast
for the body odor activity obtain within the first-level analyses.
We then assessed significant activation for the whole group using
a simple t-contrast for the first level contrast body odor vs. odor-
less air. Based on our a priori hypothesis, we employed small
volume corrections (SVC) for areas within neostriate cortex sur-
viving an uncorrected threshold of p < 0.001. We subsequently
performed directed region of interest analyses within areas of sig-
nificance in the whole group analyses by extracting parameter
(beta) values at the specific neostriate areas of interest using an
8 mm search sphere. We then assessed differences within these
areas, based on the extracted parameter estimates, using paired-
samples t-tests and Pearson correlations in the statistical software
SPSS. Finally, as a control for general group differences, we
assessed whether the two groups differed in respect of their neural

response to the clean air condition within a separate model using
a simple t-contrast to maximize power. All imaging statistical
analyses were thresholded using a cluster criterion of three vox-
els and whole brain analyses corrected using a false discovery rate
(FDR) of p < 0.05 unless otherwise noted.

RESULTS
The participating women rated the neonatal body odors as weak,
unfamiliar, and mildly pleasant. On a scale where low values indi-
cate weak, unpleasant, and unfamiliar ratings, the body odor was
rated as 3.4 ± 0.37 (mean ± SEM) for intensity, 6.4 ± 0.23 for
pleasantness, and 3.4 ± 0.29 for familiarity (Figure 2). There
was no significant difference between the two body odor pre-
sentations runs for any of the perceptual ratings as deemed by
separate paired Student’s t-tests. Moreover, there was no signifi-
cant difference between primiparous and nulliparous women in
how intense (3.3 vs. 3.4), how pleasant (6.4 vs. 6.4), or how famil-
iar (3.5 vs. 3.4) they perceived the body odors to be [all t < 0.17,
all p > 0.86].

We initially explored potential differences between primi-
parous and nulliparous women in their processing of newborns
body odor. Primiparous women expressed a significantly greater
activation in the thalamus with no other activations withstanding
statistical whole brain correction (Table 1). The reverse con-
trast (nulliparous vs. primiparous women) did not produce any
activity withstanding whole-brain correction.

We then assessed cerebral responses to infants’ body odor in
all women. During the administration of the neonatal body odor,
the participating women demonstrated an increase in neuronal
response in the putamen, and the medial and dorsal caudate
nucleus (Table 1; Figure 3A). To compare the two groups specifi-
cally within the areas of interest, we did directed region of interest
analyses on the extracted beta-values. Separate Student’s t-tests
illustrated significant differences in both the medial [t(28) = 2.06,
p < 0.05] and dorsal [t(28) = 2.57, p < 0.05] caudate nucleus,
but not in the putamen (Figure 3B), between primiparous

FIGURE 2 | Mean ratings of odor pleasantness, intensity, and

familiarity judgments of post-parturient primiparous mothers and

nulliparous women toward the body odors of 2-day old unfamiliar

neonates.
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Table 1 | Peaks of increased BOLD activation separated by contrast.

Area MNI coordinates Z -value

x y z

CONTRAST PRIMIPAROUS vs. NULLIPAROUS WOMEN

Thalamus −3 −5 3 4.53

CONTRAST INFANTS BODY ODOR vs. ODORLESS AIR

Cerebral areas

Hippocampus 21 −42 0 4.44

Insular cortex −36 −33 21 4.09

Lateral orbitofrontal cortex 39 18 −14 3.79*

Striate areas

Putamen 32 2 12 4.01*

Ventral caudate nucleus −13 3 12 3.77*

Dorsal caudate nucleus −16 −4 16 3.64*

Results marked by * indicate that result is based on small volume correction

(SVC).

FIGURE 3 | Cerebral activations evoked in women smelling the body

odor of an unfamiliar newborn. (A) Blue circle marks the location of
increased activation in the putamen; red circle marks increased activation in
the dorsal caudate nucleus; yellow circle marks increased activation in the
medial caudate nucleus. Display thresholded at z = 2.5, to demonstrate
extent of activations, and activation superimposed on an anatomical
template. Color scale indicates statistical z-values and absolute values can
be found in Table 1. (B) Plots of percentage signal change for peak activity
in the above locations for mothers and controls separately. Bars in graph
represent standard error of the mean.

and nulliparous women. There were no significant correlations
between perceptual ratings and activity with the neostriate areas
[all r < 0.39, all p > 0.05]. Similarly, there was no area of signifi-
cance between the primiparous and nulliparous women in respect
of neural processing of the clean air condition even using a liberal
uncorrected threshold of p < 0.001.

DISCUSSION
These data provides the first demonstration that neural process-
ing of infants body odors are dependent on maternal status.
Although exposed to stimuli of weak perceptual strength, the two
groups differed in thalamic processing. These data also provides
tentative support for our hypothesis that akin to other animals,
cerebral reward learning networks are activated by the detection
of an infant’s body odor. The participating women, indepen-
dent of maternal status, demonstrated increased processing in the
neostriate areas, thus suggesting that a 2 day-old newborn infant’s
body odor may convey cues that can motivate affect in parent or
non-parent females to care for unrelated and unfamiliar infant
alike.

Although the participating women displayed a significant
response to infants’ body odors in neostriate areas, the lack of an
odor control that exhibit an equal amount of biological reward
as the infants body odor, such food or other ecological relevant
odors, means that we cannot directly demonstrate that this is
an effect attributable to infant body odor. However, the direct
comparison between the two groups for identical odors does not
suffer from this potential confounding factor. This comparison
demonstrated a tentative dissociative parental status-dependent
pattern within neostriate areas. Although the neostriate area is
often referred to as one entity, clear and dissociable roles exist
within. Whereas the putamen is often linked to implicit learn-
ing (Packard and Knowlton, 2002), the dorsal caudate nucleus has
been tightly linked with stimulus-response link learning in both
instrumental conditioning and reinforcement studies (O’Doherty
et al., 2004). It is interesting to note that all participating mothers,
individuals who had experienced more recent, longer, and more
affectively-loaded exposure to neonatal body odor than the con-
trols, demonstrated higher activity in the dorsal caudate nucleus
whereas there was no difference in the putamen. This tentative
dissociation in the dorsal caudate, with mothers expressing higher
activation, suggests that mothers are more tuned to the reinforce-
ment process that the interactions with an infant might lead to
in comparison with nulliparous women. This in turn may lead
to an enhanced reward learning mechanism as demonstrated in
several other animals (Packard, 1999). The statistical difference
between the two groups of women did not survive a so-called sta-
tistical whole brain correction for multiple statistical testing; the
demonstrated differences are based on region of interest analyses.
It is, however, prudent to point out that these additional analy-
ses cannot be assumed to be circular, as defined by Kriegeskorte
and colleagues (2009), since they are based on a priori defined
subject grouping unrelated to the analyses in question. Whether
these differences are due to a learned response or to other pro-
cesses, such as a difference in perceived salience or attention
to infant odors, and whether the similarity of responses in the
putamen is mediated by a predisposed motivational brain mech-
anism, remains to be elucidated in future full scale studies. Thus,
although these results indicate that areas commonly involved in
reward processing were activated in response to body odors of
a newborn infant, one should be aware that this is not a causal
demonstration of a novel odor-mediated bonding mechanism. It
is interesting to note, however, that this effect appears similar to
the undifferentiated brain responses of adults toward babies’ faces
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(Glocker et al., 2009). Future studies are needed to rule out other
potential explanation of these results by experimentally manip-
ulating the biological reward that these chemosignals might
communicate.

The body odor of infants also activated the orbitofrontal and
insular cortices (Table 1). Both areas are often reported in neu-
roimaging studies of olfaction (Zatorre et al., 1992; Seubert et al.,
2012) and their exact role in the olfactory system is currently
not clear. Direct anatomical projection exists between the lateral
orbitofrontal cortex and caudate nucleus as well as the ventral
putamen; the two later areas are not commonly activated by
common odors as recently demonstrated by a recent compre-
hensive meta analyses of all published olfactory neuroimaging
studies (Seubert et al., 2012). Similarly, strong connections can
also be seen between the insular cortex and medial putamen and
medial caudate nucleus (Ongur and Price, 2000). Whether this
intimate anatomical connection also implies a functional connec-
tion remains to be determined. It is interesting to note, however,
that the insular cortex has repeatedly been involved in studies
exploring cerebral processing of human body odors (Lundstrom
et al., 2008, 2009; Prehn-Kristensen et al., 2009) as well as in a
study exploring cerebral reward activation from viewing pictures
of babies (Glocker et al., 2009). Whether this is an indication of a
more general processing of body odors or whether it is an indica-
tion of other, related processes, such as emotional signals (Zhou
and Chen, 2009), or just basic odor processing (Seubert et al.,
2012) are ripe for future work.

We did not find any significant activation in the primary
olfactory cortex (piriform cortex) when we contrasted body
odors vs. air (although activation in the lateral orbitofrontal

cortex was observed). One should note, however, that studies
investigating the cerebral processing of body-related odorants
repeatedly report a lack of activations in olfactory related cor-
tices (Lundstrom et al., 2009; Mujica-Parodi et al., 2009; Prehn-
Kristensen et al., 2009). Whether this means that body odors are
partly or exclusively processed outside what is considered primary
and secondary olfactory cortices remains to be elucidated.

In conclusion, the scent of a newborn infant is able to elicit
increased responses in the brain’s neostriatal areas within women
that in previous studies have been closely linked with reward
learning mechanisms (Kelley and Berridge, 2002). These find-
ings tentatively suggest a potential reward mechanism by which
bonding serves to elicit maternal motivational and emotional
responses. A direct and strong causal link between biological
reward and the findings presented in this experiment remains to
be demonstrated in future experiments that directly and experi-
mentally varying the degree of biological reward by means of food
odors or other ecologically salient odors. These findings add to a
growing literature that suggests that cues embedded within the
complex mixture of body odors may be responsible for eliciting
and/or supporting psychobiological processes.
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The molecular mechanism of olfactory cognition is very complicated. Olfactory cognition is
initiated by olfactory receptor proteins (odorant receptors), which are activated by olfactory
stimuli (ligands). Olfactory receptors are the initial player in the signal transduction
cascade producing a nerve impulse, which is transmitted to the brain. The sensitivity
to a particular ligand depends on the expression level of multiple proteins involved in
the process of olfactory cognition: olfactory receptor proteins, proteins that participate
in signal transduction cascade, etc. The expression level of each gene is controlled by
its regulatory regions, and especially, by the promoter [a region of DNA about 100–1000
base pairs long located upstream of the transcription start site (TSS)]. We analyzed single
nucleotide polymorphisms using human whole-genome data from the 1000 Genomes
Project and revealed an extremely high level of single nucleotide polymorphisms in
promoter regions of olfactory receptor genes and HLA genes. We hypothesized that
the high level of polymorphisms in olfactory receptor promoters was responsible for the
diversity in regulatory mechanisms controlling the expression levels of olfactory receptor
proteins. Such diversity of regulatory mechanisms may cause the great variability of
olfactory cognition of numerous environmental olfactory stimuli perceived by human
beings (air pollutants, human body odors, odors in culinary etc.). In turn, this variability
may provide a wide range of emotional and behavioral reactions related to the vast variety
of olfactory stimuli.

Keywords: olfactory cognition, olfactory receptor gene, single nucleotide polymorphism, promoter, 1000 Genomes

Project

INTRODUCTION
Human olfactory perception varies enormously among individ-
uals. People vary both in their general olfactory acuity and in
perceiving specific odors. For example, according to a study
of 391 adult subjects in New York, general olfactory acuity
correlated with age, gender, race, smoking habits, and body
type. Factors found to influence olfactory perception included
race, age, and gender. Over 100 instances in which the inten-
sity or pleasantness perception of an odor varied significantly
among demographic groups were described (Keller et al., 2012).

Abbreviations: 5′UTRs, 5′-untranslated regions; bp, base pairs; CRS, coding
region start; Kb, kilobase (1000 base pairs of DNA); OR, olfactory receptor; SNP,
single nucleotide polymorphism; TSS, transcription start site; Amino acids: A,
Alanine; Ile, Isoleucine; Q, Glutamine; R, Arginine; T, Threonine; W, Tryptophan;
M, Methionine; Thr, Threonine; Nucleotides: A, Adenine; C, Cytosine; G, Guanine;
T, Thymine.

Significant differences in the perception of everyday odors were
revealed in a Japanese–German cross-cultural study. A close
association of pleasantness ratings and edibility judgments was
found, suggesting the particular influence of eating habits on
odor perception (Ayabe-Kanamura et al., 1998). Notable dif-
ferences in perceived odor pleasantness were found in children
with autism spectrum disorders: patients with this disorder per-
ceived the smell of cinnamon and pineapple as significantly
less pleasant compared to healthy controls, the same was true
of cloves (Hrdlicka et al., 2011). Factors influencing human
odor perception are extensively studied (Moshkin et al., 2011;
Seo et al., 2011, 2013; Greenberg et al., 2013). Recent stud-
ies demonstrate that genetic factors may contribute to inter-
individual differences in odor perception (Keller et al., 2007;
Weiss et al., 2011; Knaapila et al., 2012; Mainland et al.,
2014).
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The molecular mechanism of olfactory cognition is very com-
plex. In mammals, the cellular and molecular machinery for
olfactory transduction is located in olfactory epithelium in the
nasal cavity. Odorant transduction is initiated by olfactory (odor-
ant) receptors (ORs), which are located on the membranes of the
cilia that are whip-like extensions of olfactory sensory neurons.

Odorants in the mucus bind directly (or are shuttled via
odorant-binding proteins) to receptor molecules located in the
membranes of the cilia (Supplementary section, Figure S1). The
ligand-bound receptor activates the signal transduction cascade,
which involves G protein (an olfactory specific subtype, Golf),
adenylyl cyclase (AC), the cyclic nucleotide-gated (CNG) ion
channel and several other proteins (Firestein, 2001; De Palo
et al., 2012). Calmodulin (CALM), phosphodiesterase (PDE), β-
arrestin2 (ARRB2), some kinases (PKA, GRK3, ORK), and RGS2
protein (regulator of G-protein signaling) participate in feed-
back mechanisms that olfactory sensory neurons use for adjusting
their sensitivity (Boekhoff et al., 1997; Sinnarajah et al., 2001;
Mashukova et al., 2006; De Palo et al., 2012). A detailed descrip-
tion of this complex intracellular mechanism is presented in
Supplementary section (Part 1).

Mammals have 6–10 million olfactory receptor neurons, which
enable organisms to detect and discriminate thousands of odors
(Buck and Axel, 1991; Firestein, 2001; Glusman et al., 2001;
Olender et al., 2008). There are about 1000 olfactory receptor
genes and pseudogenes in the mammalian genome; thus, it is the
largest gene family in the entire genome (Firestein, 2001; Menashe
et al., 2006). However, in the human genome about 60% of OR
genes seem to be pseudogenes (Gilad et al., 2003; Malnic et al.,
2004; Hasin et al., 2008; Olender et al., 2012). Their genomic
locations show that OR genes are unevenly distributed among 51
different loci on 21 human chromosomes. Sequence comparisons
show that the human OR family is composed of 172 subfami-
lies. Types of odorant structures that can be recognized by some
OR subfamilies and OR gene loci were predicted. (Malnic et al.,
2004). Analysis of interaction profiles for 93 odorants against
219 murine and 245 human ORs gave rise to a predictive model
relating physicochemical odorant properties, OR sequences, and
their interactions (Saito et al., 2009). The model was based on
18 physicochemical odorant descriptors and properties of 16 OR
amino acid residues. It provided a basis for translating odorants
into receptor neuron responses.

Detection of the enormous range of odors requires a combina-
torial strategy. Most odor molecules are recognized by more than
one receptor (perhaps by dozens), and most receptors recognize
several odors, probably related by chemical properties (Firestein,
2001). Each odorant receptor detects distinct sets of odorant
molecules. Different odors activate overlapping but non-identical
patterns of receptors. The cognition of each odor is based on the
detection of signals from different sets of ORs. Two unique struc-
tural and functional features of the olfactory system enable an
ability of the living organism to discriminate a large number of
diverse stimuli. First, each mammalian olfactory sensory neuron
expresses only one of ∼1000 OR genes (Lewcock and Reed, 2004;
Nguyen et al., 2007) In addition, axons from all the cells express-
ing that particular receptor (no matter where they are found on
the epithelial sheet) converge to a single “target” in the olfactory

bulb. These targets are glomeruli, spherical conglomerates of neu-
ropils some 0.05–0.1 mm in diameter that consist of the incoming
axons of olfactory sensory neurons and the dendrites of the main
projection cell in the bulb, the mitral cell (Firestein, 2001).

The sensitivity to a particular ligand depends on the expression
level of multiple proteins involved in olfactory cognition: olfac-
tory receptors, proteins that participate in the signal transduction
cascade, etc. The content of each protein in the cell is controlled
by the expression level of the respective gene.

Transcription is the first step of gene expression at which a
particular segment of DNA is copied into RNA by the complex
enzyme, RNA polymerase. Transcription is precisely regulated
depending on cellular conditions. The transcriptional activity of
each gene is regulated by its promoter region which is located
upstream of the transcription start site (TSS). Promoters contain
specific DNA sequences (transcription factor binding sites), short
regions of DNA (10-20 nucleotides) recognized by regulatory
proteins (transcription factors). Specific interaction of transcrip-
tion factors with DNA sequences within promoter region (alone
or with other proteins in a complex) facilitates the recruitment of
RNA polymerase to specific genes (Merkulova et al., 2013).

Eukaryotic gene regulatory regions may be organized in a com-
plicated manner, so that the regulatory regions of a specific gene
may contain binding sites for more than 20 different transcription
factors (Kolchanov et al., 2000, 2002, 2008; Vaskin et al., 2011–
2012). On the other hand, a great number of different regulatory
proteins are involved in transcription regulation. For instance,
according to recent data, the human genome encodes about 1500
transcription factors (Zhang et al., 2012; Wingender et al., 2013).

The human olfactory receptor promoters have not been stud-
ied sufficiently. Recently, the promoter architecture was char-
acterized in details for 87.5% of the mouse OR genes (Plessy
et al., 2012). It was found that 88.5% of OR promoters were
of the sharp type with only a one dominant TSS position (a
known feature of tissue-restricted transcripts). Moreover, 21%
of OR promoters had a canonical TATA-box (binding site for
TATA-binding protein). The binding of the TATA-binding pro-
tein (TBP), early B-cell factor 1 (EBF1), and myocyte-specific
enhancer factor 2A (MEF2A) to OR promoters was confirmed
by chromatin immunoprecipitation. The results of these exper-
iments suggested that transcription factors TBP, EBF1 (OLF1),
and MEF2A were involved in the regulation of OR expression.

A single nucleotide polymorphism, or SNP, is a variation at
a single position in a DNA sequence among individuals. The
1000 Genomes Project characterizes human genomic variation
by using next-generation sequencing strategies. At present, the
project reports on genomes of 1092 individuals sampled from 14
populations drawn from Europe, East Asia, sub-Saharan Africa
and the Americas. Over 38 million SNPs have been identified
by the 1000 Genomes Project, 58.6% of which were previously
undescribed (1000 Genomes Project Consortium et al., 2012).
According to NCBI’s dbSNP build 138 (http://www.ncbi.nlm.nih.

gov/SNP/), more than half of the total number of SNPs (59.05%),
identified by 1000 Genomes Project, are located in transcribed
regions of the human genome, among which 1.07% of the total
number are located in coding regions (exons). Of the total num-
ber of SNPs, 1.05% are located within the promoter regions of

Frontiers in Psychology | Cognitive Science March 2014 | Volume 5 | Article 247 | 195

http://www.ncbi.nlm.nih.gov/SNP/
http://www.ncbi.nlm.nih.gov/SNP/
http://www.frontiersin.org/Cognitive_Science
http://www.frontiersin.org/Cognitive_Science
http://www.frontiersin.org/Cognitive_Science/archive


Ignatieva et al. Genetic basis of olfactory cognition

genes. The SNP density in the 500 base pair regions upstream
of TSSs is approximately the same as in introns (3.7 SNPs
per 1000 bp). It is considerably higher than in coding regions
(2.4 SNPs per 1000 bp).

Many SNPs located in the upstream regions of genes are likely
to be regulatory. One functional mechanism is that the genetic
variants within upstream regions may influence gene transcrip-
tion by altering the binding affinity of a transcription factor to
the DNA (Chorley et al., 2008; Kim et al., 2008; Benson et al.,
2011). For example, it was estimated that the G→T substitution
(rs1271572) in the ERβ promoter prevented transcription factor
Yin Yang 1 (YY1) binding and reduced its transcription activity.
The TT genotype for rs1271572 was associated with increased
risk for breast cancer in Chinese women and with unfavorable
prognosis in Chinese breast cancer patients (Chen et al., 2013).

In the other study the T(−13,910) variant upstream the
lactase-phlorizin hydrolase gene (LPH) associated with lactase
persistence was found to bind the octamer transcription factor 1
(Oct-1) tighter than the C(−13,910) variant did. The data sug-
gest that the binding of Oct-1 to the T(−13,910) variant directs
elevated lactase promoter activity and this might provide an
explanation for the lactase persistence phenotype in the human
population (Lewinsky et al., 2005).

