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Abstract
It has been established that the recognition of facial expressions integrates contextual information. In this study, we aimed to clarify the influence of contextual odors. The participants
were asked to match a target face varying in expression intensity with non-ambiguous
expressive faces. Intensity variations in the target faces were designed by morphing
expressive faces with neutral faces. In addition, the influence of verbal information was
assessed by providing half the participants with the emotion names. Odor cues were manipulated by placing participants in a pleasant (strawberry), aversive (butyric acid), or no-odor
control context. The results showed two main effects of the odor context. First, the minimum
amount of visual information required to perceive an expression was lowered when the odor
context was emotionally congruent: happiness was correctly perceived at lower intensities
in the faces displayed in the pleasant odor context, and the same phenomenon occurred for
disgust and anger in the aversive odor context. Second, the odor context influenced the
false perception of expressions that were not used in target faces, with distinct patterns
according to the presence of emotion names. When emotion names were provided, the
aversive odor context decreased intrusions for disgust ambiguous faces but increased
them for anger. When the emotion names were not provided, this effect did not occur and
the pleasant odor context elicited an overall increase in intrusions for negative expressions.
We conclude that olfaction plays a role in the way facial expressions are perceived in interaction with other contextual influences such as verbal information.
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Introduction
The recognition of emotional states from facial expressions is not a purely visual process that
consists of linking others’ facial expressions with previously encoded visual representations of
discrete facial categories. The process also involves the integration of many types of contextual
information that influence the way facial expressions are perceived (for reviews, see [1–3]). An
illustrative example is the famous Lev Kuleshov effect, in which the exact same inexpressive
face of an actor is differently interpreted when it is displayed after exposure to a scene representing a meal on a table, a child resting within a coffin, or a sexy woman lying on a sofa. The
scientific literature abounds in observations on the recognition of facial expressions integrating
various types of contextual information. For example, the perception of facial expression is
influenced by the emotion conveyed by concurrent body posture [4,5], voice [6–9], surrounding visual scenes [10–12], social situations [13], and contextual sentences [14,15]. In some cultures, surrounding faces can also act as modulating factors [16].
The perception of emotion in faces also integrates several types of internal factors. For
example, the way people perceive emotions in facial expressions depends on mimicry behaviors
[17,18], social anxiety level [19], emotional state [17,20], social stereotypes [21], and the cultural environment [22–24]. Simply ascribing emotions to categories has been described as having a beneficial or shaping contextual effect ([25–28]; for a discussion, see [29]).
In that context, emotional cues carried by odors may be a potent factor in regulating the
perception of facial expression. Chemosignals intervene in a large number of emotional
responses, without the need for allocation of conscious attentional resources [30]. An increasing number of studies indicate that olfaction does not play a minor role because it modulates
the processing of information by the “major” senses (e.g., [31,32]). Olfaction is strongly
involved in multisensory social interactions (for reviews, see [33,34]), for example, by modulating or orienting the responses to faces (e.g., [35–38]). Such multisensory phenomena involving
odor cues originate in early infancy [39]. With regard to emotions specifically, the olfactory
system has close connections to the emotional brain (e.g., the amygdala, insula, and orbitofrontal cortex (OFC); [40,41]). These connections are not silent because olfaction modulates the
cerebral response of several regions also known to process emotional information conveyed by
faces, such as the insula [42], the amygdala ([43–45]; for a review, see [46]), and the OFC
[43,45,47].
At a behavioral-cognitive level, the effect of chemosignals in the processing of facial expressions has been repeatedly demonstrated with body odors (e.g., [48–52]). Overall, these studies
have shown that anxiety- or fear-related chemosignals favor the perception of related expressions and interfere with the perception of opposite expressions, most notably in the case of
ambiguous expressions. A few studies have further reported that the context created by arbitrary surrounding odorants influences the perception of facial expressions ([53–55]; see also
[38]). For example, Leppänen and Hietanen identified the faster and more accurate recognition
of happy faces in pleasant odor contexts (lemon, strawberry, or vanilla) than in aversive (pyridine) odor or no-odor contexts [53]. Disgust was not influenced by the odor context in this
study. Conversely, Seubert and collaborators identified slower and less accurate recognition of
smiling faces with odor priming, regardless of the valence of the odor (vanillin vs. hydrogen
sulfide) [54]. They also reported an enhanced speed and accuracy for disgust face recognition
in their two studies, regardless of the hedonic valence of the odor context [54,55]. These
responses were associated with the modulation of several brain regions–including the insula–in
the odor context [55].
Thus, the few studies using arbitrary odorants do not provide a clear picture of the way
non-body odors may influence the perception of facial expressions. More specifically, it is
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unclear whether odor-based modulations occur only for emotionally congruent olfactoryvisual stimuli or whether the effect is more “global”, and affects several expressions (see the
diverging reports by [53] and [54,55]). The precise cognitive processes that underlie these
effects are unknown and require further investigation.
In the present study, we aimed to explore the ways in which the context created by nonbody odors intervenes in the processing of facial expressions. More specifically, we intended to
assess whether and how the odor context can influence the matching of an observed facial pattern with the corresponding visual representation. Several predictions can be made here. First,
the odor context might favor the extraction of facial information through priming-like or fluency-like effects [53–55]. Accordingly, olfactory stimuli could pre-activate visual representations of emotional expressions through intersensory integration processes. Any further or
concomitant perception of the corresponding facial expression would then be facilitated. To
this end, we examined whether the activation of expression representation would need less
visual information (i.e., decrease in the intensity of expression needed to accurately perceive
the emotion). We also tested (i) whether the effect of odorants was specific to facial expressions
that share the same emotional meaning (i.e., aversive odorant-disgust face and pleasant odorant-smiling face) or extended to (some) other expressions (anger, fear, and sadness), and (ii)
whether the effect of the odor context resulted from a congruency effect (facilitation of related
odor-expression processing), an incongruence effect (interference for any or some unrelated
expressions), or both. These two points have received contradicting answers in previous studies
[53–55].
The second prediction is that the odor context might act as clarifying information [53,56].
Different emotions are expressed by common facial features, sometime acting in the same way.
For example, the action of brow lowering is performed during anger, fear and sadness [57], but
it is also frequently used when people simulate disgust [58]. Thus, multiple facial actions have
to be considered to accurately identify the resulting facial expression and the emotion associated with it. By inducing the processing of a specific expression, the odor context may orient
the cognitive system toward the relevant facial cues, but it could also inhibit the processing of
irrelevant cues. This phenomenon would reduce the perceptual load of processing irrelevant
information and limit the false perception of another expression. To illustrate this point, disgust, anger, and sadness are expressions that are frequently confused (e.g., [59]). One way to
improve their recognition is to disentangle them by rapidly processing both common and distinctive facial actions. The odor context might promote such a process, for example, by biasing
the cognitive system toward facial cues underlying the typical disgust pattern (e.g., wrinkled
nose + lowered eyebrows + raised cheek + compressed lids + raised upper lip) in an aversive
odor context. The same might occur for cues of happiness in a pleasant odor context. Conversely, for emotionally incongruent expressions, the odor context may reduce facial expression identification because the cognitive system is oriented toward cues that are irrelevant for
these expressions; for example, in an angry face, some “disgust” cues (e.g., lowered eyebrows,
compressed lids) might receive more attention in an aversive odor context.
Finally, although top-down mechanisms clearly influence the processing of olfactory or
visual inputs, little is known about the way such processes intervene in the integration of olfactory and visual inputs. Certainly the processes operating in the interactions between visual and
olfactory cues are shaped by information from language (emotion names), which helps to categorize facial expression by way of language-induced categories [25,28,29]. Similarly, the olfactory context might also help shape the emotional space and may then compete with the topdown influence of language. The significance of the odor context may then be reduced by providing the names of the emotion categories. The odor environment might also act different
depending upon whether the facial categories are pre-established by emotion names or must be
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defined on the sole basis of visual information. In the first case, olfactory information may
work according to language-induced categories. In the second case, olfactory information may
participate in the shaping of the emotional space, for example by inducing a classification in
terms of olfaction-related emotional categories (e.g., pleasant vs. unpleasant).
To tackle these issues, we studied whether the odor context influences the visual matching
of ambiguous low-intensity facial expressions with non-ambiguous expressions displayed by
the same person. The participants were presented with (i) a target face whose ambiguity could
vary according to different expression intensities and (ii) non-ambiguous original, neutral and
expressive faces (anger, disgust, fear, sadness, or happiness) simultaneously. They were
required to identify which non-ambiguous face the target face looked more like. The odor context was varied to be pleasant (strawberry), aversive (butyric acid), or a no-odor control context. We hypothesized that the odor context would influence the perception of expression in
low-intensity expressive faces in two ways. First, in the case of congruency between odorant
and expression (i.e., aversive-disgust and pleasant-happiness), we hypothesized that the odor
context would decrease the amount of facial information needed to recognize the expression.
Consequently, the ambiguous and non-ambiguous expressions should be correctly matched
from a lower intensity of expression in the target face. An incongruent effect was also envisaged, with a higher intensity of expression needed to recognize expressions that are not congruent with the odorant. Second, we hypothesized that the odor context may decrease the number
of false perceptions (or intrusions) arising from seeing another expression than the one actually
used for the target faces (e.g., perceiving sadness in an ambiguous neutral-disgust face). To
evaluate whether providing information about emotion names/categories influenced the way
olfaction is integrated, half of the participants were explicitly told the emotion names of the
non-ambiguous expressions, whereas the other half were not and performed the task on the
basis of visual information only.

