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Multidimensional Representation of Odors in the
Human Olfactory Cortex
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Abstract: What is known as an odor object is an integrated representation constructed from physical
features, and perceptual attributes mainly mediated by the olfactory and trigeminal systems. The aim
of the present study was to comprehend how this multidimensional representation is organized, by
deciphering how similarities in the physical, olfactory and trigeminal perceptual spaces of odors are
represented in the human brain. To achieve this aim, we combined psychophysics, functional MRI and
multivariate representational similarity analysis. Participants were asked to smell odors diffused by an
fMRI-compatible olfactometer and to rate each smell along olfactory dimensions (pleasantness, inten-
sity, familiarity and edibility) and trigeminal dimensions (irritation, coolness, warmth and pain). An
event-related design was implemented, presenting different odorants. Results revealed that (i) pairwise
odorant similarities in anterior piriform cortex (PC) activity correlated with pairwise odorant similar-
ities in chemical properties (P < 0.005), (ii) similarities in posterior PC activity correlated with similar-
ities in olfactory perceptual properties (P <0.01), and (iii) similarities in amygdala activity correlated
with similarities in trigeminal perceptual properties (P <0.01). These findings provide new evidence
that extraction of physical, olfactory and trigeminal features is based on specific fine processing of sim-
ilarities between odorous stimuli in a distributed manner in the olfactory system. Hum Brain Mapp
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INTRODUCTION

An important issue in sensory and cognitive neuroscience
is how the human brain mentally represents external stim-
uli. The physical and perceptual attributes of visual stimuli
are represented in a distributed hierarchical manner [Nassi
and Callaway, 2009; Van Essen et al., 1992] but, in the olfac-
tory modality, it is still not clear how the chemical proper-
ties of odorant molecules and perceptual aspects of odors
are represented along the human olfactory pathway.

In the visual system, several theories have suggested
that discrimination between stimuli is related to their dis-
tance or similarity in brain representational spaces [Ashby
and Lee, 1991; Edelman, 1998]. Functional MRI studies of
the human visual system have demonstrated the relevance
of the concept of similarity in understanding the represen-
tational spaces of the physical and perceptual components
of visual input. For example, in a pairwise visual stimulus
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comparison, Haushofer, Livingstone and Kanwisher
[Haushofer et al., 2008] showed that similarities in poste-
rior lateral occipital complex (LO) patterns most closely
matched similarities in physical shape, whereas similarities
in anterior LO patterns most closely matched similarities
in perceptual shape.

In human olfaction, whereas the concept of similarity has
been largely studied at both physical and perceptual levels
[Dravnieks et al., 1978; Gregson and Mitchell, 1974; Khan
et al., 2007; Snitz et al., 2013], far less is known about similar-
ity coding at the cerebral level. When an odorant molecule is
sniffed, it reaches the nasal mucus and binds to one or several
types of olfactory receptor. Beside this olfactory route, most
odorant molecules are able to stimulate the intranasal trigemi-
nal system that conveys sensations such are irritation or pain.
This olfactory/trigeminal information is then transmitted to
primary and secondary areas and a mental representation is
thus generated from a combination of chemical and percep-
tual components. The chemical features of an odorant can be
described by multiple molecular properties, including atom
type, carbon chain length, type of bonds or functional groups
etc., defining a multidimensional chemical space [Haddad
et al., 2008]. Perceptual aspects notably include pleasantness,
familiarity, intensity and edibility [Boesveldt et al., 2010; Small
et al., 2005; Yeshurun and Sobel, 2010]. Moreover, the trigemi-
nal attributes of smells consist in sensations such as irritation,
pain, warmth and coolness [Hummel, 2000].