Two SNPs (T-1993C and T-1514C) in the promoter of the
T box 21 (TBX21) gene involved in control of gene expression
in T cells have been shown to be associated with systemic lupus
erythematosus. Both promoter SNPs effect gene expression by
modulating the affinity of a transcription factor binding sites. The
affinity of the USF-1 transcription factor (upstream stimulatory
factor 1) to the −1514C allele probe was higher than that to the
−1514T allele probe. Individuals carrying the −1514C allele were
found to have significantly reduced expression of TBX21 in com-
parison to those with −1514T allele (Li et al., 2012). In a similar
manner, an effect of the T-1993C SNP on the Yin Yang 1 tran-
scription factor-mediated promoter activity was demonstrated
(Li et al., 2011).

As discussed above, odor discrimination begins with inter-
action of volatile organic compounds with different types of
low-selective olfactory receptors, inducing different patterns of
glomerular activity. Therefore, the patterns of glomerular activity
rather than the activities of individual olfactory sensory neurons
enable living organisms to recognize odors. Thus, the variabil-
ity in expression levels of OR genes caused by SNPs located
in promoter regions may partly explain the variability of olfac-
tory cognition of different olfactory stimuli and interindividual
differences in olfactory perception that are observed in human
populations.

The aim of the study was to analyze single nucleotide poly-
morphisms in promoter regions of human genes controlling
olfactory cognition and transduction of olfactory stimuli in
olfactory sensory neurons. Using data from the 1000 Genomes
Project Consortium we found that 5.5% of human transcripts
possessed extremely high SNPs contents in their upstream regions
(six and more SNPs per 500-bp region). Functional analysis of
this group of transcripts (genes) revealed a large portion of
genes involved in olfactory transduction and antigen processing
and presentation. Most of genes related to these two biological
processes that have six or more SNPs per 500-bp upstream
regions were found to belong to the olfactory receptor or HLA
gene families. Then comparisons among all genes responsible for
olfactory transduction (or antigen processing and presentation,
or olfactory receptors only) and genes from the whole genome
were done. Analysis of transcript distributions as a function of
SNPs contents per 500-bp regions showed that SNP contents
for all three functional groups of genes (transcripts) were higher
than that for the whole genome set of transcripts. In addition,
a similar analysis was performed for longer regions upstream
TSSs (1000-bp long) and regions upstream coding region starts
(CRSs). An increased genetic variability of upstream regions
controlling olfactory transduction and antigen processing and
presentation was also observed in these cases.

MATERIALS AND METHODS
The annotations of genes and SNPs for hg19 assembly of
the human genome were extracted from the UCSC Table
Browser (https://genome.ucsc.edu/cgi-bin/hgTables, the tracks
hg19 RefSeq genes and common SNPs(138), respectively; the latter
track refers to the release 138 of dbSNP, http://www.ncbi.nlm.nih.

gov/SNP). For SNP data, we used additional flags class single and
validation by 1000-genomes. We chose 23,372 transcripts accord-
ing to the following criteria: (a) only curated transcripts remained
in analysis (accession numbers start with NM_, http://www.ncbi.
nlm.nih.gov/books/NBK21091/); (b) only data mapped to chro-
mosomes 1–22, X and Y remained in analysis; (c) if at least
two transcripts have matching TSSs then only one of them is
analyzed. Among selected 23,372 transcripts, 22,290 ones had
annotated 5′-untranslated regions (5′UTRs), which means that
for 22,290 transcripts positions of TSSs and coding region starts
(CRSs) were different. Transcripts were annotated by the length
of their 5′UTRs and gene names. We intentionally left in anal-
ysis transcripts with matching TSSs and CRSs (see Table 1, line
Whole-genome). Finally, for each transcript the SNP content was
determined as the count of SNPs in the 500 bp long region
upstream of the annotated TSS.

Table 1 | The description of sequence sets used in analysis and their classification according to number of unique transcripts or genes and the

presence/absence of annotated 5′-untranslated regions (5′UTRs).

Dataset of transcripts Number of transcripts/genes

Full name Short name Total 5′UTR is annotated 5′UTR is not annotated

Whole-genome 23,372/18,974 22,290/17,961 1082/1013

KEGG pathway Olfactory transduction KEGG_Olf_Tr 414/399 104/92 310/307

KEGG pathway Antigen processing and presentation KEGG_Ant_Pr_Pr 76/70 76/70 0/0

Olfactory receptor genes from HORDE HORDE_ORs 375/372 62/62 313/310
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The DAVID (Database for Annotation, Visualization and
Integrated Discovery) web-based Functional Annotation Tool
(DAVID tool) was applied (Huang da et al., 2007) to the set
of 1258 transcripts, each containing at least six SNPs in the
500-bp region upstream the annotated TSS. The latter dataset
will be designated below as SNP-rich. The DAVID tool per-
forms functional analysis of large gene lists using information
from GO (Gene Ontology) and KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway databases. In GO, genes are
annotated using a fixed vocabulary for the description of (a)
biological processes in which a gene product is involved, (b)
molecular functions which it executes, and (c) cellular com-
partments in which it is located. The GO vocabulary itself
comprises more than 8000 explicitly defined terms and rela-
tions between them. The benefits of using the ontological and
pathway analyses for functional annotation of group of genes
revealed by different criteria have been presented in numerous
publications (Smirnova et al., 2009; Jia and Zhao, 2012). The
DAVID tool, which was applied for our purpose, allows detec-
tion of enriched functionally related gene groups for any specified
gene list.

The result was obtained as a Functional Annotation Chart,
which presents: (a) the list of enriched GO terms and KEGG
pathways associated with the gene list; (b) the numbers of genes
involved in each GO term or KEGG pathway; (c) fold enrichments
for each GO term or KEGG pathway; and (d) the P-values for
each GO term (or KEGG pathway). A Fold Enrichment is defined
by DAVID tool as the ratio of two proportions: the proportion of
genes with the GO category (or involved in the KEGG pathway)
in a gene list under study, and the proportion of genes associated
with the GO category (KEGG pathway) in the human genome.
Usually, groups with fold enrichments 1.5 or more are considered
to be interesting (Huang da et al., 2009). The enriched GO terms
from the biological processes vocabulary were considered in our
study. The significance of GO terms (and biological pathways) is
estimated by DAVID tool on base of the number of genes from
the list under study and the number of genes expected by chance.
The significance of GO terms (or biological pathways) was esti-
mated through the EASE score, a modified Fisher exact p-value (a
built-in function of DAVID tool). The standard significance level
p < 0.05 was applied. The count threshold value was 2 and the
EASE threshold value was 0.1.

Another approach was based on the analysis of distribu-
tion of the SNP content in 500-bp long upstream regions of
human genes from KEGG pathways (http://www.genome.jp/
kegg/pathway.html). KEGG provides a large collection of manu-
ally derived schemes of metabolic and signaling pathways, as well
as of a variety of related diseases and other processes. Namely,
the pathways Olfactory transduction (Pathway_ID—hsa04740)
and Antigen processing and presentation (Pathway_ID—hsa04612)
were considered. In addition, the group of genes encoding ORs
was considered. To estimate the promoter variability for genes
encoding ORs, genes encoding ORs were extracted from HORDE
(The Human Olfactory Data Explorer, http://genome.weizmann.

ac.il/horde/) (Olender et al., 2013).
Final lists of transcripts for three groups were compiled

according to criteria a, b, c, described above in this section for

the whole-genome set of transcripts. The corrected numbers of
transcripts/genes for all groups are given in Table 1.

The distributions of SNP contents for 500-bp long upstream
regions for any kth group (k = 1, 2, 3) of transcripts were com-
pared to that for the whole-genome dataset. The statistical signif-
icance of differences was estimated by Welch’s t-test for angular
(arcsine square root) transformed proportions (Sokal and Rohlf,
1995). The first proportion p1,n(k) was computed as the ratio of
the number of transcripts having at least N SNPs in upstream
regions to the total number of transcripts in kth group. The second
proportion p2,n was calculated similarly for the whole genome
dataset. For the range of thresholds N (from 1 to 20) the angular
transformation y(pi,n) was computed to apply the t-test as fol-
lows: yi = 2 arcsin

(√
pi

)
, where i = 1, 2. Additionally, in order to

take into account missed annotations of 5′UTRs in some tran-
scripts (Table 1), similarly to the aforementioned pipeline for
analysis of 500-bp regions upstream TSSs we performed the cor-
responding analysis for: (a) 1000-bp regions upstream TSSs, (b)
500-bp regions upstream CRSs; in the next cases only transcripts
with distinct annotated TSSs and CRSs were remained in analysis,
(c) 500-bp regions upstream TSSs, and (d) 500/1000-bp regions
upstream CRSs.

RESULTS
HUMAN PROMOTER VARIABILITY FOR THE WHOLE GENOME DATASET
Figure 1 shows the fractions of human transcripts (from the
whole genome dataset of 23,372 transcripts, see Materials and
Methods), possessing at least certain numbers of SNPs (SNP
content) in 500-bp long regions upstream annotated TSSs. This
number of SNPs is designated as the threshold for the SNP
content in upstream region and is marked on the X-axis. The
majority of transcripts have low or intermediate SNP contents
in their 500-bp regions upstream annotated TSSs. For exam-
ple, at least one SNP was found in the upstream regions of
81.5% of transcripts. This means that the other transcripts of
the whole genome dataset (18.5%) do not contain SNP in their

FIGURE 1 | The fraction of human transcripts from the whole genome

dataset (Table 1), possessing at least certain number of SNPs in

500-bp long regions upstream annotated transcription start sites. X
axis—SNP content in 500 bp upstream TSS. Y axis—fraction of the whole
genome dataset of transcripts.
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500-bp long upstream regions. At least two SNPs were observed
in the upstream regions of 15,149 (56.8%) transcripts. However,
at least six SNPs were found in 1,258 (5.5%) transcripts. As it
was mentioned in Materials and Methods, this set of transcripts
was designated as SNP-rich. The highest SNP content (53 SNPs)
was found in the HLA-DQA1 gene. Table S1 presents the list of
all transcripts from the whole-genome dataset with the respective
SNP contents in their 500-bp upstream regions.

BIOLOGICAL PROCESSES AND PATHWAYS OVERREPRESENTED
AMONG GENES WHOSE TRANSCRIPTS WERE FOUND IN THE
SNP-RICH DATASET
GO terms and biological pathways, which were overrepresented
among genes whose transcripts were found to have at least six
SNPs in their 500-bp long upstream regions (SNP-rich dataset)
were selected by applying DAVID tool. As described in Materials
and Methods DAVID annotation implies the classification of gene
product function by relevant GO terms or KEGG pathway. Hence,
in such a way, the gene sets could be functionally annotated and
enriched GO terms and biologically relevant pathways could be
identified. Inspection of GO categories overrepresented in the
SNP-rich dataset revealed two biological processes among the top
ones: sensory perception of smell and antigen processing and presen-
tation. In both cases, fold enrichment exceeded 1.5, and P-Values
were less than 0.01 (Table 2).

According to the DAVID report, the group of genes anno-
tated by the GO term sensory perception of smell includes 45
genes encoding odorant receptors and three other genes: OBP2A
(Odorant-binding protein 2a); GNAL (guanine nucleotide bind-
ing protein (G protein), alpha activating activity polypeptide,
olfactory type); and PDE1C (phosphodiesterase 1C, calmodulin-
dependent 70kDa). The upstream region of OR9G1 (olfactory
receptor, family 9, subfamily G, member 1 gene) was extremely
variable, containing 15 SNPs per 500 bp.

Eighteen genes from SNP-rich dataset were annotated by
the GO category antigen processing and presentation. Among
them, 12 genes (HLA-DQB1, HLA-DRB1, HLA-A, HLA-C,
HLA-B, HLA-DQA2, HLA-G, HLA-DQA1, HLA-F, HLA-DRB5,

HLA-DPA1, HLA-DRA) belonged to the HLA gene family, and six
genes (MICB, MICA, LOC554223, TAP2, ULBP2, CTSE) belonged
to other families. This group contained two genes (HLA-
DQA1, HLA-B) that had the highest promoter SNP contents (53
and 29, respectively) among all genes from the whole-genome
dataset.

Inspection of KEGG pathways whose genes were overrep-
resented in the SNP-rich dataset identified two top pathways:
Olfactory transduction (Pathway_ID—hsa04740) and Antigen pro-
cessing and presentation (Pathway_ID—hsa04612). Since in both
cases the fold enrichment exceeds 1.5 and P-Value is below 0.01
(Table 3), we conclude that genes from these two KEGG path-
ways are significantly overrepresented in the SNP-rich dataset.
A substantial fraction of genes (96%, or 43 of 45) found to be
involved in the olfactory transduction pathway were recognized
as olfactory receptor genes. A half of genes (12 of 22) involved
in antigen processing and presentation pathway belonged to
the family of genes called the human leukocyte antigen (HLA)
complex.

PROMOTER VARIABILITY FOR GENES CONTROLLING OLFACTORY
TRANSDUCTION, ANTIGEN PROCESSING, AND PRESENTATION AND
GENES ENCODING OLFACTORY RECEPTORS
Our second analysis was undertaken to compare promoter vari-
ability for genes controlling olfactory transduction or antigen
processing and presentation to that for the whole-genome dataset.
The lists of genes, belonging to these two pathways were extracted
from the KEGG database. These lists are denoted below as
KEGG_Olf_Tr and KEGG_Ant_Pr_Pr, respectively (Table 1).

Since olfactory receptor genes comprise a large fraction of
genes detected in the SNP-rich dataset by GO and pathway analy-
sis, it was interesting to analyze promoter variability for this genes.
For this purpose, the gene list HORDE_ORs was compiled using
data from HORDE (Table 1).

The comparison of distribution of the SNP content in 500-
bp long regions upstream annotated TSSs in either group of
transcripts and that for the whole-genome dataset shows that
transcripts of all groups tend to have higher SNP contents

Table 2 | Biological processes overrepresented (p < 0.05) in the SNP-rich dataset, which includes transcripts with at least six SNPs in 500-bp

upstream regions.

Biological process

(GO category)

Number of genes from the

SNP-rich dataset
annotated by the category

Fold enrichment p-Value Genes

GO:0007608∼sensory
perception of smell

48 1.7 1.98E-04 OR10A5, OR52H1, OR51B2, OR1L8, OR1A2, OR5D16,
OR52J3, OR51F1, OR1N2, OR8S1, OR1L3, OR11G2,
OR13C5, OR4C16, OR10G9, OR8I2, OR7C2, OR51L1,
OR2C3, OR8G1, OR14C36, OR2AG1, OR2B11, OR8G5,
OR11L1, OR4M2, OR6C74, OR9G1, OR6C75, OR6T1,
OR2W3, OR51G2, OR10Z1, OR12D2, OR5H14, OR10AD1,
OR52E6, OR11H6, OR4A15, OR5H15, OR10Q1, OR4C45,
OR5H6, OR7D4, OR6K6, OBP2A, PDE1C, GNAL

GO:0019882∼antigen
processing and
presentation

18 3.32 3.95 E-05 HLA-DQB1, HLA-DRB1, HLA-A, HLA-C, HLA-B, HLA-DQA2,
HLA-G, HLA-DQA1, HLA-F, HLA-DRB5, HLA-DPA1,
HLA-DRA, MICB, MICA, LOC554223, TAP2, ULBP2, CTSE
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Table 3 | Biological pathways overrepresented (p < 0.05) in the SNP-rich dataset, which includes transcripts with at least six SNPs in their

500-bp upstream regions.

KEGG pathway Number of genes from

the SNP-rich dataset
belonging to the

pathway

Fold enrichment p-Value Genes

Olfactory transduction
(Pathway_ID—
hsa04740)

45 1.68 6.37E-04 OR10A5, OR52H1, OR51B2, OR1L8, OR1A2, OR5D16,
OR52J3, OR51F1, OR1N2, OR8S1, OR1L3, OR11G2, OR13C5,
OR4C16, OR10G9, OR8I2, OR51L1, OR7C2, OR2C3, OR8G1,
OR14C36, OR2AG1, OR2B11, OR8G5, OR11L1, OR4M2,
OR6C74, OR9G1, OR6C75, OR6T1, OR2W3, OR51G2,
OR10Z1, OR12D2, OR10AD1, OR52E6, OR11H6, OR4A15,
OR4C45, OR10Q1, OR5H6, OR7D4, OR6K6, GNAL, PDE1C

Antigen processing
and presentation
(Pathway_ID—
hsa04612)

24 4.0 2.11E-08 HLA-DQB1, HLA-DRB1, HLA-A, HLA-C, HLA-B, HLA-DQA2,
HLA-G, HLA-DQA1, HLA-F, HLA-DRB5, HLA-DPA1, HLA-DRA,
HSP90AB1, IFNA21, KLRC3, IFNA10, KIR2DS4, HSPA2, TAP2,
TAP1, HSPA6, IFNA16, IFNA17, CD4

(Figures 2A–C). To confirm this conclusion, we applied the
t-test for angular transformed proportions (see Materials and
Methods). This test was applied for the range of thresholds of SNP
content (Figure 2D). We concluded that for any threshold of SNP
content from one to nine the significant enrichment of transcripts
with SNPs was observed for all the three gene groups.

To ensure that missed annotation of 5′UTRs for transcripts
of whole genome dataset, and especially for transcripts of
HORDE_ORs and KEGG_Olf_Tr groups (Table 1) cannot sub-
stantially influence our conclusions, we performed additional
analyses.

Below we will use the designations (−1 kb; TSS), (−500;
TSS), (−1 kb; CRS), (−500; CRS) for 1000-bp or 500-bp regions
upstream TSSs or CRSs. The prefixes 5′UTR ≥ 0 or 5′UTR > 0
mean that a 5′UTR may have any length, or only a positive value
is allowed (i.e., the TSS and CRS positions are different). In these
terms, a pipeline analysis in the case 5′UTR ≥ 0_(−500; TSS) is
presented above in this section (Figure 2).

The results, similar to those depicted in Figure 2D, i.e.,
dependencies of the significance of the t-test on the thresh-
old of SNP contents for the different combinations of upstream
region lengths and locations and on 5′UTR′s annotation avail-
ability are presented in Figure S2. We came to the following
conclusions:

(a) 5′UTR ≥ 0_(−1 kb; TSS) case (Figure S2A). We observed
the pattern similar to that in the 5′UTR > 0_(−500; TSS)
case; however, the group of smallest size (KEGG_Ant_Pr_Pr)
revealed very moderate significance of the t-test (p < 0.02 for
at least eight SNPs).

(b) 5′UTR > 0_(−500; TSS) case. All groups show less significant
results than in the 5′UTR ≥ 0_(−500; TSS) case described
above (Figure 2D); nevertheless the significance p < 0.05 is
observed for SNP content thresholds from two to six.

(c) 5′UTR ≥ 0_(−500; CRS) case. The overall results are sim-
ilar to those described previously for the case 5′UTR ≥
0_(−500; TSS).

(d) The 5′UTR > 0_(−500; CRS) and 5′UTR > 0_(−1 kb; CRS)
cases show that only for the latter case an SNPs enrichment is
observed for all three test groups (Figures S2D,E).

The 5′UTR ≥0 (−1 kb; TSS) case proves that the enrichment
of upstream regions with SNPs hardly can strongly depend on
region length. In the 5′UTR > 0_(−500; TSS) case, we are sure
that the enrichment is related to the promoter region of a gene.
The 5′UTR ≥ 0_(−500; CRS) case allows us to suppose that, as
in case of promoter regions, 5′UTRs also have an enrichment of
SNPs for transcripts of all three groups under study. However,
the cases 5′UTR > 0_(−500; CRS) and 5′UTR > 0_(−1 kb; CRS)
argue for the major impact of promoter region in the enrichment
of SNPs in the upstream regions of transcripts classified into three
groups.

DISCUSSION
INCREASED GENETIC VARIABILITY IN THE PROMOTER REGIONS OF
GENES CONTROLLING SENSORY PERCEPTION OF SMELL AND
ANTIGEN PROCESSING AND PRESENTATION
Our study revealed a broad variability of SNP contents in pro-
moters of genes from the whole-genome dataset. Almost a one-
fifth (18.5%) of the total number of promoters had no SNPs
at all (Figure 1). However, a very interesting set of promoters
characterized by high SNP contents (six or more SNPs) was
found. Among the genes with high SNP content in promoters,
three groups were overrepresented according to the DAVID tool
(Huang da et al., 2007): (1) genes controlling the sensory percep-
tion of smell; (2) a specific subset of promoters of sensory per-
ception genes encoding olfactory receptors (ORs), and (3) genes
involved in antigen processing and presentation (Tables 2, 3). We
compared the contents of SNPs in the upstream regions of genes
of the aforementioned groups with that for the whole genome
dataset by Welch’s t-test for angular transformed proportions. It
was shown that promoters of all three groups were character-
ized by increased genetic variability in comparison to that for the
whole genome dataset. The detailed analysis showed that regions
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FIGURE 2 | The comparison of SNP content distributions in

upstream regions of three groups of human transcripts with that

for whole-genome dataset (Table 1). First 500-bp upstream annotated
TSSs are analyzed. The groups are derived from KEGG pathways (A)

Olfactory transduction, (B) Antigen processing and presentation, and (C)

from HORDE. In panels from (A to C) the X axis denotes the SNP

content; the Y axis, the count of transcripts with specific SNPs in the
upstream regions. Panel (D) presents the significances of the t-test (Y
axis), which compare the above-described SNP contents in three groups
with that for the whole genome dataset as a function of the SNP
content (X axis). The t-test was applied as described in Materials and
Methods.

located both upstream and immediately downstream the tran-
scription start, participated in SNPs enrichment (Figure S2). The
clarification of this issue is still hampered by the scarce annotation
of TSSs in genome. Nevertheless, the importance of 5′UTRs for
transcription regulation is still underestimated (Omelina et al.,
2011).