Methods
Participants
Forty-eight participants took part in the experiment (31 females; mean age: 21.8 years, range:
18–37 years). All participants had normal or corrected-to-normal visual acuity, and none
reported any prior neurological or psychiatric disorders. All participants provided written
informed consent prior to beginning the experiment and were compensated for their participation. This study was approved by the CPP (Comité de Protection des Personnes) Lyon Sud-Est
IV and conducted in accordance with the Declaration of Helsinki. The individual displayed in
Fig 1 has given written informed consent for her photograph to be published.

Stimuli
Face stimuli. The face material was adapted from previous studies, where it was pretested
among eleven participants and chosen because at least ten subjects agreed on the emotion
expressed (e.g., [60,61]). The expression set consisted of 24 color pictures of 4 models (2
females), each picture corresponding to one emotional expression among 6 (anger, disgust,
happiness, fear, sadness and neutrality). Information about the background and body was
removed by cropping the face into a medallion shape, and each stimulus was displayed on a
mid-level grey background. For each emotional expression, an increase in intensity was
designed using a linear continuum of morphs created by combining the expression with neutrality. Ten pictures were extracted for each continuum (every 10%, from 10 to 100% of the
original expression). After this procedure, we obtained 51 pictures for each of the 4 models (10
morph levels × 5 emotions + the neutral face). In the first step, a pilot study was conducted
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Fig 1. Face stimuli and procedure. Illustration of the morph continua (top) and of the display of ambiguous and non-ambiguous expressions during a single
trial in the main experiment (bottom). Top: the expressive faces (smiling in the illustration) were morphed with the neutral faces in steps of 10%. Bottom:
during a trial, the central large face was one of the morph levels (50% of the smiling face in the illustration; see the red rectangle in the continuum). The lateral
smaller faces represent the extrema of all continua for the model (e.g., the “4. neutral” and “3. happiness” faces at the bottom were the faces in blue
rectangles in the continuum). The participants were instructed to determine which lateral face the central one more resembled. For half the participants, the
emotion names were removed.
doi:10.1371/journal.pone.0138656.g001

with 16 control participants (11 females; mean age: 24.4 years, range: 19–31 years). The design
was similar to the present experiment (see below Setting and Procedure section), but no odorants were used. The goal of the pilot study was to create a new set of stimuli by equating the
perception threshold for the different models and emotions around an intermediate intensity
of expression. Hence, from the pilot study data, we computed the lowest expressive face intensity that corresponded to the perception threshold in each continuum (for details on computation of threshold, see the Data analyses section below). The corresponding morph level was
multiplied by two, and a new continuum was designed from this two-time-threshold morph
level. Thus, we used the two-time-threshold morph levels as “original” expressive faces and created new continua (with steps of 10%) where these levels were used to represent “100% expression” and morphed with the neutral face. For example, if the participants in the pilot study
detected happiness at the 30% morph level for a model, we considered the picture
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corresponding to the 60% morph level to represent the 100% morph level in the present study
and generated a new continuum centered on the lowest intensity needed to perceive the expression. The final set of stimuli was thus composed of 51 pictures for each of the 4 models (10
morph levels × 5 emotions + the neutral face). An example of the continua used in the experiment is illustrated in Fig 1 (top part).
Odor stimuli. Two odor stimuli were selected for their contrasted a priori hedonic
valence. A fruity odor, strawberry (alimentary quality, Meilleur du Chef, Maignon, France),
and the odor of butyric acid (Sigma-Aldrich, Saint-Quentin-Fallaviers, France), conveying a
cheesy quality. Both of these odorants have often been used to elicit positive or negative affective states in previous studies of emotion [62–64]. Although the strawberry odor was used
undiluted, butyric acid was diluted in scentless mineral oil to reach a concentration of 10−5 v/v.
Twenty-four hours before each experiment, the two odorants were absorbed into the polyurethane foam-cover of the microphones of two distinct sets of headphones. Doses of 50 and
100 μL (one and two drops) were used for strawberry and for butyric acid, respectively. The
subjective intensity equivalence of both odorants was equated and assessed by four adult raters.
The no-odor control stimulus consisted of the same headphone-microphone set but without
odorant.