The present study firstly tested the hypothesis that similar-
ities between the chemical features of an odorant and between
its perceptual features are processed differently, along specific
neural pathways. A candidate site likely to fulfill the function
of this evaluation of distance is the piriform cortex (PC), since
previous animal and human studies showed that the anterior
PC encodes information about the chemical attributes of odor-
ants, and the posterior PC encodes information about the per-
ceptual quality of odors [Gottfried et al., 2006; Howard et al.,
2009; Kadohisa and Wilson, 2006]. Secondly, the hypothesis
that similarities in olfactory and in trigeminal perceptual
spaces are represented in distinct areas was examined by con-
sidering additional regions known to be involved in both
olfactory and intranasal trigeminal processing [Moessnang
et al., 2013; Savic et al., 2002]: the orbito-frontal cortex (OFC)
and also the amygdala since it receives afferent projections
from the trigeminal system [Hummel and Livermore, 2002].
Investigation combined psychophysics, functional MRI and
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representational similarity analysis (RSA), a multivariate sta-
tistical method used to characterize neural representations by
distance functions within the response patterns evoked by dif-
ferent stimuli [Nili et al., 2014].

MATERIAL AND METHODS
Participants

Fifteen right-handed volunteers were tested (seven
males, eight females; mean age, 22.13+4.41 years).
Absence of olfactory deficit was assessed using the Euro-
pean Test of Olfactory Capabilities [Joussain et al., 2015],
and detailed medical history combined with ENT exami-
nation ascertained that subjects were in good health. They
received financial compensation for the time spent in the
laboratory. The recording 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
Lyon Sud-Est ethics committee.

Odorants

Odorants were delivered by an air-dilution olfactometer,
described in detail in Sezille et al. [Sezille et al., 2013]. Six
odorants were used (CID and Odorant code): propanol
(1031; PRO), isoamyl acetate (31276; ISO), benzaldehyde
(240; BEN), citronellal (7794; CAL), citronellol (8842, COL)
and trans-2-hexenyl acetate (17243; THA) (all from Sigma-
Aldrich and diluted in mineral oil). To ensure iso-intense
perception, odorants were individually diluted to vol/vol
concentrations of 22.5%, 15%, 0.6%, 75%, 1.5% and 1.5%,
respectively for COL, CAL, ISO, BEN, PRO, and THA.

Odor descriptions provided by the Arctander atlas
[Arctander, 1994] and The Good Scents Company (http://
www.thegoodscentscompany.com) show that these odor-
ants are qualified with the following terms: almond, apple,
banana, citrus, floral, fruity, green, pear, rose, and woody
(source: Arctander) and cherry, musty, spicy, waxy, alco-
holic (source: The Good Scents Company). These terms
(except alcoholic) are well spread in the olfactory percep-
tual space such as the one illustrated by Zarzo and Stanton
[Zarzo and Stanton, 2006].

Experimental Procedure

An event-related design was used, comprising the odor-
ants (10 trials per stimulus, 20-second inter-stimulus inter-
val, and 5-second stimulus duration) and a non-odorized
clean air condition, all trials distributed randomly across 5
fMRI scans (sessions). During each trial, participants were
instructed to breathe naturally, and odorants were dif-
fused synchronously with the subject’s nasal respiration: a
5-second stimulus duration was chosen because the odor
was released during exhalation and had to be maintained
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during at least the whole duration of the subsequent inha-
lation (~2 sec). The recorded signals were: respiratory sig-
nal, odor valve opening and time repetition (TR) signal
from the fMRI scanner, enabling event-related statistical
analysis. Subject’s respiratory signal was acquired using
an airflow sensor that was integrated on an amplifier inter-
face. A microbridge mass airflow (AWM2100V, Honey-
well, MN) allowed acquisition of both inhalation and
exhalation phases. The airflow sensor was connected to a
nasal cannula (Cardinal Health, OH; 2.8mm inner diame-
ter tube) positioned in both nostrils. Sniffing was digitally
recorded at 100 Hz and stored in a computer. Sniffs were
preprocessed by removing baseline offsets, and aligned in
time by setting the point where the sniff entered the
inspiratory phase as time zero. Inspired volume was calcu-
lated for the first sniff of every trial and was used as a
covariate in the fMRI contrast estimation.