PARALLELISM BETWEEN OLFACTORY COGNITION AND FUNCTIONS OF
THE IMMUNE SYSTEM (ABILITY TO DISTINGUISH BETWEEN SELF AND
NON-SELF)
The whole-genome analysis of the SNP content in promoter
DNA revealed two interesting groups of genes with the high-
est genetic variability: genes controlling sensory perception of
smell and genes responsible for antigen processing and presen-
tation. Actually, the biological functions of these two systems
are similar. As far back as 1975, parallelism and even adaptive
molecular convergence between olfactory cognition, on the one
hand, and the heart of the immune system, its ability to dis-
tinguish between self and non-self, was found (Thomas, 1975).
Both systems are targeted on the reception of extremely variable

chemical compounds in the environment of living organisms
and immune recognition of parasitic and commensal microbio-
tas, which evolve very rapidly. Therefore, it is not surprising that
genes of both these systems have the highest promoter SNP con-
tents among all genes in the human genome. Such extremely
high variability may cause diversity in the expression levels of
olfactory receptors and genes of the immune system as well.
Recently, it has been suggested that OR diversity is maintained
to an extent by balancing selection, similar to that acting upon
the major histocompatibility complex alleles at the population
level (Olender et al., 2012). Our results suggest that regulatory
regions of OR genes and genes responsible for antigen processing
and presentation may also be under such selection.

GENETIC DIVERSITY IN CODING REGIONS OF OR GENES AND
VARIATIONS IN ODOR PERCEPTION
The ability to detect many odors varies among individuals; how-
ever, the contribution of genotype to this variation has been
assessed for relatively few compounds. Several recent studies
demonstrate that the genetic variation in the coding regions of
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human OR genes contributes to the variation in odor perception
among individuals.

The human odorant receptor, OR7D4, is selectively acti-
vated in vitro by androstenone and the related odorous steroid
androstadienone (androsta-4,16-dien-3-one), and it does not
respond to a panel of other 64 odors and two solvents. Genotypic
variation in OR7D4 accounts for a significant proportion of
the valence (pleasantness or unpleasantness) and intensity vari-
ance in perception of these steroidal odors. A common variant
of this receptor contains two non-synonymous SNPs, result-
ing in two amino acid substitutions (R88W, T133M; hence
‘RT’) that severely impair its function in vitro. Human sub-
jects with RT/WM or WM/WM genotypes were less sensitive to
androstenone and androstadienone, and they found both odors
less unpleasant than the RT/RT group did (Keller et al., 2007).
Since androstenone is naturally present in meat derived from
male pigs, the study evaluating the effect of two non-synonymous
SNPs in OR7D4 gene on food preferences was carried out. When
pork containing varying levels of androstenone was cooked and
tested by sniffing and tasting, subjects with two copies of the RT
variant tended to rate the androstenone-containing meat as less
favorable than subjects carrying the WM variant (Lunde et al.,
2012). It was also found that the genetic variation in OR7D4
(variant rs8109935) may influence odor perception (pleasant-
ness/unpleasantness) between heterosexual partners (Sookoian et
al., 2011).

The genetic basis of odorant-specific variations in human
olfactory thresholds, and, in particular, of enhanced odorant
sensitivity (hyperosmia) was explored. The association between
olfactory detection threshold phenotypes for four odorants
and segregating pseudogene genotypes of 43 ORs was exam-
ined (Menashe et al., 2007). A strong association signal was
observed between the SNP variants in OR11H7P and sensitiv-
ity to the odorant isovaleric acid. This association was largely
due to the low frequency of homozygous pseudogenized geno-
type in individuals with specific hyperosmia to this odorant,
implying a possible functional role of OR11H7P in isovaleric acid
detection.

Resting on the fact that smoking behavior has been associated
in two independent European cohorts with the most common
Caucasian human leukocyte antigen (HLA) haplotype (A1-B8-
DR3), a study linking smoking to a distinct OR allele was carried
out (Santos et al., 2008). The non-synonymous SNP within the
OR12D3 gene (rs3749971) was found to be associated with the
HLA haplotype-dependent differential recognition of cigarette
smoke components for the Hungarian cohort. This polymor-
phism leads to a Thr → Ile substitution that affects a putative
ligand-binding region of the OR12D3 protein.

A genetic basis for the ability to detect the flavor compound
cis-3-hexen-1-ol was determined recently (McRae et al., 2012).
This compound is typically described as “green grassy” or the
smell of “cut grass.” One SNP variant (rs28757581), found in
the coding region of the OR2J3 gene, was strongly associated
with cis-3-hexen-1-ol detection threshold concentrations. This
polymorphism encodes a T113A substitution in OR2J3 protein.
The OR2J3 gene contained five predicted haplotypes in the 52
individuals from New Zealand. The majority of the individuals

studied were Caucasians (73.6%), and other subjects were Indians
(13.2%), Asians (11.3%), and Maoris (1.9%). All five haplotypes
were tested in vitro. It was shown that two amino acid substi-
tutions, T113A and R226Q, impaired the ability of OR2J3 to
respond to cis-3-hexen-1-ol, and the presence of both effectively
abolished the response to the compound. The haplotype of OR2J3
containing both T113A and R226Q was responsible for 26.4% of
the variation in cis-3-hexen-1-ol detection in the cohort under
consideration.

THE BIOLOGICAL SIGNIFICANCE OF SNPs LOCATED IN UPSTREAM
REGIONS OF GENES INVOLVED IN OLFACTORY TRANSDUCTION
Evidence for biological significant variation found in the
upstream region of the olfactory receptor 2M7 (OR2M7) gene
was obtained from two unrelated studies. Thirty-eight adult men
and women from Philadelphia (Caucasian; African-American;
Asian etc.) participated in the first study (Pelchat et al., 2011).
One SNP within a cluster of fifty olfactory receptor genes was
found to be associated with the inability to smell the asparagus
odor, which is detected in urine of people who have recently eaten
asparagus. The urine of these people has a sulfurous odor, which
is distinct and similar to cooked cabbage. Asparagusic acid (1,2-
dithiolane-4-carboxylic acid) is found in asparagus, and it may be
the precursor to some of the sulfur metabolites found in aspara-
gus urine. The most common odorant detected in asparagus urine
is methanethiol. The inability to smell the asparagus odor in urine
was associated with the variant rs4481887 located upstream the
OR2M7 gene. The A allele was associated with greater ability to
detect the asparagus odorant than G. There were racial differences
in rs4481887 allele frequency, with Caucasian subjects having a
minor allele frequency of 0.35, whereas there was no observed
genetic variation in subjects of African descent (all genotypes
were GG) (Pelchat et al., 2011). The same allele was associated
with the ability to smell the asparagus odor in the second study,
which reported results for individuals having European ancestry
(Eriksson et al., 2010). Since this SNP is located approximately
9 kb upstream of the OR2M7 translation initiation codon, these
two studies provide the first piece of evidence for significant bio-
logical variation found in the upstream region of an olfactory
receptor gene. It is conceivable that the nucleotide substitution
in this position changes the affinity of some transcription factor
to the DNA region containing the SNP, affecting the OR2M7 gene
expression level.

The obvious demonstration that the nucleotide substitution
in promoter region of gene from olfactory transduction pathway
can alter the binding of a transcription factor and thus result in
impaired gene transcription was obtained for the ADRBK2 gene.
ADRBK2 encodes G-protein-coupled receptor kinase 3R (GRK3)
which participates in termination of olfactory signaling, phos-
phorylating activated olfactory receptors and thus transforming
them to the desensitized state (Boekhoff et al., 1997). It was
demonstrated that the rare variant of SNP G-384A (rs41261045)
disrupts Sp1 transcription factor binding to DNA in vitro, and
increases ADRBK2 promoter-driven expression in cell transfec-
tion models (Zhou et al., 2008). The rare variant of SNP G-384A
was reported to be associated with bipolar disorder in two inde-
pendent samples (Barrett et al., 2003). However, in this case the
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possible effect of the G→A nucleotide substitution on olfactory
cognition has not been studied.

Two SNPs in the upstream region of OR51B4 gene were found
among genetic modifiers of Hb E/b0 thalassemia identified by a
two-stage genome-wide association study (Sherva et al., 2010).
Both SNPs were significantly associated with disease severity. One
SNP (rs10837774) was less than 500 bp upstream from the start
of OR51B4 transcript. The other (rs3886223) located ∼20 kb
upstream from OR51B4 was the most closely associated SNP in
this group, with the common allele contributing to increased risk
of severe disease in an additive fashion.

Thus, only few studies describe the effects of polymor-
phisms found in upstream regions of olfactory receptors genes.
Nevertheless, investigations of SNPs in the upstream regions of
the OR2M7, OR51B4, and ADRBK2 genes involved in olfactory
transduction (Zhou et al., 2008; Eriksson et al., 2010; Pelchat
et al., 2011) as well as SNPs in the upstream regions of ERβ,
LPH, TBX21 and many other genes controlling a variety of cel-
lular processes (Lewinsky et al., 2005; Li et al., 2011, 2012; Chen
et al., 2013) show that such SNPs may have a great impact on
phenotypic traits.

THE EXTREMELY HIGH GENETIC DIVERSITY OF HUMAN OLFACTORY
RECEPTOR GENES ESTIMATED FROM THE 1000 GENOMES PROJECT
DATASET
Olfactory receptor genes are the largest gene family in the
human genome comprising ∼400 genes and ∼600 pseudo-
genes (Firestein, 2001; Hasin et al., 2008; Olender et al., 2012).
Therefore, ORs may be a special challenge for high-throughput
sequencing and genotyping due to the high level of homology
observed in their coding regions. Nevertheless, we believe, that the
high genetic diversity of upstream regions of OR genes observed
in our study could not be explained, entirely or partially, by
incorrect assemblage of the olfactory genome.

First, in both phase 1 and pilot stages of the 1000 Genomes
project the special filter depth threshold was applied to remove
miscalling of SNPs based on the mapping of paralogous sequences
(1000 Genomes Project Consortium et al., 2010). The filters on
coverage and fraction of reads with low mapping quality lead
to the exclusion of a substantial fraction of sites in the genome.
More details are presented in the Supplementary section (Part
3). We are sure that if the upstream regions of olfactory recep-
tor genes had any assembly problems their SNPs would certainly
be excluded from the final SNP set.

Second, an unusually high genetic diversity of genes of
the olfactory transduction pathway was described in the 1000
Genomes Project report (1000 Genomes Project Consortium
et al., 2012). According to table S13 presented in the
Supplementary Information to this report, genes belonging to
the KEGG pathway Olfactory transduction (of which 92% belong
to the odorant receptor family) had the highest SNP content in
coding regions (16.9 SNPs per 1000 bp) among examined KEGG
pathways. As presented in Figure S11b in the Supplementary
Information to 1000 Genomes Project report, the genes from the
olfactory transduction pathway had an excessive number of rare
non-synonymous SNPs and a high level of conservation in the
American ancestry-based group.

Third, an unusually high genetic diversity was found previ-
ously in coding regions of human olfactory receptor genes. On
average, two individuals have functional differences at over 30%
of their odorant receptor alleles (Mainland et al., 2014). The
degree of genomic variation for coding regions of OR genes was
one SNP per 66 bases, 2.5 times larger than in coding exons of
the control genes (Olender et al., 2012). In that study, a com-
prehensive catalog of genetic variability in the human olfactory
receptor genes was compiled. A major resource for this work
was the 1000 Genomes Projects whole genome sequence data,
and to a lesser extent, dbSNP. The authors performed experi-
mental validation of non-functional SNPs using a custom SNP
array (Illumina GoldenGate Genotyping Assay). The final design
included 285 non-functional OR variations, of which 268 were
successfully genotyped in a cohort of 468 individuals of two
ethnicities (validation rate 94%). The majority (65%) of the
unsupported variations were mined from dbSNP (Olender et al.,
2012). We believe that this high validation rate (94%) revealed for
non-functional SNPs in coding regions of OR genes by Olender
et al. (2012) confirms the validity of the 1000 Genomes Projects
data for all olfactory receptor loci in whole.

FINAL CONCLUSIONS
The majority of investigations of OR genes demonstrate that
genetic variability in coding regions of OR genes may be associ-
ated with differences in olfactory cognition and odor perception,
confirming the idea of functional importance of coding SNPs.
The impact of SNPs, located in the 5′regions of OR genes on gene
function and phenotype is still defined very poorly. However, the
examples considered above demonstrate that (a) some polymor-
phic alleles in upstream regions of genes involved in olfactory
cognition may be associated with variations in odor perception;
(b) genetic variation in the promoter region may considerably
impair transcriptional regulation of a particular gene, changing
morphological, behavioral, physical, and/or biochemical traits
of an organism. We suggest that the extremely high SNP con-
tent in the promoters of OR genes revealed in our study causes
variations in gene expression. In turn, the elevated variability in
ORs expression may partly explain individual differences in odor
perception.

The extremely high level of the SNP content in promoters of
olfactory receptor genes revealed in our study raises the ques-
tion about the functional significance of such SNPs for olfactory
cognition as well as about their association with human diseases.
The genome-wide view on human olfaction with the emphasis
on regulatory SNPs may provide understanding of some aspects
of personalized odor coding. Theoretical analysis of the poten-
tial functional role of nucleotide substitutions found in upstream
regions of genes may outline possible molecular mechanisms of
SNP effects at the gene expression level. These two approaches
combined with subsequent experimental verification of theo-
retical assumptions and hypotheses may be helpful for under-
standing the molecular mechanism linking olfactory cognition
with individual emotional and behavioral reactions to a broad
variety of olfactory stimuli: air pollutants, human body odors
(including body odors affected by anxiety or bacteria), odors in
culinary etc.
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Although most odorants we encounter in daily life are mixtures of several chemical
substances, we still lack significant information on how we perceive and how the brain
processes mixtures of odorants. We aimed to investigate the processing of odor mixtures
using behavioral measures and functional magnetic resonance imaging (fMRI). The odor
mixture contained a target odor (ambroxan) in a concentration at which it could be
perceived by half of the subjects (sensitive group); the other half could not perceive the
odor (insensitive group). In line with previous findings on multi-component odor mixtures,
both groups of subjects were not able to distinguish a complex odor mixture containing or
not containing the target odor. However, sensitive subjects had stronger activations than
insensitive subjects in chemosensory processing areas such as the insula when exposed
to the mixture containing the target odor. Furthermore, the sensitive group exhibited
larger brain activations when presented with the odor mixture containing the target odor
compared to the odor mixture without the target odor; this difference was smaller, though
present for the insensitive group. In conclusion, we show that a target odor presented
within a mixture of odors can influence brain activations although on a psychophysical
level subjects are not able to distinguish the mixture with and without the target. On the
practical side these results suggest that the addition of a certain compound to a mixture
of odors may not be detected on a cognitive level; however, this additional odor may
significantly change the cerebral processing of this mixture. In this context, FMRI offers
unique possibilities to look at the subliminal effects of odors.

Keywords: fMRI, smell, olfactory, mixing

INTRODUCTION
Most odors we encounter in daily life arise from the perception
of mixtures of several chemical substances. However, while brain
responses to single odorous compounds have been relatively well-
studied over the last two decades (e.g., Sobel et al., 1998; Savic
et al., 2000; Gottfried et al., 2002; Seubert et al., 2012), we still
lack significant information on how the brain processes mixtures
of odorants.

In one paper brain activations was measured in subjects
who were stimulated with either pure odorants or binary mix-
tures in varying proportions using positron emission tomography
(PET). Mixtures activated the cingulate, parietal and superior
frontal cortex to a larger extent than the single compounds
did. Furthermore, the lateral orbitofrontal cortex (OFC) to be
activated strongest after stimulation with binary mixtures of com-
ponents with the same concentrations (e.g., 50%: 50%), less so
by binary mixtures consisting of single compounds in unequal

Abbreviations: PET, positron emission tomography; OFC, orbitofrontal cortex;
PEA, phenyl ethyl alcohol; AMB, ambroxan; MIX, odor mixture consisting of six
components; MIX+AMB, odor mixture consisting of MIX and AMB; SEN, subject
group sensitive to AMB; INS, subject group insensitive to AMB; CON, odorless
control stimulus (propylene glycol); FWHM, full width at half maximum.

concentrations (e.g., 90%: 10%), and least by single compounds.
The anterior OFC on the other hand was activated by mix-
tures and deactivated by single compounds (Boyle et al., 2009).
Further, using a binary mixture of a pleasant and an unpleasant
component, some brain regions (e.g., OFC) exhibited activation
patterns consistent with the pleasant component whereas activa-
tions of other areas (e.g., anterior cingulate) were consistent with
the unpleasant component (Grabenhorst et al., 2007). However,
although these studies investigated how the brain reacts to mix-
tures consisting of odorants of different concentrations/valence
or of single compounds, it does not yet fully explain the neu-
ral basis of odor mixtures perception. For example, we know
that subjects are not able to perform better than they would by
chance when asked to detect a highly familiar odor within a mix-
ture consisting of 16 different odors (Jinks and Laing, 1999). In
fact, we appear to be able to detect a single component within
a mixture only if the mixture consists of less than five odor-
ants (Livermore and Laing, 1998a,b). Some have put forward
the idea that odorants inhibit each other through competitive
mechanisms at the olfactory receptor cells; thus the spatial code
needed for odor identification may be lost in complex mixtures
(Jinks and Laing, 1999).
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We aimed to investigate odor mixture perception closer by
using functional magnetic resonance imaging (fMRI) to record
brain activation of subjects smelling odor mixtures. To do so, we
wanted to take into account that the sense of smell exhibits a
large variability in the population (Menashe et al., 2007). Even the
simplest of tasks, such as determination of the lowest concentra-
tion needed to perceive an odor—the detection threshold—reveal
huge variations between subjects. For instance, thresholds for
androstadienone and phenyl ethyl alcohol (PEA) in 100 healthy
young subjects—which interestingly were not correlated to each
other—ranged over 12 logarithmic steps, or 4 orders of mag-
nitude (Lundstrom et al., 2003). Moreover, androstadienone
thresholds were bimodal in distribution; the two modes were sep-
arated by a 32 fold increase of concentrations. Extreme cases of a
bimodal distribution can be observed for several odorants, which
a large percentage of the general population cannot perceive at all,
a state termed “specific anosmia” [e.g., androstadienone (Keller
et al., 2007; Frasnelli et al., 2011) and androstenone (Boyle et al.,
2006; Keller et al., 2007)]. One of the odorants for which a large
percentage of the population exhibits either high or low sensitiv-
ity is ambroxan (AMB, with ∼20% of the population exhibiting a
low sensitivity—personal communication, Ursula Huchel), a syn-
thetic compound belonging to the tetranorlabdane oxide class,
which is widely used in perfumes.

We investigated inter-individual differences in mixture pro-
cessing by comparing brain responses to odorous stimuli in two
groups of subjects. Both groups were stimulated with (a) a sin-
gle odorant for which high numbers of people exhibit either high
or low sensitivity (AMB), (b) a complex mixture of several odor-
ants, and (c) a mixture of (a and b). Both subject groups had
similar general olfactory function, as assessed with a standardized
olfactory test. However, one group was relatively insensitive (INS)
to the single odorant, whereas the other group was relatively
sensitive (SEN) to the same odor.

We had three specific hypotheses: firstly, (1) we expected that
the SEN group, but not the INS group, would show measurable
responses toward the single odorant. Secondly, we hypothesized
that (2) the odor mixture would evoke similar activation patterns
in both subject groups. Thirdly, we expected (3) the combination
of the mixture with the single odorant to reveal larger activations
in the SEN group than in the INS group.

On the practical side the current study was meant to investigate
whether FMRI can be used to detect possible subliminal effects of
odors on odor mixtures. Here it is important to say that FMRI
has already been shown to indicate subliminal effects of odors on
brain activation (e.g., Sobel et al., 1999). If this was possible then
FMRI could be used in the future, for example to screen perfumes
for “necessary” and “unnecessary” compounds which may or may
not contribute to the overall effect of an odor on brain activation.