Setting and Procedure
The participants sat approximately 60 cm from a computer screen with headphones affixed to
their heads. In each trial, they were told to categorize the expression of the large target face
(15 × 12 cm) displayed at the center of the screen by selecting one of 6 smaller faces (5 × 4 cm)
displayed on the left (3 small faces: anger, disgust, and happiness) and the right sides (3 small
faces: neutral, fear, and sad) of the screen (see the bottom part of Fig 1 for an illustration). The
central target face was one picture among the 51 comprising the set of stimuli for one model.
Accordingly, its emotional expression could be more or less intense. The 6 small faces were the
neutral and the most expressive faces (100% morph level) used to build the continua from
which the central face was extracted. For half of the participants, a digit was written under the
small faces. These participants were not told about the emotion categories of the faces before or
during the experiment. For the other half, the same digits accompanied the small faces, but the
names of emotion categories were also written after the digit to make the categories explicit.
The participants were told to respond to each screen display orally in a loud voice into the
microphone in front of their mouth (and directly under their nose) by using the digit for the
first half of participants and the name for the second half. As the only purpose of the microphone was to deliver the odorants, the responses were recorded by the experimenter, who
pressed the corresponding key on the numerical pad of the keyboard. Stimuli were displayed
until the experimenter pressed the key, and it was argued that the keyboard was used to tag the
oral responses in the audio recording sequence.
Each participant performed 7 blocks of trials, the first block being for training purposes. In
each block, the 51 stimuli from a model were displayed randomly, and a single participant was
exposed to a single model through all the blocks (different participants performed the task with
the 4 models). Between each block, the participants took breaks during which they were
instructed to perform the Bells test: they were required to cross out as many bells as they could
in one minute on a sheet of paper where many figures were illustrated [65]. The purpose was to
make them remove the headphones and to draw their attention away from the experimental
design and the experimenter. During this time, the experimenter replaced the headphones with
another set. Thus, the odorant within the microphone was varied across blocks, with the three
odor contexts rotated between the three first blocks (the same order being repeated during the
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three final blocks). All possible orders were performed and counterbalanced between
participants.
At the end of the experiment, the participants were interviewed regarding whether they
noticed something special during the experiment, then more precisely regarding their degree of
awareness of odors in the environment. One participant spontaneously reported having
smelled an odor, while eighteen other participants only reported smelling an odor when they
were specifically asked for. The twenty-nine remaining participants did not report smelling
any odors. None of the participants noticed the exact source of the odorants (the microphone),
but reported that it was somehow linked to the room or the experimenter. Importantly, no participants established that the presence of odors was related to experiment purposes. After this
interview, they were asked to smell the foam-cover of the three microphones to evaluate
whether they were able to detect an odor, and if so, to identify the odors. All participants were
able to detect both odors, sixteen correctly identified strawberry and four correctly described
butyric acid as a cheesy odor. Finally, they were questioned about the hedonic valence of each
odor by inquiring whether it was pleasant, neutral, or unpleasant. All included participants
judged butyric acid as an unpleasant odor and strawberry as a pleasant odor. Three additional
participants were initially included in the study but were discarded from the analyses because
one of them judged strawberry as an unpleasant odor, another one judged strawberry as a neutral odor, and the last judged butyric acid as a neutral odor.

Data analyses
The first step in the analyses consisted of computing the response rates for each possible
response in each morph level from each continuum in each block. A preliminary analysis was
performed on the response rates for the most intense expressive faces (100% morph level) and
neutrality to ensure that participants were able to accurately categorize the emotions in the
non-ambiguous stimuli. The second step consisted of computing three indices derived from
the response rates: intensity of expression for correct perception, percentage of intrusions, and
percentage of times a given expression intruded.
The intensity of expression for correct perception corresponded to the lowest morph level
within a continuum for which participants correctly categorized the expression. It was corrected in case of false response for higher intensities of expression by averaging this morph
level with the next level for which the participants responded correctly. For example, if the lowest intensity for which a participant responded “happiness” was for the 30% morph level within
the happiness continuum (with no errors for higher levels), the intensity of expression for correct perception was 30%. However, if the participant responded correctly “happiness” for the
30% morph level, but made an error for the 40% morph level and not for the 50% morph level,
the intensity for correct perception was (30% + 50%)/2 = 40%. The percentage of intrusions was
the percentage of responses that did not correspond to an expression used within the continuum (for example, the sum of the percentage of responses “anger”, “disgust”, “fear”, and “sad”
for faces extracted from the neutral-happy continua). We also analyzed the percentage of times
a given expression intruded into continua in which it was not used. For example, the percentage
of times happiness intruded into the continua generated from the 4 other expressions. All indices were first computed for each block separately, and then averaged for the two blocks of the
same odor condition.
Three-way analyses of variance were performed on each of the 3 indices with Group (emotion names vs. without emotion names) as a between-subjects factor, and Expression (anger vs.
disgust vs. fear vs. sadness vs. happiness) and Odor context (no-odor vs. pleasant vs. aversive)
as within-subjects factors.

PLOS ONE | DOI:10.1371/journal.pone.0138656 September 21, 2015

7 / 19

Odor Context in Facial Expression Perception

Results
As expected, preliminary analyses showed that the participants were very accurate (i.e., close to
ceiling) in the correct perception of both neutral faces (95.5%) and the most intense expressive
faces (from 95.8% of correct perception for sadness to 99.7% for happiness, with 97.2%, 99.0%,
and 99.3% for disgust, anger, and fear, respectively). The odor contexts or groups did not significantly modulate accuracy here.

Intensity of expression for correct perception
In accordance with our prediction that the intensity of expression needed to correctly perceive
emotions would be diminished by providing corresponding names, participants provided with
emotion names perceived the expressions at a lower percentage than those who were not
(41.9% vs. 45.9%). However, the main effect of the Group factor was not significant [F(1,46) =
2.77]. Despite our attempts to standardize the data across expressions, the main effect of the
Expression factor was significant [F(4,184) = 8.19, p < .0001, ηp2 = .15] and showed that the
percentage for happiness (38.6%) was lower than the percentages for the other expressions
[from 43.9% to 47.3%; F(1,46) = 21.53, p < .0001]. The other expressions did not differ [F
(3,138) = 1.97].
Interestingly, for our other prediction that the odor context would decrease the intensity of
expression for correct perception in case of congruence between the odor and the emotion and,
possibly, increase it in case of incongruence, the main effect of the Odor context was not statistically significant [F(2,92) = 1.11], but the interaction between Expression and the Odor context was [F(8,368) = 3.11, p < .01, ηp2 = .06; see Fig 2]. The odor context significantly
modulated the intensity needed for the perception of anger [F(2,92) = 3.76, p < .05], disgust [F
(2,92) = 3.31, p < .05], and happiness [F(2,92) = 3.59, p < .05] but not for fear and sadness [F
(2,92) = .19 and F(2,92) = 2.35, respectively]. For anger and disgust, the percentage of expression for correct perception was lower in the aversive odor context (43.1% for anger and 45.8%

Fig 2. Intensity of expression for correct perception. Mean minimum intensity of expression (in percentage of expression) in the morphed target faces for
correct perception of the expression, according to Odor context and Expression continua (error bars are standard errors of the means).
doi:10.1371/journal.pone.0138656.g002
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for disgust) than in both the control and pleasant odor contexts [for anger: 45.9% and 46.0%,
respectively, F(1,46) = 10.34, p < .01; for disgust: 47.9% and 48.2%, respectively, F(1,46) = 6.27,
p < .05]. Conversely, for happiness, the percentage of expression was lower in the pleasant
odor context (37.0%) than in both the control and aversive odor contexts [39.3% and 39.6%,
respectively, F(1,46) = 7.03, p < .05]. Nevertheless, no incongruent effects were noted: the differences between the control and incongruent odor contexts were not significant for the three
expressions (all Fs<1). Fig 2 indicates that the percentage for correct perception of sadness also
increased in the pleasant odor context, but neither the main effect of an odor context (as
already stated above) nor the direct comparison of control and pleasant odor context reached
statistical significance [F(1,46) = 3.85, p = .0559]. Exploratory descriptive analyses also suggested that the odor context effect for disgust tended to be larger for participants who were provided with the emotion names. By contrast, the odor context effect for anger tended to be
larger for participants who were not provided with the names (S1 Fig). However, these descriptive effects were not confirmed by inferential analyses, as the interaction between Group,
Expression and Odor context factors was not statistically significant (F<1).