At the end of the fMRI sessions, participants were asked
to rate the odorants in terms of intensity, pleasantness,
familiarity, edibility, warmth, coolness, irritation and pain,
using a visual rating scale ranging from —2 (very unpleas-
ant) to 2 (very pleasant), or from 0 (not at all intense,
familiar, edible, warm, cool, painful (pungent) or irritat-
ing) to 4 (very intense, familiar, edible, warm, cool, painful
(pungent) or irritating). Possible changes in the perception
of intensity and irritation along the experiment have been
tested with five participants (one woman, four men, aged
28.6 = 7.5 years). The exact same protocol of odor presenta-
tion as described earlier was used (random presentation of
60 odorous and 12 clean air trials during five sessions),
with 0-4 intensity and irritation rating after each trial.
Because we were interested in distances between odors, we
computed intensity and irritation distances between the six
odorants (according to the procedure presented in the Data
Analysis Section), averaged them by session and conducted
a two-way ANOVA with odor pairs and sessions as within-
subjects factors. We found no significant effect of the session
(intensity: Fuse)=1.34, P=.297; irritation: Fse =1.10,
P =.392), showing that distances between odorants were
the same across sessions. Finally, a similar ANOVA with
odors and sessions, followed by post-hoc t-tests corrected
for repeated testing (Bonferroni), revealed that there was no
consistent linear decrease or increase of raw intensity and
irritation ratings across the sessions. The significant and
nearly significant effects of the session were due to a signifi-
cant difference between only two sessions that could not be
predicted by sensitization or habituation effects (intensity:
F4y=2.82, P=.060, session 1>session 3; irritation:
Fa4y="7.51, P < .01, session 2 > session 4).

fMRI Data

The experiment, which lasted approximately 60 min
(from subject’s arrival to departure), was performed on a
1.5 Tesla MR-scanner (Siemens Magnetom). The fMRI data
were collected in 142 volumes/session (interleaved, AC-

ROI activation pattern
I Orbitofrontal Cortex ? - Py
HE Anterior Piriform /-, J ?j
Pt
‘g
.[’

Posterior Piriform
Bl Amygdala

Figure I.
lllustration of activation pattern extraction in the different
regions of interest (ROIl). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

AP acquisition) with a 29 axial-slice 2D EPI sequence
(matrix: 64 X 64; TR: 2,500 ms; TE: 50 ms; FA: 90°; voxel
size: 3.43 X 343 X 3.4mm; FOV: 220). In the 9 minutes
immediately following the fMRI session, a high-resolution
Tl-weighted  brain image (3D MPR  sequence:
TR =1,970ms/TE = 3.93ms) was acquired. fMRI data were
preprocessed using statistical parametric mapping (SPM).
Preprocessing steps comprised realignment and coregistra-
tion with the anatomical T1. To keep the finest grained
pattern of activity, no smoothing was performed. To
obtain the estimated activity of each voxel for each condi-
tion, voxel responses were modeled using a design matrix
built with standard linear hemodynamic response and
experimental condition onsets. Nasal respiration and
motion parameters were included in the model to remove
potential confounding effects. A region of interest (ROI)
approach was used in which patterns of neural activity in
the anterior PC, posterior PC, amygdala and OFC (first
taken as a single entity, and second by dissociating its
medial, lateral, anterior and posterior parts) were extracted
for each odorant condition and each participant (Fig. 1).
ROI were dawn using MRIcro (http://www.mricro.com)
with reference to the human brain atlas of Mai [Mai et al.,
1997]. Each region was drawn individually for each partic-
ipant from coronal and axial slices in both hemispheres.

Data Analysis

RSA was used to assess similarity between neural spaces
on the one hand and chemical, olfactory and trigeminal
spaces on the other hand.
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Figure 2.