MATERIALS AND METHODS
PARTICIPANTS
The study was approved by the Ethics Board of the Technical
University of Dresden Medical School (EK40022009). All sub-
jects provided written informed consent. Prior to the study we
had screened 58 subjects for their sensitivity to ambroxan (AMB).
AMB is described as warm, slightly woody and voluminous

(personal communication, Ursula Huchel). More importantly,
many people exhibit either a high or a low sensitivity toward AMB
(personal communication, Ursula Huchel). We diluted AMB in
propylene glycol (Sigma, Germany) in a geometric series (1:10)
starting at a 10% dilution. Thresholds were established in a paired
comparison test; starting from the lowest concentration (concen-
tration step 6; or 0.0001%), where AMB was presented together
with a blank; and the subjects’ task was to identify the bottle
containing AMB. If subjects failed to identify the correct bottle,
the concentration was increased, until subjects successfully per-
formed the task three consecutive times. The concentration used
was an estimate of AMB threshold. Our aim was to afterwards
use AMB in a concentration which was below threshold for one
group but above threshold for the other group. We opted for a
concentration of 0.1% AMB, and therefore included only subjects
whose threshold was either above or below that value. We there-
fore considered subjects with an AMB threshold of 2 (equaling
1% AMB) as insensitive (INS); subjects with an AMB threshold
of 4 (equaling 0.01% AMB) and more were considered as sensi-
tive (SEN). We invited 10 subjects of each group to participate in
the scanning session.

This test had the tendency to underestimate the number of
INS. In other words, if in the AMB threshold test a participant
guessed correctly three times in a row he or she was labeled as
SEN. The INS group, however, was not able to distinguish AMB
from a blank three consecutive times on at least 6 trials, which
makes us confident that they did indeed not perceive AMB.

In the INS group [average age: 23.2 (standard deviation: ±3.8)
years] we included 8 mens and 2 womens (3 smokers), in the
SENS group [26.3 (±5.3) years] the ratio was 4:6 (2 smokers). The
difference in sex ratio (Fisher’s exact test), smoker: non-smoker
ratio (Fisher’s exact test) or age (t-test) was not significant. We
excluded subjects with a known history of neurological disorders,
common cold and other states which may interfere with olfactory
function, as well as subjects with a known olfactory dysfunc-
tion. Further, we excluded subjects with contraindications for a
MRI examination. In order to determine normal olfactory func-
tion (and to exclude subjects with general hyposmia), we assessed
detection thresholds for phenyl ethanol (PEA) and odor identifi-
cation in all subjects using the Sniffin’ Sticks test battery (Hummel
et al., 1997).

OLFACTORY TESTING
First, we assessed olfactory threshold to PEA in all subjects with a
staircase method. On a given trial, subjects were presented with
the odorant and with two blanks, in pen-like odor dispensing
devices; their task was to identify the odorant. The odors were
presented in a geometric series (1:2) of sixteen dilutions start-
ing from 4% PEA dissolved in distilled water. Testing started at
the lowest concentration. Concentrations were increased until
correct detection occurred on two consecutive trials; then the
staircase was reversed and moved downward. Threshold was
defined as the mean of the last four out of seven staircase reversal
points. We then tested the subjects’ ability to identify 16 odors.
Subjects were presented, together with the odor, with four cues,
one being the correct answer. We counted the number of cor-
rect responses. After this procedure, we excluded one subject with
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general hyposmia (as indicated by an abnormally high thresh-
old to PEA); thus, a total of 19 subjects were included in the
analysis.

STIMULI
Subjects were tested with three different odors and an odorless
control stimulus. They were exposed to either 0.125% ambroxan
(CAS# 6790-58-5; Henkel, Germany) in propylene glycol (CAS#
57-55-6; Sigma, Germany) (AMB), a 0.05% mixture of several
odorants [consisting in equal parts of (a) 20% citronellol (CAS#
106-22-9), (b) 20% geraniol (CAS# 106-24-1), (c) 20% 2-phenyl
ethanol (CAS# 60-12-8), (d) 5% 1-(1,2,3,4,5,6,7,8-Octahydro-
2,3,8,8-tetramethyl-2-naphthyl)ethan-1-on (CAS# 54464-57-2),
(e) 1% nerol (CAS# 106-25-2), and (f) 1% eugenol (CAS# 97-
53-0) (all odors from Henkel, Germany)] in odorless propylene
glycol (MIX), and a mixture of both (MIX + AMB). The con-
centrations of the single components were selected in order to
be roughly iso-intense, as determined in a pilot experiment.
We selected these odorants because they are frequently used in
scented products and thus should be common to most partici-
pants. Odors were presented in a liquid mixture. In the scanner,
odorless propylene glycol served as a control stimulus (CON).

PROCEDURE
Subjects were tested in one session of ∼1.5 h. After they received
detailed information about the study, they filled out question-
naires [handedness inventory (only right handed participants
were included), self-rating of olfactory function]. We then per-
formed olfactory threshold and identification tests as outlined
above. We next assessed subjects’ ability to distinguish between
MIX and MIX + AMB using an oddball paradigm (Laska et al.,
1997). Subjects were presented with three bottles containing MIX
or MIX + AMB. In each triplet at least one bottle contained one
of the two mixtures (e.g., bottle 1: MIX; bottle 2: MIX; bottle
3: MIX + AMB), in a randomized fashion. The partcicipants’
task was to identify the bottle containing the odd odorant. We
counted the total number of correct discriminations in nine repe-
titions. Subjects were then tested in the MR scanner, which lasted
∼45 min including a total of 4 functional runs as well as an
anatomical scan.

In each functional scan, one of the odor stimuli (AMB, MIX,
or MIX + AMB) or CON was used. Subjects were instructed to
passively smell the odors and to breathe normally; after each run
they were asked to rate the delivered odor. Specifically, subjects
were asked to verbally rate each odor on four dimensions (inten-
sity, pleasantness, familiarity, and reward) using an 11 point scale,
from 0 to 10. Zero indicated a very weak (very unfamiliar, very
weakly rewarding) odor, whereas 10 indicated a very strong (very
familiar, very rewarding) odor. For pleasantness, the scale ranged
from −5 (very unpleasant) to 5 (very pleasant). In this context is
worth noting that pleasantness and reward are related but distinct
dimensions of odor perception (Small et al., 2001).

The anatomical scan lasted 15 min, whereas each of the func-
tional runs lasted 5 min. Subjects were tested in a block design;
during each functional run they were exposed to six “on”-blocks
and six “off”-blocks in a pseudorandomized order. Each of the
twelve blocks lasted 25 s. During the “on”-blocks odorized air

was delivered to both nostrils intermittently (1 s odorized air; fol-
lowed by 2 s no air; this was repeated 8 times, the block ended
with a 1 s stimulation), with a flow of 2 L/min. Odorized air
was delivered independent from the respiratory cycle. During
the “off”-block, subjects received no stimulation. For odor deliv-
ery we used a custom-built device (Sommer et al., 2012), which
allows for stimulation of the subject with odor enriched air
via Teflon tubings; a constant air flow was delivered to either
the subject, after being enriched with the odor in a small glass
bottle, or to the outside of the scanner room, in case the sub-
ject was not stimulated; the lines for the different odors were
completely separated; switching between conditions (odor, no
odor; between different odorants) was controlled by a com-
puter. After each functional run, subjects indicated perceived
intensity, familiarity, pleasantness, and reward on an 11 point
scale ranging from 0 to 10, as previously discussed. We mea-
sured the four dimensions in order to evaluate whether an
additional component changed the perception of the mixture in
any way.

MRI SCANNING
We used a Siemens-Sonata 1.5 T scanner (Siemens, Erlangen,
Germany) for data acquisition. For functional imaging, a spin
echo/echo planar imaging sequence (epfid2d1.64; ep2d.max.bold
protocol) was applied using software version syngo MR 2002B
4VA21A, with echo time (TE) = 35 ms, repetition time (TR) =
3000 ms, flip angle = 90◦, and 1 average. For anatomical overlays,
a T1-weighted (turboflash sequence) axial scan with 224 slices,
voxel size of 1.6∗1.1∗1.5 mm, a repetition time (TR) of 3000 ms,
echo time (TE) of 3.93 ms, and 2 averages (2130/3.93/2) was
acquired.

DATA ANALYSIS
Psychophysical data was analyzed by means of SPSS 16.0 for
Windows (SPSS Inc, Chicago, IL, USA); we computed t-tests to
compare INS and SEN. The MRI data was analyzed by means
of SPM8 (Wellcome Trust) implemented in Matlab (Mathworks,
Natick, MS). Functional data were registered; motion corrected,
and resliced using SPM8 pre-processing procedures. The result-
ing images were co-registered to the corresponding T1 volumes.
We performed the analysis on images that were spatially nor-
malized stereotactically transformed into MNI ICBM152-space;
MNI-template supplied by SPM8) and smoothed [a 8 mm full
width at half maximum (FWHM) Gaussian kernel]. As a second
level analysis, we computed a factorial design with odor (4 lev-
els: CON, AMB, MIX, MIX + AMB) as a within subject factor.
We then contrasted resulting images using a paired sample t-test
to highlight the difference between conditions and effects and
two-sample t-tests for between group analyses. For within group
comparisons (e.g., odor stimulation vs. no odor stimulation in all
subjects) we corrected for whole brain family-wise error thresh-
olding at p < 0.05 (indicated as “corrected”). For between group
comparisons, (e.g., odor stimulation in INS vs. odor stimulation
in SEN) we lowered this criterion to an uncorrected threshold
of p < 0.001 with a cluster criterion of five voxels (indicated as
“uncorrected”). Brain areas were labeled using the Mai atlas (Mai
et al., 2008).
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FIGURE 1 | Results for the threshold assessment (in log2 of the stock

solution) for ambroxan (AMB) and the control odor phenyl ethyl

alcohol (PEA) and in both groups of subjects (black bar: subjects

insensitive to ambroxan; gray bar: subjects sensitive to ambroxan).

Error bars indicate standard errors. Asterisk indicates a significant difference
between subject groups for AMB; no difference was observed for PEA.

Table 1 | Subjective evaluation of odors in the scanner.

Odor Dimension INS average

(standard

deviation)

SEN average

(standard

deviation)

p (t-test);

uncorrected

AMB Hedonic 0.1 (2.6) 1.1 (3.2) 0.47

Intensity 3.0 (2.7) 3.1 (3.6) 0.95

Familiarity 2.1 (2.8) 3.8 (4.1) 0.31

Reward 1.6 (2.2) 1.6 (3.8) 0.98

MIX Hedonic 0.8 (1.9) 2.1 (2.0) 0.16

Intensity 2.8 (3.4) 2.5 (3.1) 0.86

Familiarity 2.0 (3.1) 3.7 (3.2) 0.26

Reward 2.1 (2.9) 2.8 (2.4) 0.59

MIX + AMB Hedonic 0.1 (1.7) 2.1 (2.5) 0.06

Intensity 2.9 (2.4) 3.0 (2.5) 0.92

Familiarity 1.0 (2.5) 4.2 (2.7) 0.016

Reward 0.9 (2.6) 3.2 (2.5) 0.06

RESULTS
PSYCHOPHYSICAL DATA
The thresholds for PEA (INS: 10.7 [1.7]; SEN: 11.8 [±0.5]; n.s.;
Figure 1) and identification scores (INS: 12.7 [±1.2] of 16; SEN:
13.7 [±1.2] of 16; n.s.) were not significantly different between
groups. Although exhibiting a different sensitivity to AMB, both
groups performed similarly when discriminating between MIX
and MIX + AMB (INS: 4.0 [±0.4] of 9; SEN: 3.6 [±0.9] of 9;
n.s.). In fact no subject in either group was able to distinguish the
odors above chance levels. Additionally, with the exception of the
familiarity of MIX + AMB, which was significantly more famil-
iar for SEN than for INS (p = 0.016, uncorrected), t-tests did not
reveal any significant difference between the two groups for the
ratings of any odor obtained in the scanner (Table 1).

FUNCTIONAL MRI DATA
First, we grouped all odor conditions in all subjects and compared
them to baseline activation (AMB + MIX + AMB + MIX vs.
CON). Here we observed activations of chemosensory processing

Table 2 | Brain activations following odor stimulation in all subjects;

contrast: all odors vs. baseline (AMB + HEN + MIX) − CON (p < 0.05;

corrected).

X Y Z p (cluster) Voxels Peaks Structure

1 −36 2 −35 <0.001 10 1 L inferior
temporal G

2 −27 8 10 <0.001 44 2 L insula

3 39 −25 46 <0.01 3 1 R postcentral G

4 −39 −13 16 <0.01 8 3 L insula

5 −24 −4 −23 <0.05 7 1 L amygdala

6 21 −25 37 <0.05 3 1 R cingulate G

7 −33 −7 13 <0.05 2 1 L insula

8 30 −4 −14 <0.05 1 1 R amygdala +
piriform C

FIGURE 2 | Brain activation after stimulation with odors. Highlighted
areas include left insula (cross hair), left amygdala (red circle) and right
amygdala/piriform cortex (green circle). Contrast: [AMB + HEN + MIX] vs.
CON; y = −1.

brain regions, such as left insula, bilateral amygdala, and piriform
cortex (Table 2 for summary of brain activations; Figure 2).

We next analyzed the differences between INS and SEN for
the odor AMB. We computed contrasts between both subject
groups while they were presented with AMB (SEN [AMB] vs.
INS[AMB]). We observed SEN to exhibit larger activations in
chemosensory processing areas (insula) as well as other brain
regions than INS (Table 3; Figure 3).

As a last step, we compared brain activations following stim-
ulation with the odor mix which contained AMB (MIX + AMB)
and the one without AMB (MIX). We performed this analysis in
both groups separately. We further masked the results by the gen-
eral contrast (ODORS vs. CON) in order to exclude false positive
activations. In the SEN group [SEN (MIX+AMB vs. MIX)] we
observed activations in the right inferior occipital cortex, the right
striate, the right cingulate, the left precentral gyrus (Table 4).
When performing the same contrast in INS [INS(MIX+AMB vs.
MIX)], we obtained a similar activation in the right cingulate;
no other brain region was significantly activated in this con-
trast (Table 5). For a comparison of both cingulate regions, see
Figure 4. A direct masked comparison between these maps from
both subject groups revealed activations in bilateral insula (on the
right side stretching into the precentral gyrus, see Table 6).
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Table 3 | Specific brain activations following ambroxan stimulation

between subjects who perceive ambroxan (SEN) and those who

don’t (INS); contrast: AMB [SEN] vs. AMB [INS] (p < 0.001;

uncorrected).

X Y Z T (peak) Voxels Structure

−24 26 7 4.1 9 L insula

33 −7 10 4.1 6 R insula

−3 −1 37 4.1 23 L cingulate

−36 17 10 3.8 11 L insula

−24 −10 −11 3.5 5 L parahippocampal G

FIGURE 3 | Comparison of subjects who smell ambroxan and subjects

who don’t after stimulation with ambroxan. Area in cross hairs: right
insula. Contrast SEN[AMB] vs. INS[AMB]; x = 33; y = −7.

Table 4 | Brain activation due to ambroxan within a mixture in

ambroxan sensitive subjects; contrast: SEN: MIX + AMB vs. MIX

(masked ALL vs. CON) (p < 0.001; uncorrected).

X Y Z T (peak) Voxels Structure

30 −85 −8 3.7 6 R inf occipital G

−39 −13 43 3.7 15 L precentral G

33 −61 10 3.7 10 R striate area

18 −28 37 3.6 6 R cingulate

DISCUSSION
In this study we report four major findings.

First, we show that adding a perithreshold odorant to a
mixture renders a new mixture which is very difficult to be
distinguished from the original mixture. In the present study
we used mixtures of 6 + 1 components. This result is in line
with several studies which showed that human beings per-
form relatively poor when analyzing the components of complex
mixtures. In a series of studies, humans were able to detect
and identify the single components within a complex mixture
of odors only if the latter consists of less than five odorants
(Livermore and Laing, 1998a,b).

However, other researchers showed that humans can distin-
guish between complex mixtures of more than five components
(Laska and Hudson, 1992; Sinding et al., 2013), especially if odor-
ants are omitted. Researchers have thus put forward the idea of
olfaction being a “synthetic” sense, similar to color vision and
in contrast to gustation (Livermore and Laing, 1998a). A possi-
ble underlying neuroanatomical correlates may be the posterior

Table 5 | Brain activation due to ambroxan within a mixture in

ambroxan insensitive subjects; contrast: INS: MIX + AMB vs. MIX

(masked ALL vs. CON) (p < 0.001; uncorrected).

X Y Z T (peak) Voxels Structure

21 −13 43 3.9 13 R cingulate

FIGURE 4 | Comparison of an ambroxan containing mixture with a

mixture which does not contain ambroxan in subjects who perceive

ambroxan (left) and subjects who do not perceive ambroxan (right).

Area in cross hairs: right cingulate. Contrast left: SEN[MIX + AMB] vs.
SEN[MIX] masked with [AMB + MIX+AMB + MIX] vs. CON; y = −28;
Contrast right: INS[MIX + AMB] vs. INS[MIX] masked with [AMB +
MIX+AMB + MIX] vs. CON; y = −13.

Table 6 | Brain activation due to ambroxan within a mixture in

ambroxan; difference between sensitive and insensitive subjects;

contrast: SEN(MIX + AMB) vs. MIX vs. INS(MIX + AMB vs. MIX)

(masked ALL vs. CON) (p < 0.001; uncorrected).

X Y Z T (peak) Voxels Structure

48 −4 25 4.5 12 R insula and precentral G

−21 20 −5 3.9 6 L insula

−39 −4 13 3.6 9 L Insula

piriform cortex which codes for odor quality, as opposed to the
anterior piriform cortex, which is functionally located upstream
and codes for chemical structure of the odorant (Gottfried et al.,
2006). In general, our research therefore corroborates this body of
literature as it shows that both, subjects who could perceive AMB
when presented as a single compound and subjects who could not
perceive AMB when presented as a single compound, performed
similarly when trying to distinguish between two mixtures, AMB
positive and AMB negative mixtures.

These results are also interesting with regard to the fact that
familiarity of MIX + AMB differed between groups. Accordingly,
the influence of familiarity in the discrimination of odor mix-
tures may be less pronounced than previously thought [Rabin
MD (1988) Experience facilitates olfactory quality discrimina-
tion. Perception Psychophysics 44:532–540].

Secondly, with regards to brain activations a picture emerges
which is in contrasts to the behavioral findings. When MIX +
AMB was contrasted with MIX, the sensitive group showed acti-
vations of several brain regions including the right inferior occipi-
tal gyrus, the right striate area and the left precentral gyrus; unlike
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the insensitive group which did not exhibit any activation in these
areas. To the best of our knowledge, this study is the first to show
evidence for a broad sensitivity range for olfactory mixtures, sim-
ilar to single substances (Lundstrom et al., 2003; Menashe et al.,
2007). Interestingly, both, the INS and the SEN showed activation
in the right cingulate cortex when contrasting MIX + AMB with
MIX. Here we would like to remind the reader that the INS group
did not perceive AMB (at least at the concentration we used) and
they are not able to distinguish MIX + AMB from MIX; yet, this
brain region is significantly more activated when exposed to MIX
+ AMB. The cingulate cortex plays a crucial role in odor mixture
processing, as the left cingulate is activated stronger when sub-
jects are presented with a binary mixture than with both single
components separately (Boyle et al., 2009). One may hypothesize
that, in analogy, the presence or absence of AMB in the concen-
tration we used leads to a differential activation in the cingulate
cortex regardless of whether the subjects could perceive the com-
pound or not. In other words, this specific brain region reacts to
the addition of a component, even in the absence of a perceivable
difference.

These observations are particularly interesting if one considers
several studies on mixtures involving subthreshold components:
for example, when investigating perception thresholds for dif-
ferent mixtures, even components at subthreshold levels, i.e., in
concentrations that were below the threshold when the substance
was tested on its own, interacted with other mixture components
suggesting hyperadditivity and enhancement (Laska and Hudson,
1991). Another study, on wine aromas, confirmed this finding.
Here, adding a woody smelling odorant in a concentration at
which on its own it could not perceived by participants, altered
a fruity odorant, so that participants could distinguish between
both stimuli (fruity vs. fruity + subthreshold woody) (Atanasova
et al., 2005). Similarly, adding subthreshold concentrations of
acetic acid or butyric acid increased detectability of a two com-
ponent mixture significantly more likely (Miyazawa et al., 2008).
Our observations may therefore provide a neurophysiological
underpinning for these behavioral results. Interested researchers
could investigate the activation patterns caused by adding com-
ponents and the limits of these mechanisms in future studies.

Third, we show that subjects presented with an odor at sub-
threshold concentrations show lesser activation in the insula than
subjects for which the odor—at the same concentration—is above
detection threshold. When sensitive subjects were presented with
AMB, they exhibited larger activations than insensitive subjects
in several olfactory processing brain regions, all of which are
located in the left and right insula. The insula is prominently
involved in olfactory processing—it is activated when subjects
perform different olfactory tasks, ranging from passive stimula-
tion to higher order olfactory tasks (Savic et al., 2000; Sobel et al.,
2000; Bengtsson et al., 2001; Dade et al., 2002; Gottfried and
Dolan, 2003; Wicker et al., 2003; Djordjevic et al., 2005; Wang
et al., 2005; Hillert et al., 2007; Plailly et al., 2007). Our results are
in line with these earlier findings and highlight the fact that the
insula is involved in conscious and inconscious odor processing
and/or odor perception.