Percentage of intrusions
We predicted that intrusions (i.e., the false perception of emotional expressions that were not
used to make the low-intensity face) would be modulated by the influence of emotion names.
Although the percentage of intrusions was not globally modulated by the presence of the emotion
names (main effect of Group: F<1), more intrusions were observed in the disgust continuum, and
this effect was more pronounced after providing emotion names (see Fig 3). Indeed, the main
effect of the Expression factor was significant [F(4,184) = 26.08, p < .0001, ηp2 = .36], indicating
that the percentage of intrusions was larger for the disgust continuum (12.3%) than for other
expressive continua [2.2% to 3.4%; F(1,46) = 34.45, p < .0001], which did not differ [F(3,138) =
1.72]. This effect was significant for both groups but was larger for the group provided with the
emotion names [Expression x Group interaction: F(4,184) = 2.54, p < .05, ηp2 = .05; effect of
Expression for the group provided with the emotion names: F(4,184) = 21.76, p < .0001; for the
group not provided with the emotion names: F(4,184) = 6.86, p < .0001]. Sadness was the most
intruding expression in both groups on the disgust continuum (5% when the emotion names
were not provided; 10.5% when they were provided) compared with the other expressions (happiness: 2.2% and 3.8%; anger: 1.6% and 0.6%; fear: 0.6% and 0.4%, respectively). See the analysis of
intruding expressions in the next section for further details.
Importantly, we also predicted that intrusions would be modulated by the odor context and
that distinct patterns of odor context effects might emerge when emotion names were provided
or when they were not. Providing the names of emotional expressions significantly modulated
the effect of the odor context: the main effect of the Odor context was not significant [F(2,92) =
2.11], but it was qualified by the Group factor [F(2,92) = 3.75, p < .05, ηp2 = .08] and by the
interaction of the Group and Expression factors [F(8,368) = 2.28, p < .05, ηp2 = .05; see Fig 3].
Further analyses indicated that the odor context had distinct effects when the emotion names
were provided but not when they were absent (in which case the odor context had a global
effect). Indeed, the main effect of the Odor context was significant for the group with no emotion names [F(2,92) = 5.68, p < .01] but not for the other group [F<1]. The percentage of
intrusions was higher in the pleasant odor context (5.0%) in comparison with the two other
contexts (3.3% for the control context and 3.8% for the aversive odor context; F(1,46) = 7.74,
p < .01), which did not differ (F(1,46) = 1.55). Conversely, the interaction between the Odor
context and Expression was significant for the group with the emotion names [F(8,368) = 2.27,
p < .05] but not for the other group [F(8,368) = 1.60]. The aversive odor context reduced the
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Fig 3. Percentage of intrusions. Mean percentages of intrusions of other expressions according to Odor context, Expression continuum, and Group (error
bars are standard errors of the means).
doi:10.1371/journal.pone.0138656.g003

rate of intrusions in the disgust continuum by comparison to both the control and pleasant
odor contexts [13.3% vs. 15.8% and 16.5%, respectively; F(1,46) = 4.76, p < .05]. At the same
time, the aversive odor context enhanced the intrusion rate within the anger continuum by
comparison to both the control and pleasant odor contexts [4.2% vs. 2.5% and 1.9%, respectively; F(1,46) = 7.38, p < .01]. For expressions that intruded less in the disgust continuum, the
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effect was mainly driven by sadness (mean difference between the aversive odor context and
the two other contexts: -1%), happiness (-0.9%) and anger (-0.8%). For expressions that
intruded more in the anger continuum, the effect was also mainly driven by sadness (+0.8%)
and, to a lesser extent, by disgust (+0.5%), fear (+0.4%) and happiness (+0.2%). See the analysis
of intruding expressions below for further details.
Interestingly, the pleasant odor context increased the rate of intrusions, whatever the emotional continuum, in the absence of emotion names (i.e., even for happiness). This conclusion
is based on the non-significant interaction between the Odor context and Expression factors.
An alternative explanation is possible. In the absence of category names, the participants may
not have clearly partitioned the emotional space into discrete conceptually driven categories, as
we hypothesized in the Introduction. More specifically, negative emotions could have been less
sharply defined and the perception (and thus the pattern of intrusions) was more strongly
shaped along a positive-negative dimension than when discrete conceptually defined negative
expressions were clearly stated. By considering negative facial expressions as distinct instances,
we may have missed this aspect in the previous analyses. Thus, we computed the interaction
between the Odor context, Expression, and Group factors with two categories of facial expression: positive expression (i.e., happiness) and negative expressions (i.e., anger + disgust + fear +
sadness). The interaction between the three factors was significant [F(2,92) = 3.50, p < .05,
ηp2 = .06]. Further decomposition of this interaction indicated that, contrary to the previous
analysis with four negative expression categories, the interaction between Odor context and
Expression was only significant for the group with no emotion names [F(2,92) = 4.51, p < .05;
for the other group: F<1]. When the emotion names were not provided, the percentage of
intrusions was higher for negative expressions in the pleasant odor context by comparison to
both the control and aversive odor contexts [5.7% vs. 3.7% and 4.1%, respectively; F(1,46) =
8.43, p < .01]. The odor context had no significant effect on the percentage of intrusions for
the positive expression of happiness (F<1).

Percentage of times a given expression intruded
In the following analyses, we characterized which facial expression(s) more frequently intruded
without considering the continuum in which it intruded, and evaluated whether the emotion
names or the odor context modulated the nature of intruding expressions. The main effect of
Expression was significant [F(4,184) = 7.57, p < .0001, ηp2 = .14], with more frequent intrusions
of sadness (2.6%) than of any other expression [from 0.5% to 1.2%, F(1,46) = 10.37, p < .01].
This effect was significant when participants were explicitly given the names of emotion categories but was not significant when they were not [Group x Expression interaction: F(4,184) = 2.70,
p < .05, ηp2 = .06; main effect of Expression for the group with the emotion names: F(4,184) =
9.31, p < .0001; for the group without the emotion names: F<1; see S2 Fig]. Sadness intruded
most when the emotion names were provided in the disgust continuum (10.5%) than in the
other continua (anger: 1.7%; happiness: 1%; fear: 1.3%). Taking into account the previous analysis of intrusions, this result indicates that the high level of intrusions for the disgust continuum,
especially in the group with the emotion names, was mainly driven by intrusions of sadness.
The odor context did not significantly modulate the type of expression that intruded
[Expression x Odor context interaction: F(8,368) = 1.53; Expression x Odor context x Group
interaction: F(8,368) = 1.83]. Thus, the odor context appeared to neither reduce nor increase
the intrusion of one expression into the others. As in the analysis of percentage of intrusions in
the different expression continua, the main effect of the Odor context was not significant [F
(2,92) = 2.11], but the interaction between the Odor context and Group was [F(2,92) = 3.75,
p<05, ηp2 = .08]. As this interaction effect mirrored the same interaction for the percentage of
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intrusions (i.e., significant effect of the odor context only for the group with no emotion
names, with more intruding expressions in the pleasant odor context; see the previous analyses
on the percentage of intrusions), we will not detail it further. The absence of interaction among
the Odor context, Intruding expression and Group suggests that the increase in intrusions in
the pleasant odor context for the group with no emotion names was not associated with a specific intruding expression (a descriptive effect was mainly observed for anger, disgust and happiness; see S2 Fig). Likewise, while we found that the odor context selectively modulated the
rate of intrusions for angry and disgust faces when the emotion names were provided (see Percentage of intrusions), there was no statistical evidence that it selectively modulated the intrusion of specific expression(s) (e.g., sadness, disgust or happiness).