Perceptual ratings of the six chemosensory stimuli (PRO for propanol, ISO for isoamyl acetate,
BEN for benzaldehyde, CAL for citronellal, COL for citronellol and THA for trans-2-hexenyl
acetate). * means a significant effect of the odorant condition at the probability level of 5%.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Neural spaces were constructed by extracting the activ-
ity pattern (vector of the voxel-based contrast “odorant vs.
air”) within individuals of each odorant for a particular
ROI and the similarity in activity patterns between odors
was represented by a matrix comprising the 6 experimen-
tal odorant conditions. In this matrix, each cell value rep-
resented the distance (or degree of dissimilarity) between
the distributed brain activities generated by a pair of stim-
uli. The distance was measured as a Pearson distance (1
minus the Pearson correlation). These individual matrices
were then averaged to form a group matrix for a particu-
lar neural space. These group matrices were then included
in the statistical analyses.

To measure similarity in the olfactory perceptual space, a
four-dimensional space comprising intensity, pleasantness,
familiarity and edibility ratings was constructed. Here, for
each participant, the 4-dimensional perceptual pattern was
compared between odors (using a Euclidian distance met-
ric), resulting, as for the neural spaces, in an olfactory simi-
larity matrix or space between odors. The same analysis
was conducted for the trigeminal similarity space, compris-
ing four dimensions (warmth, coolness, irritation and pain).
Again, participant’s matrices were averaged to create group
matrices for both the olfactory and the trigeminal spaces.

Similarity between odorants in the chemical space was
measured using physicochemical descriptors generated by
Dragon software (Talete ®). Each of the 6 odorants was
defined by thousands of physicochemical descriptors pro-
jected into a principal component analysis (PCA), in which
the 20 first components that covered 95% of the original
variance were kept to form a 20-dimensional chemical pat-
tern. This pattern was compared between odorant stimuli.
As for the neural spaces and the perceptual spaces, the
chemical space was thus represented by a 6 X 6 matrix
comprising all odorant conditions. Each cell value of the
matrix represented the chemical similarity (Euclidian dis-
tance) between pairs of stimuli.

Regarding the choice of the metrics for similarity assess-
ment, it must be noted that (i) Euclidian (rather than Pear-

son) distances were used for the perceptual and trigeminal
spaces because of the limited number of data points in
each vector (4), (ii) Pearson distances were preferred for
neural space based on recent literature recommendations
[Connolly et al., 2012; Kriegeskorte, 2008; Long Sha et al.,
2015; Nili et al., 2014], and (iii) Euclidian distances metric
was used for the chemical space for homogeneity purposes
in the comparisons between neural and the other spaces.

RESULTS
Perceptual Differences Between Odorants

Figure 2 illustrates perceptual ratings for all six odorants.
One-way ANOVAs revealed that whereas no effect of odor-
ants were seen for coolness [F(5,70)=0.67, P>0.05] and
warmth [F(5,70) = 0.26, P > 0.05], the stimuli significantly dif-
fered in terms of irritation [F(5,70)=5.86, P <0.0002], pain
[F(5,70)=6.30, P <0.0001], intensity [F(5,70)=3.13, P <0.02],

pleasantness [F(5,70)=6.09, P <0.0001], familiarity
[F(5,70)=8.03, P <0.00001] and edibility [F(5,70)=7.85,
P < 0.00001].

Control for Perceptual Similarity

A control experiment was conducted to test whether
odor similarity based on only four scales (intensity, pleas-
antness, familiarity, and edibility) was appropriate to rep-
resent olfactory perceptual proximity. Eleven participants
(three women, nine men, aged 33.8 + 9.7 years) who were
independent from the main study were presented with
each of the six odorants once, in the same conditions as
during the fMRI study. They were asked to describe the
odors, using a scale from 1 (not at all applicable) to 9
(very applicable), with 25 descriptors chosen as follows.
We first localized the 15 terms typically used to describe
the odorants (see Odorants section: sources Arctander atlas
and The Good Scents Company website) in the olfactory
perceptual space of Zarzo and Stanton [Zarzo and Stanton,
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Figure 3.
Odor-induced activations in piriform cortex, amygdala and OFC in coronal, and axial views
(P<0.001 uncorrected). The right panel depicts peri-stimulus plot activity in piriform cortex.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