Fourthly, we observed that different brain activations between
subjects who perceived AMB and those who did not, when

they were presented with the AMB containing mixture (MIX +
AMB). Specifically, stronger activations in the cingulate cortex
were observed in the SEN group compared to the INS group.
The cingulate cortex is part of the pain matrix, and is therefore
activated when subjects are exposed to trigeminal stimulation
(Bensafi et al., 2008; Albrecht et al., 2010). In this current study,
the odor mixture used contained components which are known
to activate the trigeminal system, e.g., eugenol (Wise et al., 2012).
It could consequently be interpreted that the larger activation in
the SEN group may be caused by a stronger trigeminal perception
of the mixture. On the contrary, behavioral results indicate that
there was no group difference in perceived intensity.

Additionally, aside from being implicated with trigemial activ-
ity, earlier reports show that the cingulate cortex is also involved
in the processing of odors. The cingulate was indeed activated
when participants smelled a binary mixture compared to its single
components (Boyle et al., 2009), or when subjects received combi-
nations of taste and smell stimuli (Small et al., 2004). The current
data may indicate a similar superadditive effect due to the per-
ception of the more complex mixture leading to activation of the
cingulate cortex. This hypothesis could be investigated in future
studies.

Furthermore, we observed activation of occipital brain regions
in the same group of subjects; however, the reason for this is
currently unclear. One may speculate that the unconscious per-
ception of AMB within the mixture triggered (visual) imagery in
the SEN group (Bensafi et al., 2007); this was not the case in the
INS group.

Due to time constraints we used a rather lenient but fast test
when determining the AMB threshold. The main limitation in
the study is based on the probability that some subjects may have
been classified into the SEN group as they may have correctly
identified the ambroxan odor by chance. The probability is 0.125
for a given concentration, leading to a probability of 0.375 that a
given subject was classified as SEN although s/he did not perceive
AMB at the concentration steps 4–6. Based on binomial statis-
tics, there is a 55% chance that up to 4 subjects were classified
as SEN although they were insensitive to the AMB concentra-
tions. This may have caused a caveat in the interpretation of our
results.

One additional aim of the current study was also to investigate
whether FMRI can be used to detect possible subliminal effects
of odors on odor mixtures. The current results suggest that this
is possible. Thus, FMRI could be used in the future, for example
to screen perfumes for (potentially very expensive) compounds
which may or may not contribute to the overall effect of an odor
on brain activation. In analogy, the expense for compounds not
contributing to the overall effect might be saved.

CONCLUSIONS
An odor presented within a mixture of odors can influence acti-
vation of brain regions such as the cingulate and the insula, even
if subjects are not able to distinguish the mixture with and with-
out the odor. This appears to be true even for subjects for which
the odor, presented on its own, is too weak to be perceived.
On the practical side these results suggest that the addition of a
certain compound to a mixture of odors may not be detected on a
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cognitive level; however, this additional odor may significantly
change the cerebral processing of this mixture.
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Decreased olfactory function is very common in the older population, being present in over
half of those between the ages of 65 and 80 years and in over three quarters of those
over the age of 80 years. Such dysfunction significantly influences physical well-being
and quality of life, nutrition, the enjoyment of food, as well as everyday safety. Indeed
a disproportionate number of the elderly die in accident gas poisonings each year. As
described in this review, multiple factors contribute to such age-related loss, including
altered nasal engorgement, increased propensity for nasal disease, cumulative damage
to the olfactory epithelium from viral and other environmental insults, decrements in
mucosal metabolizing enzymes, ossification of cribriform plate foramina, loss of selectivity
of receptor cells to odorants, changes in neurotransmitter and neuromodulator systems,
and neuronal expression of aberrant proteins associated with neurodegenerative disease.
It is now well established that decreased smell loss can be an early sign of such
neurodegenerative diseases as Alzheimer’s disease and sporadic Parkinson’s disease. In
this review we provide an overview of the anatomy and physiology of the aging olfactory
system, how this system is clinically evaluated, and the multiple pathophysiological factors
that are associated with its dysfunction.

Keywords: age, Alzheimer’s disease, anatomy, olfaction, Parkinson’s disease, physiology, psychophysics,

neurodegeneration

INTRODUCTION
The sense of smell determines our ability to perceive thousands of
odors, including ones associated with such hazards as leaking nat-
ural gas, fire, and spoiled food. This important sense mediates, to
a large degree, the flavor of foods and beverages and significantly
enhances quality of life. We use this sense to confirm that our
clothes, homes, and offices are clean, and to fully enjoy flowers,
perfumes, festive occasions, personal care products, and nature
(e.g., the mountains and the sea shore). It is perhaps not surpris-
ing, then, that smell loss or disordered smell function significantly
impacts our safety, appetite, nutrition, and physical and mental
well-being.

Cross-sectional studies suggest that about half of the United
States population between 65 and 80 years of age has demonstra-
ble smell loss and that, over the age of 80, approximately three-
quarters experience such loss (Doty et al., 1984a; Duffy et al.,
1995; Murphy et al., 2002). Somewhat lower prevalence estimates
are seen in very healthy cohorts (Ship and Weiffenbach, 1993;
Doty et al., 2011) and in some other populations (Bramerson
et al., 2004; Karpa et al., 2010), although test methods and crite-
ria for defining dysfunction vary considerably among studies. As
a result of survivor bias and other factors, cross-sectional stud-
ies likely underestimate the prevalence of age-related olfactory
dysfunction, and longitudinal studies are needed to determine
incidence rates and individual changes that may occur over time
from factors that damage the olfactory system (London et al.,
2008). With rare exception (e.g., Schubert et al., 2011), few
longitudinal studies have focused on olfactory function, per se,
with most having the goal of detecting incipient dementia or

other neurological disorders in older cohorts (Graves et al., 1999;
Devanand et al., 2000; Wilson et al., 2007b; Herting et al., 2008;
Olofsson et al., 2008, 2009; Ross et al., 2008; Schubert et al.,
2008; Conti et al., 2013; Iranzo et al., 2013; Velayudhan et al.,
2013). However, regardless of whether cross-sectional or longitu-
dinal tests are employed, age-related decrements are robust and,
as described later in this review, are detectable by any number of
olfactory tests, including ones employing psychophysical, electro-
physiological, and psychophysiological procedures. Results from
most such tests are strongly correlated, reflecting, in large part,
mutual dependence upon the integrity of common elements of
the olfactory pathways.

The consequences of olfactory dysfunction are staggering. In
addition to explaining why many older persons complain that
food lacks flavor (Schiffman and Zervakis, 2002), decreased abil-
ity to smell is largely responsible for the disproportionate number
of elderly who die in accidental gas poisonings and explosions
each year. In Britain, ∼10% of all accidental deaths in the home
between 1931 and 1956 occurred from coal-gas poisoning, with
the majority occurring in persons over the age of 60 years (Chalke
et al., 1958). Stevens et al. have estimated that 45% of older
adults are unable to detect petroleum gas diluted to the level dic-
tated by safety standards, as compared to only 10% of younger
adults (Stevens et al., 1987). In a 2004 study of 445 patients
with chemosensory dysfunction, a number of whom were elderly,
37% of those with olfactory impairment reported having experi-
enced an olfaction-related hazardous event at some point in their
lives, as compared to only 19% of those with no such impair-
ment. Cooking-related incidents were most common (45%), with
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ingestion of spoiled food (25%), lack of ability to detect leaking
natural gas (23%), and inability to smell a fire (7%) being less fre-
quent (Santos et al., 2004). One longitudinal study of 1162 older
individuals without dementia found that the mortality risk was
36% higher in those with low scores on a smell test after adjusting
for such variables as sex, age, and education (Wilson et al., 2011a).

This review addresses the functional and pathological changes
that occur in the olfactory system as a result of age. The influ-
ences of age-related diseases on olfaction, such as Alzheimer’s
and Parkinson’s disease, are briefly mentioned but not reviewed
in detail; the reader is referred elsewhere for recent reviews of
such influences (Barresi et al., 2012; Doty, 2012a,b). To provide
a template for understanding the neural underpinnings of age-
related changes in olfaction, we first provide an overview of basic
olfactory anatomy and physiology. This is followed by the types of
changes that are observed on a range of functional tests and their
anatomical and neuropathological correlates.

BASIC ANATOMY AND PHYSIOLOGY OF THE NOSE AND
OLFACTORY SYSTEM
The human nose is comprised of two separate nasal passages
separated by a septum. An external opening, termed the naris
or nostril, enters into each chamber. Extending from the lateral
walls of the chambers are nasal turbinates, cartilaginous struc-
tures that are covered with a highly vascularized epithelium which
serves to warm, humidify, and cleanse the air (Frye, 2003). The
latter is achieved by creating turbulent flow, largely as a result
of a narrowing of the cavity close to the aperture of each naris
(the nasal valve). The turbulence drives particulate and other air-
borne matter onto the nasal mucus which is continuously moved
to the gut via respiratory cilia that beat in unison (Schwab and
Zenkel, 1998). Damage to respiratory cilia is associated with bac-
terial build-up and other problems that can impair nasal function
and, ultimately, the ability to smell (Cohen, 2006).

Before an odorant is able to initiate the neural activity respon-
sible for smell perception, it must first enter the nasal cavity
from either the nares or from the nasal pharynx (i.e., from the
mouth) and be absorbed into the mucus covering the olfactory
epithelium. This mucus, which differs in composition from that
of the mucus within the nasal cavity proper, is largely derived
from specialized Bowman’s glands (Getchell and Getchell, 1992).
Among its secretions are odorant-binding proteins that shepherd
the transit of hydrophobic odorants to the olfactory receptors
(Pelosi, 1994), growth factors associated with mitosis and other
cell-related processes (Federico et al., 1999), numerous immune
factors (Gladysheva et al., 1986), and biotransformation enzymes
involved in not only odorant clearance, but in destruction of
viruses and bacteria, degradation of pro-inflammatory peptides,
and toxicant metabolism (Ding and Dahl, 2003).

The cells of the olfactory epithelium are derived embryologi-
cally from both the olfactory placode and the neural crest (Katoh
et al., 2011). This specialized epithelium, which lines the upper
regions of the septum, cribriform plate, superior turbinate, and
sectors of the middle turbinate (Leopold et al., 2000), is inner-
vated not only by olfactory receptor cells, but by fibers from the
trigeminal nerve, the nervus terminalis (Cranial Nerve 0), and
autonomic fibers from the superior cervical ganglion (Zielinski

et al., 1989). In addition to the receptor cells, whose cilia dif-
fer from those elsewhere in the nose in lacking dynein arms
and intrinsic motility, this epithelium is comprised of susten-
tacular (supporting) cells, microvillar cells, basal cells, and duct
cells from the Bowman’s glands (Menco and Morrison, 2003).
Sustentacular cells add structural support to the epithelium and,
among other things, insulate receptor cells from one another.
These cells are also involved in the biotransformation of noxious
chemicals and maintenance of the ionic milieu that surrounds the
olfactory receptor cell cilia (Vogalis et al., 2005). Two morpholog-
ically distinct types of basal cells are recognized—electron-dense
horizontal cells that express cytokeratin and electron-lucent glo-
bose cells which do not express cytokeratin (Mackay-Sim, 2010).
It is from these multipotent stem cells, most notably the horizon-
tal cells, that the olfactory receptor and other cell types germinate
(Iwai et al., 2008). When damaged, the olfactory epithelium
can be reconstituted from these cells, although the success of
such regeneration is influenced by age-related processes such
as telomere shortening (Watabe-Rudolph et al., 2011) and the
degree of cumulative damage from prior environmental insults,
including those from pollution and viral and bacterial infections
(Harkema et al., 2006). The rate of mitosis of the basal cells
is regulated by multiple processes, including local cell density,
resident macrophages, neural activity, and damage to olfactory
sensory neurons (Camara and Harding, 1984; Mackay-Sim and
Patel, 1984; Borders et al., 2007). Biochemical and mechanical
stress contribute to the sensory neuron differentiation from the
basal cells (Feron et al., 1999). A cross-section of the olfactory
epithelium is depicted in Figure 1A, whereas the ciliated surface
is depicted in Figure 1B.

FIGURE 1 | (A) Cross-section of the human olfactory epithelium. Four main
types of cells can be discerned: bipolar receptor cells (arrows point to
largely denuded cilia at dendritic knobs); c, cell body, microvillar cells (m),
sustentacular cells (s), and basal cells (b); bg, Bowman’s gland; lp, lamina
propria; n, collection of axons within an ensheathing cell; d, degenerating
cell; bs, basal cell undergoing mitosis. Photo courtesy of Dr. David Moran,
Longmont, Colorado. (B) A transition zone between the human olfactory
epithelium (bottom) and the respiratory epithelium (top). Arrows signify two
examples of olfactory receptor cell dendrites with cilia that have been cut
off. Bar = 5 μm. From Menco and Morrison (2003), with permission.
Copyright©2003, Marcel Dekker, Inc.
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Over 350 different functional receptor proteins are expressed
in the cilia of human olfactory receptor cells (Rouquier et al.,
2000). Only one type of receptor protein is embedded in the cil-
iary membrane of a given receptor cell (Chess et al., 1994), even
though most such cells respond to a range of odorant ligands
(Holley et al., 1974; Sicard and Holley, 1984). Thus, the periph-
eral “olfactory code” is made up of activated sets of overlapping
receptor cells that can be viewed as spatial maps within both the
epithelium and the olfactory bulbs (Johnson and Leon, 2007).
However, coding is complex, given that more types of receptors
are recruited as an odorant’s concentration is increased (Malnic
et al., 1999; Kajiya et al., 2001). The olfactory receptors them-
selves are members of the heptahelical G-protein-coupled recep-
tor (GPCR) superfamily whose genes are distributed across all
but two chromosomes, with most being on chromosome 11 and
the majority of the others on chromosomes 1, 6, and 9 (Glusman
et al., 2001). Odorants bind to receptor pockets located on recep-
tor transmembrane domains 3, 5, and 6 (Saito et al., 2009).
The bond is not tight, with dwell times less than a millisecond
(Bhandawat et al., 2005). Transduction results from activating
a GTP-binding protein which, in turn, activates type III adeny-
lyl cyclase, catalyzing the production of 3′,5′-cyclic monophos-
phate (cAMP) and opening cyclic nucleotide-gated channels. This
results in the cellular influx of sodium and calcium ions and depo-
larization of the cell (Breer, 1994). Further amplification occurs
from the opening of calcium-activated chloride channels and the
resultant efflux of Cl− from the cell (Stephan et al., 2009). While
members of the trace amine-associated receptor (TAAR) family
(Liberles and Buck, 2006) have been identified in the olfactory
epithelia of a range of mammals, including humans, their role is
poorly understood and ligands that activate murine TAARs do
not activate intact primate orthologs (Staubert et al., 2010).

Bundles of olfactory receptor axons ultimately form the olfac-
tory fila which are ensheathed by Schwann cell-like mesaxons,
astrocytes, and fibroblasts. These bundles, which collectively
make up Cranial Nerve I, aggregate beneath the basement mem-
brane in the connective tissue-rich lamina propria and then
penetrate multiple openings (foramina) of the cribriform plate—
the thin sector of the ethmoid bone that separates the nasal
cavity from the brain (De Lorenzo, 1957). The ensheathing cells
have unique properties, as they not only provide guidance to
axons projecting from the nasal cavity into the brain, but, along
with monocytic cells, phagocytize bacteria and other xenobi-
otics which might otherwise enter into the brain (Smithson and
Kawaja, 2010; Panni et al., 2013). Once inside the cranial cavity,
the receptor cell axons make up the first of several layers of the
olfactory bulb (Figure 2) and individually ramify into the globe-
like glomeruli that constitute the next layer of the bulb (Meisami
et al., 1998). In young persons, there are more than a thousand
glomeruli, but this number decreases with age, reflecting, in part,
loss of neurotrophic factors from degenerating receptor cells.

Interestingly, receptor cells that express the same receptor pro-
tein project to the same glomeruli, making the glomeruli, in
one sense, functional representatives of the receptor types. The
transmitter of the olfactory receptor cells, glutamate, acts upon
NMDA and AMPA receptors on dendrites of projection neu-
rons, the mitral and tufted cells. Juxtaglomerular cells modulate

FIGURE 2 | Schematic drawing of the major layers of the olfactory bulb

and the interactions between the different types of bulbar cells.

Abbreviations: G, granule cells; M, mitral cells; T, tufted cells. Note that the
largely GABAergic granule cells send projections into the mitral cell and
external plexiform layers, and that some small cells extend projections into
more than one glomerulus. Reprinted with permission from Duda (2010),
with permission. Copyright©2010, Elsevier B.V.

glutamate release via presynaptic D1 and GABAB receptors on
the receptor cell axon terminals (O’Connor and Jacob, 2008).
Similar post-synaptic modulation occurs via activation of GABA
and serotonin (5HT) receptors on the mitral and tufted cell
apical dendrites. Additional modulation of these cells occurs
within the bulb’s external plexiform layer, where their secondary
dendrites form, for example, dendro-dendritic connections with
GABAergic granule cells, the most numerous cells of the olfac-
tory bulb (Shepherd, 1972). Granule cell activity is modulated
primarily by centrifugal input from neurons whose cell bodies fall
outside of the olfactory bulb and which are influenced by central
processes, including metabolic states. Importantly, some centrifu-
gal neurons modulate the activity of microglial cells within the
bulb and elsewhere which, if not kept in check, can induce nerve
cell injury via the expression of Toll-like receptors that promote
pro-inflammatory and pro-apoptotic activity (Lehnardt et al.,
2007; Tang et al., 2007; Ziegler et al., 2007).

Like the olfactory neuroepithelium, a number of olfactory bulb
cells, most notably periglomerular and granule cells, undergo
periodic replacement (Bedard and Parent, 2004). There is evi-
dence that considerable plasticity occurs within the glomerular
region of the olfactory bulb throughout life, in addition to that
which occurs during early post-natal development (LaMantia and
Purves, 1989; Sawada et al., 2011). In humans, as in rodents
and non-human primates, neural stem cells within the anterior
portion of the subventricular zone (SVZ) of the brain generate
neuroblasts even in adulthood. Some of these neuroblasts, in turn,
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migrate along the rostral migratory stream (a pathway extend-
ing from the SVZ to the olfactory bulb) to ultimately repopulate
interneurons within the granule and glomerular layers of the
bulb (Kam et al., 2009). There is some controversy, however, as
the extent and nature of this migration in humans (Wang et al.,
2011a).

The mitral and tufted cell axons project to more central olfac-
tory structures, including the anterior olfactory nucleus, the
piriform cortex, the rostral entorhinal cortex, and the corticobasal
nuclei of the amygdala (Cleland and Linster, 2003). Since the
afferent projections of the olfactory system to the cortex bypass
the thalamus, some investigators have characterized the olfac-
tory bulb as the “thalamus of the olfactory system” (Kay and
Sherman, 2007). Although most bulbar projections to the afore-
mentioned brain regions are ipsilateral, second order projections
are made to the contralateral hemisphere via the anterior olfac-
tory nucleus and anterior commissure. Subsequent connections
are formed with the orbitofrontal cortex (OFC), hippocampus,
thalamus, hypothalamus, and cerebellum (Cleland and Linster,
2003). The OFC, a multimodal structure, is thought to play a
vital role in flavor perception, combining input from taste, tex-
ture, and smell (Rolls and Grabenhorst, 2008). Lesions in this area
impair the identification of odors and flavors (Jones-Gotman and
Zatorre, 1988). Because of these connections, one investigator has
noted that “existing data suggest that [olfactory testing] may actu-
ally be among the most sensitive and selective measures of OFC
dysfunction” (p. 464) (Zald, 2006).

AGE-RELATED OLFACTORY LOSS IN HUMANS AND ITS
QUANTIFICATION
Quantitative testing of the sense of smell, which is easy to per-
form in the clinic, is critical for identifying the nature and degree
of smell dysfunction experienced by older persons. Many elderly
fail to recognize their deficit or, when they do so, either overes-
timate or underestimate its magnitude. Importantly, a significant
number complain of taste loss, not recognizing the primary con-
tribution of olfaction in determining the flavor of their food.
Based on quantitative testing, the clinician can inform many
patients that their function, while diminished in an absolute
sense, is still well above that of most of their peers, a point that
provides considerable solace to those groping with the multiple
changes that accompany the aging process.

Age-related deficits in olfactory function are detected by a
number of types of olfactory tests, including psychophysical
tests (e.g., tests of odor detection, identification, discrimina-
tion, memory, and suprathreshold intensity), electrophysiological
tests (e.g., odor event-related potentials), and psychophysiologi-
cal tests (e.g., odor-related changes in heart rate and respiration).
All such tests generally detect age-related decrements in the olfac-
tory system. Since hundreds of studies have documented such
decrements, only selected examples are presented here.