Discussion
A major finding of this study is that the odor context significantly facilitated the perception of
ambiguous low-intensity expressions of faces, especially when the emotional meaning of the
odorant was congruent with the emotional meaning of the facial expression. Specifically, happiness was perceived at a lower intensity of facial expression when the participants were in the
pleasant odor context. Conversely, disgust–but also anger–was perceived at a lower intensity of
expression in the aversive odor context. Thus, the perception of facial expressions is not a
purely visual process but also integrates cues from other sensory modalities, including olfaction. The emotional information conveyed by olfaction helped the participants to distinguish
facial expressions when the cues exhibited a low level of expressivity. This observation supports
the idea that intersensory integration appears to be driven by olfaction-facial expression emotional congruency [53], rather than by the global effect of the odor context [54,55]. This result
also extends the congruency effect already reported for happiness by Leppänen and Hietanen
[53] to disgust. However, it also suggests that an aversive odor context is “congruent” with the
expression of anger. We will return to this point below.
Another noteworthy result of this study is the finding that providing emotion names had
two top-down consequences. First, it tended to decrease the intensity of expression needed to
recognize any emotion in faces. This suggests that providing emotion names is beneficial for
accurate categorization of emotions in low-intensity expressive faces, but this may be because
redundant information from visual and verbal cues leads to a stronger bias toward relevant
facial configurations. The presence of verbal information may act as a shaping context that orients toward sharper and more restricted emotional categories (e.g., [29] for a discussion). Second, while the continuum for disgust was the continuum suffering the most intrusions in
general, its rate of intrusions was amplified by the provision of emotion names and this effect
was mainly driven by intrusions of sadness. The preliminary analyses indicated that disgust
was well perceived in the most intense expressive faces (i.e., 100% morph level), even better
than for sadness. Moreover, the stimuli were pretested and chosen because participants were
able to accurately recognize the emotions. Thus, this high level of intrusions cannot be
explained by poorly designed research material for the expression of disgust. A more likely
explanation is that disgust is not often perceived with a low intensity in daily-life, as people are
either disgusted or not disgusted with no intermediate levels. Therefore, artificially designed
low-intensity disgust may not look like a natural expression of disgust, and may be perceived as
another emotion, such as sadness. The greater intrusion of sadness when the emotion names
were provided reinforces our previous interpretation that verbal information may act as a shaping context. Accordingly, the verbal cues may have driven the cognitive system to specifically
search for a restricted set of emotions, thus increasing the opportunity to perceive sadness in
ambiguous low-intensity disgusted faces.
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Our consideration of intrusions has contributed to a better understanding of the way olfaction modulates the perception of facial expressions of emotion and whether it depends on the
presence of verbal information. Indeed, distinct patterns of modulation by odors occurred
whether the participants were provided with the emotion names or not. When the emotion
names were provided, the intrusions on the disgust continuum were reduced by the aversive
odor context, and intrusions were more frequent on the anger continuum. When the emotion
names were not provided, no such effect occurred, and the odor context resulted in an overall
increase of intrusions for negative expressions in the pleasant odor context. In other words, the
odor context helped participants recognize low-intensity disgust when expression categories
were shaped by words (though it also increased the ambiguity of anger). When the expression
categories were not shaped by words, the pleasant odor context made distinguishing between
negative expressions more difficult.
Another important conclusion of this study is that the intersensory influences reported here
were only facilitation effects; as long as we considered the intensity of expression for the correct
perception, we did not observed interference effects. An effect of incongruence between the
odor context and expression factors was only reported for intrusions, and it was limited to two
situations: for anger when the emotion names were provided (with more intrusions in the aversive odor context) and for all negative expressions when emotion names were not provided
(with more intrusions in the pleasant odor context). Accordingly, incongruent effects for happiness reported by Leppänen and Hietanen [53] were observed by participants’ reaction times,
and only congruent effects were reported with accuracy. However, they did not observe congruency effects for disgust despite a slight descriptive trend in accuracy. Thus, congruency
effects for disgust in the present study may result from both the reduced intrusion of other
expressions and a decreased intensity threshold of expression for correct perception.
Having demonstrated that emotionally contrasted odors modulate the processing of emotions in faces, the exact ways along which olfaction intervenes in the perception of facial
expressions remains to be clarified. With regard of the current literature, two non-exclusive
explanations can be proposed. First, the odor context could pre-activate visual representations
of facial expression through multisensory cognitive processes in multisensory and/or emotional brain regions [38,55]. This pre-activation may improve the ability of these processes to
catch subtle emotional cues in ambiguous low-intensity facial expressions. Several brain structures may play such a role. For example, the amygdala and the OFC are known to respond to
visual as well as to non-visual emotional stimuli [38,43–47]. The insula has also been reported
to be activated by viewing or smelling disgusting stimuli, as this visceral sensorimotor structure
is involved in both the feeling and the perception of disgust ([42]; see also [55]). In a similar
fashion, the odor context may have involved or simulated emotional reactions through
embodiment in somatosensory areas, allowing the matching between these emotional states
and those perceived in the expressive faces (e.g., [66]). The variety of brain structures and their
sensitivity to distinct emotional contents (e.g., the particular sensitivity of the insula to aversive/disgusting stimuli [42]) permit the suggestion that the location of the odor effects in the
brain varies according to the emotional meaning of the odorant. It was also evident that several
types of contextual information shape the way expression categories are processed by these
structures [1,3]. In the present study, the influence of olfaction could have been mediated in
different ways according to the context in which it intervened, working either through conceptual knowledge when the emotion names were present (i.e., enhancement of the sensibility/
ability to perceive odor-related expression categories and modulation of confusion within these
categories) or through olfaction-specific knowledge when the emotion names were absent
(enhancement of the sensibility/ability to perceive odor-related expression categories but also
overall enhancement of intrusions for other non-congruent categories).
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A second explanation could be that the odor context involves the motor system by the way
of mirror neurons (e.g., [67]). One could suggest that the odor context provoked facial microreactions in the participants [68]. Such micro-reactions may act as mimicking-like responses
and facilitate the recognition of emotional facial expressions ([17,20]; for a review, see [69]).
For example, blocking mimicry by asking the participant to bite a pen (which results in EMG
activity across muscles at the level of the mouth) modulates the recognition of happiness, an
expression that strongly relies on these same muscles ([18]; see also [70]). By inducing emotion-related micro-mimics, the odor contexts may have pre-activated the motor/mirror system,
which may operate as priming processes on later facial expression perception. For example, the
aversive odorant may have elicited the activation of nose wrinkling or brow lowering action
units, whereas the pleasant odorant may have elicited the activation of smiling-related action
units (e.g., lip corner puller, lips part, cheek raiser and lid compressor). These reactions would
have acted as mimicking behavior and, consequently, favored the recognition of disgust and
happiness, respectively.
Using this framework, why did the aversive odor context facilitate the perception of anger?
It is possible that the response of multisensory and emotional brain regions for each emotion is
not as discrete as proposed. For example, the amygdala was first specifically involved in the
processing of fear [71], but later studies showed that it is also reactive to other expressions
([46,72,73]; see also [74]). The same has occurred for other regions and expressions, with dissociable but also largely overlapping and interlocking networks for different expression categories
(e.g., [75]; see also [66,76]). Thus, the aversive-anger relation observed here indicates that the
cognitive processes elicited to categorize anger and disgust share, at least partly, similar cerebral
networks that are activated by the presence of an aversive odor. However, we noted that the
effect of the aversive odor on the intensity of expression for correct perception tended to be
larger for disgust when the emotion names were provided and larger for anger when they were
not. Likewise, the aversive odor reduced intrusions for disgust but increased intrusions for
anger only in the presence of verbal information. Thus, the overlap in the perception of disgust
and anger may depend on the presence of verbal information, as verbal cues may act as a shaping context for more discrete emotional categories. Accordingly, the pleasant odor context elicited greater intrusions for all negative emotions only when the emotion names were not
provided. When no verbal information shapes the emotion categories as discrete entities, the
different expressions may be more organized along a positive-negative dimension by the pleasant odor context.
In a similar way, the motor/mirror neurons hypothesis may explain why the aversive odor
context influenced both the perception of disgust and anger. Both expressions share common
action units and look very similar ([57,58]; see also [77,78]). In this way, mistaken, disgusted
and angry faces are among the most frequent confusions (e. g., [59]). In the framework of the
odor context, the aversive odorant may have pre-activated common facial units for disgust and
anger (e.g., brow lowered, upper lip raised, chin raised, lip parted, jaw dropped), lowering the
perception threshold for both facial expressions. Again, this mechanism may have been modulated by the presence of the emotion names. When they were provided, a cumulative effect
with the aversive odor context may have occurred, thus orienting more toward the difference
in facial units for disgust and anger, and explaining the opposite effects for intrusions on the
disgust and anger continua. In other words, a mimicking-like behavior elicited by the aversive
odor may have been more finely shaped toward the facial configuration of disgust when participants were also confronted with the “disgust” category in verbal cues.
It must be noted that the threshold for happiness was lower than the threshold for the other
expressions, despite our attempt to equate these thresholds for all expressions. Such threshold
equalization worked well for negative expressions but not for the positive one, a result that can
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be explained as follows. First, happiness is frequently described as the easiest expression to recognize, the well-known “happy face advantage” classically observed in reaction times (e.g.,
[53]). Thus, the threshold was lower in our pilot study for happiness than for any other expression, as was already reported in previous studies (e.g., [79]). A possible consequence of this
phenomenon is that we may have failed to adjust the threshold for this expression due to the
ceiling effect for happiness in the pilot study. Nevertheless, as previously underlined, this ceiling effect was not specific to our material but reflects a property of this emotion category. Second, happiness was the single positive expression, and it was contrasted with four negative
expressions. This configuration may have induced a frequency effect imbedded in a decisional
bias; participants may have waited for equivalent positive and negative expressions, so a low
occurrence of positive happy faces drove an overestimation of happy faces (for discussion of a
potential positive bias, see [53]). This phenomenon may have increased the happy response
and, consequently, reduced the threshold for happiness. Finally, and linked to both previous
points, happiness is the expression that is least mistaken for others, especially in comparison
with anger, disgust, and sadness which are frequently confused. Thus, any attempt to standardize the threshold for happiness and negative expressions may fail or need the use of very low
levels of happiness relative to other emotions. Regardless of cause, differences in thresholds did
not prevent the effects of the odor context, nor could they explain the congruency effects
between the emotional meaning of the odor and of the facial expressions reported here.
In conclusion, olfaction plays a role in the visual processing of the emotional environment.
More specifically, olfaction helps to clarify low-intensity expressive faces by lowering the
threshold of perception for expressions that are emotionally congruent with the odor context.
This influence takes place in the framework of other types of contextual information, with
influences from verbal information.