2006], among the many descriptors that are represented on
the first two components of a PCA. Then, we chose 10
other descriptors so that the resulting 25 descriptors were
well spread in the perceptual space. Consequently, animal,
butter, cinnamon, coffee, ethereal, herbaceous, honey,
medicinal, minty, and smoky completed the list. To analyze
the participants’ responses, an average 25-dimensional per-
ceptual space was constructed (based on each participant’s
distances between odors, see Data Analysis Section) and
compared with the four-dimensional perceptual space used
in the main experiment. These two spaces were significantly
and positively correlated (Spearman correlation rs = 0.56,
P <.05), suggesting that the particular four-dimensional
space we used in the main study is adequate to represent
odor perceptual similarities.

fMRI Activations and Representational
Similarity Analysis

First, we determined the main effect of odors by con-
trasting the odorant conditions with the non-odorized con-
dition. This confirmatory group analysis revealed
significant activations in PC, amygdala and OFC (Fig. 3).

Second, the RSA method allowed us to test the extent to
which the different spaces were similar. In this analysis, a
Spearman distance (Ds, corresponding to 1 minus the
Spearman correlation) between each of the spaces was
measured, and permutation tests for 10,000 permutations
assessed the significance of the correlations. Since multiple
testing was performed, P -values were adjusted using a
FDR (false discovery rate) controlling procedure [Benja-
mini and Hochberg, 1995]. In total, three correlation analy-
ses were performed between the neural spaces and (i) the
chemical space, (ii) the olfactory perceptual space, and (iii)
the trigeminal perceptual space.

Results showed that pairwise stimulus similarities in
anterior PC activity patterns closely correlated with pair-
wise stimulus similarities in the chemical space, whereas
pairwise stimulus similarities in posterior PC activity pat-
terns matched similarities in the olfactory perceptual

space, and similarities in amygdala activity patterns corre-
lated with similarities in the trigeminal perceptual space
(Fig. 4a; highest level of correlation/similarity in blue).
These correlation matrices were projected into a multidi-
mensional scaling (MDS) representation (Fig. 4b) to illus-
trate the proximity between: (i) the olfactory perceptual
space and the posterior PC activity pattern; (ii) the chemi-
cal space and the anterior PC activity pattern, and (iii) the
trigeminal perceptual space and the amygdala activity
pattern.

These correlations were statistically significant on per-
mutation tests: Dg=0.2964, P <0.005 for the correlation
between chemical space and anterior PC activity, and
Dg=0.3501, P <0.01 for the correlations between olfactory
space and posterior PC activity and Dg=0.3178, P <0.01
between trigeminal space and amygdala activity (Figs. 5
and 6). By contrast, there was no significant correlation
between OFC activity pattern and any of the chemical or
perceptual similarity matrices. To examine whether the
absence of significant relationship between OFC activity
and the chemical and perceptual spaces may be due to the
known heterogeneity of response within this area during
olfactory processing [Anderson et al, 2003; de Araujo
et al., 2005; Gottfried et al., 2002], we performed RSA in
four OFC sub-regions, namely anterior, medial, posterior
and lateral OFC. As in the main analysis, results showed
that pairwise stimulus similarities in activity patterns of
the OFC sub-regions did not correlate significantly with
pairwise stimulus similarities in the chemical, olfactory or
trigeminal spaces (Fig. 7; P > 0.05 in all cases).

In sum, these findings showed that different areas of the
olfactory system, namely the anterior PC, posterior PC and
amygdala, extract physical and perceptual (olfactory and
trigeminal) similarities in a distributed manner.