PSYCHOPHYSICAL TESTS
Deficits observed in older persons have been most commonly
detected using psychophysical tests—tests that require a con-
scious response on the part of the patient. With the possible
exception of some measures of suprathreshold intensity and

pleasantness, the results from the majority of psychophysical
tests are positively correlated with one another (Doty et al.,
1994; Koskinen et al., 2004), with the size of the correlations
between any two tests being bounded by the reliability coef-
ficient of the less reliable test (Doty et al., 1995). Thus, the
weight of the evidence suggests that individuals have a “gen-
eral olfactory acuity” factor similar to the general intelligence
factor proposed for various tests of intelligence (Yoshida, 1984;
Doty et al., 1994). Despite this evidence, and the fact that com-
parison of results from nominally disparate olfactory tests is
confounded by differing reliabilities, odorants, non-olfactory task
demands, and operational procedures, for heuristic reasons age-
related deficits are described below for nominally distinct classes
of tests. As will be seen, age-related effects are found regard-
less of the employed measuring instrument, although, in general,
longer tests are more reliable and, hence, more sensitive to such
deficits (Doty et al., 1995).

The most widely used psychophysical tests are identifica-
tion tests. A number of identification tests, such as the 40-item
University of Pennsylvania Smell Identification Test (UPSIT;
Figure 3) and its briefer 12-item version (the Brief Smell
Identification Test or B-SIT), can be self-administered. In such
tests familiar odorants are presented and the subject is required
to identify the name of the odor from written alternatives or,
in some cases, to choose a picture that depicts the source of
the odor (Doty et al., 1984b, 1996; Richman et al., 1992; Kobal
et al., 1996; Hummel et al., 1997; Nordin et al., 2002; Kobayashi
et al., 2006; Krantz et al., 2009; Cameron and Doty, 2013).
In addition to absolute determination of function (e.g., normal
or mild, moderate, severe, or total loss), sex- and age-related nor-
mative data are available for some such tests, making it possible
to determine a patient’s percentile rank relative to peers (Doty,
1995). Odor identification tests are clearly sensitive to age-related

FIGURE 3 | The 40-item University of Pennsylvania Smell Identification

Test (UPSIT). This test is comprised of four booklets, each containing 10
microencapsulated (“scratch and sniff”) odors which are released by a
pencil tip. The examinee is required to provide an answer on each test item
(see columns on last page of each booklet) even if no odor is perceived or
the perceived odor does not smell like one of the response alternatives
(i.e., the test is forced-choice). This test has been administered to hundreds
of thousands of subjects and is available in 15 different language versions.
Photograph courtesy of Sensonics International, Haddon Heights, New
Jersey USA. Copyright©2013, Sensonics International.
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decrements in the ability to smell (Doty et al., 1984a, 2011; Cain
and Stevens, 1989; Cain and Gent, 1991; Schiffman, 1991; Ship
et al., 1996; Griep et al., 1997; Kaneda et al., 2000; Larsson et al.,
2000; Murphy et al., 2002; Larsson et al., 2004; Calhoun-Haney
and Murphy, 2005; Schumm et al., 2009; Hedner et al., 2010a,b;
Olofsson et al., 2010; Wong et al., 2010; Schubert et al., 2011,
2012; Wehling et al., 2011; Wilson et al., 2011a; Menon et al., 2013;
Pinto et al., 2013). Because a number of odors are not universally
recognized, identification tests are often adjusted to contain odor-
ants and response alternatives familiar to those in a given culture.
An example of the prototypical age-related decrement present in
odor identification is shown in Figure 4 (Doty et al., 1984a).

Odor threshold tests are conceptually analogous to pure-tone
hearing threshold tests, except that the stimuli consist of a range
of concentrations of an odorant, rather than a range of tones.
Unlike most auditory threshold tests, forced-choice testing is usu-
ally employed. In a given test, a series of different concentrations
of an odorant are presented to a subject via sniff bottles, squeeze
bottles, felt-tip pens, or olfactometers, such as the one depicted in
Figure 5. Dilutions are commonly made in half-log steps using
mineral oil, propylene glycol, or other liquids as the dilution
media. The goal of the test is to detect the lowest odorant con-
centration that can be reliably detected (detection threshold) or
recognized (recognition threshold) (Cain et al., 1983; Doty et al.,
1984b; Takagi, 1989; Doty, 1995; Hummel et al., 1997).

As with odor identification tests, significant age-related alter-
ations are generally observed regardless of the psychophysical
paradigm used to establish the threshold (Chalke et al., 1958;
Fordyce, 1961; Joyner, 1963; Kimbrell and Furchtgott, 1963;
Venstrom and Amoore, 1968; Strauss, 1970; Schiffman et al.,
1976; Murphy, 1983; Van Toller and Dodd, 1987; Cain and Gent,
1991; Stuck et al., 2006; Larsson et al., 2009), with somewhat
lower thresholds (greater sensitivity) in the healthiest cohorts
(Griep et al., 1997). Studies that have explored a spectrum of

FIGURE 4 | Scores on the University of Pennsylvania Smell

Identification Test (UPSIT) as a function of age and gender in a large

heterogeneous group of subjects. Numbers by data points indicate
sample sizes. From Doty et al. (1984a), with permission. Copyright©1984,
American Association for the Advancement of Science.

ages typically report age-related performance functions similar
to those depicted for odor identification (Figure 3), although
such functions depend upon the involved odorant (Venstrom and
Amoore, 1968; Deems and Doty, 1987).

Suprathreshold odor discrimination tests require the subject
to discriminate among sets of odorants or odorant mixtures,
for example by identifying the “odd” stimulus or set of stim-
uli from foils (Jehl et al., 1995; Kobal et al., 2000; Weierstall
and Pause, 2012). In some instances, similarities among odorants
are established and the similarity ratings or correlations sub-
jected to statistical procedures such as multidimensional scaling, a
procedure that aids in visualizing how well the stimuli can be dif-
ferentiated from one another (Schiffman and Leffingwell, 1981).
Older persons, on average, are less able than younger ones to
discriminate between stimuli (Schiffman and Pasternak, 1979).
Some match-to-sample discrimination tests intersperse differing
delay intervals between the inspection odor and response set
(Bromley and Doty, 1995; Choudhury et al., 2003). The goal is
to assess the ability to remember the inspection odor and chose it
from foils. However, the odor memory component of such tests
can be confounded with semantic issues (e.g., labeling an odor
with a name and then remembering the name of the odor whose
memory is already present in long-term memory stores) (Jonsson
et al., 2011). Such confounding can be overcome to some degree
by using unfamiliar odorants that are difficult to consistently label
or by employing incidental memory tasks (Møller et al., 2004,
2007).

FIGURE 5 | The Self-administered Computerized Olfactory Testing

System (SCOTS). This modern olfactometer allows for self-administration
of olfactory threshold tests, among other types of tests, and automatically
calculates the threshold value based upon subject responses. This system
eliminates administrator error in the presentation of test stimuli and
provides exacting control of stimulus duration, inter-stimulus intervals, and
other factors. Photograph courtesy of Sensonics International, Haddon
Heights, New Jersey USA. Copyright©2013, Sensonics International.
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An example of the influences of age and sex on an odor dis-
crimination/memory test is presented in Figure 6. In this study,
no effects of 10, 30, and 60 s delay intervals were observed, sup-
porting the view that short-term odor memory is not affected
in most persons and that performance differences in match-to-
sample tests largely reflect discrimination, per se (Engen et al.,
1973; Choudhury et al., 2003). It should be emphasized that it is
probably impossible to completely disassociate memory processes
from other nominal forms of odor perception, since memory is
involved in most olfactory tasks and consciousness itself is, in
effect, a form of memory. Importantly, age-related deficits in odor
recognition may be a reflection of greater difficulties in recalling
odor knowledge or names than in poorer ability to perceive or
recognize the involved odors (Larsson et al., 2006).

Suprathreshold measures of the perceived strength of odors,
as assessed using rating scales and magnitude estimates, have
been shown to be sensitive to age in some, but not all, stud-
ies. Differences in procedures, odorants assessed, and sample
sizes likely explain such discrepancies. In a study of over 26,000
respondents to a scratch-and-sniff odor survey of members of the
National Geographic Society, ratings of the strength of single con-
centrations of six odorants were obtained using a 5-point rating
scale (Wysocki and Gilbert, 1989). Age-related declines in the rat-
ings were most noticeable for mercaptans (26% decline over the
life span) and amyl acetate (22% decline), with less decline occur-
ring for eugenol (14%), rose (13%), androstenone (10%), and
Galaxolide (3%). Those odorants that showed the least decline
were initially rated as less intense and were usually more diffi-
cult for older persons to identify. Importantly, when the data from
the six stimuli were averaged, the age-related declines in the odor
ratings began for males in their 20’s and for females in their 40’s.

Findings from studies assessing age-related changes in
perceived intensities across multiple suprathreshold odorant
concentrations have been variable. Most studies have employed

FIGURE 6 | Test scores for men and women on a 12-item odor

discrimination/memory test as a function of age. Note age-related
decline in performance and the fact that women outperform men at all
ages. Data are collapsed over 0-, 30- and 60-s delay intervals. From
Choudhury et al. (2003), with permission. Copyright©2003, Oxford
University Press.

magnitude estimation procedures to assess the build-up of stimu-
lus intensity as odorant concentration is increased. In the classical
magnitude estimation procedure, subjects are instructed to assign
numbers in proportion to the relative perceived intensity of dif-
ferent concentrations of an odor (e.g., if a stimulus smells twice
as strong as another, a number twice as large is assigned, and
so on) (Doty and Laing, 2003). Each subject is allowed, in most
instances, to choose the specific numbers they wish to employ
(the “free modulus” method). In some cases, responses other than
numbers are used, such as pulling a tape measure a distance pro-
portional to the perceived intensity. Murphy (1983), using the
mixed olfactory/trigeminal stimulant menthol, found the slope of
the stimulus:response magnitude estimation function of 10 older
persons to be less steep than that of 10 younger persons. However,
other investigators have not observed such stark slope differences.
In a study of 120 subjects ranging from 6 to 94 years of age, for
example, magnitude estimates made to various concentrations of
1-propanol were unrelated to age, leading the authors to erro-
neously conclude that age did not influence olfaction (Rovee et al.,
1975). Similarly unimpressive age-related effects were observed in
a study of 137 subjects that assessed the intensities of phenyl ethyl
alcohol and pyridine (Cowart, 1989). Stevens et al., in a study
of 20 young and 20 old subjects, also found no strong evidence
for meaningful age-related altered slopes in stimulus:response
functions for amyl butyrate, a relatively non-pungent odorant,
or CO2, a strong trigeminal stimulant (Stevens et al., 1982).
However, by using the method of cross-modal matching, the rel-
ative position of parallel stimulus:response functions was found
to differ between the young and old subjects (Figure 7). In this
procedure, low pitch broad-band tones were interspersed among
the odorant concentration trials and the subjects were required to
estimate the intensities of both the tones and the smells relative to
one another. Under the assumption that the broad-band low fre-
quency tones were not markedly influenced by age, differences in

FIGURE 7 | Magnitude estimates given to six concentrations of amyl

butyrate after adjustment for number usage by the employment of a

cross-modal matching procedure. Each age group was comprised of 10
men and 10 women. The younger group ranged in age from 18 to 25 years,
and the older group from 65 to 85 years. From Stevens et al. (1982), with
permission. Copyright©1982, ANKHO International, Inc.
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idiosyncratic number usage could be taken into account, allow-
ing an assessment of the magnitude of absolute odor intensity
estimates. As is clear from Figure 5, the percentage decrement
in strength observed in older subjects was uniform across con-
centrations. Similar findings have been noted in cross-modal
matching studies for amyl acetate, amyl butyrate, benzaldehyde,
ethyl alcohol, limonene, and pyridine (Stevens and Cain, 1985).

ELECTROPHYSIOLOGICAL TESTS
Odor-induced recordings have been obtained from electrodes
placed near or on the olfactory epithelium, producing a sum-
mated negative potential termed the electro-olfactogram (EOG)
(Hosoya and Yashida, 1937; Ottoson, 1956). EOG magnitude is
proportional to stimulus concentration and is correlated with
perceived intensity, although it can be present even after death,
suggesting it alone cannot be relied upon as a measure of odor
perception, per se. Recording can be tedious and activity in one
area of the olfactory epithelium is not necessarily representa-
tive of activity in other areas. Although one can surmise from
the age-related general decreases in the integrity of the olfactory
epithelium that EOGs would be expected to be smaller, to our
knowledge no such study has been performed. It is noteworthy,
however, that EOG activity is found on the anterior surface of
the middle turbinate and a few millimeters below the anterior
insertion of the middle turbinate, suggesting, along with biopsy
samples, that the olfactory epithelium extends farther forward in
some people than traditionally believed (Leopold et al., 2000).

A more practical electrophysiological procedure is the mea-
surement of odor-induced electrical activity at the level of the
scalp (e.g., the odor event-related potential or OERP). This
activity reflects odor-related changes induced in electrical fields
generated by large populations of cortical neurons (Gevins and
Remond, 1987). However, the signals are small (<50 μV), can
be difficult extract from the background EEG, and require com-
plex stimulus presentation equipment (Figure 8). In one study,
for example, OERPs were not identifiable in nearly a third of
subjects with no olfactory deficits (Lotsch and Hummel, 2006).
Nevertheless, age-related alterations in the latency and ampli-
tude of OERPs have been observed, with older persons typically
exhibiting longer N1 latencies and smaller N1 and P2 amplitudes
(Figure 9) (Murphy et al., 1994; Evans et al., 1995; Hummel et al.,
1998; Covington et al., 1999; Thesen and Murphy, 2001; Stuck
et al., 2006; Morgan and Murphy, 2010). Although classic pro-
cedures analyze only time-locked potentials, recently developed
procedures combine traditional EEG and OERP methodology to
assess activity within both time and frequency domains (Huart
et al., 2012; Osman and Silas, 2014). Age-related responses using
these newer methods have yet to be assessed.

PSYCHOPHYSIOLOGICAL TESTS
Psychophysiological tests are tests which measure mainly auto-
nomic nervous system responses to stimuli, in this case odor.
Among such measures are changes in heart rate (Bensafi et al.,
2002), blood pressure (Nagai et al., 2000), respiration (Kleemann
et al., 2009), and skin conductance (Møller and Dijksterhuis,
2003). In the case of the nose, cardiovascular and respiratory

FIGURE 8 | Air-dilution olfactometer used to present pulses of odorants

into a purified and humidified airstream directed through nares of a

subject. This device ensures that the odor event-related potentials (OERPs)
are not confounded by somatosensory artifacts due to alterations in
stimulus pressure, temperature, or other factors. Photo courtesy of the
University of Pennsylvania Smell and Taste Center, Philadelphia, PA.

changes can reflect activity of the trigeminal nerve (CN V),
rather than the olfactory nerve (CN I), limiting in some cases the
usefulness of such tests (Allen, 1928).

A recently developed test measures a basic respiratory response
to smelling an unpleasant odor (Frank et al., 2003, 2004, 2006). In
this test, called the Sniff Magnitude Test, the subject sniffs a canis-
ter. Upon the initiation of the sniff, which is detected by air pres-
sure changes sensed by cannulas positioned just inside the nose,
the canister opens and either odorless air or a bad smelling odor-
ant (e.g., methylthiobutyrate or ethyl 3-mercaptoproprionate) is
released. Persons with a good sense of smell immediately stop
sniffing, whereas those with a poor sense of smell take longer to
inhibit their sniff or, if anosmic, may not inhibit their inhalation
at all (Tourbier and Doty, 2007). The magnitude and duration of
the sniff is assessed by a computer and a ratio computed between
the area of the sniff pressure-time curve on odorant trials to that
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on blank air trials. Like other olfactory measures, this measure is
sensitive to age-related olfactory changes (Figure 10) (Frank et al.,
2006).

CAUSES OF AGE-RELATED OLFACTORY LOSS
It seems intuitive that structural changes would be present in the
aging nose and olfactory system that would explain the func-
tional declines observed in older persons. Indeed, as described
below, a number of age-related alterations within the nose, olfac-
tory epithelium, bulb, and higher brain structures have been
associated to one degree or another with olfactory dysfunction.
Moreover, several genes have been found to contribute, albeit to a
modest degree, to the age-related decline in odor identification.

FIGURE 9 | Olfactory event-related potentials obtained from 12

younger (mean age: 24 years) and 12 older (mean age: 71 years)

subjects using normal breathing or breathing after being trained to

close the palate to minimize airflow from the mouth (velopharyngeal

closure). Note the smaller amplitude and longer latency responses in the
older group. From Thesen and Murphy (2001), with permission.
Copyright©2001, Elsevier Science B.V.

FIGURE 10 | Mean (s.e.m.) sniff magnitude ratios obtained from the

Sniff Magnitude Test as a function of age. Sample size = 137 subjects,
74% of whom were female. From Frank et al. (2006), with permission.
Copyright©2006, American Medical Association.

For example, persons over the age of 70 who are homozygous
for the val allele of the val66met polymorphism of brain derived
neurotrohic factor (BDNF) exhibit a somewhat greater 5-year
decline in odor identification performance than persons het-
erozygous for this allel (v/m) or homozygous for the met allel
(m/m) (Hedner et al., 2010b). Older carriers of the ε4-allele of the
human apolipoprotein E gene, a plasma protein involved in lipid
transport, exhibit greater longitudinal declines in odor identifica-
tion than non-carriers (Calhoun-Haney and Murphy, 2005). This
occurs even after controlling for the effects of vocabulary and gen-
eral cognitive status, suggesting that the influences of this allele on
odor identification ability are independent of clinical dementia
(Olofsson et al., 2010).

More recently, Doty et al. tested the odor identification ability
of 1222 very old twins and singletons, including 91 centenar-
ians (Doty et al., 2011). Unlike cognition, the sex- and age-
adjusted heritability coefficients for odor identification from the
two genetic models employed were quite low (i.e., 0.13 and 0.16
compared to 0.70 for cognition). These authors point out that
nearly all twin studies looking at middle aged or older study
cohorts report low heritability coefficients, in contrast to stud-
ies in which only young cohorts are assessed. One explanation for
this observation is that the initial effects of heritability on func-
tion are eventually swamped by other factors in older persons,
including the cumulative environmental insults to the olfactory
epithelium, as described below.

CHANGES IN NON-OLFACTORY ELEMENTS OF THE NOSE
Odorant access to the olfactory receptors can be altered by age-
related changes in nasal airflow patterns and mucous compo-
sition, including those associated with diseases which are more
common in the elderly. The prevalence of chronic rhinosinusi-
tis, nasal polyposis, and lessened mucocilliary clearance increases
with age (Settipane, 1996; Cho et al., 2012), as does nasal resis-
tance, as measured by rhinomanometry (Edelstein, 1996). The
nasal epithelium undergoes age-related atrophy, decreases in
mucosal blood flow, and decrements in elasticity (Somlyo and
Somlyo, 1968; Bende, 1983). In general, older persons report
experiencing more frequent episodes of postnasal drip, nasal
drainage, sneezing, and coughing than younger ones (Edelstein,
1996). Interestingly, increased age is associated with a signifi-
cant decrease in asthma (Jarvis et al., 2012) and a number of
abnormalities of the nasopharynx, such as adenoidal hypertro-
phy, inflammation, cystic degeneration, or thick mucus discharge
(Edelstein, 1996). Recently it has been shown that sleep apnea, a
disorder associated with restriction of nasal airflow that increases
in prevalence with age, has an adverse effect on smell function
(Salihoglu et al., 2013).

It must not be forgotten that the nose is a dynamic organ.
Airflow patterns are regularly shifting, reflecting multiple influ-
ences on nasal turbinate engorgement and secretory activity
from air temperature, humidity, physical activity, psychological
stress, and environmental xenobiotics such as allergens, nanopar-
ticles, toxic chemicals, and infectious agents (Frye, 2003). Nasal
engorgement is regulated in large degree by the autonomic ner-
vous system. Thus, relative sympathetic/parasympathetic domi-
nance influences the lateralized changes in engorgement of the
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nasal capillary bodies that occur over time. Although reciprocal
and cyclic left:right fluctuations in relative airflow—termed the
nasal cycle—are not as common as previously believed (Gilbert,
1989; Mirza et al., 1997), there is evidence that olfactory sensi-
tivity is somewhat higher during the so-called sympathetic phase
of this putative cycle, i.e., when the left side of the nose is rel-
atively more engorged than the right (Frye and Doty, 1992).
Since nearly three-quarters of adults over the age of 50 no longer
exhibit this cycle (Mirza et al., 1997), a subtle lowering of olfactory
sensitivity could mark the transition from the predominance of
relative more sympathetic dominance to a more balanced sympa-
thetic/parasympathetic mode. Age-related changes the suprachi-
asmatic nucleus, a brain center involved in the control of a
number of biological rhythms, could conceivably account for this
effect (Farajnia et al., 2014).