Supporting Information
S1 Fig. Intensity of expression for correct perception. Mean minimum intensity of expression (in percentage of expression) in the morphed target faces for correct perception of the
expression, according to Odor context, Expression continua, and Group (error bars are standard errors of the means).
(TIF)
S2 Fig. Percentage of times a given expression intruded. Mean percentages of times a given
expression intruded in other continua according to Odor context, Intruding expression, and
Group (error bars are standard errors of the means).
(TIF)
S1 Table. Intensity of expression for correct perception: individual data.
(PDF)
S2 Table. Percentage of intrusions: individual data.
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S3 Table. Percentage of times a given expression intruded: individual data.
(PDF)

Acknowledgments
The authors wish to thank Aurore Morel and Sophie Campomizzi for their help in recruitment
and experimental logistics. They also wish to thank the two anonymous reviewers for their constructive comments on a previous version of this paper.

PLOS ONE | DOI:10.1371/journal.pone.0138656 September 21, 2015

15 / 19

Odor Context in Facial Expression Perception

Author Contributions
Conceived and designed the experiments: JYB AL CD NF KD BS. Performed the experiments:
AL. Analyzed the data: AL JYB. Contributed reagents/materials/analysis tools: AL JYB. Wrote
the paper: AL JYB CD NF KD BS.

References
1.

Barrett LF, Mesquita B, Gendron M. Context in Emotion Perception. Curr Dir Psychol Sci. 2011; 20:
286–290. doi: 10.1177/0963721411422522

2.

Hassin RR, Aviezer H, Bentin S. Inherently Ambiguous: Facial Expressions of Emotions, in Context.
Emot Rev. 2013; 5: 60–65. doi: 10.1177/1754073912451331

3.

Wieser MJ, Brosch T. Faces in Context: A Review and Systematization of Contextual Influences on
Affective Face Processing. Front Psychol. 2012; 3. doi: 10.3389/fpsyg.2012.00471

4.

Aviezer H, Hassin RR, Ryan J, Grady C, Susskind J, Anderson A, et al. Angry, disgusted, or afraid?
Studies on the malleability of emotion perception. Psychol Sci. 2008; 19: 724–732. doi: 10.1111/j.14679280.2008.02148.x PMID: 18727789

5.

Meeren HK, van Heijnsbergen CC, de Gelder B. Rapid perceptual integration of facial expression and
emotional body language. Proc Natl Acad Sci U S A. 2005; 102: 16518–16523. PMID: 16260734

6.

De Gelder B, Bertelson P. Multisensory integration, perception and ecological validity. Trends Cogn
Sci. 2003; 7: 460–467. PMID: 14550494

7.

De Gelder B, Vroomen J. The perception of emotions by ear and by eye. Cogn Emot. 2000; 14: 289–
311.

8.

Dolan RJ, Morris JS, de Gelder B. Crossmodal binding of fear in voice and face. Proc Natl Acad Sci.
2001; 98: 10006–10010. PMID: 11493699

9.

Pye A, Bestelmeyer PEG. Evidence for a supra-modal representation of emotion from cross-modal
adaptation. Cognition. 2015; 134: 245–251. doi: 10.1016/j.cognition.2014.11.001 PMID: 25460396

10.

Righart R, de Gelder B. Context influences early perceptual analysis of faces—an electrophysiological
study. Cereb Cortex. 2006; 16: 1249–1257. PMID: 16306325

11.

Righart R, De Gelder B. Recognition of facial expressions is influenced by emotional scene gist. Cogn
Affect Behav Neurosci. 2008; 8: 264–272. doi: 10.3758/CABN.8.3.264 PMID: 18814463

12.

Righart R, de Gelder B. Rapid influence of emotional scenes on encoding of facial expressions: an
ERP study. Soc Cogn Affect Neurosci. 2008; 3: 270–278. doi: 10.1093/scan/nsn021 PMID: 19015119

13.

Carroll JM, Russell JA. Do facial expressions signal specific emotions? Judging emotion from the face
in context. J Pers Soc Psychol. 1996; 70: 205. PMID: 8636880

14.

Kim H, Somerville L, Johnstone T, Polis S, Alexander A, Shin L, et al. Contextual modulation of amygdala responsivity to surprised faces. J Cogn Neurosci. 2004; 16: 1730–1745. PMID: 15701225

15.

Schwarz KA, Wieser MJ, Gerdes AB, Mühlberger A, Pauli P. Why are you looking like that? How the
context influences evaluation and processing of human faces. Soc Cogn Affect Neurosci. 2013; 8:
438–445. doi: 10.1093/scan/nss013 PMID: 22287265

16.

Masuda T, Ellsworth PC, Mesquita B, Leu J, Tanida S, Van de Veerdonk E. Placing the face in context:
cultural differences in the perception of facial emotion. J Pers Soc Psychol. 2008; 94: 365. doi: 10.1037/
0022-3514.94.3.365 PMID: 18284287

17.