Procrustes Analysis

Finally, to examine how odorants are close in the two
spaces of interest, a Complementary Procrustes analysis
was performed comparing the alignment of the same set
of odorants in two different spaces. This analysis uses a
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(a) Distance matrix: each square element of this matrix represents the distance (I minus Spear-
man correlation) between pairs of spaces. (b) MDS representation of the distance matrix
depicted in (a): each point represents a particular space, and the distance between two points
represents the degree of similarity between the spaces (the smaller the distance, the greater the
similarity). [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

standard linear transformation algorithm that consists in
scaling, rotating, and translating the objects (odorants) in
the different spaces (neural on the one hand, and chemi-
cal, olfactory, trigeminal on the other hand). The goodness
of this alignment was based on the sum of the square
errors between the two spaces. The statistical significance
of this alignment criterion was evaluated by permutation
procedures: the neural matrix was randomized using label
permutation (since the study included 6 odorants (labels),
we generated 720 possible permutations). The analysis of
the similarities between the chemical space and anterior
piriform activity showed that the distances between odor-
ants were well preserved across spaces. The same findings
were observed when considering the correlation between
the olfactory perceptual space and posterior piriform activ-
ity, and between the trigeminal perceptual space and
amygdala activity; here again, a close correspondence of
pairwise distances between odorants (relative alignment)
in each of the two spaces (perceptual vs. neural spaces)
was observed (Fig. 8a—c; P < 0.009 in all cases).

DISCUSSION

Philosophical theories have proposed several definitions
of mental representations. While empiricism gives a cen-
tral role to the senses, rationalism assumes the pre-
existence of reason and the need to take into account men-
tal abilities and reasoning as sources of cognition. From
this last perspective, cognitive activity transforms physical
and sensory matter into knowledge [Gallina, 2006]; thus,

any mental representation requires physical, sensory and
cognitive experience to be built and organized. Psychologi-
cal and biological investigations provide evidence of the
existence of such multiple levels of representation of the
“objects” of the perceived world, showing that “traces” of
environmental objects are extracted and processed by dif-
ferent neural subsystems. This question was formulated
and discussed mainly in the visual and auditory areas
whereby similarity was introduced as a central concept in
mental representation theories [Ashby and Lee, 1991; Edel-
man, 1998]. As regards olfactory representations, we know
far less about the coding of similarity. The main aim of
our study was to decipher how similarities in the chemi-
cal, olfactory and trigeminal perceptual spaces of odors
are represented in the human brain.

A first result of interest was that whereas similarity in
the chemical space of odorants was correlated with simi-
larity in anterior PC activity, similarity in the olfactory
perceptual space was correlated with similarity in poste-
rior PC. Past studies suggested that PC is more than a pri-
mary olfactory relay and plays an active role from sensory
to more cognitive aspects of odor perception. The func-
tional heterogeneity of the PC, in humans as in rodents
[Kadohisa and Wilson, 2006; Litaudon et al., 1997; Wilson,
2003], was revealed by studies showing that neural activity
in the anterior and in the posterior PC is tuned to different
aspects of odor perception [Bensafi et al., 2007; Gottfried
et al., 2002; Zelano et al., 2005]. For example, in a series of
experiments, Gottfried et al. sought to determine whether
the PC encoded information about odorant structure and/
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Correlation distances between neural spaces on the one hand, and chemical, olfactory and tri-
geminal spaces on the other hand. Error bars illustrate standard errors. * corresponds to a sig-
nificant correlation at the corrected threshold of P<0.05 (estimated by permutation tests).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

or quality [Gottfried et al., 2006; Howard et al., 2009] using
odorants that varied in quality (lemon-like and vegetable-
like) and in chemical structure (alcohol and aldehyde) in a
cross-adaptation paradigm. Their results revealed a disso-
ciation whereby the anterior PC responded to variation in
odorant structure whereas the posterior PC coded odor
quality. The authors noted that such dual odor representa-
tion within different portions of the PC is in line with the
functional anatomy of the olfactory system: the anterior
PC (recipient of structure-based code) should be viewed as
a first relay from the olfactory bulb, while the posterior PC
integrates odorant structure information into a qualitative
representation (for more details about this theory, see a
review by Gottfried [Gottfried, 2010]). Our findings not
only strengthen this concept that the physicochemical and
perceptual properties of smells are represented differently,
but also and above all provide new evidence that extrac-
tion of such physical-like and perceptual-like features is

based on fine processing of similarities between odorous
stimuli in a distributed manner in the PC.