An important non-neural process that undoubtedly compro-
mises smell function is the age-related decline in the size and
number of patent foramina of the cribriform plate (Krmpotic-
Nemanic, 1969; Kalmey et al., 1998). The occlusion or decrement
in size of these holes can lead to a pinching off or elimina-
tion of olfactory receptor cell axons that enter into the brain
from the olfactory epithelium (Figure 11). Kalmey et al. found a
47.3% reduction of the area of the foramina within the posterior
centimeter of the cribriform plate in men older than 50 years rel-
ative to those younger than this age (7.19 vs. 3.79 mm2) (Kalmey
et al., 1998). The reduction in women was 28.8% (5.61 vs.
3.99 mm2).

FIGURE 11 | Left: left and right halves of the cribriform plate of a
25-year-old female in superior view. Right: left half of cribriform plate of a
66-year-old male in superior view. Note the difference in size and number of
patent foramina that transmit cranial nerve I between the young and old
cribriform plates. Anterior is toward top. From Kalmey et al. (1998), with
permission. Copyright©1998, Wiley-Liss, Inc.

As described in the next section, the olfactory neuroepithelium
becomes compromised as we age. While there are multiple rea-
sons for this compromise, it is clear that the clearance of bacteria
and other agents from the nasal cavity—clearance that depends in
large part on the nature of the mucus and mucocilliary activity—
changes across the lifespan. In one study of adults ranging in
age from 18 to 100 years, for example, mucociliary function was
found to be impaired in about 30% of those 60 years of age and
older (Sakakura et al., 1983).

CHANGES IN THE OLFACTORY NEUROEPITHELIUM
Histological studies of the human olfactory epithelium have
shown age-related changes in its nature and integrity, including
decreased number of receptors, a thinning of the epithelium in
general, and alterations in the cellular patterns and zonal distribu-
tions of the nuclei of the olfactory receptor and sustentacular cells.
Intermingling of supporting and receptor cell nuclei are common,
as is intercalation of respiratory epithelium with that of the olfac-
tory epithelium, reflecting replacement of the olfactory epithelia
with respiratory epithelia (Naessen, 1971; Nakashima et al., 1984;
Morrison and Costanzo, 1990; Paik et al., 1992) (Figure 12).
Similar alterations are noted in rodents exposed to olfactory
toxins such as 3-methyl indole and 3-trifluoromethyl pyridine
(Gaskell et al., 1990; Peele et al., 1991). In infancy and early child-
hood, the olfactory epithelium is highly vascularized, with blood
capillaries being found in its basal layers and in close association
with the perikarya of the receptor cells (Naessen, 1971). With age,
these intraepithelial vessels regress and the epithelium becomes
avascular. In adulthood, pigment granules are evident in the cyto-
plasm of sustentacular cells—granules that increase in number in
the elderly (Naessen, 1971).

There are a number of reasons for the age-related decline in
olfactory receptor cells and other elements of the olfactory epithe-
lium. First, neurogenic processes appear to be compromised with
age. In the rat, the ratio of dead or dying cells to the number of
live receptor cells increases with aging (Mackay-Sim, 2003), sug-
gesting the possibility that receptor cells from older individuals
have less mitotic activity than those from younger individuals.
This is in accord with the observation that following chemical
destruction of the olfactory receptors of mice with zinc sul-
fate or methyl-formimino-methyl ester, morphological repair is
slower or nonexistent in older animals (Matulionis, 1982; Rehn
et al., 1986). Second, the aforementioned age-related decline in
the size and number of patent foramina of the cribriform plate
may result in necrosis of the olfactory receptor cells, eliminating
them from the olfactory epithelium (Krmpotic-Nemanic, 1969;
Kalmey et al., 1998). Third, immunologic and enzymatic defense
mechanisms critical for maintaining the integrity of the epithe-
lium become compromised with age. For example, age-related
reductions have been found in the expression of phase I and
phase II xenobiotic metabolizing enzymes, including carnosinase,
glutathione, S-transferases, heat-shock protein 70, and isoforms
of cytochrome P-450 (Kirstein et al., 1991; Getchell et al., 1995;
Krishna et al., 1995). Fourth, age-related losses occur in the speci-
ficity of the responses of individual receptor cells. For example,
electrophysiological tuning curves are broader in biopsied recep-
tor cells from older than from younger persons (Rawson et al.,
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FIGURE 12 | Respiratory epithelium in the olfactory region of the adult

human. Top: ciliated and goblet cell-containing respiratory epithelium has
invaded degenerated olfactory neuroepithelium (between arrows). Arrows
indicate junction of respiratory and olfactory epithelia (HandE, × 100).
Middle: gland-like invagination (between arrows) of respiratory epithelium
into the lamina propria (HandH, × 200). Bottom: gland-like respiratory
epithelium with large lumina in the lamina propria (HandE, × 1000). From
Nakashima et al. (1984), with permission. Copyright©1984, American
Medical Association.

1998). Fifth, exposures to air-borne environmental agents, includ-
ing air pollution, cigarette smoke, viruses, bacteria, and other
xenobiotics, damage regions of the olfactory epithelium, having
more functional consequence in later years when their cumula-
tive effects have taken a toll on the epithelium (Smith, 1942; Hirai
et al., 1996; Loo et al., 1996). As mentioned earlier, environmen-
tal factors likely swamp age-related genetic factors in determining
the degree of olfactory function in later life (Doty et al., 2011).
Thus, Loo et al. found no age-related decrement in the number of
mature olfactory neurons in the olfactory mucosa in rats reared in
a pathogen-free environment, unlike the situation in rats reared
in a normal laboratory environment (Loo et al., 1996).

CHANGES IN THE OLFACTORY BULB
In parallel with the integrity of the olfactory epithelium, the size
of the olfactory bulb and a number of its laminae—most notably

the glomerular layer—declines with age in humans and other ani-
mals (Bhatnagar et al., 1987; Yousem et al., 1998; Sama et al.,
2008). While this decline may reflect, to some degree, general-
ized atrophy, loss of neuronal elements, and increases in astroglia,
most of the decline appears to be secondary to damage to the
olfactory neuroepithelium from nasal infections, chronic rhini-
tis, lack of airflow, and exposures to xenobiotics; (see Holt, 1917;
Frühwald, 1935; Smith, 1935; Meurman, 1950; Liss and Gomez,
1958). Indeed, one can use the number of glomeruli of autopsy
specimens to infer the amount of destruction of the olfactory
epithelium. In a classic study, Smith (1942) did just that, counting
the number of glomeruli to estimate age-related losses of human
olfactory receptors. In his examination of 205 olfactory bulbs
from 121 autopsy specimens, he concluded that the loss of the
olfactory nerves begins soon after birth and continues throughout
life at the rate of approximately 1% per year. However, consider-
able variability was noted at all ages and a reassessment of his data
using medians rather than means suggests that glomerular loss is
most evident after the fifth decade of life, more or less paralleling
what is shown in Figure 3 for odor identification.

Bhatnagar et al. (1987) quantitatively assessed the morphology
of eight pairs of bulbs from women who died between the ages
of 25 and 102 years. Corresponding bulb volumes, estimated for
the ages of 25, 60, and 95 years by linear regression, were 50.02,
43.35, and 36.68 mm3. Mean mitral cell numbers for these three
age groups were 50,935, 32,718, and 14,501, respectively. Other
cell types were not enumerated. As would be expected from the
work of Smith (1942), the glomerular layer was markedly influ-
enced by age and, in the older specimens, was discontinuous and
evident only in the rostral areas of the bulb.

Some studies have noted, in brains from non-demented older
persons, neurofibrillary tangles in the olfactory bulb that increase
as a function of age. For example, Kishikawa et al. (1990) observed
such tangles in 35.3% of olfactory bulbs from 133 individuals
ranging from 40 to 91 years (mean = 64.3 years), only one of
whom had dementia. Most of the tangles were within the ante-
rior olfactory nucleus, although a few were found in mitral and
tufted cells. This percentage increased to 40.5% when only those
over the age of 50 years were included in the sample. Similar
types of pathology have been noted in autopsied olfactory bulbs
from young persons who had lived in highly polluted regions
of Mexico City, in some cases in association with nanoparticles
that have entered into the bulbs via the olfactory fila (Calderon-
Garciduenas et al., 2010).

In the first of a series of important quantitative studies, Hinds
and McNelly measured the volume of the glomerular, external
plexiform, internal plexiform, and olfactory nerve layers of the
olfactory bulb of Sprague Dawley rats at 3, 12, 24, 27, and 30
months of age (Hinds and McNelly, 1977). They also assessed
the number of mitral cells and the volume of their nuclei, cell
bodies, and dendritic trees, as well as the total length and mean
cross-sectional area of the associated dendrites. Until the age
of 24 months, a ∼50% developmental increase in the volumes
of each of the layers was observed, as was a doubling in the
size of the volumes of the cell bodies and dendritic trees of the
mitral cells. From 24 to 30 months, the volume of olfactory bulb
layers decreased. Subsequently, the number of mitral cells also
decreased. Although the total volume of mitral cell dendritic trees
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declined slightly from 24 to 27 months, the volume of individual
mitral cell dendritic trees, as well as cell body and nuclear size,
increased, presumably reflecting compensation for the decrease
in mitral cell numbers.

In a subsequent study, these general findings were replicated
in the Charles River rat strain (Hinds and McNelly, 1981), save
for a lack of a decline in mitral cell number in the older ani-
mals. Concurrent assessment was also made of alterations in
the olfactory epithelium. After 18 months, olfactory bulb vol-
umes declined and, after 24 months, decreases in the average
volumes of the mitral cell bodies and the glomerular dendrites
were observed. A comparison of regression lines for changes in
number of olfactory receptors on the septum with that of the
size of mitral cell bodies suggested that the decline in receptor
number began several months before the decline in mitral cell
size. This implied that the bulbar changes were in response to the
epithelial changes. In the remaining olfactory receptor cells, an
increase in the number of synapses per cell within the glomeruli
occurred in the oldest rats evaluated, implying compensatory
responses.

Age-related changes in the volume of human olfactory bulbs
have also been documented in vivo using magnetic resonance
imaging (MRI) (Yousem et al., 1998; Buschhuter et al., 2008).
However, such decrements are not specific to aging, are vari-
able, and are plastic to some degree. Thus, olfactory bulb volume
is reduced in cigarette smokers (Schriever et al., 2013) and in
those with a number of neurological diseases or other disorders
(Yousem et al., 1995b). These include acute depression (Negoias
et al., 2010), Alzheimer’s disease (Thomann et al., 2009), child-
hood abuse (Croy et al., 2013), chronic sinusitis (Rombaux et al.,
2008), congential anosmia with and without Kallmann syndrome
(Yousem et al., 1993, 1996; Abolmaali et al., 2002; Koenigkam-
Santos et al., 2011; Levy et al., 2013), epilepsy (Hummel et al.,
2012), head trauma (Yousem et al., 1995a; Doty et al., 1997;
Landis et al., 2005; Jiang et al., 2009), multiple sclerosis (Goektas
et al., 2011; Schmidt et al., 2011), Parkinson’s disease (Wang
et al., 2011b; Brodoehl et al., 2012), polyposis (Herzallah et al.,
2013), schizophrenia (Turetsky et al., 2003; Nguyen et al., 2011),
and prior upper respiratory infections associated with chronic
smell loss (Rombaux et al., 2009). Such studies strongly suggest
that olfactory bulb volume is a marker for olfactory function in
general (Yousem et al., 1998; Turetsky et al., 2003; Buschhuter
et al., 2008; Haehner et al., 2008; Hummel et al., 2011; Rombaux
et al., 2012). Evidence of plasticity comes from observations that
over time the shrinkage of olfactory bulbs in humans due to
rhinosinusitis can be reversed as a result of treatment (Gudziol
et al., 2009) and that rodent intrabulbar circuitry can recover
from occlusion after reinstating nasal patency (Cummings and
Belluscio, 2010).

CHANGES IN CENTRAL BRAIN REGIONS INVOLVED IN OLFACTORY
PROCESSING
It is widely appreciated that aging is accompanied by decreased
brain weight, cortical thickness, white matter integrity, and trans-
mitter activity, and increased neuronal vulnerability, including
early changes within brain structures associated with olfactory
system processing (Kemper, 1984). Among such changes are

disproportionate decrements in the volume of the hippocampus,
amygdala, piriform cortex, anterior olfactory nucleus, and frontal
poles of the brain. In a cohort of non-demented subjects rang-
ing in age from 51 to 77 years, Segura et al. (2013) found that
UPSIT scores were significantly correlated with the volume of
the right amygdala and bilaterally with the volume of gray mat-
ter in the perirhinal and entorhinal cortices. Such scores were
also inversely correlated with cortical thickness in the postcentral
gyrus and with fractional anisotropy and mean diffusivity levels in
the splenum of the corpus callosum and the superior longitudinal
fasciculi.

A number of age-related neurodegenerative disease patholo-
gies, including abnormal deposits of tau and α-synuclein,
have been associated with olfactory dysfunction in older non-
demented persons, suggesting that some age-related alterations
may reflect “pre-clinical” neurodegenerative disease. For example,
in a longitudinal clinicopathological study of 122 non-demented
subjects, Wilson et al. (2007a) found inverse correlations between
B-SIT scores obtained before death and the post-mortem density
of neurofibrillary tangles in the entorhinal cortex, the CA1 sub-
field of the hippocampus, and the subiculum. Similar associations
were found by this group between pre-mortem B-SIT scores and
post-mortem measures of Lewy bodies within limbic and corti-
cal brain regions (Wilson et al., 2011b), leading the authors to
conclude that olfactory function is impaired in Lewy body disease
even in otherwise asymptomatic individuals.

Persons with mild cognitive impairment (MCI) who convert
to AD typically have more smell loss than MCI patients who
do not convert (Croy et al., 2009). In AD, tau-related neurofib-
rillary pathology seems to be more closely linked to olfactory
dysfunction than β-amyloid plaque pathology. Thus, some stud-
ies find no direct associations between the AD-related decrement
in odor identification ability and brain β-amyloid, as measured
by PET imaging of Pittsburgh compound B, an in vivo marker of
brain amyloid levels (Bahar-Fuchs et al., 2010). This observation
is consistent with post-mortem studies which, after controlling
for the adverse influences of tau, find no strong associations
between pre-mortem olfactory function and post-mortem levels
of β-amyloid in olfactory eloquent brain regions of older indi-
viduals (Wilson et al., 2007a). It is noteworthy that anosmia, per
se, is correlated with wide spread changes in gray matter within
olfaction-related structures, including the piriform cortex, insular
cortex, OFC, medial prefrontal cortex, hippocampus, parahip-
pocampal gyrus, supramarginal gyrus, nucleus accumbens, sub-
callosal gyrus, and the medial and dorsolateral prefrontal cortices
(Bitter et al., 2010).

Functional imaging studies, such as those employing fMRI
and positron emission tomography (PET), also demonstrate age-
related changes in the processing of olfactory information, as
reflected by decrements in odor-induced activation in central
olfactory pathways. It should be noted, however, that such decre-
ments need not be indicative of the locus of dysfunction. This is
because the activity of a given central brain region often depends
upon input from other brain regions that themselves may be com-
promised. Nevertheless, such imaging does represent the overall
functioning of the system. Yousem et al., in a pioneering fMRI
study, found that odors activated fewer voxels within the right
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FIGURE 13 | Olfactory functional magnetic resonance imaging (fMRI)

activation maps from 11 younger (left; mean age = 23.9 years) and 8

older (right; mean age = 66.4 years) persons to lavender and

spearmint odors. Note greater activation in the younger subjects. From
Wang et al. (2005), with permission. Copyright©2005, Gerontological
Society of America.

inferior frontal and left and right superior frontal and perisyl-
vian zones in old than in young persons (Yousem et al., 1999).
Subsequently, Suzuki and his associates noted less fMRI odor-
induced activation in 6 older persons than in 6 younger persons

during an odor discrimination task in a region within the left
orbital pole (Suzuki et al., 2001). Wang et al. (2005) found
age-related decreases in activation in structures comprising the
primary olfactory cortex, most notably in the right amygdala and
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piriform and periamygdaloid cortices (Figure 13). These investi-
gators chose subjects whose UPSIT scores were within the normal
age-adjusted range, although slightly lower scores were evident
in the 11 young subjects (mean age = 23.9) than in the 8 older
subjects (mean age = 66.4); respective UPSIT means = 37.3 and
34.1, p = 0.0004. More recently, Wong et al. (2010) found that
a measure of nigrostriatal denervation in healthy elderly persons
over the age 60 years, as determined by PET imaging of the brain
dopamine transporter (DAT), was significantly correlated with
UPSIT scores, suggesting that age-related declines in nigrostri-
atal function may account, in part, for age-related losses in smell
ability.

NEUROCHEMICAL CHANGES IN THE BRAIN
It is well established that age-related changes occur in numerous
enzyme, neurotransmitter, and neuromodulator systems within
the brain. In many cases, the largest age-related decline occurs
before the age of 60 years, as exemplified by enzymes involved
in the synthesis of GABA (glutamate decarboxylase), acetyl-
choline (choline acetyltransferase), and both norepinephrine
and dopamine (tyrosine hydroxylase) (Selkoe and Kosik, 1984).
Hence, significant neurochemical changes are likely present prior
to the onset of neuropathology and cognitive and motor phe-
notypes associated such age-related diseases as AD and PD.
This implies that some such changes may “prime” the organ-
ism or lower the threshold for adverse influences from neural
insults, mutations, and other deleterious factors in the elderly
and could be, in fact, a critical substrate for the so-called “pre-
clinical” stages of some age-related neurodegenerative diseases.
Importantly, such neurochemical changes may be region specific,
preferentially involving, for example, limbic structures early in
the aging process (Strong, 1998). Imaging studies suggest that
binding sites for a number of neurotransmitters are significantly
decreased in the brains of older persons (Dewey et al., 1990;
Rosier et al., 1996; Volkow et al., 2000).

While several age-related neurotransmitter deficiencies may
contribute to the olfactory loss observed in elderly persons, one
system stands out as being particularly prepotent—the choliner-
gic system. Acetylcholine is intimately involved in the modulation
of olfactory function, such as increasing contrast and synchro-
nization of odor-induced activity from the bulb to the piriform
cortex and facilitating attention, odor learning, memory, and
cortical plasticity (de Almeida et al., 2013). Cholinergic pro-
jections reach all sectors of the olfactory system from origins
within the medial septum, the nucleus basalis of Meynert, and
the horizontal and vertical diagonal band of Broca (Schliebs and
Arendt, 2011). Patients with MCI exhibit olfactory deficits and
cholinergic dysfunction prior to the onset of AD—dysfunction
which is unaccompanied by significant cell loss (Schliebs and
Arendt, 2011). Interestingly, cholinergic neurons directly mod-
ulate neural activity within the olfactory bulb and tonically
inhibit, along with some other neurotransmitters, the activity of
microglial cells critical for immune responses to brain damage
and foreign agents (Doty, 2012a). When such modulation is sig-
nificantly perturbed, the release of inhibition on the microglial
cells can occur, resulting in the secretion of inflammatory medi-
ators and other factors which, in extreme instances, can be

deleterious to neurons (Tang et al., 2007; Lalancette-Hebert et al.,
2009).

It is noteworthy that the relative magnitude of olfactory deficits
of a number of neurodegenerative and neurodevelopmental dis-
eases appears to be associated with the relative damage to the
basal cholinergic system. Such disorders include AD, PD, Down
syndrome, Parkinson-Dementia complex of Guam, Korsakoff
syndrome, amyotrophic lateral sclerosis, schizophrenia, and pro-
gressive supranuclear palsy (for olfactory test scores, see, e.g.,
Mair et al., 1986; Doty et al., 1987, 1988, 1991, 1993; Kopala et al.,
1994; Sajjadian et al., 1994; Wenning et al., 1995; McKeown et al.,
1996; for quantitative assessments of basal cholinergic cell losses
or volumes, see Arendt et al., 1983; Nakano and Hirano, 1983,
1984; Casanova et al., 1985; Rogers et al., 1985; Vogels et al., 1990;
Yoshida et al., 1992; Kasashima and Oda, 2003). Age-related dam-
age to the nucleus basalis has also been observed, although its
magnitude is not generally as marked as that seen in AD and PD.