Niedenthal PM, Brauer M, Halberstadt JB, Innes-Ker AAse H. When did her smile drop? Facial mimicry
and the influences of emotional state on the detection of change in emotional expression. Cogn Emot.
2001; 15: 853–864.

18.

Oberman LM, Winkielman P, Ramachandran VS. Face to face: Blocking facial mimicry can selectively
impair recognition of emotional expressions. Soc Neurosci. 2007; 2: 167–178. doi: 10.1080/
17470910701391943 PMID: 18633815

19.

Adolph D, Meister L, Pause BM. Context counts! Social anxiety modulates the processing of fearful
faces in the context of chemosensory anxiety signals. Front Hum Neurosci. 2013; 7: 283. doi: 10.3389/
fnhum.2013.00283 PMID: 23801951

20.

Niedenthal PM, Halberstadt JB, Margolin J, Innes-Ker AAse H. Emotional state and the detection of
change in facial expression of emotion. Eur J Soc Psychol. 2000; 30: 211–222.

21.

Bijlstra G, Holland RW, Dotsch R, Hugenberg K, Wigboldus DH. Stereotype Associations and Emotion
Recognition. Pers Soc Psychol Bull. 2014; 0146167213520458.

22.

Elfenbein HA, Ambady N. When familiarity breeds accuracy: cultural exposure and facial emotion recognition. J Pers Soc Psychol. 2003; 85: 276. PMID: 12916570

PLOS ONE | DOI:10.1371/journal.pone.0138656 September 21, 2015

16 / 19

Odor Context in Facial Expression Perception

23.

Elfenbein HA, Beaupré M, Lévesque M, Hess U. Toward a dialect theory: cultural differences in the
expression and recognition of posed facial expressions. Emotion. 2007; 7: 131. PMID: 17352569

24.

Jack RE, Blais C, Scheepers C, Schyns PG, Caldara R. Cultural confusions show that facial expressions are not universal. Curr Biol. 2009; 19: 1543–1548. doi: 10.1016/j.cub.2009.07.051 PMID:
19682907

25.

Gendron M, Lindquist KA, Barsalou L, Barrett LF. Emotion words shape emotion percepts. Emotion.
2012; 12: 314–325. doi: 10.1037/a0026007 PMID: 22309717

26.

Gendron M, Roberson D, van der Vyver JM, Barrett LF. Perceptions of emotion from facial expressions
are not culturally universal: Evidence from a remote culture. Emotion. 2014; 14: 251–262. doi: 10.1037/
a0036052 PMID: 24708506

27.

Lindquist KA, Barrett LF, Bliss-Moreau E, Russell JA. Language and the perception of emotion. Emotion. 2006; 6: 125. PMID: 16637756

28.

Lindquist KA, Gendron M. What’s in a word? Language constructs emotion perception. Emot Rev.
2013; 5: 66–71.

29.

Barrett LF, Lindquist KA, Gendron M. Language as context for the perception of emotion. Trends Cogn
Sci. 2007; 11: 327–332. PMID: 17625952

30.

Pause BM. Processing of body odor signals by the human brain. Chemosens Percept. 2012; 5: 55–63.
PMID: 22448299

31.

Robinson AK, Mattingley JB, Reinhard J. Odors enhance the salience of matching images during the
attentional blink. Front Integr Neurosci. 2013; 7. doi: 10.3389/fnint.2013.00077

32.

Seigneuric A, Durand K, Jiang T, Baudouin J-Y, Schaal B. The nose tells it to the eyes: Crossmodal
associations between olfaction and vision. Perception. 2010; 39: 1541–1554. doi: 10.1068/p6740
PMID: 21313950

33.

Schaal B, Porter RH. “Microsmatic humans” revisited: the generation and perception of chemical signals. Adv Study Behav. 1991; 20: 135–199.

34.

Semin GR, de Groot JHB. The chemical bases of human sociality. Trends Cogn Sci. 2013; 17: 427–
429. doi: 10.1016/j.tics.2013.05.008 PMID: 23796879

35.

Dalton P, Mauté C, Jaén C, Wilson T. Chemosignals of Stress Influence Social Judgments. PLoS ONE.
2013; 8: e77144. doi: 10.1371/journal.pone.0077144 PMID: 24130845

36.

Demattè ML, Österbauer R, Spence C. Olfactory Cues Modulate Facial Attractiveness. Chem Senses.
2007; 32: 603–610. doi: 10.1093/chemse/bjm030 PMID: 17507456

37.

Li W, Moallem I, Paller KA, Gottfried JA. Subliminal Smells can Guide Social Preferences. Psychol Sci.
2007; 18: 1044–1049. doi: 10.1111/j.1467-9280.2007.02023.x PMID: 18031410

38.

Steinberg C, Dobel C, Schupp HT, Kissler J, Elling L, Pantev C, et al. Rapid and highly resolving: affective evaluation of olfactorily conditioned faces. J Cogn Neurosci. 2012; 24: 17–27. doi: 10.1162/jocn_
a_00067 PMID: 21671742

39.

Durand K, Baudouin J-Y, Lewkowicz DJ, Goubet N, Schaal B. Eye-Catching Odors: Olfaction Elicits
Sustained Gazing to Faces and Eyes in 4-Month-Old Infants. Reid VM, editor. PLoS ONE. 2013; 8:
e70677. doi: 10.1371/journal.pone.0070677 PMID: 24015175

40.

Carmichael ST, Clugnet M-C, Price JL. Central olfactory connections in the macaque monkey. J Comp
Neurol. 1994; 346: 403–434. PMID: 7527806

41.

Rolls ET, Baylis LL. Gustatory, olfactory, and visual convergence within the primate orbitofrontal cortex.
J Neurosci. 1994; 14: 5437–5452. PMID: 8083747

42.

Wicker B, Keysers C, Plailly J, Royet J-P, Gallese V, Rizzolatti G. Both of Us Disgusted in My Insula:
The Common Neural Basis of Seeing and Feeling Disgust. Neuron. 2003; 40: 655–664. doi: 10.1016/
S0896-6273(03)00679-2 PMID: 14642287

43.

Anderson AK, Christoff K, Stappen I, Panitz D, Ghahremani DG, Glover G, et al. Dissociated neural representations of intensity and valence in human olfaction. Nat Neurosci. 2003; 6: 196–202. PMID:
12536208

44.

Royet J-P, Zald D, Versace R, Costes N, Lavenne F, Koenig O, et al. Emotional responses to pleasant
and unpleasant olfactory, visual, and auditory stimuli: a positron emission tomography study. J Neurosci. 2000; 20: 7752–7759. PMID: 11027238

45.

Zald DH, Pardo JV. Emotion, olfaction, and the human amygdala: amygdala activation during aversive
olfactory stimulation. Proc Natl Acad Sci. 1997; 94: 4119–4124. PMID: 9108115

46.

Zald DH. The human amygdala and the emotional evaluation of sensory stimuli. Brain Res Rev. 2003;
41: 88–123. PMID: 12505650

47.

Zatorre RJ, Jones-Gotman M, Rouby C. Neural mechanisms involved in odor pleasantness and intensity judgments. Neuroreport. 2000; 11: 2711–2716. PMID: 10976949

PLOS ONE | DOI:10.1371/journal.pone.0138656 September 21, 2015

17 / 19

Odor Context in Facial Expression Perception

48.