In terms of percept, what is actually known as “smell”
is in fact constituted by diverse chemosensory attributes
mainly mediated by both the olfactory system and the tri-
geminal system [Hummel and Livermore, 2002]. The two
systems contribute to construct a whole sensory experi-
ence, and have complementary functions. Olfactory per-
ceptual attributes enable recognizing environmental
sources such as food or flowers. The trigeminal system
plays also a fundamental role in shaping chemosensory
representation. It provides relevant information regarding
sensations like pain, irritation, warmth or coolness pro-
duced by almost all odorant molecules [Hummel, 2000].
These sensations enable everyone to detect irritant or poi-
sonous chemicals in order to avoid them. On the other
hand, the trigeminal system can also be involved in detec-
tion and recognition of appetitive environmental sources
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(the smaller the distance, the greater the similarity). [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 8.

Procrustes analysis comparing odorant alignments in: (a) ante-
rior piriform space vs. the chemical space, (b) posterior piriform
space vs. the olfactory space, and (c) amygdala space vs. the tri-
geminal space. The histograms on the right side of the panels
correspond to the permutation test distributions between neu-
ral spaces (anterior piriform, posterior piriform, amygdala, OFC)
on the one hand, and chemical, olfactory and trigeminal spaces

on the other hand. On each graph, dotted gray lines represents
the 5% confidence interval. Solid lines illustrate real procruste
distances values. Significant alignments after FDR corrections are
depicted in lighter color (green in the online version). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(e.g., through the freshness of a minty candy). A second
result of interest in our study was that similarity between
trigeminal attributes was correlated with similarity in
amygdala activity pattern. This finding has anatomical
supports. Indeed, cell bodies of trigeminal afferents lie in
the gasserian ganglion. Their axons project to the spinal
nucleus, and trigeminal information is then relayed to the
amygdala from the trigeminal sensory nuclei via the lat-
eral parabranchial complex [Brand, 2006]. The amygdala is
a heterogeneous structure of the medial temporal lobe
involved in emotional processing of sensory information.
A prominent role of this region has been demonstrated
during the processing of fearful and aversive stimuli [Mor-
ris et al., 1996; Zald and Pardo, 1997], but also during the
treatment of pleasant environmental stimuli [Hamann
et al., 2002]. In the olfactory domain, increased amygdala
activity was observed in relation to increase in odor inten-
sity [Anderson et al.,, 2003] or odor emotional salience
[Winston et al., 2005]. In the trigeminal system, sensations
conveyed by the fifth cranial nerve (pain, irritation,
warmth, coolness) are “features” of high biological rele-
vance since they often enable us to avoid harmful sources
for our biological balance. Our findings suggest that these
features, alone or in conjunction with others, are detected
and processed by the amygdala. In sum, combined with
the above, our findings confirmed that the human amyg-
dala is involved in detecting relevant emotional stimuli,
and to the best of our knowledge, they generalize this con-
cept for the first time to the trigeminal system.

While the present study provides new evidence that
chemical and olfactory/trigeminal perceptual dimensions
of smells are treated in a distributed manner, some of our
methodological choices and findings require discussion.
First, using more odorants and more odor repetitions
would likely increase the statistical power of our analyses,
and therefore enable better discrimination between subtle
perceptual features.