CONCLUSION
This review addressed the functional and pathophysiological
changes that occur in the human olfactory system as a result of
age. Basic information about the anatomy, physiology, and mea-
surement of this primary sensory system was provided, along
with a general overview of the nature of age-related changes
that occur in olfactory perception. Numerous factors that likely
contribute to such changes were assessed, including changes in
autonomic control of nasal engorgement, increased propensity
for nasal disease, cumulative damage to the olfactory epithelium
from environmental insults, decrements in protective metaboliz-
ing enzymes in the olfactory mucosa, occlusion of the foramina
of the cribriform plate, loss of selectivity of olfactory receptor
neurons to odorants, changes in neurotransmitter and neuro-
modulator systems, and neuropathological processes such as the
expression of aberrant proteins associated with such neurodegen-
erative diseases as AD and PD. As apparent from the research
examined in this review, it is likely that there are multiple determi-
nants of the olfactory loss of older persons, although the relative
importance of each is yet to be established.
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Olfaction research deeply renewed the knowledge of the pathophysiological mechanisms
involved in various psychopathological states and showed that olfactory deficits might
constitute an onset or trait marker in psychiatry. However, while alcohol-dependence
is the most wide spread psychiatric disorder and while olfaction might be involved in
its development and maintenance, olfactory abilities have been little explored in this
population. The central aim of this paper is thus to underline the usefulness of olfaction
research in alcohol-dependence. After reviewing the few olfaction studies available, a
research agenda will be proposed, identifying the major challenges for future research, and
particularly: (1) the identification of the origin, extent and cerebral correlates of olfaction
deficits; (2) the links between olfaction and emotional-cognitive deficits, and the use of
olfaction to understand the pathomechanisms of alcohol-dependence; (3) the interactions
between olfaction and other sensory modalities; (4) the use of olfaction to predict the
appearance and intensity of cognitive impairments; (5) the impact of olfaction deficits on
everyday life in alcohol-dependence.

Keywords: olfaction, cognition, emotion, alcohol-dependence, orbitofrontal cortex, executive functions

INTRODUCTION
Alcohol-dependence represents a major concern for public health,
annually leading to more than two million deaths world-
wide (World Health Organization [WHO], 2011). The excessive
consumption of alcohol has deleterious physiological effects,
notably on the central nervous system as alcohol-dependence
is associated with cerebral impairments (see Bühler and Mann,
2011 for a review of more than 190 papers on brain cor-
relates of alcohol-dependence). The consequences of these
brain deficits on cognitive and emotional abilities have also
been widely described: alcohol-dependent individuals present
impaired performance in attentional, executive, or memory
abilities (Stavro et al., 2013), but also in affective and interper-
sonal processing (Philippot et al., 1999; Maurage et al., 2012).
This large amount of data now offers a nearly exhaustive view
of the deleterious consequences of excessive alcohol consump-
tion.

However, these numerous studies have nearly all be based on
visual or auditory stimulations. This can be explained by the fact
that vision and audition are the most frequently used sensorial
modalities among humans and are also the easiest to implement
in experimental settings. Nevertheless, the exclusive focus on two
modalities led to the nearly total neglect of other senses, and partic-
ularly olfaction. This lack of data on olfactory abilities constitutes a
major shortcoming for the understanding of alcohol-dependence,
as odors might play a crucial role in the development and persis-
tence of this addictive state. The main aim of the present paper will
thus first be to underline this importance of olfactory processes in
alcohol-related disorders. After reviewing the results of the few

studies which explored olfaction in alcohol-dependent patients,
we will then underline the usefulness of olfactory studies to offer
a better understanding of the impairments presented in alcohol-
dependence. Particularly, we will show how olfaction might deeply
renew and improve the current knowledge about this pathology, at
fundamental (e.g., by renewing the knowledge on the pathophys-
iological mechanisms involved) and clinical (e.g., by developing
olfaction rehabilitation programs to improve quality of life)
levels.

WHY SHOULD OLFACTION BE EXPLORED IN
ALCOHOL-DEPENDENCE?
There are at least four main arguments promoting further
exploration of olfaction in alcohol-dependence:

THE IMPACT OF OLFACTORY LOSS ON EVERYDAY LIFE
Olfactory impairments could influence the decreased quality
of life observed in alcohol-dependence. Indeed, olfactory loss
is deleterious for everyday activities (Shu et al., 2011) as it
increases the risk of injury by hampering the identification of
environmental hazards (Stevenson, 2010). It also lowers the
richness of social life (Schiffman, 1997), as smells are involved
in social choices (Li et al., 2007; Prehn-Kristensen et al., 2009).
Olfaction impairments thus have major consequences on per-
sonal and social life. As odors are crucial for food enjoy-
ment (Smeets et al., 2009) and regulation (Stevenson, 2010),
altered olfaction might participate in abnormal feeding behav-
iors (Santolaria et al., 2000) and nutrition deficiencies reported in
alcohol-dependence (Carey, 1989). Olfaction impairments might
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largely alter food choices or eating motivation in this popu-
lation, which underlines the need to better understand these
impairments.

THE INTERACTIONS BETWEEN OLFACTION AND
EMOTIONAL-COGNITIVE ABILITIES
The olfactory system is connected with cognitive and emo-
tional brain regions, and exploring olfaction might improve
the understanding of emotional-cognitive deficits in alcohol-
dependence (up to now explored with visuo–auditory stimula-
tions). Olfaction is indeed directly connected with limbic (Soudry
et al., 2011) and fronto-temporal regions (Rolls, 2004). The
orbitofrontal cortex is a crucial area in this perspective, being
simultaneously involved in emotional, executive, and olfactory
processing (Rolls, 2008). Strong correlations between olfactory
and cognitive abilities have been shown (Purdon, 1998; Schu-
bert et al., 2008; Sohrabi et al., 2012), underlining their com-
mon cerebral basis. Olfaction testing is also used to explore
cognitive impairments in neurodegenerative disorders (Velayud-
han et al., 2013). Olfaction thus constitutes an interesting way
to renew the exploration of emotional-executive deficits in
alcohol-dependence.

THE PROMISING RESULTS OF OLFACTION STUDIES IN PSYCHIATRY
Odor-processing impairments have been described in schizophre-
nia (Strauss et al., 2010), autism (Wiggins et al., 2009), anorexia
nervosa (Roessner et al., 2005), and depression (Clepce et al.,
2010). Beyond the mere description of impaired olfactory abilities,
olfaction research offered new fundamental insights on psychiatric
states, notably on three aspects. First, it renewed the knowledge
on the psychophysiological mechanisms involved [e.g., dopamine
regulation in schizophrenia (Moberg et al., 2013; Schecklmann
et al., 2013)]. Second, it proposed early diagnostic tool for neu-
rodegenerative diseases [e.g., Alzheimer (Luzzi et al., 2007) or
Parkinson disease (Kranick and Duda, 2008)] and schizophrenia
(Brewer et al., 2003; Turetsky et al., 2008). Third, as the level of
olfactory deficit varies across pathologies, olfaction might con-
stitute a cognitive marker in psychiatry (Atanasova et al., 2008)
and a reliable evaluator of disease severity (Rupp, 2010; Segalàs
et al., 2011). However, while constituting a topic of rising impor-
tance in psychiatry, odor processing remains little investigated in
alcohol-dependence.

THE POSSIBLE ROLE OF OLFACTION IN THE DEVELOPMENT AND
MAINTENANCE OF ALCOHOL-DEPENDENCE
Alcohol beverages provoke massive orthonasal and retronasal
stimulations (Bragulat et al., 2008) which constitute strong appet-
itive cues (Bienkowski et al., 2004) and might be involved in the
arisen of alcohol-dependence as they rapidly lead to conditioned
alcohol-seeking behaviors (Pautassi et al., 2009). Olfactory stim-
ulations elicit strong drinking desires (Schneider et al., 2001),
this olfactory craving being even stronger than those provoked
by visual–auditory cues, particularly during withdrawal (Kareken
et al., 2004; Little et al., 2005) and thus being potentially involved
in relapse. These preliminary results suggest that olfactory cues
might play a role in the appearance of alcohol-dependence, but

further studies are needed to explore their role at different stages
of dependence.

WHAT IS CURRENTLY KNOWN ABOUT OLFACTION DEFICITS
IN ALCOHOL-DEPENDENCE?
Earlier studies used olfactory cues in alcohol-dependence to elicit
a consumption urge, and showed that alcohol-related odors can
provoke strong subjective and physiological craving responses
(Stormark et al., 1995; Bordnick et al., 2008). Neuroimaging
studies showed that odor-induced craving mostly relies on a lim-
bic and reward network including nucleus accumbens (Kareken
et al., 2004), amygdala–hippocampal (Schneider et al., 2001), and
orbitofrontal (Bragulat et al., 2008) regions. Nevertheless, as they
were designed to test whether odors elicit craving, these studies did
not explore odor processing and brought no insight on olfaction
impairments.

Few studies directly explored olfaction in alcohol-dependence.
The initial explorations led to contradictory results, some show-
ing impaired odor discrimination, identification, or recall (Potter
and Butters, 1979; DiTraglia et al., 1991) while others described
preserved olfaction (Jones et al., 1975, 1978; Mair et al., 1986;
Kesslak et al., 1991). These discrepancies might be explained by
large methodology and population variations, and by the lack
of control for medication and comorbidities. More recently, the
use of a validated battery separately exploring three olfaction
abilities [odor detection threshold, discrimination, identification
(Kobal et al., 2000)] allowed to show a generalized olfactory deficit
in alcohol-dependence, independent of medication and smok-
ing habits (Rupp et al., 2003), as well as impaired familiarity and
edibility odor judgments (Rupp et al., 2004). As olfactory judg-
ments largely rely on orbitofrontal cortex (Royet et al., 2001),
these results support the involvement of this region in olfaction
deficits. However, this hypothesis had to be confirmed by stud-
ies including neuroimaging exploration or other cognitive tasks
testing orbitofrontal cortex.

To explore this orbitofrontal implication, a simultaneous
exploration of odor processing and executive functions was
subsequently proposed (Rupp et al., 2006). Results confirmed
olfaction impairments and showed a strong correlation between
odor discrimination and executive performance, suggesting that
orbitofrontal cortex is involved in olfactory impairments. Nev-
ertheless, these executive tasks did not specifically rely on
orbitofrontal functioning but rather on a large frontal network.
In line with these results, we recently explored these olfaction-
executive links by simultaneously administrating a complete odor
processing test, the confabulation task [a source memory test
specifically involving the orbitofrontal cortex (Schnider et al.,
1996)] and another executive task unrelated to orbitofrontal cor-
tex. Alcohol-dependence was associated with impaired odor iden-
tification and source memory, but preserved non-orbitofrontal
performance. Centrally, a strong correlation was found between
olfaction and source memory performances, suggesting that both
abilities rely on orbitofrontal cortex (Maurage et al., 2011a).

Finally, only two studies directly explored the cerebral corre-
lates of olfaction in alcohol-dependence. A MRI study showed a
correlation between olfaction deficits and decreased cerebral vol-
umes in a large cortico-subcortical network (Shear et al., 1992).
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More recently, we explored the electrophysiological consequences
of alcohol-dependence on olfaction (Maurage et al., 2011b) using
chemosensory event-related potentials. Results showed altered
olfactory event-related potentials (related to smell and indexing
olfactory nerve activation) in alcohol-dependence, with preserved
trigeminal activity (related to nasal somatosensory feelings and
indexing trigeminal nerve activation). This shows that the olfac-
tory deficit is specific and not due to a general impairment
also affecting trigeminal functioning. Moreover, the electro-
physiological deficit was mostly present for the P2 wave (a
high-level cognitive component related to endogenous cortical
olfactory processing) with partial preservation of the N1 wave
(indexing low-level sensory processing linked with the exoge-
nous activity provoked by the odor). This suggests that olfaction
deficits rely on impaired high-level cognition based on fronto-
limbic network (including orbitofrontal cortex and amygdala)
and not on low-level olfactory processing in primary olfactory
cortex.

SEVEN CRUCIAL QUESTIONS FOR FUTURE RESEARCH
Earlier studies presented above suggest that odor processing mod-
ifications might influence the everyday life of alcohol-dependent
patients and claim for further exploration of olfaction deficits.
Seven of the central questions that should be addressed will now
be described, drawing a potential research agenda:

WHAT ARE THE ORIGIN AND EXTENT OF OLFACTION DEFICITS?
The presence of olfaction impairments is established, but contro-
versial results were obtained across earlier studies concerning the
respective impairment of different olfactory abilities. Variations
in alcohol-dependence’s characteristics (e.g., duration/severity
of alcohol-dependence, duration of abstinence) might explain
this controversy, and future studies should evaluate olfactory
sub-components on larger populations to determine which fac-
tors modulate the impairment. A second step is to further
explore other olfactory functions and particularly high-level
odor judgments, which appear impaired (Rupp et al., 2004).
Future studies should determine the preserved/impaired abilities,
notably by using more subtle tests (Delplanque et al., 2008). As
earlier studies focused on recently detoxified patients, the evo-
lution of olfactory impairments across the successive stages of
alcohol-dependence should also be explored. Cognitive func-
tions recover with abstinence (Pitel et al., 2009), and testing
olfaction at several stages of abstinence would determine how
this deficit evolves when alcohol consumption stops. Finally,
olfactory impairments are supposed to be provoked by alcohol-
dependence, but this causal link should be tested. Studies in
populations at-risk for schizophrenia showed that olfactory deficit
precedes the pathology (Turetsky et al., 2008). Accordingly, explor-
ing olfaction in populations at-risk for alcohol-dependence would
determine if olfaction impairments mostly precede or follow
alcohol-dependence.

WHAT ARE THE CEREBRAL BASES OF THE DEFICIT?
While the brain correlates of olfactory impairments have
been explored in clinical populations (Turetsky et al., 2003;
Welge-Lüssen et al., 2009), underlining the key role of orbitofrontal

cortex (Frasnelli et al., 2010; Li et al., 2010), only two stud-
ies investigated this question in alcohol-dependence (Shear
et al., 1992; Maurage et al., 2011b). Behavioral explorations
suggested an implication of the orbitofrontal cortex in olfac-
tory dysfunctions but no neuroimaging data confirmed it. A
combined neuroscience approach could identify these cerebral
impairments and particularly the processing level at which
olfactory deficits begins. Indeed, if the deficit is, as sug-
gested (Maurage et al., 2011b), focused on high-level cognitive
stages (limbic areas, orbitofrontal cortex) with preserved low-
level sensory ones (olfactory bulb, primary olfactory cortex),
therapeutic programs should focus on these high-level func-
tions. More globally, neuroimaging studies of olfaction would
complement the knowledge on the cerebral consequences of
alcohol-dependence, currently based on visuo–auditory modal-
ities. Another important issue is the contradiction between
impaired processing (and reduced cerebral activations) for non-
alcohol-related odors and increased cerebral activations for
alcohol-related odors (Bragulat et al., 2008). Alcohol-dependence
might lead to a double olfactory system modification: over-
activation for alcohol-related cues, reduced activation for other
stimuli. A better understanding of how motivational factors may
persistently activate olfactive responses to some but not all olfac-
tory stimuli would also give new insights on olfaction-motivation
interactions.

WHAT ARE THE LINKS BETWEEN OLFACTION AND
EMOTIONAL-COGNITIVE FUNCTIONS?
Large-scale cognitive and emotional impairments have been
described in alcohol-dependence using visual and auditory stim-
uli. As olfaction is the only modality possessing straightforward
connections (Price, 1987) with emotional (amygdala) and cog-
nitive (orbitofrontal cortex) areas, olfaction studies could renew
the exploration of these emotion–cognition deficits. At the
cognitive level, results suggesting links between olfaction and
executive dysfunctions (Rupp et al., 2006; Maurage et al., 2011a)
and showing that olfaction impairments might predict cogni-
tive decline (Killgore et al., 2010) should lead to further explore
these mutual influences. This is reinforced by the strong con-
nections observed between olfaction, executive functions and
memory in psychiatry (Murphy et al., 2001; Good et al., 2002).
At the emotional level, the simultaneous implication of lim-
bic structures in odor and affective processing (Soudry et al.,
2011) and the olfaction–emotion interactions in healthy pop-
ulations (Retiveau et al., 2004; Chrea et al., 2009) encourage
the use of olfaction to explore emotional alterations. More-
over, odors strongly influence affective states (Lehrner et al.,
2005; Moss et al., 2008, 2010), and applying these paradigms in
alcohol-dependence might open new perspectives. Finally, as con-
nections between olfactory and social deficits have been suggested
(Malaspina and Coleman, 2003; Lahera et al., 2013), olfaction
might also offer original tools to explore interpersonal abilities
in alcohol-dependence.

HOW DOES OLFACTION INTERACT WITH OTHER MODALITIES?
Crossmodal processing is the ability to construct a unified per-
cept on the basis of distinct sensory inputs. This crucial capacity
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for everyday life has been explored among healthy and psychiatric
populations (Campanella and Belin, 2007; De Jong et al., 2009),
and is impaired in alcohol-dependence (Maurage et al., 2007, 2008,
2013). However, previous studies focused on audio-visual integra-
tion, and it is unclear whether the observed behavioral and cerebral
correlates of integration reflect general crossmodal integration or
are somehow specific to audio-visual processing. Exploring cross-
modal integration between olfactory and visual–auditory stimula-
tions would test the generalization of earlier results to other modal-
ities. Preliminary results exist on olfactory–visual crossmodality,
showing that olfactory cues influence emotional visual process-
ing (Leppänen and Hietanen, 2003; Seubert et al., 2010a), while
these olfactory–visual influences appear impaired in schizophrenia
(Seubert et al., 2010b). Moreover, some cerebral regions (middle
frontal gyrus) are activated in all crossmodal situations, while oth-
ers (anterior insula) seem specifically involved in olfactory–visual
interactions (Small, 2004). Applying these paradigms to alcohol-
dependence would deepen the understanding of crossmodal
processing.

IS THERE A GLOBAL IMPAIRMENT FOR CHEMICAL SENSES?
Olfaction and taste are intimately linked, notably by the
retronasal stimulation (Hornung and Enns, 1987) which appears
altered in alcohol-dependence (Maurage et al., 2011b) but
has been little explored. Moreover, while links have been
shown between gustatory characteristics and risk for alcohol-
dependence (Sandstrom et al., 2003), tasting abilities remain
surprisingly underexplored. Earlier studies exploring taste in
alcohol-dependence indeed focused on sucrose detection, show-
ing preserved (Tremblay et al., 2009) or increased (Kampov-
Polevoy et al., 1998) sensitivity to sucrose. Other aspects of taste
remain unexplored, despite their role in malnutrition prob-
lems. The recent development of validated taste evaluations
should lead to the precise exploration of this sensorial modal-
ity, in order to complete the description of chemical senses
deficits.

COULD OLFACTION TESTING DETECT COGNITIVE IMPAIRMENT IN
ALCOHOL-DEPENDENCE?
Simple olfactory tests have been used to assess cognitive impair-
ments in the early stages of neurological diseases (Moscovich et al.,
2012; Conti et al., 2013; Stamps et al., 2013). As it is still cur-
rently difficult to detect individuals who are bound to develop
alcohol-dependence, these tests might be used to rapidly assess
the cognitive decline in alcohol-dependence, and hence serve as
early detectors of brain impairments potentially facilitating the
maintenance of alcohol abuse.

WHAT IS THE IMPACT OF OLFACTORY LOSS ON EVERYDAY LIFE IN
ALCOHOL-DEPENDENCE?
While it is clearly established that olfaction impairments have a
major impact on life satisfaction (Shu et al., 2011) and nutrition
(Stevenson, 2010), the precise consequences of olfactory loss on
alcohol-dependent individuals’ everyday life remain unexplored.
Future studies should thus directly determine how olfaction
deficits modulate the quality of life and nutritional habits in
alcohol-dependence.

CONCLUSION
This perspective paper underlined the usefulness of develop-
ing a structured and thorough exploration of olfaction in
alcohol-dependence. Olfaction is deeply involved in a wide
range of everyday life activities (Stevenson, 2010) but olfac-
tory impairments remain largely under-diagnosed and under-
treated in healthy and psychiatric populations. Recent findings
have underlined the involvement of odor processing impair-
ments in schizophrenia and their usefulness as an endophe-
notypic marker of vulnerability, which shows that olfaction
studies constitute a promising research field to understand this
pathology (Rupp, 2010). Accordingly, olfactory cues might be
involved in the emergence of alcohol-dependence and in relapse
after detoxification. However, data are currently lacking in
this field, as earlier studies focused on visual and auditory
stimulations.

We tried to show that this lack of data is detrimental for
the understanding of alcohol-dependence and to propose several
perspectives for the development of this research field. At the fun-
damental level, further exploring olfaction in alcohol-dependence
could on the one hand enrich the knowledge concerning the
behavioral and cerebral consequences of excessive alcohol con-
sumption, and thus complement the current theoretical models of
this pathology. Specifically, following what has been done in other
psychiatric states (Moberg et al., 2013; Schecklmann et al., 2013),
olfaction deficits might give crucial new insights on the pathophys-
iological mechanisms involved in the appearance and maintenance
of alcohol-related disorders. On the other hand, these explorations
could complement the understanding of the mutual influences
between olfaction and cognitive-emotional processes. At the clin-
ical level, circumscribing the extent of olfactory impairments in
alcohol-dependence would help clinicians to take into account
this deficit and its consequences on everyday life, as it is currently
totally neglected in clinical settings. It might also allow the inclu-
sion of olfactory stimulations in crossmodal retraining programs,
or even the development of innovative olfaction training programs
capitalizing on existing rehabilitation tools used in other popu-
lations with olfactory loss (Hummel et al., 2009; Konstantinidis
et al., 2013). Actually, nearly everything remains to be done in the
exploration of olfaction in alcohol-dependence, but we hope that
the preliminary data and research perspectives described here will
encourage the development of this research field.
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