Mujica-Parodi LR, Strey HH, Frederick B, Savoy R, Cox D, Botanov Y, et al. Chemosensory Cues to
Conspecific Emotional Stress Activate Amygdala in Humans. PLoS ONE. 2009; 4: e6415. doi: 10.
1371/journal.pone.0006415 PMID: 19641623

49.

Pause BM, Ohrt A, Prehn A, Ferstl R. Positive Emotional Priming of Facial Affect Perception in Females
is Diminished by Chemosensory Anxiety Signals. Chem Senses. 2004; 29: 797–805. doi: 10.1093/
chemse/bjh245 PMID: 15574815

50.

Rubin D, Botanov Y, Hajcak G, Mujica-Parodi LR. Second-hand stress: inhalation of stress sweat
enhances neural response to neutral faces. Soc Cogn Affect Neurosci. 2012; 7: 208–212. doi: 10.1093/
scan/nsq097 PMID: 21208988

51.

Zernecke R, Haegler K, Kleemann AM, Albrecht J, Frank T, Linn J, et al. Effects of male anxiety chemosignals on the evaluation of happy facial expressions. J Psychophysiol. 2011; 25: 116–123.

52.

Zhou W, Chen D. Fear-Related Chemosignals Modulate Recognition of Fear in Ambiguous Facial
Expressions. Psychol Sci. 2009; 20: 177–183. doi: 10.1111/j.1467-9280.2009.02263.x PMID:
19170944

53.

Leppänen JM, Hietanen JK. Affect and Face Perception: Odors Modulate the Recognition Advantage
of Happy Faces. Emotion. 2003; 3: 315–326. doi: 10.1037/1528-3542.3.4.315 PMID: 14674826

54.

Seubert J, Loughead J, Kellermann T, Boers F, Brensinger C, Habel U. Multisensory integration of
emotionally valenced olfactory–visual information in patients with schizophrenia and healthy controls. J
Psychiatry Neurosci. 2010; 35: 185–194. doi: 10.1503/jpn.090094 PMID: 20420769

55.

Seubert J, Kellermann T, Loughead J, Boers F, Brensinger C, Schneider F, et al. Processing of disgusted faces is facilitated by odor primes: A functional MRI study. NeuroImage. 2010; 53: 746–756. doi:
10.1016/j.neuroimage.2010.07.012 PMID: 20627130

56.

Russell JA, Bullock M. Fuzzy concepts and the perception of emotion in facial expressions. Soc Cogn.
1986; 4: 309–341.

57.

Ekman P, Friesen WV. Facial Action Coding System (FACS): A Technique for the Measurement of
Facial Action. Consulting Psychologists Press, Palo Alto, CA; 1978.

58.

Gosselin P, Kirouac G, Chartrand J. Portraying emotions with the face: The anatomy of caricatures and
deceptive expressions. Psychology of Moods. Nova Science Publishers. Hauppauge, New York:
Clark A.V.; 2005. pp. 29–45.

59.

Tottenham N, Tanaka JW, Leon AC, McCarry T, Nurse M, Hare TA, et al. The NimStim set of facial
expressions: judgments from untrained research participants. Psychiatry Res. 2009; 168: 242–249.
doi: 10.1016/j.psychres.2008.05.006 PMID: 19564050

60.

Chambon V, Baudouin J-Y, Franck N. The role of configural information in facial emotion recognition in
schizophrenia. Neuropsychologia. 2006; 44: 2437–2444. PMID: 16806310

61.

Durand K, Gallay M, Seigneuric A, Robichon F, Baudouin J-Y. The development of facial emotion recognition: The role of configural information. J Exp Child Psychol. 2007; 97: 14–27. PMID: 17291524

62.

Godard O, Baudouin J-Y, Schaal B, Durand K. Affective matching of odors and facial expressions in
infants: shifting patterns between 3 and 7 months. Dev Sci. in press; doi: 10.1111/desc.12292

63.

Soussignan R, Schaal B, Marlier L, Jiang T. Facial and Autonomic Responses to Biological and Artificial Olfactory Stimuli in Human Neonates: Re-Examining Early Hedonic Discrimination of Odors. Physiol Behav. 1997; 62: 745–758. doi: 10.1016/S0031-9384(97)00187-X PMID: 9284493

64.

Soussignan R, Schaal B. Forms and social signal value of smiles associated with pleasant and
unpleasant sensory experience. Ethology. 1996; 102: 1020–1041.

65.

Gauthier L, Dehaut F, Joanette Y. The bells test: a quantitative and qualitative test for visual neglect. Int
J Clin Neuropsychol. 1989; Available: http://psycnet.apa.org/psycinfo/1989-31545-001

66.

Adolphs R. Neural systems for recognizing emotion. Curr Opin Neurobiol. 2002; 12: 169–177. PMID:
12015233

67.

Gallese V, Goldman A. Mirror neurons and the simulation theory of mind-reading. Trends Cogn Sci.
1998; 2: 493–501. PMID: 21227300

68.

Jäncke L, Kaufmann N. Facial EMG responses to odors in solitude and with an audience. Chem
Senses. 1994; 19: 99–111. PMID: 8055269

69.

Hess U, Fischer A. Emotional mimicry as social regulation. Personal Soc Psychol Rev. 2013; 17: 142–
157.

70.

Soussignan R. Duchenne smile, emotional experience, and autonomic reactivity: a test of the facial
feedback hypothesis. Emotion. 2002; 2: 52. PMID: 12899366

71.

Adolphs R, Tranel D, Damasio H, Damasio A. Impaired recognition of emotion in facial expressions following bilateral damage to the human amygdala. Nature. 1994; 372: 669–672. PMID: 7990957

PLOS ONE | DOI:10.1371/journal.pone.0138656 September 21, 2015

18 / 19

Odor Context in Facial Expression Perception

72.

Adams RB, Gordon HL, Baird AA, Ambady N, Kleck RE. Effects of gaze on amygdala sensitivity to
anger and fear faces. Science. 2003; 300: 1536–1536. PMID: 12791983

73.

Morris JS, Frith CD, Perrett DI, Rowland D, Young AW, Calder AJ, et al. A differential neural response
in the human amygdala to fearful and happy facial expressions. 1996; Available: http://www.nature.
com/nature/journal/v383/n6603/abs/383812a0.html PMID: 8893004

74.

Adolphs R, Gosselin F, Buchanan TW, Tranel D, Schyns P, Damasio AR. A mechanism for impaired
fear recognition after amygdala damage. Nature. 2005; 433: 68–72. doi: 10.1038/nature03086 PMID:
15635411

75.

Blair RJR, Morris JS, Frith CD, Perrett DI, Dolan RJ. Dissociable neural responses to facial expressions
of sadness and anger. Brain. 1999; 122: 883–893. PMID: 10355673

76.

Hennenlotter A, Schroeder U. Partly dissociable neural substrates for recognizing basic emotions: a
critical review. Prog Brain Res. 2006; 156: 443–456. PMID: 17015095

77.

Dailey MN, Cottrell GW, Padgett C, Adolphs R. EMPATH: A neural network that categorizes facial
expressions. J Cogn Neurosci. 2002; 14: 1158–1173. PMID: 12495523

78.

Susskind JM, Littlewort G, Bartlett MS, Movellan J, Anderson AK. Human and computer recognition of
facial expressions of emotion. Neuropsychologia. 2007; 45: 152–162. PMID: 16765997

79.

Hess U, Blairy S, Kleck RE. The intensity of emotional facial expressions and decoding accuracy. J
Nonverbal Behav. 1997; 21: 241–257.

PLOS ONE | DOI:10.1371/journal.pone.0138656 September 21, 2015

19 / 19