Second, whereas one would expect a significant relation-
ship between odorant physicochemical and perceptual
properties [Amoore et al., 1964; Haddad et al., 2010; Jous-
sain et al., 2011, Kermen et al., 2011, Khan et al., 2007;
Mandairon et al.,, 2009; Poncelet et al., 2010; Shiffman,
1974; Zarzo, 2011], we did not observe such correlation in
the current study. Different factors may explain this lack
of relationship including the small number of odors and
perceptual descriptors used. Another factor could be the
number of physicochemical properties considered in the
analysis. Indeed, whereas we chose to analyze the chemi-
cal similarity in a space containing more components and
explaining 95% of the total variance, previous studies
linked the perceptual space (often its pleasantness dimen-
sion) with a reduced number of physicochemical compo-
nents (often the main components explaining between 30
and 50% of the total variance). To check whether such a
link could be observed in our dataset when we only con-
sider the 3 first principal components (PC1, PC2, PC3) of

the physicochemical space, we performed correlation anal-
yses between these PCs on the one hand and perceptual
and trigeminal dimensions on the other hand. We repli-
cated the findings of previous studies by finding a signifi-
cant link: (i) between similarities on PC2 and pleasantness
dimension (r =0.68, P =0.005) and (ii) between similarities
on PC3 and trigeminal space (r =0.65, P = 0.01).

Third, in our experiment, similarities between odorant
molecules in chemical and perceptual spaces did not
match similarities in any OFC sub-region activity patterns.
The involvement of the OFC in odor processing has been
shown by a large number of brain imaging studies: OFC
activity in response to smells is modulated by cognitive
experimental tasks [Zatorre et al., 2000] and reflects assign-
ment of hedonic value [Anderson et al., 2003; Rolls et al.,
2003]. OFC is most likely involved in the construction of
mental representation of odors but its activation pattern
may reflect something else than chemical similarity or per-
ceptual similarity. It may reflect identification or proximity
in terms of semantic category, two dimensions that were
not tested in the current study. Interestingly, its modula-
tion by verbal labeling has been shown in odor processing
[Bensafi et al., 2014; de Araujo et al., 2005].

One question that may be raised from the current findings
is how relevant they are in the light of the processing of
novel odorant stimuli. Odor identification under varying
contextual conditions is one of the challenges the human
olfactory system has to face. To accurately estimate the
familiarity of an odor object, the system may consider the
degree of similarity with previously collected odor objects,
representations of which were stored in the course of expe-
rience. Once the representation most similar to the new
odorant object is activated, it is then useful to define the cat-
egory (“edible fruit,” “pleasant flower,” “toxic,” “irritant”)
and identity (“orange,” “rose,” “spoiled food”) of the stimu-
lus in order to decide and act. Of course, olfactory areas
alone cannot achieve this decoding of chemical reality into a
multidimensional representational space in which the odor-
ous object can be categorized and perhaps identified, and
the systems involved in memory storage of knowledge and
of decisions in the temporal [Olofsson et al., 2013] and fron-
tal lobes [Grabenhorst and Rolls, 2009] are needed.

To conclude, another question raised by our findings con-
cerns how they relate to current theories of mental represen-
tation of smells. Recent literature suggests that a given
odorant produces a neural signature that the brain processes
as a whole and recognizes as an odor object [Stevenson and
Wilson, 2007]. These odor objects include chemical molecu-
lar components and perceptual components [Yeshurun and
Sobel, 2010] and can be inferred from odor-evoked PC activ-
ity patterns [Gottfried, 2010]. This complex picture is signifi-
cantly enhanced by the present findings that the odor
objects of the perceived world are composed of multiple
traces, from PC to amygdala. The use of RSA in particular
constituted a novel way of investigating odor processing in
the brain, notably revealing how differences and similarities

i
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between odor characteristics are finely and distinctively
reflected in the various olfactory areas. The physical and
olfactory/trigeminal perceptual “traces” of odors were
shown to be extracted and sustained by different neural sub-
systems in the olfactory cortex; an odor object may then
result from the interaction between these subsystems, each
generating a partial neuronal representation of this multidi-
mensional representation.
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